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Energy storage is a fundamental requirement in modern society. Among various options, lithium-ion bat-
teries (LIBs) stand out as a key solution for energy storage in electrical devices and transportation systems.
However, their performance at sub-zero temperatures presents significant challenges, restricting their
broader use. This review first outlines the structure and components of LIBs, followed by an exploration of
the primary low-temperature limitations, such as reduced ionic conductivity in the bulk electrolyte,
slower charge transfer rates, lithium dendrite formation, and decreased diffusion coefficients in the solid
electrolyte interface and the cathode electrolyte interface layers. Furthermore, it examines various
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aqueous and non-aqueous electrolytes, including solvents, lithium salts, and additives, along with a com-
prehensive overview of advancements in the field. The review aims to provide readers with a thorough
understanding of the mechanisms influencing electrolytes at low temperatures and offers guidance for

rsc.li/EESBatteries enhancing the applicability of LIBs in cold environments.

Broader context

Lithium-ion batteries (LIBs) have become the cornerstone of portable electronics, electric mobility, and stationary energy storage, anchoring the global tran-
sition toward low-carbon technologies. Yet, as our energy demands extend beyond conventional environments—into arctic regions, aerospace platforms, and
high-altitude systems—the limitations of current battery chemistries become pronounced. In particular, sub-zero temperatures impose severe constraints on
battery performance, manifesting as diminished ionic conductivity, suppressed electrochemical kinetics, and interfacial instabilities. These challenges com-
promise both safety and reliability, undermining mission-critical applications ranging from planetary exploration to cold-chain logistics. This review provides
a comprehensive exploration of the material science and electrochemistry underpinning low-temperature LIB operation. It examines the multifaceted barriers
—including lithium-ion desolvation, electrolyte viscosity, and interfacial ion transport—and highlights how recent innovations in solvent selection, salt
pairing, and molecular additives are shifting the performance envelope. These breakthroughs not only enable operation at extreme temperatures but also
open new design pathways for robust, climate-resilient batteries. By integrating insights from materials chemistry, thermal modeling, and device engineering,
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this work outlines a roadmap for advancing LIB technologies into uncharted operational domains and global sustainability frameworks.

1. Introduction

In recent decades, humanity has faced a multitude of intercon-
nected global challenges, including global warming, climate
change, polar ice melting, environmental pollution, rapid
population growth, and food supply shortages. International
agreements such as the Kyoto Protocol (1992) and the Paris
Agreement (2016), under the United Nations Framework
Convention on Climate Change, aim to mitigate climate
change by reducing greenhouse gas emissions. Despite
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ongoing efforts to transition to cleaner energy sources, the
demand for energy continues to grow globally. Traditional
vehicles powered by gasoline or diesel contribute significantly
to greenhouse gas emissions, presenting an environmental
challenge. As global energy consumption increases to levels
comparable to Europe and the US, fossil fuels are expected to
remain a significant energy source for the foreseeable future
until alternative solutions, such as advanced nuclear techno-
logies or other innovations, become more widely adopted."
While developed nations have made strides in renewable
energy technologies, such as solar, wind, wave, and nuclear
power, these efforts alone are insufficient to meet the growing
demand for clean energy. A pivotal solution lies in the develop-
ment of advanced energy storage systems, which are integral to
achieving carbon neutrality. Among these, lithium-ion bat-
teries (LIBs) have emerged as a cornerstone technology.
Introduced over half a century ago, LIBs operate on the prin-
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ciple of lithium-ion migration between the cathode and anode,
with electrolytes playing a crucial role in preventing direct
current and facilitating ion transport.>?

Electrolytes, comprising inorganic and organic com-
ponents, are essential for forming the solid electrolyte inter-
phase (SEI) on the anode and the cathode electrolyte inter-
phase (CEI) on the cathode. These interphases are vital for
efficient lithium-ion transfer and the overall functionality of
LIBs. Due to their high energy density, rapid charge-discharge
rates, lightweight, and longevity, LIBs have garnered signifi-
cant attention from researchers and become indispensable in
portable electronic devices and energy storage systems.

However, despite substantial advancements, LIBs face
notable limitations, particularly in sub-zero environments. At
temperatures below 0 °C, the performance of LIBs deteriorates
significantly. The key chemical reactions within the electrodes
and electrolytes slow down, leading to reduced energy capacity
and disrupted charge-discharge cycles. Additionally, the
increased viscosity of conventional electrolytes, often based on
ethylene carbonate (EC), decreases ionic conductivity and
charge transfer rates. This not only heightens internal resis-
tance but also promotes lithium dendrite formation, which
can damage battery structures.

Addressing  these  challenges requires innovative
approaches. Current strategies include incorporating solvent
additives into multicomponent electrolyte systems to lower
freezing points and improve ionic conductivity. Moreover,
research is increasingly focused on alternatives to traditional
organic electrolytes, such as ionic liquids, ceramics, and lique-
fied gas solvents, to enhance the low-temperature performance
of LIBs. The practical importance of improving LIBs perform-
ance in sub-zero conditions spans numerous critical appli-
cations. Fig. 1 shows some of the applications and their
required lower limit operating temperature. However, these
extreme conditions highlight the necessity for specialized
battery designs capable of ensuring reliability and efficiency in
harsh environments, specifically cold temperatures.
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Fig. 1 Representative applications and their required lower limit operat-
ing temperature.
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Improving the low-temperature performance of LIBs is criti-
cal for expanding their application potential and addressing
humanity’s energy storage needs, both on Earth and beyond.
This review first examines the structure of LIBs, then explores
the mechanisms and limitations that arise at sub-zero temp-
eratures. Furthermore, it goes beyond the conventional ana-
lysis of electrolyte properties by investigating the character-
istics of SEI/CEI layers at low temperatures and how to opti-
mize these layers for enhanced cycle stability. The review also
highlights recent advances in electrolyte formulations and
additives designed to improve LIB performance under extreme
conditions. Finally, it discusses the future outlook for high-
energy cells at low temperatures and the specific challenges in
this area, which have been less addressed in similar studies.

2. Structure and components of
lithium-ion batteries

LIBs are widely recognized today, and it is important to under-
stand what sets them apart from other types of batteries. Fig. 2
illustrates the functional components of a LIBs. The electric
current flows through conductive surfaces that connect to the
cells-aluminum on one side and copper on the other. Like all
batteries, LIBs feature two electrodes: the cathode (positive)
and the anode (negative). The cathode is composed of lithium-
containing metal oxides, and its uniform chemical compo-
sition enhances performance and extends the battery’s life-
span. Conversely, the anode consists of carbon-based
materials, such as graphite or graphene.

An electrolyte layer, serving as the medium for lithium-ion
transport, fills the space between the electrodes. To ensure
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Fig. 2 Challenges of low-temperature LIBs: the schematic illustrates
the key barriers to lithium-ion transport at low temperatures, including
slow solid-state diffusion through the SEI and CEl, sluggish ion liquid
transport, and high energy barriers for interfacial desolvation. These
issues result in reduced ionic conductivity, limited charge transfer kine-
tics, and increased risk of lithium plating on the anode, leading to
capacity fade and safety concerns. The energy profile below highlights
the significant desolvation energy required for lithium-ion migration
across the SEI and CEl layers, which is exacerbated at cold temperatures.
The illustration on the right emphasizes the reduced performance and
safety risks of batteries operating in subzero environments.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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safe charging and discharging, this layer must be as free of
water particles as possible. A separator layer is placed between
the cathode and anode to prevent short circuits, allowing only
lithium ions to pass through. During charging, lithium ions
migrate across the separator into the carbon-based anode,
where they are stored. This movement facilitates the charging
process, while electrons flow in the opposite direction through
an external circuit, generating electric current. The potential
difference and resistance between the electrodes drive this
current. When discharging, lithium ions return to the cathode
through the separator, completing the cycle.

The performance of a LIB is directly linked to the quality of
its materials. Using highly pure, specially formulated materials
results in enhanced performance and longer battery life.
Research in this field focuses on improving factors such as life-
span, energy density, thermal stability, cycle life, cost, weight,
and charging speed. Cycle life depends on the stability of the
SEI at the anode and the CEI at the cathode. Degradation of
these layers can lead to capacity loss and reduced performance
over time. Ensuring stable SEI and CEI under varying tempera-
tures is critical for safety and longevity, as high temperatures
accelerate degradation, and low temperatures hinder lithium-
ion intercalation and deintercalation kinetics.

Safety concerns regarding the flammability and volatility of
organic solvents in conventional electrolytes have spurred
research into non-flammable alternatives, including both
aqueous and non-aqueous electrolytes. Most LIBs use electro-
lytes made from lithium salts dissolved in organic solvents,
which are specifically designed to prevent reactivity with water.
The battery housing is also sealed to minimize moisture
absorption.

Key processes in LIBs include solvation and desolvation.
Solvation refers to the interaction of solvent molecules with
lithium ions, forming a solvation shell. During desolvation,
these shells are stripped away, allowing the lithium ions to
intercalate into the electrode material. At low temperatures,
solvation dynamics change, potentially forming more rigid sol-
vation shells that hinder desolvation, increase energy require-
ments, and slow charge transfer kinetics. This leads to dimin-
ished battery performance and capacity in cold conditions.
Tailored electrolytes and additives are employed to promote
stable SEI and CEI layers, even at low temperatures, which is
vital for maintaining performance in extreme environments.
The overall electrochemical reactions in a LIBs including
carbon-based anode can be summarized as follows:

Charging reaction : LiCoO, 4+ C « Li;_,CoO, + Li,C + e~

where subscript x represents the amount of lithium interca-
lated into the anode.

Discharging reaction : Li;_,CoO, + Li,C + e~ < LiCoO, + C
This family of LIBs faces significant challenges at low temp-
eratures. As illustrated in the schematic of Fig. 2, the reduced

mobility of lithium ions across the SEI and the CEI layers
limits battery performance. At low temperatures, the energy
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barrier for lithium-ion desolvation increases due to the for-
mation of a more rigid solvation shell, making the process
slower and less efficient. Additionally, sluggish ion transport
within the electrolyte and reduced ionic conductivity exacer-
bate these limitations. Low temperatures also heighten the
risk of lithium plating on the anode, which can lead to
capacity fade and safety risks. The image underscores the need
for advanced materials and tailored electrolytes to mitigate
these issues, ensuring stable SEI and CEI layers under extreme
thermal conditions.

The relationship between electrode materials, electrolyte
composition, and lithium-ion dynamics is central to improving
LIBs at extreme temperatures. Optimized anode and cathode
porosity, tailored electrolyte viscosity, and the use of novel
separators with enhanced thermal stability are strategies being
explored to mitigate the negative effects of low-temperature
operation. Understanding these material interactions is key to
achieving reliable battery performance in harsh environments.
Furthermore, at low temperatures, the stability and conduc-
tivity of the solid electrolyte interphase (SEI) and cathode elec-
trolyte interphase (CEI) become critical factors that dictate
battery performance. The SEI, which forms on the anode
surface due to electrolyte decomposition, functions as a passi-
vation layer that regulates lithium-ion transport. However, at
sub-zero temperatures, the SEI layer becomes more resistive
and rigid, impeding lithium-ion diffusion and leading to an
increase in interfacial resistance. Similarly, the CEI layer on
the cathode may undergo structural instability, further dete-
riorating charge transfer kinetics. These factors contribute to
sluggish charge/discharge rates, lower energy efficiency, and
increased risk of lithium plating. Consequently, advanced elec-
trolyte formulations with optimized solvation structures and
additives designed to stabilize SEI/CEI at low temperatures
have gained significant research interest.*”

3. Mechanism and main limitations of
low-temperature lithium-ion batteries

Four basic factors of the limitation of ionic conductivity in
bulk electrolyte, namely, the reduction of charge transfer rate
at electrolyte, the formation of lithium dendrites and sluggish
diffusion coefficient in SEI and CEI layers and reduced deso-
Ivation kinetics have been investigated. Fig. 3 shows a sche-
matic of the main limiting factors (resistances) on the per-
formance of LIBs with low-temperature electrolyte.

3.1. Limitation of ionic conductivity in bulk electrolyte

This section explores four fundamental factors limiting the
performance of LIBs: the restricted ionic conductivity in the
bulk electrolyte, the reduced charge transfer rate at the electro-
Iyte interface, the formation of lithium dendrites, and the slow
diffusion coefficients within the SEI and CEI layers.

As the temperature decreases, the viscosity of the electrolyte
increases, leading to reduced ion mobility and, consequently,
a decrease in ionic conductivity. Ionic conductivity (o), a criti-
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Fig. 3 Schematic of main limiting factors of LIBs at low-temperature electrolyte.

cal parameter for evaluating an electrolyte’s ability to facilitate
ion transport, is defined by the following equations:*”

o= E niuizie (1)
1

= 2

"= onm (2)

where y; is the ion mobility of different ions, n; is the number
of free ions, e is a unit charge, z; is the charge capacity, r is the
radius of the solute ion and # is the viscosity. Examining eqn
(1) and (2), the conductivity of electrolytes is mainly influenced
by u;, z; and n;. The values of z; and n; are constant in certain
electrolyte compositions. y; is inversely related to viscosity,
which means that ions dissolved in solvents with lower vis-
cosity have a higher speed of movement. Therefore, low-vis-
cosity electrolytes are particularly advantageous for low-temp-
erature applications due to their ability to enhance ion mobi-
lity. Achieving low viscosity in electrolytes is typically accom-
plished by incorporating low-viscosity solvents. However, many
of these solvents have low dielectric constants, which limits
their ability to dissociate lithium salt ions effectively, leading
to ion pairing and reduced ionic conductivity. The dielectric
constant of an electrolyte solvent reflects its capacity to dis-
sociate lithium salts and increase the number of free ions, sig-
nificantly influencing the interaction between the solution
components and overall ion transport.®

While aqueous electrolytes generally exhibit higher ionic
conductivity than non-aqueous alternatives at room tempera-
ture, their performance is hindered at low temperatures (lower
0 °C) due to the higher freezing point of water compared to
organic solvent mixtures, such as cyclic and non-cyclic carbon-
ates. This results in a steeper decline in ionic conductivity as
temperature decreases.”’® To address these challenges, an
optimal electrolyte formulation requires a balance between low
viscosity and high dielectric constant solvents. Such a combi-
nation ensures sufficient ion dissociation and mobility while
minimizing the risk of electrolyte crystallization, which can
severely degrade battery performance at low temperatures,"
less than ethylene carbonate-based electrolyte (EC-based).

3.2. Reduction of charge transfer rate at electrolyte

The efficiency of charge transfer at the electrolyte-electrode
interfaces plays a critical role in determining the performance

388 | EES Batteries, 2025, 1, 385-426

of LIBs, particularly at low temperatures where this process
becomes a limiting factor. Charge transfer kinetics are charac-
terized by the charge transfer resistance (R.), which quantifies
the difficulty of this process. Based on the Arrhenius equation
and the Butler-Volmer equation, R is directly influenced by
the activation energy (E,) associated with the charge transfer
process. Higher E, results in greater R, thereby reducing the
rate of charge transfer and adversely affecting battery perform-
ance at low temperatures.
The R is described by the Arrhenius equation:

—E,
= AeRT (3)

1

Ret
where R is the gas constant, T is the temperature in Kelvin,
and 4 is a constant. A high R, value suggests delayed charge
transfer reaction kinetics. This generally can be seen in electro-
chemical impedance spectra (EIS), where a semicircle at the
mid-frequency area typically associated with charge transfer re-
sistance exhibits increased dominance as temperature
declines. Zhang et al.'> demonstrated that the resistance of
LIBs at low temperatures is dominated by R., which increases
rapidly as the temperature decreases. They found that when
the graphite electrode was fully delithiated, R.. was signifi-
cantly greater, indicating that a substantial kinetic barrier
must be overcome for Li" ions to diffuse into the anode.

The Li" desolvation process, where Li" loses its solvation
sheath before migrating through the SEL"® and the subsequent
migration of the naked Li" across the resistive SEI, are two
critical steps in the diffusion of Li* from the electrolyte to the
anode. Among these, the Li" desolvation process is generally
considered the major contributor to R.. It can be concluded
from eqn (3) that the charge transfer impedance is determined
by the temperature and E, of the charge transfer process."*

The E, of the charge transfer process depends on the deso-
Ivation process of Li* and the binding energy of Li* at the elec-
trode surface sites."®'> Xu et al.'® reported that Li* desolvation
in binary carbonate electrolytes has an E, value of around
50 kJ mol ™', which is substantially higher than E, for Li* con-
duction through the SEI (20 k] mol™"). Subsequent research
corroborates these findings, showing that Li" desolvation,
rather than Li" diffusion in solid electrodes or migration
through the SEI, is the dominant kinetic barrier to Li" trans-
port at low temperatures.'® Therefore, enhancing the electro-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lyte’s capability to facilitate Li* desolvation at the electrode-
electrolyte interface is essential for improving LIBs perform-
ance at low temperatures.

