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1. Introduction

Supercapacitors represent a promising class of energy storage
devices, known for their rapid charge/discharge rates and long
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Supercapacitors are critical for high-power applications due to their fast charge—discharge capabilities and
long lifespans. However, achieving high performance at ultra-low temperatures remains a significant
challenge, limiting their use in extreme environments. The electrolyte responsible for ion transport is the
key factor governing the low-temperature performance of supercapacitors. In this perspective, we focus
on the recent advances in low-temperature electrolytes for supercapacitors. We first introduce the
critical physical parameters for evaluating low-temperature electrolytes. Then, we emphasize the key
design strategies for low-temperature electrolytes, followed by a detailed discussion of their anti-
freezing mechanisms, encompassing aqueous, organic, ionic liquid, and gel-based electrolytes.
Additionally, particular emphasis is placed on the theoretical simulation and advanced characterization
techniques, given their capability to elucidate the microscopic structure of the electrolyte and provide
comprehensive insights into its energy storage mechanism. Finally, we have provided an outlook on the
current challenges and future development directions of low-temperature electrolytes, which is
expected to offer promising strategies for reliable, high-performance supercapacitors in ultra-low
temperature applications.

cycle life, enabling them to be ideal candidates for high-power
applications." Although they cannot replace traditional
batteries in terms of energy density, supercapacitors can sustain
high charge/discharge rates for more than one million cycles
and enable energy recovery in heavy-duty systems.** In general,
supercapacitors store energy through charge adsorption and
desorption or surface pseudocapacitive reactions, avoiding the
obvious volume changes in batteries from bulk-phase interca-
lation reactions, which is the main reason for limited cycle life
in batteries (typically hundreds to a few thousand cycles).>” Due
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to the high power and long lifespan, supercapacitors have
widespread applications in fields such as high-altitude areas,
military equipment, polar exploration and aerospace. These
applications often require supercapacitors to operate in harsh
environments, where temperatures can sometimes drop below
—40 °C or even lower.® However, at such temperatures, the
viscosity of conventional electrolytes increases significantly,
and they may even solidify, resulting in a substantial decrease in
conductivity, which can lead to a decline in device performance
or even failure. In such situations, supercapacitors require
special protective measures, such as external heating or ther-
mally insulating casings, which not only increase the overall
weight and design complexity but also raise the total cost.

The electrolyte, responsible for ion transport, is the key
factor determining the supercapacitors' low-temperature capa-
bilities. However, conventional electrolytes, with their high
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freezing points and slow ion transport kinetics, limit the
applications of supercapacitors in low-temperature environ-
ments. Specifically, at low temperature, the sluggish ion
migration in the bulk electrolyte results in an increased
impedance; meanwhile, the increase in viscosity triggers severe
concentration polarization. Furthermore, there is an obstruc-
tion to ion diffusion at the electrode/electrolyte interface,
resulting in a significantly increased charge transfer imped-
ance.” These factors result in severe capacitance decay. To
overcome these challenges, it is essential to develop electrolytes
that not only decrease the freezing point but also exhibit other
crucial characteristics, including superior ionic conductivity,
low viscosity, and excellent chemical stability at low
temperature.

In this perspective, we first provide a comprehensive
discussion on the intrinsic physical properties of low-tempera-
ture electrolytes. Subsequently, we summarize the key strategies
reported to address the related challenges, focusing on
aqueous, non-aqueous and gel electrolytes. Afterwards, theo-
retical simulations and advanced characterization techniques
are briefly outlined to better analyze the underlying energy
storage mechanism at low temperatures (Fig. 1). Finally, stra-
tegic research directions for further development are proposed,
offering rational guidance and new insight for designing low-
temperature electrolytes towards high-performance
supercapacitors.