EIS is a powerful tool for investigating the electrochemical
kinetics of LIBs. As shown in Fig. 4a, the Nyquist plot reveals
the impedance response of LIB cells over multiple charge-dis-
charge cycles. The impedance consists of three primary com-
ponents: ohmic resistance (Rp), solid electrolyte interphase
(Rsgp) resistance, and R..'” R is a crucial parameter that
increases at lower temperatures due to hindered Li-ion
kinetics.

The influence of temperature on the overall impedance
profile is highlighted in Fig. 4b, which presents the variation
of R, as a function of the cycle number.’” The data shows that
at subzero temperatures, R, dominates the total cell resis-
tance, causing performance degradation. These findings align
with recent studies emphasizing the critical role of Li* desolva-
tion and interfacial resistance in determining low-temperature
performance.

Charge polarization during low-temperature cycling primar-
ily originates from sluggish Li" desolvation at the electrode/
electrolyte interface, as illustrated in Fig. 4c.'® EIS analysis
indicates that the solvation structure and activation energy of
lithium-ion desolvation significantly impact charge transfer re-
sistance at subzero temperatures. The transformation of
Nyquist plots into distribution of relaxation times (DRT) plots
enables better visualization of individual electrochemical pro-
cesses, aiding in precise diagnosis of interfacial resistance
behavior.

Finally, Fig. 4d presents an updated Arrhenius plot of
charge transfer resistance for LIB cells with different electro-
lyte compositions.'® The results indicate that electrolyte for-
mulations with optimized solvation structures exhibit lower
activation energy barriers, thus reducing charge transfer resis-
tance at low temperatures. These insights highlight the need
for advanced electrolyte engineering to enhance the perform-
ance of LIBs under extreme conditions.

At temperatures below —20 °C, R.. becomes nearly equal to
the total cell resistance, identifying lithium-ion (Li") desolva-
tion as the rate-limiting step in the charge transfer process.
This finding strongly suggests that Li" desolvation predomi-
nantly dictates the low-temperature performance of recharge-
able lithium batteries, provided the effect of ion transport
within bulk active materials is excluded. Xu et al. experi-
mentally validated this conclusion.'® They assembled sym-
metric cells with graphite/graphite, LiNi gC0g.15Al0.050, (NCA)/
NCA, and Li;Ti;O;, (LTO)/LTO electrodes, all using the same
carbonate-based electrolyte. This setup eliminated the influ-
ence of multiple electrode materials and solvation structures.

Despite the vastly different interfacial chemistries and
material properties of these cells, their EIS spectra at —40 °C
were strikingly similar. This similarity was attributed to their
identical solvation structures, which created a similar desolva-
tion energy barrier. The desolvation process accounted for
most of the impedance at —40 °C. Furthermore, significant

variations in low-temperature discharge capacities were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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observed in cells with the same interfacial chemistry but
different electrolytes, confirming that low-temperature per-
formance is more closely tied to the bulk solvation structure
than to the SEI chemistry. However, there is ongoing debate
about whether the desolvation process is exclusively influ-
enced by the solvation structure in the bulk electrolyte. It is
plausible that the SEI or CEI chemistry, as well as the nature of
the electrode, could impact the desolvation process by interact-
ing with the solvent molecules or ions in the solvation sheath.
These interactions require further investigation using
advanced modeling and characterization techniques to provide
clarity.”®

Low-temperature charging is inherently more challenging
than low-temperature discharging. Consequently, many
studies on low-temperature electrolytes for LIBs have focused
on improving discharge performance after room-temperature
charging. Paradoxically, the charge-transfer process at the
cathode, which is critical for low-temperature discharge, has
been largely overlooked. More in-depth research is needed to
better understand and optimize the cathode-side charge-trans-
fer process to enhance the performance of LIBs under low-
temperature conditions.

3.3. The formation of lithium dendrites

As operating temperatures decrease, slow lithium-ion diffusion
exacerbates non-uniform lithium plating and accelerates den-
drite formation near the anode, leading to significant safety
concerns and limited battery lifespan. This issue is particularly
severe at low temperatures, where LIBs experience consider-
able capacity loss due to the abnormal growth of the SEI
caused by lithium dendrites. These dendrites continuously
consume lithium ions during cycling, reducing the available
charge and degrading performance.

Lithium plating, the direct deposition of lithium metal on
the anode surface, occurs due to the mismatch between the
rate of lithium-ion reduction and the rate of lithium-ion inter-
calation into bulk graphite. This phenomenon is largely driven
by high overpotentials caused by anode polarization.>***
Anode polarization includes three main types: ohmic polariz-
ation, electrochemical polarization, and concentration polariz-
ation. Ohmic polarization arises from the contact resistance
between cell components, electrochemical polarization is
related to charge transfer processes, and concentration polariz-
ation is caused by ion concentration gradients in the electro-
lyte and electrode.>*** Together, these polarizations contribute
significantly to lithium plating.

Lithium plating is closely tied to the electrolyte, as it affects
lithium-ion transport, desolvation, and interfacial diffusion.
The transport of Li" within the bulk electrolyte, its segregation
at the electrode/electrolyte interface, and its diffusion through
the SEI all influence the plating process. A well-designed elec-
trolyte system can significantly reduce the likelihood of
lithium plating. However, at low temperatures, plated lithium
reacts poorly during annealing, resulting in low Coulombic
efficiency. Historically, research on lithium plating has
focused on ambient conditions, particularly in the context of
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Fig. 4 EIS analysis of LIBs at low temperatures, illustrating the impact of R., and electrolyte composition on cell performance. (a) Nyquist plot com-
paring impedance spectra of LIB and BIF cells over multiple charge—discharge cycles. Reproduced with permission from ref. 17. (b) Temperature-
dependent variations of Ry, Rsg., and R during cycling, emphasizing the increasing dominance of R at low temperatures. Reproduced with per-
mission from ref. 17. (c) Comparative analysis of solvated vs. desolvated lithium-ion transfer at graphite electrodes, highlighting activation energy
differences. Reproduced with permission from ref. 18. (d) Arrhenius plot of charge transfer resistance for various electrolytes, illustrating the relation-
ship between solvation structure and temperature-dependent impedance changes. Reproduced with permission from ref. 18.
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fast charging at room temperature (~25 °C), a critical perform-
ance metric for electric vehicles.>® In such studies, lithium
plating is often examined as a factor limiting fast-charging
capabilities. However, lithium plating at low temperatures has
received comparatively less attention due to the reliance on
urban charging infrastructures with pre-heating or indoor
facilities that maintain LIBs at moderate temperatures during
charging. While these setups mitigate the effects of low-temp-
erature charging, expanding applications in space exploration,
military, and defense necessitate a deeper understanding of
LIBs behavior under such extreme conditions.

At low temperatures, mass transport and charge transfer
kinetics are severely hindered, resulting in large polarization
even at low current densities.”**” The increased polarization
significantly lowers the critical current density required for
lithium plating during charging, compared to room-tempera-
ture conditions. von Liiders et al. studied the characteristics of
lithium plating in commercial 18650 LIBs at —2 °C using static
voltage and neutron diffraction techniques. Their results
revealed that when the charge rate exceeded 0.5C, visible
lithium plating occurred on the graphite anode. At 1C charge
rate, lithium plating accounted for approximately 10% of the
total charging capacity.>®

Lithium plating is associated with several challenges,
including loss of lithium inventory, formation of dendritic
lithium, dead lithium accumulation, additional SEI growth,
and gas generation (Fig. 5a). These effects not only degrade
battery performance but also pose significant safety risks. For
example, at —29 °C, substantial lithium plating in a high-
capacity (50 A h) battery caused violent reactions between
plated lithium and the electrolyte, generating large quantities
of gas. The resulting stress on the electrodes was identified as
a key factor in battery failure.>®

In lithium-metal batteries (LMBs), the intrinsic electrode
reaction involves lithium plating and stripping. However,
during low-temperature cycling, issues related to dendrite for-
mation are magnified. Holoubek et al.** reported that sluggish
desolvation at low temperatures exacerbates lithium deposition
dynamics, leading to tip-driven dendrite growth. According to
Tao Ma et al.,*' the deposition characteristics of lithium at low

(a) (b)
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Electrolyte

Li dendrite

Q A ,
Resistance

Fig. 5
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temperatures are significantly influenced by the solvation pro-
perties of the electrolyte. While electrolytes containing solvents
with strong solvation abilities typically exhibit enhanced ionic
conductivity, they also experience hindered desolvation kinetics.
As a result, during lithium plating at low temperatures, the
reduction of Li" ions on the lithium metal surface becomes
inefficient, leading to the formation of fewer initial lithium
nuclei. Subsequent deposition tends to occur preferentially on
these limited nucleation sites, promoting the growth of lithium
dendritic structures (Fig. 5b). These rapidly growing dendrites
eventually result in short-circuit failure of the cell.

To address these challenges, future research should priori-
tize the development of advanced electrolytes with improved
low-temperature performance. Efforts should also focus on
understanding the interaction between the electrolyte, SEI/CEI
chemistry, and lithium-ion transport processes. By mitigating
lithium plating and dendrite formation, the safety, efficiency,
and lifespan of LIBs in extreme environments can be signifi-
cantly enhanced.

3.4. Sluggish diffusion coefficient in SEI and CEI layers

The influence of the interphase films, including the SEI and
CEI, on the charge transfer process in LIBs remains an area of
ongoing investigation. While the exact role of these inter-
phases in facilitating or hindering charge transfer is not fully
understood, the mass transport of Li* within the SEI and CEI
layers has been identified as a significant contributor to
overall cell impedance.

Early studies using EIS suggested that the Rgg; was consist-
ently lower than the charge transfer resistance at room temp-
erature under EC-based electrolyte conditions.>® However,
recent research has questioned this understanding. On one
hand, the reliability of EIS results obtained from two-electrode
systems has been called into question due to interference from
the counter electrode, which may distort impedance measure-
ments.>® On the other hand, the similar time constants of
charge transfer and Li" transport within the SEI often result in
their impedance signals overlapping into a single semicircle in
EIS spectra (Fig. 6a and b), making it difficult to separate the
contributions of Rggr and Re..>*°

(a) Degradation mechanism caused by lithium plating on a graphite anode at low temperatures. Reproduced with permission from ref. 32. (b)

Schematic illustration showing the impact of low temperature on the morphology of lithium deposition. Reproduced with permission from ref. 31.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EIS spectra of delithiated Li/MCMB cells using 1 M LiPFg in EC/PC/EMC (1:3:8 v/v/v) with fluoroethylene carbonate (FEC, squares) and

without FEC (circles) at (a) —20 °C and (b)

—40 °C. Reproduced with permission from ref. 34. (c) DRT analysis of the Nyquist plots for graphite elec-

trodes at various temperatures using 1 M LiPFg in EC/DMC (3:7 v/v) electrolyte. Reproduced with permission from ref. 27. (d) Rsg; and R values of
graphite electrodes obtained from EIS fitting at different temperatures using various electrolytes. Reproduced with permission from ref. 27.

To address these challenges, Yao et al. utilized a three-elec-
trode system combined with DRT technology to decouple the
intertwined electrochemical processes of charge transfer and
interfacial Li" transport while minimizing the influence of the
counter electrode (Fig. 6¢).>” Their findings revealed that Rgg;
was significantly larger than R, in a Li/Li reference/graphite
cell with EC-based electrolytes over a temperature range of
—15 °C to 25 °C (Fig. 6d). These results suggest that the high
resistance of the SEI, particularly in EC-based systems, makes
Rsgr the dominant rate-limiting step as temperatures approach
sub-zero levels. The rate-limiting step in LIBs performance
may also vary depending on the specific electrolyte and temp-
erature range. For example, in low-temperature electrolytes
that form high-resistance SEI layers, Rsg; may dominate at
moderately low temperatures (e.g., above —20 °C). However, as
the temperature drops below —20 °C, R, often becomes the
limiting factor due to its steep increase in magnitude. This
underscores the importance of tailoring electrolyte properties
to balance SEI and charge transfer resistances across a range
of operating conditions.

392 | EES Batteries, 2025, 1, 385-426

A critical challenge for low-temperature LIBs lies in the
instability of many commonly used solvents when interacting
with graphite anodes. Solvents capable of functioning well
below 20 °C, such as linear carbonates and propylene carbon-
ate (PC), exhibit poor stability on graphite surfaces. These sol-
vents tend to co-intercalate into graphite, leading to structural
exfoliation and damage to the anode.® Furthermore, esters,
another class of low-temperature solvents, undergo conden-
sation reactions with lithiated graphite, generating significant
amounts of gas. Even at low temperatures, such reactions con-
tribute to extreme instability at the electrode/electrolyte inter-
face.’® This instability manifests as rapid capacity fade,
increased cell impedance, and reduced cycling life.

In addition to SEI-related issues, the CEI at the cathode
also plays a critical role in determining low-temperature per-
formance. The CEI's chemical composition, spatial structure,
and stability significantly influence the interfacial properties
and lithium-ion transport dynamics. These factors become
even more critical when high-voltage cathodes are introduced
to improve the baseline capacity of low-temperature LIBs.?”®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A poorly formed CEI can exacerbate interfacial resistance, lead
to side reactions, and further degrade battery performance
under extreme conditions. To enhance low-temperature per-
formance, future research needs to prioritize the comprehen-
sive optimization of both SEI and CEI layers. Specific strategies
are discussed below:

3.4.1. SEI/CEI properties at low temperatures. The pro-
perties of the SEI and CEI are critical for the performance of
LIBs at low temperatures. At low temperatures, the SEI and CEIL
layers tend to have smaller components, become less diffusible
and more resistive, leading to increased charge transfer resis-
tance and reduced ion mobility. The formation of a more rigid
solvation shell around lithium ions at low temperatures makes
the desolvation process slower, thereby hindering the ion
transfer through the SEI and CEI layers. Consequently, the bat-
tery’s charge/discharge rate is significantly reduced, which can
result in capacity fade and safety risks.***°

1. Good SEI/CEI components: Incorporating functional
additives that can form robust, low-resistance interphases
under low-temperature conditions.*' These additives may
include lithium salts with weakly coordinating anions or SEI/
CEI-forming agents. A stable SEI and CEI at low temperatures
typically consists of inorganic compounds such as LiF and
Li,CO3, which provide high ionic conductivity and mechanical
stability. Organic components, such as lithium alkyl carbon-
ates, are less stable at low temperatures and can lead to
increased impedance.

2. Degradation mechanisms: At low temperatures, the SEI/
CEI layers are more prone to cracking due to the increased
mechanical stress caused by lithium plating and volume
changes in the electrodes. Additionally, the reduced ion mobi-
lity at low temperatures can lead to incomplete SEI/CEI for-
mation, resulting in poor interfacial stability.*>**

3. Diagnostic methods: To diagnose the properties of SEI/
CEI layers at low temperatures, advanced characterization tech-
niques such as cryo-electron microscopy (cryo-EM), in situ spec-
troscopy, and DRT analysis can be employed. Cryo-EM allows
for high-resolution imaging of the SEI/CEI layers at cryogenic
temperatures, while in situ spectroscopy provides real-time infor-
mation on the chemical composition and evolution of the inter-
phases. DRT analysis can decouple the contributions of SEI/CEI
resistance and charge transfer resistance, providing valuable
insights into the interfacial kinetics at low temperatures.

4. Modeling and simulation: Leveraging molecular
dynamics and ab initio simulations to understand the mechan-
istic interplay between interphase chemistry, Li* transport,
and charge transfer processes at the atomic scale.

3.4.2. Optimization strategies for SEI/CEI layers. To
improve the performance of SEI/CEI layers at low tempera-
tures, several strategies can be employed:

1. Electrolyte additives: The use of functional additives,
such as fluorinated solvents or ether-based systems, to mini-
mize interfacial resistance and enhance stability, can promote
the formation of stable and conductive SEI/CEI layers. These
additives can also suppress side reactions and reduce gas
generation at low temperatures.***>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Cathode coatings: Exploring alternative cathode materials
and coatings that are less prone to degradation and side reac-
tions under low-temperature conditions, thereby complement-
ing SEI and electrolyte improvements. The application of protec-
tive coatings, such as Al,03, LiCoO,, and Liz;PO,, on the cathode
surface can enhance the stability of the CEI layer and prevent
the dissolution of transition metals at low temperatures.*®™*8

3. Advanced -characterization techniques: The use of
advanced characterization techniques, such as cryo-EM and
in situ spectroscopy, can provide valuable insights into the for-
mation and evolution of SEI/CEI layers at low temperatures.
These techniques can help identify the key factors influencing
interfacial stability and guide the development of optimized
electrolyte formulations.*®>°

By addressing the fundamental challenges associated with
SEI and CEI at low temperatures, it is possible to extend the
operating range and longevity of LIBs, making them more
reliable for applications in extreme environments such as aero-
space, polar exploration, and military systems.

4. Current advances in low-
temperature electrolytes for lithium-
ion batteries

4.1. The role of electrolytes in low-temperature lithium-ion
batteries

The electrolyte is a critical component of LIBs, comprising a
mixture of solvents, lithium salts, and functional additives.
However, LIBs often suffer from reduced discharge capacity or
even failure to discharge at low temperatures. This perform-
ance degradation is primarily caused by significant increases
in solvent viscosity and poor compatibility between the electro-
lyte and the electrodes.”™** At low temperatures, the electro-
Iyte’s behavior is influenced by several key factors, including
lithium salt dissociation efficiency, solvent viscosity, melting
point, and the effectiveness of additives.

To address these challenges, the design of low-temperature
electrolytes requires solvents with low viscosity, high dielectric
constant, and excellent electrochemical stability. These pro-
perties promote enhanced ionic conductivity and efficient dis-
sociation of lithium salts, ensuring the smooth transport of
Li" ions even at sub-zero temperatures.’?

Electrolytes typically incorporate lithium salts to facilitate
Li" dissociation, including options such as lithium hexafluoro-
phosphate (LiPFg), lithium bis(oxalato)borate (LiBOB), lithium
(oxalato)difluoroborate (LiDFOB), lithium bis(trifluorometha-
nesulfonyl)imide (LiTFSI), lithium bis(fluorosulfonyl)imide
(LiFSI), lithium hexafluoroarsenate monohydrate (LiAsF),
lithium perchlorate (LiClO,), lithium tetrafluoroborate (LiBF,),
and lithium triflate (LiTf). These salts are often combined
with various organic compounds designed to optimize ionic
conductivity and control electrolyte viscosity.

Solvent selection plays an equally critical role in achieving
low-temperature performance. Commonly used solvent
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families include acyclic and cyclic carbonates, such as EC,
dimethyl carbonate (DMC), and PC, as well as linear and cyclic
esters, ethers, liquefied gases, ionic liquids, and solid-state
lithium-ion complexes. These solvents are tailored to balance
viscosity, dielectric properties, and thermal stability, creating
an electrolyte environment conducive to efficient Li" transport.
Functional additives are another vital component of low-temp-
erature electrolytes. These additives are designed to form
robust SEI films, which enhance electrode stability and mini-
mize side reactions at the electrode-electrolyte interface.
Additives can also improve electrolyte compatibility with both
the anode and cathode, further boosting battery performance
under extreme temperature conditions.

This section highlights recent advancements in the devel-
opment of solvents, lithium salts, and additives for low-temp-
erature LIBs, focusing on strategies to overcome the challenges
posed by extreme thermal environments. By optimizing elec-
trolyte formulations, researchers aim to enhance the safety,
performance, and lifespan of LIBs in a broad range of appli-
cations, from electric vehicles to aerospace technologies.

4.2. Non-aqueous electrolytes

4.2.1. Solvent. Table 1 provides a comprehensive summary
of the physical and structural properties of low-temperature
electrolyte solvents studied over the years. Also, Table 2 com-
pares the performance of different solvents (carbonates,
ethers, esters) at low temperatures, including information
such as ionic conductivity, electrochemical stability, and com-
patibility with graphite anodes. The primary objectives in
designing low-temperature electrolyte solvents include enhan-
cing ionic conductivity, broadening the liquid temperature
range, and reducing the interactions between Li* ions and
solvent molecules. These efforts aim to lower the discharge
energy barrier and improve battery performance at sub-zero
temperatures.

One effective strategy is the incorporation of cosolvents
with low freezing points and/or low viscosity. This approach
significantly reduces the overall viscosity and freezing point of
the electrolyte, thereby improving ionic conductivity in the
bulk phase at low temperatures. Additionally, care must be
taken to ensure that these solvents do not compromise the
integrity of the SEI layer, as its degradation can lead to
increased impedance and capacity loss.

4.2.1.1. Carbonate family (acyclic and cyclic). The electro-
lytes used in LIBs are usually composed of a mixture of car-
bonate-based solvents. These carbonates are either linear car-
bonates with low viscosity, which provide higher ionic conduc-
tivity-such as diethyl carbonate (DEC), dimethyl carbonate
(DMC), and ethyl methyl carbonate (EMC)-or cyclic carbonates
with a high dielectric constant, which enhance salt dis-
sociation-such as EC, PC, and vinyl carbonate (VC).>*
Therefore, the main advantage of carbonates compared to
other solvents lies in their higher conductivity and better ion
separation. Additionally, there are significant differences in
their surface properties, as well as their electrochemical,
thermal, and chemical stabilities. Currently, the main limit-
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ation of cyclic ethyl carbonate is its high melting point (36 °C),
which severely restricts its performance at low temperatures.®

On the other hand, PC exhibits a relatively low melting
point (—48 °C), but incorporating PC molecules into graphite
can lead to the reduction of the electrolyte and exfoliation of
the graphite structure. However, linear carbonates such as
methyl 2,2,2-trifluoroethyl carbonate (FEMC, —55 °C), EMC
(=55 °C), and DEC (—43 °C) have lower melting points than
cyclic carbonates. Although linear carbonates have higher
dielectric constants and lower boiling points, their viscosity is
higher than that of cyclic carbonates. Additionally, the
unstable SEI layer formed by linear carbonates cannot prevent
the continuous decomposition of the electrolyte and the inter-
calation of Li-ion shells.

Li et al.>® found that carbonate-based electrolytes (EC/DMC/
LiPF¢) exhibited good cyclability stability at low temperatures
in lithium-sulfur batteries. This finding indicates that binary
mixtures of linear and cyclic carbonates are favorable for
improving the ionic conductivity of electrolytes at low tempera-
tures. Therefore, multicomponent mixtures can be used to
expand the liquid range of the electrolyte and increase its con-
ductivity. Multicomponent systems are more tunable and
usually have better conductivity than single-solvent systems
due to the balance between ionic conductivity and dielectric
constant provided by linear and cyclic carbonates. Mixed
solvent systems can easily ameliorate the disordering influence
on lithium’s physicochemical characteristicc and ion
coordination.

As mentioned above, balancing the high dielectric constant
and low viscosity of the electrolyte solvent is crucial for achiev-
ing excellent conductivity. Therefore, the amount of cyclic car-
bonates is very important. When the content of cyclic carbon-
ates in electrolytes is low, the small proportion of cyclic car-
bonates provides a high dielectric constant for the electrolyte
and reduces the degree of dissociation of the lithium salt,
resulting in a lower concentration of free Li" ions in the elec-
trolyte. Conversely, when the cyclic carbonate content is high,
the viscosity increases. To reduce the viscosity of cyclic carbon-
ate-based solvent electrolytes and improve conductivity at low
temperatures, the amount of cyclic carbonate should be
reduced, and the proportion of linear carbonate in the mixed
solvent system should be increased.

Xiao et al.’” discovered that organic solvents with insignifi-
cant EC (10% to 20% by weight) but rich in EMC may effec-
tively extend the operating temperature range. Compared with
binary mixtures, ternary solvent electrolytes have shown better
discharge capacity at different temperatures. In a long-term
cycling test, the LIBs with an EC/DEC/DMC electrolyte showed
a high initial capacity of 0.41 A h and a low fading rate of
0.033% per cycle at 20 °C. Later studies used EMC to replace
DEC in the ternary system due to EMC’s better film-forming
ability.”® Xiao et al®’ found that an EC/DMC/EMC
(8.3:25:66.7 v/v/v) electrolyte delivered the best low-tempera-
ture performance, allowing LIBs to retain 90.3% of their
nominal capacity when discharged to 2.0 V at —40 °C at 0.1C.
Their experiments demonstrated that co-solvents with high
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Table 1 Structure and physical properties of low-temperature solvents
Freezing Boiling Viscosity (mPa s) Dielectric
Category Solvent Structure point (°C) point (°C) at 25 °C constant
Acyclic Diethyl carbonate (DEC) 0] -74.3 126 0.75 2.8
carbonate )k
/\O O/\
Dimethyl carbonate (DMC) i 4.6 91 0.59 3.1
\o o /
Ethyl methyl carbonate (EMC) O —-53 110 0.65 2.9
u
Ethyl-2,2,2-trifluoroethyl carbonate 8 —-80 102.5 0.92 7.1
ETFEC J\
( ) /\0 o /\KF
! F
Methyl-2,2,2-trifluoroethyl O —44.2 89.9 1 9.5
carbonate (FEMC) E )J\ _
£y 070
F
Cyclic Ethylene carbonate (EC) (@) 36 248 1.93 95.3
carbonate ( YO
Propylene carbonate (PC) CH 3 —48.8 242 2.53 64.9
Fluoroethylene carbonate (FEC) F 17.3 210 4.1 78.4
Vinylene carbonate (VC) [—\ 22 162 1.54 126
Difluoroethylene carbonate (DFEC) 0 O = 7.8 128.7 2.5 37.1
F
Linear ester ~ Methyl formate (MF) O —99.8 31.5 0.328 8.7
H> "OCHgz
Methyl acetate (MA) O —98.2 57 0.37 6.7
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Freezing Boiling Viscosity (mPa s) Dielectric
Category Solvent Structure point (°C) point (°C) at 25 °C constant
Ethyl acetate (EA) O —83.6 77.2 0.45 6.05
Methyl propionate (MP) O —-87.5 79.7 0.48 6.07
Methyl butyrate (MB) O -84 102 0.6 5.5
Ethyl propionate (EP) @) —-73.9 99.1 0.492 5.7
Ethyl butyrate (EB) o -93 120 0.71 5.1
PP NN
Propyl butyrate (PB) (@) —95.2 142.7 0.832 4.4
/\)J\O/\/
Butyl butyrate (BB) H -91.5 164 0.977 44
o NN
Methyl trifluoroacetate (MTFA) @) -78 43 — —
FsC~ OCHj
Ethyl trifluoroacetate (ETFA) O -78 62 0.46 —
“S07 CF
3
Methyl 3,3,3-trifluoropropionate (@) -85 96 — —
(MTFP)
CF3
OCHs
2,2,2-Trifluoroethyl butyrate (TFEB) O —59.6 113 — —
/\)J\O/\CF3
Cyclic ester Gamma-butyrolactone (GBL) & —43.5 204 1.73 39
Linear ether  Tetra (ethylene glycol) dimethyl R S e o —45 216 3.31 7.8
ether (TEGDME)
i NACTN - — —
Diethyl ether (DEE) HeC o CHs 116 34.6
1,2-Dimethoxyethane (DME) /O\/\ o s —58 84 0.46 7.2
Dimethoxy methane (DMM) O O —-105 41 0.33 2.7
NN
Diethylene glycol dimethyl ether CH0” O 0cH —64 162 0.981 —
(DEGDME)
Cyclic ether ~ Tetrahydrofuran (THF) -109 66 0.46 7.4
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Table 1 (Contd.)
Freezing Boiling Viscosity (mPa s) Dielectric
Category Solvent Structure point (°C) point (°C) at 25 °C constant
2-Methyltetrahydrofuran O -137 80 0.47 6.2
(2-MeTHF) Q/
1,3-Dioxolane (DOL) /\ -95 78 0.59 7.1
1,4-Dioxane O 12 101 — 2.3
Others Dimethyl sulfite (DMS) O -141 126 0.87 22.5
e S\
Diethyl sulfite (DES) 0] -112 156 0.83 15.6
Il
NATSNAN
O O
Isoxazole (1Z) O\ -67.1 95 — —
\ /
Butyronitrile (BN) //\/ -112 117 0.515 20.7
Nz
Adiponitrile (AND) 295 6.3 30

Table 2 Comparing the performance of different solvent at low-temperatures

27,30,94-96

Solvent type Tonic conductivity (mS cm™) Oxidation stability (V) Compatibility with graphite Cyclic performance at —20 °C
Carbonates 1.5-2.0 4.5-5.0 Good 80% capacity retention
Ethers 0.8-1.2 3.5-4.0 Poor (co-intercalation) 70% capacity retention
Esters 1.0-1.5 4.0-4.5 Moderate 75% capacity retention

dielectric constants and low viscosities improve ionic conduc-
tivity at room temperature, while low-melting-point co-solvents
effectively expand the electrolyte’s operating temperature
range. In a separate study, Smart et al. found that EC-DMC-EA/
EC-DMC-MB;, used as an electrolyte, retained more than 80%
of its ambient capacity at —40 °C. This formulation combined
the low freezing temperature of DEC and the low viscosity of
DMC, resulting in higher ionic conductivity compared to EC/
DEC or EC/DMC binary mixtures below 20 °C (Fig. 7a). The
ternary solvent electrolyte demonstrated superior discharge
capacities at various temperatures (Fig. 7b). This allowed the
battery to operate at low temperatures by adjusting the EC

© 2025 The Author(s). Published by the Royal Society of Chemistry

content in the electrolyte (15-33 wt%). At low temperatures,
these electrolytes with low EC content showed increased
capacitance and partial polarization.

Electrolytes with a small proportion of EC combined with
linear carbonates had higher conductivity at —40 °C compared
to other studied electrolytes. Subsequently, Smart et al.’>>®°
found that an electrolyte made of EC, DEC, and DMC (1:1:1)
performed better at low temperatures than EC/DMC and EC/
DEC solvents. According to their experimental results, co-sol-
vents with high dielectric constants and low viscosities can
improve the ionic conductivity at room temperature, while
only low-melting co-solvents can effectively extend the operat-
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Reproduced with permission from ref. 59. (b) Low-temperature performance of graphite-based LIBs with various electrolytes at 0.05C and different
temperatures. Reproduced with permission from ref. 59. (c) Nyquist plots of Li/MCMB cells using various electrolytes at —20 °C after formation
cycles.®? (d) Delithiation capacities of MCMB electrodes using different electrolytes at 20 °C following lithiation at 20 °C. Reproduced with per-

mission from ref. 60.

ing temperature range of the electrolyte. These electrolytes
form superior SEI films with enhanced Li" transport kinetics
and protective properties (Fig. 7c), resulting in significantly
improved low-temperature performance in the presence of
MCMB electrodes (Fig. 7d).

PC is a well-known solvent (¢ = 65) with a large liquid range
(49 to 242 °C), this feature has piqued interest since the
beginning of LIBs research. Because PC has a lower viscosity
and melting point than EC,*' partially or completely replacing
EC with PC can increase conductivity at low temperatures and
drastically reduce -crystallization propensity—characteristics
that many researchers have taken advantage of. Several of the
studies discussed in this review used electrolytes that included
some PC as a solvent. For example, Zhang et al.®” found that
compared to the binary solvent system (EC/EMC = 3:7 w/w),
the SEI formed by the ternary solvent electrolyte (PC/EC/EMC =
1:1:3 w/w/w) has higher ion conduction at temperatures
below zero. Although the introduction of PC reduced the ionic
conductivity of the electrolyte, the formation of a low-impe-
dance SEI significantly improved the LIBs performance at low
temperatures (Fig. 8a and b). The beneficial impact of PC and
EC on a wide range of operating temperatures was also demon-
strated by Li et al'® They tested many electrolytes and
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obtained the best results using 1.0 M LiPFs and 0.05 M CsPF¢
in PC/EC/EMC (1:1: 8 by weight). These investigations showed
that the PC-containing solvent can exhibit 68% capacity reten-
tion at —40 °C and a C/5 rate. Although PC exhibits co-interca-
lation with graphite, it can reduce EC crystallization and is a
useful component of low-temperature electrolytes.

Ren et al.®® evaluated the performance of electrolytes com-
posed of different ratios of solvents (EC/PC/EMC/FEC). At
—40 °C, the battery charge capacity was able to reach 91% of
the capacity obtained at room temperature. Fluoroethylene car-
bonate (FEC) may work as a suitable co-solvent with PC to
improve the unfavorable PC behavior in LIBs at low tempera-
tures on the graphite anode. FEC is commonly used as an
additive (5 vol/wt%) to enhance the low-temperature perform-
ance of LIBs.”*”* However, under the following conditions, a
higher content of FEC is required to act as a co-solvent (10 vol/
wt%) to maintain a stable electrode/electrolyte interface:

1. The main solvent is not able to form a film at the usual
concentration of lithium salt (2 M).**%

2. Anode materials undergo strong volume fluctuations,
such as Si and Li metal.®®"®

New electrolyte systems based on sulfone-, nitrile-, and
fluorinated solvents have also been explored to enhance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lithium salt solubility, increase operating voltage, extend temp-
erature ranges, and improve battery safety. For instance, in a 1
M LiPF, electrolyte with methyl propionate (MP) as the main
solvent (90 vol%), 10 vol% FEC was necessary to passivate the
electrode surface, enabling stable cycling and reducing gas
generation in graphite/NCA pouch cells.®®> Similarly, methyl
3,3,3-trifluoropropionate (MTFP), a fluorinated analogue of
MP, has been used as a primary low-temperature co-solvent
with 10% (v/v) FEC by Holoubel et al.®” This all-fluorinated
electrolyte achieved high discharge capacities at temperatures
between —40 °C and —60 °C and an ionic conductivity of
0.75 mS cm™" at —60 °C, 150 times higher than that of EC/
DEC-based electrolytes (0.005 mS cm™'). Additionally, Fan
et al.®® dissolved fluorinated electrolytes in highly fluorinated
non-polar diluents (a flouroether), achieving high ionic con-
ductivity across a wide temperature range (—125 °C to 70 °C).
These systems reduced Li-ion desolvation energy during
plating, enhancing plating/stripping reaction kinetics at low
temperatures. Additionally, a LiF-rich SEI with high mechani-
cal strength and interfacial energy was formed on the anode,
improving ionic conductivity at —125 °C and mitigating Li den-
drite growth. A full cell using this electrolyte maintained 56%
of its room-temperature capacity at —85 °C with ultra-stable
cycling performance.

Similarly, ternary or quaternary mixtures are used to expand
the electrolyte’s liquid range and increase its conductivity.
Multicomponent systems are more tunable and usually exhibit
better conductivity than single-solvent systems. Mixed-solvent
systems can easily ameliorate the disordering influence on
lithium’s physicochemical characteristics and ion coordination.

Zhang et al.”® demonstrated that modifying the EC/EMC
ratio to create the “electrolyte E5” formulation (EC/PC/EMC =
1:2:7) could improve the low-temperature electrochemical
performance of electrodes. The results showed lower transfer
impedance, outstanding rate performance, and good cycle
stability, especially at low temperatures. The electrode’s
electrochemical performance with electrolyte E5 was further
investigated at temperatures ranging from —30 °C to 25 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 9a-c shows the charge and discharge profiles of an elec-
trode employing electrolyte E5 at room temperature, —10 °C,
and —30 °C, respectively. An electrode with electrolyte E5 was
able to discharge a specific capacity of 106 mA h g™" at —30 °C
(Fig. 9c). Furthermore, electrodes using electrolyte E5 demon-
strated outstanding electrochemical performance at both low
and high temperatures. Fig. 9d shows the rate performance of
electrodes utilizing electrolyte E5 from 0.1 to 5 A g™ " at various
temperatures. The electrode exhibited a high capacity of 153 mA
h g7" after 500 cycles at 2 A g~ and —20 °C. An electrode utiliz-
ing electrolyte E5 could exhibit a capacity of 50 mA h g™" at 5 A
¢~ even at —30 °C, demonstrating exceptional low-temperature
performance. The increased electrochemical performance is
attributed to the lower separation energy of lithium ions
between solvents and the weak interaction between Li and EMC
at the optimal formulation. Given a comparable process, the
electrochemical performance of Li TisO;, at low temperatures
might be further improved by utilizing electrolyte E5.

Sulfites and sulfates are essential for enhancing the per-
formance of carbonate solvents in low-temperature electro-
Iytes. Due to its structural similarity to organic carbonates, low
viscosity, and low melting point, dimethyl sulfite (DMS) has
garnered significant attention. This solvent effectively reduces
the resistance of the SEI layer and improves the low-tempera-
ture performance of LIBs. Li et al.”' investigated an EC/DMS/
EMC (1:1:3 v/v) electrolyte containing mixed salts (LiDFOB
and LiBF,). The electrolyte exhibited excellent ionic conduc-
tivity across a temperature range of —40 °C to 20 °C. Their find-
ings indicated that LIBs using this electrolyte could operate
successfully at temperatures below —20 °C. Additionally, linear
sulfates such as diethyl sulfate (DES), with their low melting
points and viscosities, are promising co-solvents for improving
low-temperature performance. Li et al.”> combined DMS and
DES as mixed solvents, resulting in electrolytes that demon-
strated good cycling performance over a broad temperature
range. Furthermore, these electrolytes exhibited outstanding
film-forming properties at —20 °C, suggesting their potential
as alternative electrolytes for LIBs.

EES Batteries, 2025, 1, 385-426 | 399
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4.2.1.2. Ester family (linear and cyclic). Linear and cyclic
esters, such as methyl acetate (MA), ethyl acetate (EA), ethyl
butyrate (EB), methyl butyrate (MB), and methyl propionate
(MP), are important organic solvents in electrolytes. Linear
esters have lower melting points, lower viscosity, and higher
dielectric constants than linear carbonates. These properties
enable the rapid transfer of lithium ions in the bulk electrolyte,
even at very low temperatures. However, compared to carbon-
ates, esters have significant disadvantages, including high vola-
tility, flammability, poor film-forming ability, high reactivity
with reducing anodes, and a narrower electrochemical window.

For this reason, researchers have studied the effects of
esters as cosolvents in carbonate-based LIBs electrolytes at low
temperatures. Initially, esters were used to enhance the low-
temperature  performance of PC-based electrolytes.®
Subsequently, as the demand for long cycle life at room temp-
erature grew, EC became the primary solvent. Due to the poor
film-forming ability and high reactivity of esters with reductive
anodes, early studies limited esters to use as cosolvents in EC-
based electrolytes.”>”*

Work on linear ester cosolvents for low-temperature LIBs
electrolytes was conducted by Smart and collaborators.”>”® As

400 | EES Batteries, 2025, 1, 385-426

nd (C) —30 °C; (D) rate performance of the cell at different temperatures.

early as 2002, they investigated the performance of EC-based
electrolytes with various esters, including EA, MA, ethyl propio-
nate (EP), and EB.”* Electrolytes containing low-molecular-
weight esters enabled AA-sized cells to deliver high initial
capacities at —20 °C. However, the SEI formed by electrolytes
with EA and MA exhibited high resistance and insufficient pro-
tection, leading to rapid capacity decline after extended
cycling.

High-molecular-weight esters, such as MB and EB, were
shown to perform better as low-temperature cosolvents due to
their ability to form a more stable SEI with lower resistance.
Smart et al. tested the low-temperature performance of EC/
EMC/MB (1:1:8 v/v/v) and EC/EMC/EB (1:1:8 v/v/v) electro-
Iytes containing 1 M LiPFs. Both formulations retained over
80% of their room-temperature discharge capacity at —60 °C at
a rate of 0.05C.”” However, due to the poor oxidative stability
of high-molecular-weight esters, the charge voltage was limited
to 4.1 V.

While high ester content in electrolytes can achieve high
discharge capacities at ultralow temperatures (—60 °C), these
capacities are unsustainable without suitable film-forming
additives to create a highly protective SEI. Side reactions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between the esters and electrodes continue to occur, causing
rapid capacity decay. Furthermore, most practical applications
require batteries to perform well at low, room and elevated
temperatures. High-temperature conditions impose stringent
requirements for SEI stability and solvent volatility.

To address these issues, Smart et al. optimized solvent com-
positions, limiting esters to 20 vol% in EC/EMC/ester
(20: 60 : 20 v/v/v) formulations.”® Among the six esters studied-
MP, EP, MB, EB, propyl butyrate (PB), and butyl butyrate (BB)-
MP exhibited the best low-temperature performance, delivering
a discharge capacity of 5.08 A h (7 A h prismatic LIBs) at
—60 °C and 0.1C. Higher-molecular-weight esters, such as PB
and BB, performed better at high temperatures, suggesting a
balance of high- and low-molecular-weight esters could
achieve broad temperature-range stability.

Fang et al.”® improved a cosolvent formulation of PC and
MB, achieving a high cell capacity of 240 mA h g~ with 28%
retention at —70 °C. EA, while advantageous for its low
melting point (—84 °C) and viscosity, fails to form a sufficiently
stable SEI with lithiated graphite, leading to high R. over
time.”” A PC/EC/MB/EA blend retained 98% capacity at
—30 °C,”* while larger esters like EB demonstrated compatibil-
ity in carbonate blends, enhancing low-temperature capacity
without significant drawbacks.”®

Fluorinated esters have also been explored for their
improved film-forming properties and reduced flammability
compared to non-fluorinated esters.”>®° Smith et al. tested
various fluorinated esters-such as 2,2,2-trifluoroethyl butyrate
(TFEB), 2,2,2-trifluoroethyl acetate (TFEA), and methyl penta-
fluoropropionate (MPFP) in EC/EMC electrolytes. Among
these, the EC/EMC/TFEB (20:60:20 v/v/v) electrolyte demon-
strated the best performance.”

Lu et al® further studied trifluoroacetates with varying
carbon chain lengths, concluding that shorter chains are pre-
ferable for low-temperature performance. Advances in film-
forming additives have enabled ester-based electrolytes (with
>50 vol% esters) to achieve stable charge/discharge cycles at
low temperatures. For example, Cho et al.®® proposed an MP-
based electrolyte (M9F1: 1 M LiPFs in MP/FEC 9:1 v/v), which
exhibited 92% capacity retention after 100 cycles at —20 °C at
0.2C. Zhang et al.®*> developed a high-entropy ester-based elec-
trolyte with six esters, achieving an ultralow freezing point
(=130 °C) and ionic conductivity of 0.62 mS cm™" at —60 °C.

Despite these advancements, ester-based electrolytes
remain unsuitable for LMBs due to their extremely low
Coulombic efficiency (6.2% for M9F1). Future work should
focus on addressing these limitations to extend their appli-
cation across a wider range of battery chemistries and
conditions.

Electrolytes with fluorinated esters as the main solvents
also exhibit excellent low-temperature performance with the
help of FEC and are more promising than their non-fluori-
nated counterparts for developing LMBs cycled at low tempera-
tures. In fact, it has been mentioned earlier that the low-temp-
erature discharge performance of Li/NCMS811 cells using
MTFP electrolyte is comparable to that of Li/NCM811 cells

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using MP.®” Additionally, the Coulombic efficiency of LMA
using MTFP is significantly better than that of LMA using MP.
MTFP not only has a wider electrochemical window, but its
decomposition products also help form a thinner and denser
SEL Yang et al.®® focused on the weak binding energy between
the fluorinated ester and Li', due to the strong electron-with-
drawing ability of fluorine atoms. Their theoretical calcu-
lations showed that the binding energy of Li*-ETFA (10.05 kJ
mol™") is much lower than that of Li*-EA (28.18 k] mol™"), as
well as lower than the binding energy of Li™-EC (21.56 kJ
mol ™) and Li*-DMC (19.07 kJ mol ™).

The ETFA/FEC electrolyte, with ETFA as the main solvent
and FEC as the film-forming co-solvent (1 M LiTFSI in ETFA/
FEC 7: 3 v/v), achieved smooth desolvation and stable SEI for-
mation simultaneously.®® The synergy between ETFA and FEC
allowed graphite/LiFePO, (LFP) full cells to maintain a high
discharge capacity of 90 mA h g”* when charged/discharged at
30 °C. The weakly solvating solvents used for low-temperature
electrolytes are summarized in Table 1. Fluorinated esters are
only a minority among weakly solvating solvents.”®®* The
majority of weakly solvating solvents remain ethers,® which
will be discussed subsequently. Although weakly solvating sol-
vents have shown outstanding properties in low-temperature
applications, this concept was first clearly proposed by Yao
et al. for fast-charging and long-lifespan graphite anodes at
room temperature.®¢

It would be remiss not to mention lactones (cyclic esters) in
our discussion of ester electrolytes. Unlike linear esters, which
function similarly to cyclic carbonates in electrolyte design,
cyclic lactones are sufficiently polar to partially or completely
replace EC/PC. Gamma-butyrolactone (GBL), the best-studied
member of this family, has a dielectric constant of 42 at
ambient temperature, which is lower than that of EC but still
high to allow efficient ionization of lithium salts. It also has a
low melting point (—44 °C) and lower viscosity than EC, which
are both important characteristics for low-temperature electro-
lytes.®” However, like other esters, it fails to generate a passi-
vating SEI layer on the graphite anode. This finding nearly
ended the study of GBL electrolytes early in the development
of LIBs. Despite the challenges in using GBL as a solvent in
carbonate-based electrolytes, LiBOB-based electrolytes have
been used to study GBL, since LiBOB is very weakly soluble in
carbonates.*®®° Shi et al.°® made an electrolyte by mixing non-
combustible hydroflurane with LiBOB and GBL. The graphite/
NCM111 cells containing 1 M LiBOB in GBL/HFE (70: 30 v/v)
demonstrated performance far superior to EC/DMC electrolyte
over a wide temperature range from —50 to 60 °C. At —40 °C,
the cell still delivered a discharge capacity of 74.2 mA h g™'. A
follow-up investigation by the same group found that a com-
parable electrolyte containing LiDFOB exhibited outstanding
safety features.”’ Lazar et al.°> demonstrated that an all-ester
electrolyte of GBL and MB (1:1 vol) containing 1 M LiDFOB
had ionic conductivity and cycling performance equivalent to
those of standard electrolytes (1 M LiPFq in 1:1:1 EC/DMC/
DEC). At —10 °C, cells containing GBL/MB electrolyte exhibited
considerably lower discharge performance.
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Aliphatic ester co-solvents have been proven to improve the
ionic conductivity of electrolyte solutions at low temperatures.
As the chain length increases, conductivity decreases. The fea-
tures of the SEI contribute to the charge-transfer process of
lithium ions and alleviate electrochemical polarization. As a
result, lithium-graphite cells using long-chain electrolytes or
higher-molecular-weight ester co-solvents, such as EC- and PC-
based electrolytes, operate better at low temperatures.

Adding aliphatic ester cosolvents to conventional electro-
Iytes is a practical approach to enhancing ionic conductivity
and lowering the melting point, enabling satisfactory battery
operation at temperatures around —30 °C. However, for car-
bonate-based electrolyte systems, even with the inclusion of
ester additives as antifreeze agents, these measures are insuffi-
cient to ensure the operation of LIBs in extremely cold environ-
ments below —40 °C. It is well-established that electrolytes
with high molecular weight and long-chain lengths can
enhance electrolyte penetration and provide the necessary
kinetics for Li intercalation.”””°® Additionally, stable and
effective SEI layers, formed as decomposition products of the
electrolyte, can reduce polarization in LIBs and facilitate the
charge-transfer process of lithium ions. By incorporating ester-
based solvents with higher molecular weight or longer chain
lengths, the performance of LIBs can be significantly improved
under ultra-low-temperature conditions. Moreover, using non-
polar alkane cosolvents holds great promise for improving the
desolvation energy of Li' cations. The combination of a ration-
ally designed Li-ion solvation structure and carefully engin-
eered solvents appears to be a promising strategy for enhan-
cing electrochemical performance at temperatures below
—40 °C.

4.2.1.3. Ether family (linear and cyclic). Ethers are also
organic solvents in electrolytes that maintain a liquid form
over a wide temperature range and have low viscosity, which
leads to high ionic conductivity, especially at sub-zero temp-
eratures. Linear and cyclic ether-based solvents exhibit similar
physicochemical properties and low melting points. Compared
to cyclic ethers, linear ethers have a lower viscosity, which
facilitates ion movement, resulting in higher ionic conduc-
tivity. However, due to their inherent chemical instability
against oxidation, their direct use in electrolytes has been com-
mercially unsuccessful. Their operating voltage is limited to
less than 4.0 V because of their intrinsic instability against oxi-
dation.’” Furthermore, their chemical stability against
reduction can enable colocalization and inhibit the growth of
SEI layers, potentially leading to low capacity, poor reversibil-
ity, and inefficient intercalation chemistry.

Compared to ester-based solvents, ether-based solvents are
highly flammable, volatile, and easily evaporate. These pro-
perties make ethers suitable for low-voltage LMBs, such as Li-
S or Li-air batteries.”®* % Due to their high dielectric permit-
tivity, the addition of DME can improve the solubility of
lithium salts in the electrolyte. A high concentration of lithium
salts can further reduce the melting point of the electrolyte.
Thus, a mixture of DME and DOL is commonly used in Li-S
batteries, as it exhibits an order of magnitude higher ionic
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conductivity (0.40 mS cm™" at —80 °C) compared to carbonate
electrolytes (0.02 mS cm™" at —80 °C) or ester-based addi-

o1 Both DOL and DME have low melting points, making
102,103

tives.
them ideal solvents for low-temperature electrolytes.

Mikhaylik et al.'®* demonstrated that a DOL/DME (86: 14
v/v%) electrolyte can improve low-temperature performance
down to —40 °C. At this temperature, cells showed a 5C dis-
charge rate and retained more than 80% of their capacity, pre-
venting overcharging. Holoubek et al.'® showed that the sol-
vation structure of the electrolyte is critical for Li metal cycling
at ultra-low temperatures, by comparing LiFSI diethyl ether
and LiFSI DOL/DME electrolytes. The cell containing LiFSI
DOL/DME electrolytes retained 76% of its room temperature
capacity at —60 °C, resulting in steady performance across 50
cycles. This study demonstrated design parameters for low-
temperature LMBs electrolytes, marking a significant advance-
ment in low-temperature battery performance.

Similarly, researchers'®®'%” combine DOL/DME with tetra-
ethylene glycol dimethyl ether (TEGDME), as TEGDME’s high
dielectric constant contributes to the dissociation of lithium
salts. This hybrid ether electrolyte improves the low-tempera-
ture electrochemical behavior of Li-S batteries. Numerous
studies have shown that DOL/DME stabilizes lithium dendrites
and promotes cycling efficiency.'?>'°>198 111 Additionally,
Thenuwara et al."'*> showed that adding 10% FEC to an ether-
based solvent electrolyte (DOL/DME) boosted and stabilized
voltage profiles of LIBs at —60 °C (Fig. 10a-i).

However, due to the weak oxidative stability of ether-based
solvents (less than 4 V versus Li/Li"), they are not suitable for
high-voltage systems. Wang et al'® added allyl methyl di-
sulfide to the conventional LiTFSI/LiNO;/DME/DOL-based
electrolyte, which sustained 78.2% capacity at —40 °C and deli-
vered a high capacity of 1563 mA h g™! at —60 °C, resulting in
an all-liquid-phase reaction mechanism.

Ether-based solvents are commonly used in the develop-
ment of superconcentrated electrolytes due to their strong sol-
vating abilities. As the salt concentration increases, the freez-
ing point of the electrolyte drops, and ionic conductivity
improves until it reaches the eutectic point.'**'** These highly
concentrated ether-based electrolytes are especially valuable
for low-temperature applications, as ether molecules are
strongly bonded with salt, reducing volatility. However, when
the lithium salt concentration exceeds 1 mol dm™, the electro-
Iyte can become highly viscous, which reduces ionic conduc-
tivity and negatively impacts the performance of LIBs. Pal
et al."™ demonstrated that a mixture of 3.2 mol kg~ LiFSI and
DME, combined with N-propyl-N-methylpyrrolidinium bis
(fluorosulfonyl)imide (C3mpyrFSI), enables rapid kinetics
across a wide temperature range (—30 to 60 °C) due to the coex-
istence of ether DME and the FSI anion, without uncoordi-
nated free DME solvent. Pappenfus et al.''® found that equi-
molar mixtures of lithium salt and tetraglyme (G4) retain an
amorphous state over a broad temperature range (—100 to
300 °C), maintaining high room-temperature conductivity and
electrochemical stability between 4.5 and 5.0 V (vs. Li'/Li). The
salt concentration threshold is a crucial factor for these highly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10

(a—i) SEM images of plated lithium on a stainless-steel electrode at different temperatures (60 °C, 20 °C, and —40 °C) in three different elec-

trolytes at 0.5 mA cm™2. Images (a, d, g) correspond to deposition in pure ether electrolyte, (b, e, h) in FEC-modified ether electrolyte, and (c, f, i) in

EC-modified ether electrolyte. Reproduced with permission from ref. 112.

concentrated ether-based electrolytes; surpassing this
threshold can impart distinct properties like high redox stabi-
lity, aluminum anticorrosion, low volatility, high carrier
density, and reduced polysulfide dissolution. Yoshida et al.'"’
advanced the understanding of these electrolytes, encouraging
the systematic study of their unique properties.

Highly concentrated ether-based electrolytes improve
electrochemical stability at both the cathode and the graphitic
anode, a characteristic not found in diluted salt systems, due
to the competitive solvation of Li" ions by the ether solvents.
Ren et al.''® developed a concentrated sulfone-based electro-
lyte with a 1:3:3 molar ratio of LiTFSI, tetramethylene
sulfone (TMS), and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoro-
propyl ether (TTE), which enables operation at sub-zero temp-
eratures (—10 °C). The addition of TTE addresses viscosity and
wettability issues in sulfones, creating a localized high-concen-
tration electrolyte.

The low-temperature performance of Li-S cells was greatly
improved by adding 1,3-dioxolane (DOL) to a tetra(ethylene
glycol) dimethyl ether (TEGDME) electrolyte."*® A mixed elec-
trolyte of MA/DOL/TEGDME (5 : 47.5 : 47.5 v/v/v) achieved a dis-
charge capacity of 994 mA h g™" at —10 °C, significantly higher
than the 357 mA h g~ observed with pure TEGDME electro-

© 2025 The Author(s). Published by the Royal Society of Chemistry

Iyte. Certain F- and phosphorus (P)-containing ethers offer
wide electrochemical windows and liquid ranges, making
them suitable for various electrode chemistries at low tempera-
tures, along with flame-retardant properties for enhanced
battery safety. Feng et al.'*° utilized dimethyl methyl phospho-
nate (DMMP), a non-flammable solvent, for Li batteries, and a
primary Li-MnO, cell containing 0.8 M LiClO, in DMMP
demonstrated a discharge capacity of 100 mA h g™ at —20 °C,
about 66% of the room-temperature capacity. Naoi et al'>*
explored non-flammable hydrofluoroethers in LIBs for low-
temperature applications, where a carbonate-based electrolyte
mixed with the branched hydrofluoroether 2-trifluoromethyl-3-
methoxy-perfluoropentane (TMMP) exhibited excellent non-
flammability and improved Li" ion transport at low tempera-
tures, achieving over 60% capacity retention at —20 °C, 20%
higher than without TMMP. While many highly fluorinated
ethers are highly flame-retardant, they are considered diluents
rather than solvents, as they do not participate in the Li" sol-
18122 These highly fluorinated ethers will be
further discussed in the section on localized high-concen-
tration electrolytes (LHCEs).

Chen et al.">® proposed an ether-based electrolyte (2 M
LiPFs in a 1:1 v/v mixture of THF and 2MeTHF, called

vation structure.
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mixTHF) for microsized silicon anodes (SiMPs). The high dis-
sociation of LiPFs in the mixTHF electrolyte raised its
reduction potential to above 1.1 V, well above the decompo-
sition potential of mixTHF, promoting the formation of a
uniform LiF SEI layer on the Si surface. Thanks to this stable,
thin LiF-rich SEI layer, SiMPs exhibited high reversible
capacities of 2304 and 1475 mA h g~ at —20 and —40 °C,
respectively.

DEE is another weakly solvating solvent. The Li" solvation
structure in DEE-based electrolytes governs the reversibility of
Li metal plating at low temperatures.'”® Unlike the
Solvent-Separated Ion Pair (SSIP) structure observed in conven-
tional DOL/DME electrolytes, DEE-based electrolytes exhibit a
characteristic contact-ion pairs (CIPs) structure due to the
weaker Li'-DEE interaction. CIP structures are more entropi-
cally driven than SSIP structures, leading to easier desolvation.
The binding energies of DEE-based and DOL/DME-based elec-
trolytes are —280 kJ mol ™" for Li*(DEE), s and —414 kJ mol™*
for Li'(DME), 5, respectively.

The binding between Li* and anions is not considered due
to the repulsive interaction of anions near the anode surface,
which is highly negatively polarized. When lithium metal full
cells using perylene-3,4,9,10-tetracarboxydiimide functiona-
lized with N,N-bis(2-anthraquinone) (PTCDI-DAQ) as the
cathode material were cycled at —40 °C, the low-temperature
electrolyte (LTE)-based system exhibited stable performance,
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delivering a capacity of 57.6 mA h g~' over 200 cycles at a
current density of 100 mA g~ (Fig. 11a). The corresponding
charge and discharge curves displayed distinct voltage pla-
teaus, indicating efficient charge transport and strong electro-
chemical reversibility under sub-zero conditions (Fig. 11b)."**
Ma et al®" introduced dimethoxymethane (DMM) as another
weakly solvating solvent for low-temperature LMBs (Fig. 11c).
Due to the weaker solvating ability of DMM, more contact-ion
pairs (CIPs) and aggregates (AGGs) were present in the DMM-
based electrolyte, indicating greater participation of anions in
the Li" solvation shell. These anion-rich structures not only
desolvate more easily but also tend to form an inorganic-rich
SEI. As a result, the DMM-based electrolyte allowed LMBs to
maintain uniform deposition and achieve a capacity retention
of 63.8% after 120 cycles at —40 °C (Fig. 11d).

In addition to weakly solvating electrolytes, the Li-ether co-
intercalation electrolyte strategy offers another way to reduce
the activation energy for charge transfer. Yang et al utilized
the highly reversible co-intercalation of Li-DEGDME into
graphite to design a solvent co-intercalation electrolyte (1.5 M
LiOTF/0.2 M LiPFs in DEGDME/DOL 1:1 v/v). The incomplete
stripping of the Li" solvation sheath resulted in a very low
charge transfer activation energy (0.23 eV per atom) and nearly
temperature-independent chemical diffusion coefficients of
solvated Li" in graphite. Remarkably, when cycled at —60 °C,
the graphite/LiNij 65C0¢ 15Mn,,0, cell showed an initial dis-
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Fig. 11

(a) Cycling performance and (b) charge—discharge profiles of the Li metal cell paired with PTCDI-DAQ cathode at a current density of

400 mA g~ an —40°.12* (c) Binding energies of Li*-solvent complexes. Reproduced with permission from ref. 31. (d) Long-term cycling performance
of Li/SPAN full cells with DMM-based electrolyte at —40 °C and 0.1C. Reproduced with permission from ref. 31.
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charge capacity of 62.1 mA h g~" and stable cycling perform-
ance for at least 50 cycles. To date, —60 °C is the lowest
temperature reported for long-term cycling of graphite-based
LIBs.

In conclusion, ether-based electrolytes offer significant
benefits for enhancing the low-temperature performance of
LIBs, yet they still face challenges related to their intrinsic
interfacial properties at both electrodes. Due to the low oxi-
dative stability of ethers, with energy levels below 4.0 V vs. Li/
Li', these electrolytes are not suitable for use with high-voltage
cathodes, unlike esters. Additionally, their relatively short cycle
life and poor electrochemical performance limit their broader
application in LIBs. As a result, there is a pressing need for the
development of ether-based electrolytes with improved oxi-
dation stability to support both high-voltage cathodes and
lithium metal. Ether-based electrolytes find a specific niche in
lithium-sulfur (Li-S) batteries, which offer an exceptionally
high theoretical energy density (2600 W h kg™') and maintain
good capacity retention at low temperatures. The high concen-
tration of lithium salts in ether-based solvents enhances
electrochemical stability at both the anode and cathode, while
significantly lowering the melting point of the solvents, allow-
ing for outstanding low-temperature performance even below
—20 °C. However, the high lithium salt content increases the
battery weight, which reduces the overall energy density and
increases the cost of LIBs. Using a non-coordinating fluori-
nated solvent as a diluent can help lower the lithium salt con-
centration to more manageable levels, offering flexibility in
forming a stable SEI, maintaining a highly aggregated coordi-
nation state, and improving viscosity and transport properties
at low temperatures.

4.2.1.4. Liquefied gas. Typically, electrolytes exist in liquid
or solid forms, enabling the reversible diffusion of lithium
ions. However, due to weak intermolecular interactions,
gaseous electrolytes at ambient temperature and pressure may
lack a stable phase. Recently, gaseous electrolytes have shown
promise in overcoming the limitations of narrow operational
temperature ranges and low oxidation stability by altering the
polarity and ion coordination within solvents. Under moderate
pressures or low temperatures, some polar gases can be lique-
fied and used as solvents to dissolve lithium salts, forming
liquefied gas electrolytes. Rustomji et al'>® identified six
promising liquefied gas solvents that exhibit improved
reduction and oxidation resistance. Electrostatic potential
maps revealed that the regions of highest and lowest electro-
static potential increased in the order of tetrahydrofuran (THF)
< fluoromethane (FM) < difluoromethane (DFM) < ethylene
carbonate (EC), indicating that THF and FM possess excellent
reduction stability and high solubility. The dielectric constants
and viscosities of gaseous solvents are lower than those of con-
ventional liquid solvents, resulting in poor lithium salt solubi-
lity (<0.1 mol L™") but a high dielectric-fluidity factor (13 mS
em™' at —60 °C). Pressurized sealed cells with monofluori-
nated solvents like FM and DFM perform exceptionally well at
temperatures as low as —60 °C or —78 °C, and the highly fluori-
nated SEI layer stabilizes lithium metal deposition. At room

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature, DFM and FM exhibited the highest vapor press-
ures of the solvents tested, at 3.8 and 1.8 MPa, respectively,
with each having a melting point below —100 °C. Interestingly,
a large overpotential is observed with the FM-based liquefied
gas electrolyte at —60 °C, which limits its use at high current
densities. This highlights the need to investigate the exact
lithium-ion coordination in different solvation structures,
rather than only focusing on ionic conductivity at low tempera-
tures. Further research by the same group demonstrated that
introducing THF into FM-based liquefied gas electrolytes fully
coordinates with lithium cations, improving salt dissociation
and transport. The addition of THF significantly increases
lithium salt solubility, with a salt-to-THF molar ratio of 1:1.
The low melting points (—142 °C for FM and —108.5 °C
for THF) and low viscosity of these electrolytes enable
excellent low-temperature rate and cycling performance down
to —60 °C.

Other co-solvents like DFM and AN have also been explored.
Adding AN to the system improves its solvation structure by
selectively coordinating with the Li cation, which enhances
desolvation and increases ion transport."?® This new solvation
structure extends the low-temperature operational range
beyond that of pure FM-based liquefied gas electrolytes, which
show conductivity above 4.0 mS ecm™" from —78 to 25 °C. The
improved liquefied gas electrolyte system could further expand
the operational temperature range of high-voltage LIBs to as
low as —60 °C. To further enhance desolvation and lithium salt
solubility, it is recommended to add one or more co-solvents
that coordinate with the Li cation, with a focus on understand-
ing and rationally designing the solvation shell at low tempera-
tures. Although most reported liquefied gas electrolyte systems
use FM-based solvents, there is a need to develop additional
solvents and systems. Additionally, conventional cells, such as
pouch, cylindrical, and button cells, are not designed to with-
stand the high pressure required by these electrolytes, necessi-
tating the creation of specialized testing devices for liquefied
gas electrolyte systems. Using specialized battery cases on a
large scale is not economically feasible, so it is essential to
design cost-effective and widely available battery enclosures for
these systems. The same research group further enhanced
LIBs performance by using THF'?” or AN'*® to increase salt
concentrations. However, the high vapor pressure of these
liquefied gas solvents-several megapascals under standard
conditions-presents a significant challenge for practical appli-
cation. Moreover, there is growing interest in fluorine-substi-
tuted organic solvents due to their superior electrochemical
stability and non-flammability."*® However, gas-based electro-
Iytes must be liquefied under high pressure, which imposes
stringent requirements on battery housing design. If a leak
occurs, the release of hazardous fluoromethane (FM) could
present serious risks.

4.2.1.5. Ionic liquid. Research on ionic liquid electrolytes
and solid-state electrolytes for low-temperature applications
remains relatively limited, with most studies still in their early
stages. Ionic liquid electrolytes have attracted significant inter-
est due to their impressive advantages over traditional organic

EES Batteries, 2025, 1, 385-426 | 405


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00013k

Open Access Article. Published on 07 May 2025. Downloaded on 3/16/2026 6:03:19 AM.

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

(cc)

Review

electrolytes, such as superior chemical stability, wide electro-
chemical windows, high safety, and elevated ionic conduc-
tivity. Ionic liquids, which are molten salts that remain liquid
below 100 °C, are composed of organic cations. These charac-
teristics help enhance the mobility of lithium ions, making
ionic liquids an attractive alternative to conventional organic
electrolytes, especially in extreme conditions where organic
electrolytes might pose hazards.

Several ionic liquids with melting points below —10 °C have
been reported, showing promise for use in low-temperature
environments. These include compounds such as [EtMeIm]'[N
(CF3S0,),]” (melting point between —15 °C and —20 °C),
[EtMeIm][CF;CO,]~ (around -14 °C), [EtMeIm]'[N(CN),]”
(=21 °C), and others like [1,3-Et,-5-MeIm][N(CF3S0,),]”
(=22 °C) and [PrMeIm]‘[BF,]” (=17 °C), which further demon-
strate the potential of ionic liquids for low-temperature appli-
cations. Some of these ionic liquids have very low freezing
points, indicating their ability to operate in conditions where
traditional organic electrolytes would fail. Notably, Ue et al.**°
explored ionic liquid electrolytes in the field of double-layer
capacitors and found that a 1-ethyl-3-methylimidazolium flu-
oride (EMIF)-2.3HF-based electrolyte outperformed a 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIBF,)-based electro-
lyte, exhibiting higher capacitance and better electrolytic con-
ductivity at temperatures ranging from —40 °C to 25 °C.
Additionally, Li et al.™®' incorporated ionic liquid-decorated
poly(methyl methacrylate) (PMMA) nanoparticles with LiTFSI/
PC/MA electrolytes, achieving a low melting point of —49 °C
and high ionic conductivity of 0.915 mS cm™ at —40 °C,
further proving the potential of ionic liquids in low-tempera-
ture energy storage systems.

However, the development of ionic-liquid-based LIBs is still
in its infancy. Despite the promising characteristics of ionic
liquids, there are significant challenges that need to be
addressed. For one, the biodegradability, toxicity, and recycl-
ability of ionic liquids remain difficult to assess quantitatively,
and their high cost presents another barrier to their wide-
spread adoption. Practical implementation of ionic liquid elec-
trolytes in cold environments is yet to be confirmed, and more
research is needed to determine their long-term viability in
real-world applications. Achieving high performance at low
temperatures requires careful selection of ionic liquids that
offer both high ionic conductivity and a broad electrochemical
stability window. Furthermore, research into mixtures of ionic
liquids with organic solvents holds promise, as these blends
can improve the safety and performance of ionic liquids in
low-temperature conditions, potentially making them more
viable for use in LIBs.

At present, most studies on low-temperature LIBs focus on
mixtures of ionic liquid electrolytes with organic solvents, as
these blends combine the benefits of both components,
improving performance while enhancing safety. By optimizing
the solvation structure and tuning the interactions between
the ionic liquids and solvents, researchers can extend the oper-
ational temperature range of LIBs, improve their cycle stability,
and increase their overall efficiency in extreme environments.
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As research continues, a deeper understanding of the ionic
liquid and organic solvent interactions will be crucial for
advancing the development of low-temperature LIBs.
Consequently, this area of research holds considerable
promise for the next generation of energy storage technologies,
especially for applications that require reliable performance in
extremely cold conditions, such as aerospace and remote high-
altitude environments.'3>7'34

In summary, although ionic liquid electrolytes show con-
siderable potential for low-temperature LIBs, further advance-
ments are necessary to address challenges related to cost,
environmental impact, and practical implementation. As
studies on ionic liquid-organic solvent mixtures progress,
these systems could become a key component in the future
development of efficient and robust batteries for extreme
conditions.

4.2.1.6. Solid-state. Among the various approaches to
address challenges such as desolvation, high melting points,
and safety concerns, using solid-state electrolytes made from
polymers, inorganic materials, or their hybrids at low tempera-
tures presents an effective and long-term solution. Xu et al.**
developed a modified poly(ethylene oxide) (PEO)-based solid-
state electrolyte with succinonitrile (SN), which shows a high
discharge capacity at 0 °C. Chen et al."*® demonstrated that a
zirconia-supported solid-state electrolyte operates well between
—-10 and 90 °C. Li et al."®” employed a mixture of covalent
organic frameworks and Li,COj as solid electrolytes, achieving
an ion conductivity of 107> S em™" at —40 °C. Wang et al."*®
found that Li;sAly5Geq 5P30;,-based solid electrolyte cells
function effectively from —73 to 120 °C. Although photother-
mal materials were used for the electrodes, the solid electrolyte
showed great potential for cells at ultra-low temperatures,
maintaining high-capacity retention at —73 °C. However,
reports on solid-state electrolytes functioning at low tempera-
tures remain rare in the literature. The significant interfacial
resistances and low ionic conductivities at room temperature
are expected to make solid-state electrolytes more challenging
than liquid ones at low temperatures. While solid-state electro-
Iytes hold promise as alternatives to liquid electrolytes, there
remain substantial obstacles to their practical use, even at
room temperature.

To mitigate the challenges posed by low temperatures,
novel electrolytes such as solid-state electrolytes have shown
promising results. These electrolytes exhibit improved thermal
stability, lower melting points, and higher ionic conductivity at
low temperatures compared to conventional liquid organic
electrolytes. The adoption of such electrolytes can help over-
come the limitations of slow charge transfer kinetics and
lithium plating, while simultaneously enhancing the overall
safety and cycle life of LIBs.

4.2.1.7. Other solvents. Researchers have also explored
organic solvents containing sulfur (S), nitrogen (N), or phos-
phorus (P) as potential low-temperature electrolyte solvents.
Sulfites, in particular, have gained attention in the battery
community for low-temperature applications because their
decomposition products offer better Li-ion conductivity than

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Li alkylcarbonates.’*® The sulfurized SEI helps reduce impe-
dance at low temperatures. While linear sulfites have weaker
film-forming properties than their cyclic counterparts, their
lower melting points, lower viscosities, and appropriate dielec-
tric constants make them ideal for low-temperature electro-
lytes. When DMS and diethyl sulfite (DES) were used as repla-
cements for structurally similar linear carbonates (DMC and
DEC) in EC-based electrolytes, the ionic conductivity of the
electrolytes at low temperatures was notably improved. For
example, a 0.8 M LiDFOB/LiBF, (1:1 v/v) in EC/DEC/DMS
(1:2:1 v/v/v) allowed a Li/LFP cell to maintain nearly 100%
capacity retention for 50 cycles at —40 °C and 0.2C."*° Li et al.
created a fully sulfided electrolyte by mixing sulfolane (SL)
with DMS. This combination, along with LiDFOB, resulted in a
robust, low-temperature-adaptable electrolyte due to the syner-
gistic effects of DMS and SL.”>'*!

Isoxazole (IZ) has also been used as a primary solvent for
low-temperature electrolytes, due to its excellent ionic conduc-
tivity at low temperatures. When combined with FEC and
LiDFOB, IZ helps form stable SEI films. A 1 M LiDFOB in 17/
FEC (10:1 v/v) exhibited more than double the ionic conduc-
tivity of an EC/EMC electrolyte. A Li/graphite cell using this IZ-
based electrolyte showed a high reversible capacity of
187.5 mA h g~' at —20 °C, much higher than the 23.1 mA h
g~ achieved with an EC/EMC electrolyte."** Xiao et al.'* intro-
duced a high-donor-number tris(pyrrolidinophosphine) oxide
(TPPO) as a multifunctional cosolvent in carbonate electro-
lytes. On the anode, TPPO helped LiNO; dissolve easily in car-
bonate solvents, forming a robust, highly ion-conducting Li;N-
rich SEI film. On the cathode, TPPO preferentially oxidized
into a tough, thin N, P-rich CEI film. The simultaneous for-
mation of superior interfacial films on both electrodes allowed
the TPPO electrolyte to enable a Li/LFP cell to achieve a high
initial capacity of 104 mA h g~' and nearly 100% capacity
retention after 100 cycles at —15 °C.

4.2.2. Lithium salts. Lithium salts are crucial to the low-
temperature performance of electrolytes. Their addition lowers
the freezing point of the electrolyte due to colligative pro-
perties, and the degree of dissociation and solubility of
lithium salts are closely linked to the ionic conductivity of the
bulk electrolyte. Additionally, the choice of anion species sig-
nificantly influences the characteristics of the SEI layer. While
the effect of lithium salts on the low-temperature performance
of electrolytes is just as important as that of solvents, the avail-
ability of suitable lithium salts is more limited due to the
strict requirements for solubility, electrochemical stability, and
chemical inertness. In this context, we define lithium salts as
those making up more than 5 wt% of the electrolyte; other-
wise, they are categorized as additives. A summary of lithium
salts, their structures, and representative low-temperature elec-
trolyte formulations is provided in Table 3.

4.2.2.1. Lithium hexafluorophosphate salts (LiPF). Currently,
LiPF, is the most commonly used lithium salt in LIBs due to
its high ionic conductivity and excellent electrochemical stabi-
lity.>" 1t is also non-corrosive to current collectors.'®® While
LiPF¢ can form a stable and protective SEI film, it has some
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limitations, including poor thermal stability. Its thermal
instability can lead to the formation of PFO;, and its reaction
with water produces HF, which is both harmful and corrosive.
HF not only poses safety hazards but also damages other cell
components, significantly reducing battery efficiency. It can
also degrade interfacial protective layers and contribute to
metal corrosion.'®"'%?> Additionally, the operational tempera-
ture range for LiPF, in organic solvents is typically from —20 to
60 °C; below —20 °C, the electrolyte experiences severe polariz-
ation, as its low diffusion rate at these temperatures causes
local Li* buildup.">'**'® As a result, despite its widespread
use in commercial cells, there is an urgent need for new
advanced lithium salts to improve LIBs performance across
various applications.

Plichta et al.'® found that LIBs using an EC/DMC/EMC
electrolyte containing LiPFs retained 52% of their capacity at
—40 °C, demonstrating high conductivity and electrochemical
stability. This electrolyte has been shown to perform well in
LIBs even at temperatures as low as —40 °C. Mandal et al.”
reported that an electrolyte with LiTFSI in EC, DMC, and EMC
showed good conductivity, reaching nearly 2.0 mS cm™ at
—40 °C. Elia et al."®® used an EC/DMC/DEC-based electrolyte,
commonly used for low-temperature applications, and found
that at —30 °C, a full cell retained 60% of its capacity at 37 mA
g~', indicating efficient performance with minimal polariz-
ation. Huang et al.'® reported that an electrolyte consisting of
EC/DEC/DMC/EMC with LiPFs; maintained around 60%
capacity at —30 °C.

4.2.2.2. Lithium borate salts (LiBF,, LiBOB, LiDFOB). To
enhance the low-temperature performance of electrolytes from
the perspective of lithium salts, researchers have extensively
explored and developed specialized lithium salts to replace
LiPF¢. Borate (B)-containing and sulfur (S)-containing lithium
salts are commonly used in low-temperature electrolytes.
Borate salts are more frequently used in LIBs, while sulfur-
based salts are primarily applied in LMBs, particularly Li-S
batteries. Compared to LiPFs-based carbonate electrolytes,
those based on lithium tetrafluoroborate (LiBF,), lithium bis
(oxalato)borate (LiBOB), and lithium oxalato difluoro borate
(LiDFOB) provide improved ion mobility and enhanced rate
performance at low temperatures in LIBs. Specifically, electro-
lytes using LiBF, and LiBOB show lower R..'°®'®” Zhang
et al.'®® analyzed the Nyquist plot of the impedance spectrum
of a LIBs at —30 °C using electrolytes containing either 1.0 M
LiPFs or LiBF, in an EC/PC/EMC (1:1:3) solvent mixture.
They observed that the R.. was decoupled from the Ry, which
relates to the ionic conductivity in the electrolyte. The R . of
batteries with LiBF, was significantly lower than that with
LiPF¢, though LiBF, exhibited a higher R;,. However, the exact
chemical mechanisms behind this behavior remain unclear.

Despite LiBF,’s inferior SEI properties and lower ionic con-
ductivity, several studies'>'*>'®? suggest it may offer better
performance for LIBs at low temperatures compared to LiPFg.
Notably, a LiBF,-based cell retained 86% of its capacity at
—-30 ©°C, whereas a LiPFs-based cell only retained 72%.
Moreover, the polarization in LiBF,-based electrolytes at

EES Batteries, 2025, 1, 385-426 | 407


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00013k

View Article Online

EES Batteries

Review

€TSINON (av/m
16 Do 07— 38 | _3 Y ywi 00T /onydern 0€:0.) Addd/19D Ul JOIArT N T
(a/a/A T2 T) SW@/DAA/OA
6ST Do 0F— 38 DILY JO %L'SS dd1/r1 ul (wyw T 1) *A9r1/g0ddari W 8°0
anydeid (a/a/A €1 T2 T) DINA/DINA/OE Ul
7L Do 0F— 38 DI JO %0T< NT4AAT/VT (m/mo T 69¢°5) PAIT/A0AATT N 6°0
19T Do 0F— 38 DI JO %07< ddT/rT  (a/AT:T) SINA/TS Ul 9O4ATT W 6°0 (goaar)
(ma/ma/m 9je10q oIONFIP
8ST Do 0F— 38 DL JO %07¢< VON/oydern  §:¢:¢) DINE/DA/Dd Ul 404dIT W T MO'T y3SiH wnipamw Yy3SIH Y3iH (ore[EXO) WINIYIIT
TTTINDN
06 Do 0%— 78 DLY JO %09< /onydern  (m/m g :0£) T@/19D Ul JOIIT N T
/ST — —  (swmT:T) va/1ao ur gogrt W L0 (goqr1)
(a/a/a 1e10q (0jETEXO)
98T Do 0€— 38 DILY JO %bL~ ONT/ouyderd  T:T:T) WOHE/Dd/Dd Ul 4OdI'T N T MOT MOT Y3IH Y3SIH M0T SIq WnIyIry
(a/a/a/a €112 1) IN/ONE
GST Do 0F— 18 DLA JO %09~ daI1 /0d/0d ul (z:8) godrT/*aar1 W T
(m/m/m €11 T) DINA/OF
¥ST Do 05— 78 DLY JO %0E~ daT/r1 /Dd ul (w/w T:6) 9odr1/ adr1 W T
(ma/m/mn
€ST Do 0€— 38 DILY JO %98~ ONT/a1ydern €:1:1) DINA/DI/Od ul "AdIT N T (ragr)
(0T°0) Do 09— 78 DL JO %SL 9JeIO0qOION[JE1IA
TST PUue (DS°0) Do OF— 38 DIT JO %T6 0DT/0OLT vd ur "agrim T M0T Y3SIH wWNIpIN M0T y3iH wnyrg
Do 0Z— 18 DIA JO %/ 89~
15T pUe Do 0F— 18 DLY JO %8'S/ anydeis/00T OU/NA! Ul °4dI'T
€Tl — JINIS/TT  (A/A T:T) JHLANT/IHL Ul °4dIT N T
TTTINDN
g9 Do 0F— 18 DLY JO %09~ /onydern (a/a 0T : 06) DII/IN UI °4dIT N T
91/0 (a/a/a
9/  PUB Do 07— I8 DI JO %LL-09~ ODNT/AINDIN 0% :09 : 07) dIN/ONE/DH Ul °AdI'T N T
Yu 0S (a/A/A 02 :09:07)
Sz PUEB Do 07— I8 DI JO %S8~ ODONT/dINDIN GAAL/DNE/DT Ul °4dI'T W T
(a/a/A/AT:T:T:T) DIALT
09 — GINDIN/I'T /OINA/DIA/DF Ul °4dTT N SL°0
(A/a/AA €T :T:T)
0ST  T/D PUB Do 0F— 8 DIA JO %SS~ [[99 I'I|D/*0dadrT DWA/DAA/DNA/DF Ul °4dIT N T
ST/D (A/A/AA €T TT)
6VT  PUB Do 0F— 38 DIA JO %9685~  ODNT/aNydein DWH/DAA/DNA/DA Ul @mmﬁh WI
AJAJA
6S 0T/D PUB Do 0F— 38 DLY JO %09~ ooT1/Pydern  T:T:T) DAA/ONA/DE Ul 24dIT N T
ias Do 0T— I8 %ETL~ 001/onydern SddITIN T
LVT — TTIDWNN/OLT Od Ul °4dr1 N T
(a/a/AAT:T:G1g)
9¥T Do 0€— T8 DILA JO %EY D/dAT DIWA/DINA/DAA/Dd Ul @&Eﬁ WI
AJA/A
9¥T Do 0€— T8 DILA JO %9T O/dAT T:1:1)DINE/DINA/OAA Ul °4dIT N T
SPT Do 0Z— 78 DI JO %L'89 001/o1ydern (a/a £+ €) DINE/DT UL °4dIT N T (°adr1)
(a/a/a aeydsoydoronyyexay
44! Do 07— & DIA JO %0L od1/Anydern  1:T:1) DNA/DWE/DE Ul °4dIT N T MOT Y3t MO y3iH Y3 wnrg
BEN| souewroyrad arnjeradwa) mog apoyed/opouy uone[NUIO} IA[0139[ Arxog, v 3o Aiiqess Hianonpuo)  AIfiqels J[eS WNIry
COEN\meNQ ~m8h®£9

(24n3e43)1) BY) WOIY) S}eS WINIY}] UO paseq $91A104109)9 a4njesadwia)-Moj J0) SUOKIPUOD JejuswIadxs Jo Alewwns ¢ ajqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"INV 6T:€0:9 9202Z/9T/E UO papeo|umoq ‘GZ0g Ae N L0 UO pausiiand 9oy sseody uado

© 2025 The Author(s). Published by the Royal Society of Chemistry

408 | EES Batteries, 2025, 1, 385-426


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00013k

View Article Online

Review

EES Batteries

(2a/m ysry
¥0T Do 0F— 38 DI JO %09< S/TT ¥T:98) AINA/TOQ Ul EIDEOSITIN £'0 01 9BIIPON MOT Y3IH  91eIOpON Y3y £1D%0SI'T
8.1 — anyded/r (A/A T2 T) DE/IIN UT IINIT A T MOT 1004 1004 MO MOT SINI'T
LLT Do 07— 38 DLV JO %09<  aydeid/NDON ISALATT PUe ISAT'T
9/T DS0°0 I8 Do 09— I8 DI JO %16~ anydeid/0D1 d4/VIA Ul ISATT
S/T Do §8— 18 DLY JO %95~ VON/I'T TA/DNAA/OIA Ul ISAVT N 8T'T
(a/A 1+ /) AAd/AAL
PLT 8 VW IL:DST'T Pue Do 09— TTONON/IT  + (W/W ST'T: 1) O%IN Ul ISATT N T
€T DS0°0 PUB Do 0F— 38 DI JO %Th TTIWDN/I'T WAQ Ul INA S€°0 ‘ISATT W £°0
TLT Do 0T— PUB ,_WD | YW 9°Z SN (Wwjwyw g:g°1:T) 94 : INC : ISATT
D10 pue
1€ Do 0F— 3 S3[24d 0TT 193fe %¥9 NVdS/I' NINQ UT ISATT N T
SOT  DOT°0 PUB Do 09— 38 DI JO %9L NVdS/I'T A Ul ISATT N T
14T S/D PUB Do 0E— I8 %9°S8 anyderd/ry DN Ul ISAIT N ¥
8/ ,_83YVvW0¥T D10 PUB Do 0L~ *40/11 (A/AT:T) GIN/Dd Ul ISATT N T
TI8INDN (w/wyw ¢:7°0: )
0L1 — /ornydern TA/OI/ONA Ul ISAVT N ¥'T
691 — 0DT/V'1 (a/a £:€) DINE/DE UL ISATT N T
Do 08— 78 (D7)
89T  SI[24D 00TT 19338 DLY JO %7 08 anydeid/dat T6AN/1SATT
-8 yw 01T
L9T PUB Do 0€— 18 DIA JO %IL  INDN/aNydern OHT-NV/ISAI'T (18417) Spruut
8 (1Auoynsoionyy)
99T VW SOT Do 0F— 38 DA JO %9'78 MMYABIS/ITIDNN  (W/W 0T : S'T) DFA/OA Ul Nb/ISAYT Mo Mo Y3IH YSIH Mo SIq Wy
8y vwor
S9T PUB Do 0F— 38 DI JO %S a0/ WA Ul ISALIT N €°0
(m/m 1:6T)
92T DST'T PUE Do 09— 38 DL JO %S9 TTYNON/I'T COD/NAUINV N T ‘ISALITIN C'T
[991s Ssa[uIeIS (m/mT:6T)
LT1 Do 09— 38 DI JO %86 paysiod/IT 20D/ Ul AHL N €°0 ‘ISALIT W €0
STT DT'0 PUB Do 09— T8 DLA JO %9°09 0DT/1T  (M/m T:6T) “OD/INA Ul ISALIT N T°0
¥8 ,_8Yvw g8 DT0'0 PUB Do OV— da1/onydern (a/a €2 £) DEI/VALE UT ISALIT N T
€8 DS0°0 PUB Do 0S— 38 DIA JO %16 OLI/'T VALA Ul ISALIT H\% S0
AJA/A
¥9T Do 0T— 18 DI JO %8L  WI®SUSXN/IT  T:T:1T)dN/DIA/OH Ul ISALIT N T
DH %][0A 0T Yam
TIT Do 09— 78 DLA JO %05~ dAT/rT (A/A0T:08) ANA/1OA Ul ISALIT N T
€9T DT'0 PUB Do 08— 38 DI JO %09~ 0071/0L1 70d Ul ISALITIN §2°0
80T — nD/T  (A/A 02:08) ANA/TOA Ul ISALIT N T
(A/A/AT:T:T) IINADEL
791 — S/T1 /ANA/T10d Ul ISALIT W 7' 1-T
(A/A/A G LT 6 LT 6)
61T Do 0T— 8 DI JO %S8> S/ ANADAL/TOA/VIA Ul ISALIT W S°0
(m/m/m 8F : £€: GT)
L Do 0F— 38 DIA JO %0¢>  ODNT/anydein OWA/DNA/DF Ul ISALIT W 6°0
19T Do 0T— 38 DLY JO %0¥< COUN/I'T (a/a €1 T) VIN/OJ UT ISALIT N ST'T (1S4.L1T) apruur
TISINON (1Auoynsaueyioworonfjin)
091 Do 0F— 38 DI JO %TL /onydein VIN/DEA/DINA Ul ISALIT N T M0T MOT Y3rH Y3tH wnipa SIq WNIYIrT
BEN| souewroyiad arnjeradwa) mog apoyed/opouy uone[NUIO} 3A[0139[ Arxog, v 3o Aiqers Hianonpuo)  AIfiqels J[es Wnry
UOTIRAISSBJ [ewLIdy L,

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"INV 6T:€0:9 9202Z/9T/E UO papeo|umoq ‘GZ0g Ae N L0 UO pausiiand 9oy sseody uado

(‘pauoD) ¢ aqel

EES Batteries, 2025, 1, 385-426 | 409

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00013k

Open Access Article. Published on 07 May 2025. Downloaded on 3/16/2026 6:03:19 AM.

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

(cc)

Review
a4 — n (=}
S|la N KN K~ &
| — — — — —
(5 o o é
g S g o
3 = % 3
é %DU%JUQ"
o O o9 o9 §
= o
ile Teiss
Q
gl T 5.8,
= = ﬁ‘:"v_‘ﬁ'g
% S 0T 'snT O
5| B o o0 o o
o~ < :f
£l EZEsT
i X )} o Q\OH
2|3 N 2w QO gy
Q| © ‘ — a9
= A AN - D
Q
k=]
2 N
[oN]
§ L=} N
< p o
2 5 o o E
Slmw 2 & £ 3
= = - = = =
<13 3 3 3 3
i i
- -
\m \nJ
Ay o ~— ~—
S S o QO
2 a [<3) <3}
Sl a 9 9 &
o = S s S
28 O
2l g 8 a8 =2
S|l = g g A
E|RzpE_R & g
58528 g
g |EZ2B>SS & ©
SR IARR L2 A9
ElRrs 3RS
B
5 20> o>
|2 N2 53 5w
H |-l —53

L
il
3] Q
Sl s
518
| =
=
=}
ks
£_|a
< | @
£% |
B
£ =
oo <
23|
=@ | T
2
2
=
Q
3
£ B
o |z
2
= -
= E®
@ | > a
3
S
-
Q E 2
@ «©
o
M g | ~ ECST
) 2|5 2=8
2 £|= 5%
[ a3 3 ad

410 | EES Batteries, 2025, 1, 385-426

View Article Online

EES Batteries

—30 °C was minimal. The lower R.; indicated improved low-
temperature performance, although LiBF, has lower solubility
in carbonate solvents than LiPFs due to higher viscosity and
reduced interfacial reactivity with graphite. Further studies
have shown that the addition of LiBOB (1-5 mol%) to LiBF,
improves the SEI-forming ability on graphite anodes, mitigat-
ing substantial early cycle capacity loss and gas formation."®®
Zhang et al.'®'° also synthesized LiODFB, which demon-
strated high capacity retention at —30 °C. Adding 0.02 mol L™*
LiBOB to LiBF,-based electrolytes enhances SEI formation and
improves cycling performance at —40 °C. Recently, LiTFSI and
other organic lithium salts have gained popularity in ether-
based and ionic liquid electrolytes due to their high solubility
and thermal stability, offering superior conductivity, reaching
2mS cm™! at —40 °C.

One of the most studied lithium salts for low-temperature
LIBs is LiBOB, known for its ability to protect the SEI film and
prevent transition metal deposition, thus enhancing over-
charge tolerance and ensuring a stable SEI on electrode sur-
faces.'®" However, LiBOB suffers from high viscosity and poor
solubility in carbonate solvents, issues that worsen at low
temperatures.’>® To address these drawbacks, a new lithium
salt, LiIDFOB, with better film-forming properties, was devel-
oped to enhance low-temperature performance. LiDFOB com-
bines the advantages of both LiBOB and LiBF,, breaking down
into an inorganic-rich SEI To further improve low-temperature
performance, binary salt systems have been developed. For
example, a mixture of LiBF,/LiBOB was used to optimize low-
temperature performance in Li/LFP cells. At —50 °C and 1C, a
Li/LFP cell with a 1 M LiBF,/LiBOB mixture (9:1 m/m) in PC/
EC/EMC (1:1:3 w/w/w) delivered up to 30% capacity.'® This
mixture enabled the Li/LFP cell to deliver a discharge capacity
of 82.5 mA h g™ at —40 °C, retaining 55.7% of the room temp-
erature capacity. After 50 cycles, the capacity retention was
close to 100%.

Several studies have described mixed-salt electrolytes using
LiBF,-LiDFOB to combine the benefits of both salts for low-
temperature applications. For example, Li et al.”' studied an
electrolyte with a LiDFOB/LiBF, mixture and an EC/DMC/EMC
solvent mixture, which outperformed LiPFg-based electrolytes
at —20 °C, offering significantly higher capacities. Zhou
et al.'® tested different LiDFOB/LiBF, ratios over a tempera-
ture range from —20 °C to 60 °C, discovering that a 0.2 M
LiBF,/0.8 M LiDFOB ratio optimized performance at —20 °C.
This combination decreased the R, by 346.3 Q at —20 °C
without compromising the efficient passivation of LiDFOB.
After 100 cycles, the cell exhibited the best retention at a 1:4
LiBF,/LiODFB ratio. Zhao et al.™® explored an electrolyte with
a LiBF,/LiODFB (1:1 mol%) combination in an EC/DMC/DMS
(1:2:1 v/v) solvent mixture, achieving a discharge capacity of
82.5 mA h g™" at —40 °C and maintaining nearly 100% capacity
after 50 cycles.

4.2.2.3. Lithium sulfonylimide salts (LiFSI, LiTFSI). Sulfur-
containing lithium salts are commonly used in low-tempera-
ture electrolyte formulations due to their enhanced electro-
chemical and thermal stability, which significantly boosts

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cycle performance and safety. Among these, LiTFSI is the most
widely recognized lithium salt."®* The TFSI-anion’s acidity con-
tributes to strong chemical inertness, improving electro-
chemical stability against oxidation. Similarly, lithium bis
(fluorosulfonyl)imide (LiFSI) offers high electrochemical stabi-
lity, conductivity, and resistance to hydrolysis, making it versa-
tile for enhancing cycle performance in various electrolytes.
For instance, Mandal and -colleagues demonstrated that
LiTFSI-based electrolytes exhibit superior ionic conductivity at
low temperatures (2 mS cm™" at —40 °C) compared to LiPFg-
based systems.” LiTFSI-containing full cells perform well, and
half-cells remain functional at —40 °C.

However, a notable drawback of FSI- and TFSI-anions is
their tendency to cause corrosion in the aluminum current col-
lector of the cathode. This issue is likely linked to F-S bonds
in the FSI anion or residual chloride (Cl7) impurities from the
synthesis process.'®>?>19 This corrosion challenge makes it
difficult to determine whether performance issues stem from
LiF and trace HF formation or the inherent properties of the
anion. Increasing lithium salt concentrations in the electrolyte
can reduce aluminum corrosion, but high concentrations lead
to increased viscosity, which negatively impacts low-tempera-
ture performance.”" Alternatively, adding borate ester salts can
mitigate aluminum collector corrosion."®”

Recently, dual-salt electrolytes like LiTFSI/LIDFOB have
demonstrated good ionic conductivity at low temperatures.
Additionally, combinations such as LiTFSI/LiDFOB and
LiTFSI/LiBOB have proven effective in enhancing the electro-
chemical performance of LIBs.'*®

Ein-Eli et al.'”® observed that Li/graphite cells with electro-
lytes based on LiC(SO,CF;); (LiMe) and LiTFSI exhibited
superior cycling performance compared to those using LiPF,
electrolytes. While LiMe dissolves readily in organic solvents
and offers higher ionic conductivity than LiTFSI, its use at low
temperatures has been scarcely reported.'>® Mikhaylik et al.*®*
demonstrated that Li-S cells with LiSO;CF; electrolytes deli-
vered significantly higher discharge capacities than those with
LiSCN or LiTFSI in DME/DOL at —10 °C and a 0.5C discharge
rate. However, the limited ionic conductivity of LiSO;CF;-
based electrolytes has restricted their application in low-temp-
erature studies.

LiTFSI is currently the most widely utilized sulfur-contain-
ing salt for low-temperature electrolytes due to its excellent
properties, including high solubility, ionic conductivity, and
improved desolvation on the cathode side.'”® Mandal et al.”
compared LiTFSI and LiPFs (0.9 M salt in EC/DMC/EMC at
15:37:48 v/v/v) and found that the R, for LiTFSI-based elec-
trolytes was nearly an order of magnitude lower than that for
LiPF, as evidenced by Nyquist plots (Fig. 12a). This reduced
R allowed Li/LNCO cells with LiTFSI-based electrolytes to
function at temperatures as low as —40 °C. Additionally, the
optimal ionic conductivity for LiTFSI-based electrolytes occurs
at salt concentrations of 1.4-1.5 M (Fig. 12b)."%*2%°

Other reported sulfonylimides for low-temperature electro-
lytes include lithium bis(pentafluoroethylsulfonyl)imide
(LiBETI) and LiFSL Electrolytes containing 1 M LiBETI in EC-
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based solutions enabled MCMB/LCO cells to retain over 60%
of their room-temperature capacity at —20 °C.'*' However,
LiBETT’s high cost limits its practicality as a primary salt,
making it more suitable as an additive. LiFSI-based electro-
Iytes, on the other hand, offer higher ionic conductivity and
improved interfacial stability compared to LiTFSI. As LiFSI's
production process has matured, its cost has declined, making
it a promising candidate for low-temperature applications.>’*
LiFSI has become a popular choice in advanced electrolyte
systems such as highly concentrated electrolytes (HCE), loca-
lized HCEs (LHCE), and weakly solvating electrolytes.'”"20*2%

Despite their advantages, lithium sulfonylimides can cause
corrosion of aluminum current collectors due to side reactions
between the anions and aluminum.>®* This issue can be miti-
gated by combining sulfonylimides with borate salts, signifi-
cantly reducing corrosion (Fig. 12¢)."*>?*°**% Lin et al>*” devel-
oped a blended electrolyte system using LiTFSI and LiDFOB for
rapid ion dynamics in high-voltage RLBs at low temperatures.
This system enabled Li/NCM523 cells to achieve 200 stable
cycles at a 4.6 V cut-off voltage, 1C rate, and —40 °C (Fig. 12d).

Advancements in mixed-salt electrolytes have significantly
contributed to the development of next-generation LIBs. Three
key factors highlight the crucial role of lithium salt anions in
determining the low-temperature performance of cells: the
extent of dissociation, the SEI derived from the anion, and the
likelihood of parasitic reactions. To achieve low SEI resistance,
high electrolyte conductivity, and stable interfaces, future
lithium salt candidates must strike a careful balance among
these characteristics.

4.2.3. Electrolyte additives. Incorporating small amounts
of electrolyte additives (less than 5 wt/vol%) into electrolyte
formulations is a highly effective strategy for enhancing elec-
trolyte performance. These additives can optimize electrode
interfacial chemistry, thereby boosting electrode kinetics, redu-
cing gas generation in the electrolyte, enhancing stability at
high voltages, or increasing flame retardancy.”*”*°® Since the
interfacial chemistry of electrodes is closely linked to the bat-
tery’s low-temperature performance, such additives can greatly
improve the low-temperature capabilities of lithium batteries.
Table 4 provides a summary of some additives referenced in
this review, including their structures and associated low-
temperature electrolyte formulations.

Additives are incorporated into electrolytes to enhance their
performance, addressing properties such as SEI film for-
mation, flammability, and resistance to high pressures, typi-
cally comprising no more than 5% of the electrolyte by mass.
They are also crucial for improving low-temperature perform-
ance. The primary categories of additives include organic com-
pounds, inorganic salts, and siloxanes.”’”*'® Some additives
decompose or polymerize on electrode surfaces to form protec-
tive films that prevent further redox reactions of the electrolyte,
while others chelate with reaction centers on electrodes to
inhibit electrolyte decomposition. As a result, electrolyte addi-
tives in LIBs improve SEI properties, enhance ionic conduc-
tivity, and protect cathode materials from dissolution and
overcharging.>?
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(a) Nyquist plots of cells featuring 0.9 M LiPFg and LiTFSI in EC/DMC/EMC (15 : 37 : 48 v/v/v). Reproduced with permission from ref. 7. (b)

Conductivity measurements of electrolytes with varying concentrations at different temperatures. Reproduced with permission from ref. 200. (c)
Schematic representation of the roles of LiTFSI and LiBOB in a dual-salt electrolyte. Reproduced with permission from ref. 195. (d) Cycling perform-
ance of a Li/NCM523 cell utilizing a LiTFSI/LIDFOB dual-salt electrolyte system at 1C and —40 °C. Reproduced with permission from ref. 206.

Fig. 13 illustrates the development of additives in recent
years by comparing the conductivity of a standard salt (1 M
LiPF,) before and after adding various additives at low temp-
eratures. Fig. 13 demonstrates that certain salts (e.g., LIDFOB,
LiPO,F,) or organic additives like phenyl methanesulfonate
(PhMS) and tris(trimethylsilyl)phosphite (TMSP) maintain
high conductivity in the electrolyte. Early use of organic addi-
tives, such as allyl sulfide (AS) and polydimethylsiloxane
(PDMS), significantly improved electrolyte conductivity (as
shown on the left side of Fig. 13).

4.3. Aqueous electrolytes

Due to its unique dielectric and fluid properties, water is an
excellent conductor for electrolytes, facilitating faster kinetics
during the discharge/charge processes.>’***' Compared to
organic electrolytes, water is more affordable and safer than
lithium-ion technology. However, it’s very low electrochemical
stability window limits the energy density of LIBs. For LIBs to
function at temperatures below —20 °C, water’s freezing point
presents a significant challenge, as pure water freezes below

412 | EES Batteries, 2025, 1, 385-426

0 °C, hindering low-temperature applications. However, the
freezing point of aqueous electrolytes can be lowered by
several tens of degrees below the thermodynamic value
through the addition of lithium salts and other additives.*® In
recent years, numerous aqueous electrolyte approaches have
been suggested to significantly enhance the operating range
and stability of aqueous lithium batteries at low temperatures.
A summary of some key low-temperature aqueous electrolytes
is provided in Table 5.

Based on colligative properties, the freezing point
depression can be calculated using the following equation:

ATf = Twater — T'soln = K¢ - m

(4)

where m is the molality constant, K; is the freezing point
depression constant, Tyaeer iS 0 °C, and Ty, is the freezing
point of the solution. We can use concentrated aqueous solu-
tions to extend the service-temperature range below 0 °C.

The “water-in-salt” (WIS) electrolyte concept was introduced
by Suo et al.,, who developed a highly concentrated aqueous
electrolyte containing 21 M LiTFSI in water.>*> This WIS elec-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of solvent additives for low-temperature electrolytes

Electrical
conductivity (mS  Ratio
Solvent additive Structure Mechanism Temperature®  cm™) wt.% Ref.
Allyl sulfide (AS) /\/S\/\ Facilitates the charge transfer reactionon  —30 0.6 2 209
= N the graphite surface
Phenyl Improves the migration kinetics of Li" in -20 5.26 1 210
methanesulfonate o) /O@ the graphite anode and reduces the
(PhMS) - lithium-ion deposition on the graphite
/ O anode surface
1,3,2-Dioxathiolane- O Leads to reduction paths creating large -20 0.058 1 211
2,2-dioxide (DTD) [ \S//O amounts of dimeric sulfur-based species
V; \\O to create an advantageous SEI
)
Dimethyl sulfite O Has a unique molecular structure and —20 0.033 0.5 212
(DMS) g appropriate reduction activity
\O' ~
Tris(trimethylsilyl) N / Contributes to the formation of a robust —40 14.28 0.5 36
phosphite (TMSP) _Si_ and ultrathin film on cathodes and and
? o. consumes HF produced in LiPF¢-based 213
O/’P: O\Sli\ electrolytes during cycling
|
N
Fluoroethylene 0 Suppresses the decomposition of —40 0.004 2 67
carbonate (FEC) electrolytes and decreases the charge- and
transfer resistance 214
0] 0
F
Vinylene carbonate (0] Provides surface protection on both —40 0.075 2 215
(vQ) electrodes and
)k 216
) (0]

“Temperature is the lowest operating temperature that can be achieved by a cell composed of this electrolyte.

lonic Conductivity vs. Temperature for Different Electrolyte Compounds (2015-2024) s
5

IS

w

N
Temperature (°C)

lonic Conductivity (mS/cm)
~
w

—

20

15

Electrolyte Compounds

Fig. 13 Overview of electrolyte additive advancements over the last six years, highlighting a comparison of conductivity with and without additives.
The lithium salt used is 1 M LiPFg, and the solvent is a standard carbonate solvent.

© 2025 The Author(s). Published by the Royal Society of Chemistry EES Batteries, 2025, 1, 385-426 | 413


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00013k

Open Access Article. Published on 07 May 2025. Downloaded on 3/16/2026 6:03:19 AM.

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

(cc)

Review

Table 5 Summary of low-temperature aqueous electrolytes
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Electrolyte formulation Anode/cathode Low-temperature performance Ref.

21 M LiTFSI aqueous solution LiTiO,(PO,);/Li3V,(POy); 60% of RTC at —20 °C and 6C 222

20 M LiPTFSI/LiOTf (15 : 5 m/m) aqueous Activated carbon (AC)/ —10°Cand 1C 220

solution LiMn,0, Over 100 mA h g™*

15.3 M LITFSI in water/AN (1:1 m/m) LTO/LMO 95% (110 70 mA h g™") after 120 cycles at 0 °C and 223
1C

5.2 M LiTFSI in water AC/LMO 66.4% of RTC at —40 °C and 2C 224

5 M LiTFSI in water saturated with CO, MogSs/LMO —40 °C and 0.5C 225
Over 70 mA h g™*

Saturated aqueous solution of LiCl Liy.75C00,/LiCo0O, ~72% of RTC at —40 °C and 0.22C 226

0.5 M Li,SO, aqueous solution + 30 mol% DMSO  AC/LiTi,(PO,);@C 62% of RTC at —50 °C and 0.5C 227

1 M Li,SO, aqueous solution + 40 mol% EtG AC/LFP —20°C and 1C 228
Over 40 mA h g™*

SL:H,0:LiClO4 (12: 4 : 3 m/m/m) LTO/LMO 87% after 200 cycles at —20 °C and 200 mA h g™* 229

trolyte significantly reduced the electrochemical activity of
water and formed a dense SEI on the anode surface due to
anion reduction. These advantages allowed the WIS electrolyte
to achieve an expanded electrochemical stability window of 3.0
V. Additionally, due to colligative properties, the freezing point
of highly concentrated or even saturated salt solutions can be
lowered by several tens of degrees compared to pure water.”>>°
The broad electrochemical window, strong film-forming
ability, and low freezing point of the WIS electrolyte make it
suitable for the stable operation of high-energy-density
aqueous LIBs at low temperatures. For example, the 21 M
LiTFSI aqueous electrolyte resolved the fading issue of the
Li3V,(PO,); cathode and allowed LiTi,(PO,)s/LizV,(PO,); bat-
teries to achieve a high initial Coulombic efficiency of 86.7%
and excellent rate performance at —20 °C.***

Ramanujapuram and Yushin®*® explored aqueous electro-
lytes with three types of lithium salts (LiCl, Li,SO,, and LiNO3)
and demonstrated that cells with LiCl-saturated electrolytes
perform well even at low temperatures as low as —45 °C. These
cells exhibit lower charge transfer resistance and excellent rate
performance at low temperatures. Unlike organic electrolytes,
cells with aqueous electrolytes and layered cathodes do not
experience rapid capacity fading or a significant increase in R,
as the temperature decreases. Certain anion salts, such as
LiTFSI and its derivatives, show remarkable electrochemical
stability due to their unique solvation structure in aqueous
electrolytes, where water molecules are strongly coordinated
with lithium ions and confined within anion-containing
lithium ion solvation sheaths.”*'*3?

Lithium salts in WIS electrolytes benefit from the presence
of asymmetric anions and organized structures that minimize
crystallization, though the mechanisms behind this remain
unclear.”***** Yue et al. revisited WIS electrolytes by incorpor-
ating a CO, additive into a traditional salt-in-water (SIW)
framework, forming a novel aqueous interphase.*”> This
research draws on earlier electrolyte studies that initially inves-
tigated CO, in organic systems and employed SIW formu-
lations, such as a 5 M LiNO; solution.??® The interaction
between CO, and LiTFSI allows CO, to dissolve effectively in a
5 M LiTFSI SIW electrolyte, producing a Li,CO;-rich layer on
the anode. This layer is critical for reducing hydrogen evol-
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ution at the anode and enabling the reduction of TFSI. The
reduction of the CO,-TFSI complex creates a robust aqueous
interphase featuring both LiF and Li,CO;. Compared to WIS
electrolytes, the CO,-SIW formulation offers notable benefits,
including lower viscosity, enhanced ionic conductivity, and re-
sistance to crystallization. These properties improve electro-
chemical performance and enable superior operation at low
temperatures. For example, a MogSg/LMO full cell using the
CO,-SIW electrolyte achieved stable cycling at —40 °C, deliver-
ing over 70 mA h g™ " at 0.5C (see Fig. 14).

To enhance the low-temperature performance of aqueous
electrolytes, various cosolvents and additives such as aceto-
nitrile (AN), dimethyl sulfoxide (DMSO), and ethylene glycol
(EG) have been introduced. For example, the crystallization
temperature of an aqueous electrolyte decreases significantly
from —4.6 °C to —24.6 °C as the EG concentration is increased
from 0 to 40 wt%.>*> Among these additives, DMSO is notable
for its ability to form strong hydrogen bonds with water mole-
cules. By integrating into the cation solvation sheath and
replacing some coordinating water molecules, DMSO effec-
tively suppresses interfacial electrochemical reactions, thereby
enabling the electrolyte to operate at lower temperatures. Nian
et al. demonstrated that incorporating DMSO into an aqueous
electrolyte results in an extremely low freezing point of less
than —130 °C, while maintaining a sufficient ionic conduc-
tivity of 0.11 mS em™" at —50 °C.**” Additionally, Dou et al.
reported that AN significantly reduces the viscosity of aqueous
electrolytes, enhances ionic conductivity, and supports oper-
ation over a wide temperature range from —30 °C to 50 °C.>*®

In traditional LiTFSI-based aqueous electrolytes, lithium
ions are strongly coordinated by water molecules and TFSI
anions, resulting in robust cation-anion interactions.
However, the introduction of AN disrupts this interaction.
With its smaller size and weaker steric hindrance compared to
TFSI anions, AN molecules coordinate with lithium ions, effec-
tively separating them from TFSI anions. This separation pre-
vents further coordination between lithium ions and TFSI
anions, improving the stability and performance of the electro-
lyte under various conditions.**®

Li et al. introduced AN as a cosolvent in an aqueous electro-
Iyte, creating a super-concentrated hybrid electrolyte with 15.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Initial charge/discharge profiles of a MogSg/LMO aqueous full cell using CO,-SIW and WIS electrolytes. (b) Cycling stability of the MogSg/

LMO aqueous full cell with CO,-SIW electrolyte at —40 °C and 0.5C. Reproduced with permission from ref. 225.

M LiTFSI in a water/AN mixture.”®” This hybrid electrolyte out-
performs the WIS electrolyte by offering a broader electro-
chemical stability window of 4.5 V and a lower freezing point.
These advantages enable the support of high-capacity LTO
anode chemistry in aqueous batteries. When cycled at 1C and
0 °C, the LTO/LMO full cell demonstrated a discharge capacity
of 110 mA h g™ and a capacity retention of 95% after 120
cycles. In a subsequent study, a water/sulfone binary electrolyte
was developed, further extending the low-temperature operat-
ing range of LMO/LTO full cells. Sulfone disrupts the large-
scale hydrogen bond network by competing for hydrogen
bonds with water molecules, which lowers the glass-transition
temperature of the water/sulfone binary electrolyte to —110 °C.
The LTO/LMO full cell using this water/sulfone binary electro-
lyte achieved a high-capacity retention of 87% and an average
Coulombic efficiency of 99.8% after 200 cycles at 200 mA h g™*
and —20 °C.

Low-temperature aqueous electrolytes are still less effective
than organic electrolytes because water has a higher freezing
point compared to most organic solvents. Much of the
research aimed at enhancing the low-temperature performance
of aqueous electrolytes focuses on using highly concentrated
lithium salts (~20 mol L"), which increases the cost. A key
approach to improving aqueous electrolyte performance at low
temperatures is to reduce cation-anion interactions. Organic
additives and concentration enhancers can help optimize the
solvation structure and extend the operational temperature
range of aqueous electrolytes. However, greater attention
should be given to cost reduction and ensuring the electrolytes
retain their inherent safety following these improvements.

5. Future directions for low-
temperature LIBs

Despite significant progress in the development of low-temp-
erature LIBs, several challenges remain to be addressed to

© 2025 The Author(s). Published by the Royal Society of Chemistry

enable their widespread adoption in practical applications.
One of the most critical challenges is the development of elec-
trolytes with low viscosity and high ionic conductivity at sub-
zero temperatures. This can be achieved through the use of
advanced solvents, such as fluorinated esters and ethers,
which exhibit low melting points and weak solvation struc-
tures. Additionally, the incorporation of functional additives,
such as FEC and VC, can promote the formation of stable and
conductive SEI and CEI layers, thereby improving cyclic stabi-
lity at low temperatures.

Another promising direction is the development of solid-
state electrolytes, which offer improved safety and stability at
low temperatures. However, the high interfacial resistance and
poor ion transport in solid-state electrolytes remain significant
challenges that need to be overcome. Future research should
focus on optimizing the interfacial compatibility between
solid-state electrolytes and electrodes, as well as developing
novel materials with enhanced ionic conductivity at sub-zero
temperatures.

In addition to electrolyte optimization, the development of
advanced electrode materials is essential for improving the
low-temperature performance of LIBs. For example, the use of
silicon-based anodes and high-voltage cathodes can enhance
the energy density and rate capability of LIBs at low tempera-
tures. However, these materials often suffer from poor cycling
stability and mechanical degradation, which need to be
addressed through innovative electrode designs and protective
coatings. Tailoring electrode surfaces with materials such as
Al,O; and LizPO, can improve the mechanical and electro-
chemical stability of SEI/CEI layers, while self-healing
materials could help repair cracks and defects that form
during cycling at low temperatures.

While notable progress has been made in the development
of sub-zero LIBs, the field is still in its infancy. Moving
forward, it is essential to focus on understanding the inter-
actions between electrolyte components and surface chem-
istries across a wide temperature spectrum to enable the
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broader use of LIBs in extreme environments. The integration
of advanced nanomaterials in battery component manufactur-
ing and a more comprehensive understanding of the factors
influencing low-temperature LIB performance, supported by
accurate simulations, could pave the way for significant
advancements, including large-scale industrial production.
These innovations are anticipated to grow rapidly in the
coming decade, greatly expanding the potential applications of
LIBs across various industries.

Finally, the development of large-format pouch cells for
low-temperature applications remains a significant challenge.
The increased cell size and complexity can exacerbate issues
such as electrolyte distribution, thermal management, and
mechanical stress. Future research should focus on optimizing
cell designs and manufacturing processes to enable the wide-
spread adoption of low-temperature LIBs in practical appli-
cations. Key strategies include:

1. Optimization of electrolyte composition: Developing
advanced electrolyte formulations with low-viscosity solvents,
functional additives, and high-concentration electrolytes.

2. Scalable electrolyte formulations: Developing electrolyte
systems that can uniformly form stable SEI/CEI layers across
large-format electrodes.

3. Advanced thermal management: Integrating efficient
thermal management systems, such as internal heating
mechanisms and phase-change materials, to regulate tempera-
ture distribution within pouch cells.

4. Interfacial engineering: Tailoring electrode surfaces with
protective coatings and functional binders to improve inter-
facial stability and reduce side reactions.

5. In situ diagnostics and modeling: Leveraging advanced
in situ characterization techniques and computational models
to understand and optimize the dynamic behavior of SEI/CEI
layers in pouch cells under real-world operating conditions.

By addressing these challenges, the performance and safety
of high-energy pouch cells at low temperatures can be signifi-
cantly improved, paving the way for their widespread adoption
in demanding applications such as electric vehicles, aerospace,
and grid-scale energy storage systems.

6. Summary

This review has thoroughly examined the challenges and
recent advancements in low-temperature lithium-ion batteries
(L1Bs), highlighting the critical limitations such as reduced
ionic conductivity, sluggish charge transfer kinetics, lithium
dendrite formation, and sluggish diffusion coefficients in the
solid electrolyte interphase (SEI) and cathode electrolyte inter-
phase (CEI) layers. Significant progress has been made in
addressing these issues through innovative electrolyte designs,
including the use of advanced solvents, lithium salts, and
additives, which have shown promising results in enhancing
LIB performance at sub-zero temperatures.

While significant progress has been made in addressing
low-temperature challenges in small-scale test cells, scaling
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these advancements to large-format pouch cells presents
additional challenges. In particular, high-energy pouch cells,
which are commonly used in electric vehicles and large-scale
energy storage systems, require electrolytes that can perform
reliably at sub-zero temperatures while maintaining high
energy density and long cycle life. The increased size and
different geometries of pouch cells lead to larger internal resis-
tance and uneven temperature distribution during charging
and discharging, which can exacerbate the existing low-temp-
erature issues such as poor ionic conductivity and formation
of detrimental SEI/CEI layers. Furthermore, mechanical stres-
ses and thermal management in pouch cells need to be opti-
mized for consistent performance across the entire battery.

To address these challenges, future research must focus on
the development of electrolyte formulations that can better
withstand the scaling effects of pouch cell configurations.
Advances in solid-state electrolytes, fluorinated electrolytes,
ether- and ester-based systems, liquid gas electrolytes, and
advanced additives, and cathode/anode optimization will be
critical in improving the structural stability of the SEI and CEI
layers in larger battery formats. Additionally, integrating intel-
ligent thermal management systems and better separators will
help mitigate temperature-induced degradation, ensuring the
cells maintain high performance even in harsh low-tempera-
ture environments. It should also be noted that these solutions
have their own limitations, including increased costs, weight,
and compatibility issues, which need to be addressed for
wider commercialization.

The rapid expansion of LIB applications across various
sectors has driven remarkable technological advancements,
yet their performance in cold environments remains a critical
hurdle. Direct optimization of electrolyte systems has emerged
as a cost-effective and efficient approach to enhance low-temp-
erature performance. This review provides a comprehensive
overview of the mechanisms influencing electrolyte behavior at
low temperatures and offers guidance for improving LIB appli-
cability in cold climates. While significant progress has been
made, further research is essential to develop new solvents,
salts, and additives that can extend the operational range and
improve the commercial viability of low-temperature LIBs. By
addressing these challenges, LIBs can be widely adopted in
critical applications such as electric vehicles, aerospace, and
renewable energy storage systems, ensuring reliable perform-
ance even in extreme conditions.

Abbreviations

e Unit charge

K¢ Freezing point depression constant
m Molality of constant

n; Number of free ions

r Radius of the solute ion

R Gas constant

R Charge transfer resistance

T Temperature
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Twater  Freezing point of the water

Tsomn  Freezing point of the solution

Z; Charge capacity

c Ionic conductivity

Hi Ion mobility of different ions

n Viscosity

ATy Depression of the freezing point
CEI Cathode electrolyte interface
DRT  Distribution of relaxation times
EIS Electrochemical impedance spectra
LIBs Lithium-ion battery

LMBs Lithium-metal battery

RTC  Room temperature capacity

SEI Solid electrolyte interface

SIW  Salt-in-water

WIS  Water-in-salt
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