2. Key physical parameters

To optimize the performance of electrolytes at low tempera-
tures, a systematic approach and corresponding optimization
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Low-temperature
electrolyte

Fig. 1 Schematic illustration of the main contents for low-tempera-
ture electrolytes of supercapacitors.

strategies for various intrinsic physical properties (such as
freezing point, viscosity, ionic conductivity, and electro-
chemical stability window) are essential. Besides, it is crucial
not to focus on a single parameter in isolation, but rather to
consider the balance between multiple factors, when designing
low-temperature electrolytes. For example, adding organic
solvents into aqueous electrolytes can effectively lower the
freezing point, but may also result in reduced ionic conduc-
tivity.'® Similarly, while incorporating organic solvents into
ionic liquids can reduce the freezing point and viscosity, and
increase ionic conductivity, it may also slightly diminish the
electrochemical stability window." In addition, water-in-salt
(WIS) electrolytes have been shown to have a wider working
voltage and a lower freezing point, but due to their inherently
high viscosity, the ionic conductivity is lower. In fact, the solu-
bility of some salts is greatly decreased at lower temperature
which results in salt precipitation, leading to the blockage of ion
transport paths in separators and electrodes' pores. Therefore,
the concentration and composition of the electrolyte should be
carefully optimized to provide a trade-off between ionic
conductivity and freezing point.'>*

To ensure the optimal performance of supercapacitors at low
temperatures, the primary consideration is to prevent the
electrolyte from freezing. This puts the emphasis on depressing
the freezing point to ensure rapid ion movement in electrolyte.
For instance, aqueous electrolytes typically have a higher
freezing point due to the presence of extensive hydrogen
bonding between water molecules. The cryogenic phase tran-
sition arises from thermodynamically dominant hydrogen-
bond networks that surpass the thermal motion of water
molecules at reduced temperatures, inducing spontaneous
molecular reorganization into hexagonal crystalline lattices
through enthalpy-driven nucleation processes. Therefore,
weakening these hydrogen bonds is an effective strategy to
extend the operating temperature. In contrast, non-aqueous
electrolytes have a lower freezing point, but they also suffer
from the issue of significant increase in intermolecular forces,
or even freezing at temperatures below —40 °C. For extreme low-
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temperature applications, it is crucial to carefully design the
electrolyte with low freezing point by disrupting the strong
interactions between the solvents.

Viscosity (7), as a parameter that describes a liquid's resis-
tance to flow, is closely linked to ion transport behavior. Both
ionic conductivity and the diffusion coefficient are affected by
viscosity. Higher viscosity generally corresponds to lower ionic
conductivity and a smaller diffusion coefficient. Additionally,
the wetting properties of the separator and electrode materials
are also influenced, with high-viscosity electrolytes typically
wetting slower than low-viscosity ones.' Therefore, the viscosity
of the electrolyte significantly impacts the performance of
supercapacitors. The exponential relationship (n = noe%/*%7)
illustrates that even a slight decrease in temperature can cause
notable variations in viscosity.® As a result, high-performance
electrolytes that work well at room temperature often have
subpar performance at low temperatures owing to increased
viscosity. Generally, the viscosity of an electrolyte is determined
by the type and concentration of the solvent and salt. Compared
to pure solvents, mixed solvents are more commonly employed
in low-temperature electrolytes due to the introduction of low-
viscosity organic solvents.” In addition to the solvent, the salt
also affects the electrolyte's viscosity. Generally, the coulombic
interactions between cations and anions are stronger than the
dipole-dipole interactions between solvent molecules, resulting
in an increase in viscosity. Moreover, high salt concentration
results in the formation of ion pairs or aggregates, and the
presence of these aggregates increases the internal friction of
the solution. Meanwhile, the interactions between ions (such as
electrostatic forces) are enhanced, inducing an increase in
viscosity.'®

The ionic conductivity (o) of an electrolyte influences the
equivalent series resistance of supercapacitors, which in turn
affects the rate performance and power density. Ionic conduc-
tivity is primarily dependent on the free-moving ions in the
solution. As the temperature decreases, ionic conductivity
typically decreases gradually at first and then more sharply
below the freezing point. This is attributed to ion aggregation or
salt precipitation occurring at lower temperatures, which
reduces the number of free-moving ions in the solution, thereby
affecting the ionic conductivity. Additionally, ionic conductivity
is influenced by the concentration of the electrolyte. It generally
increases as ion concentration rises. However, at relatively high
concentrations, stronger ion interactions may occur and
reduces the number of free-moving ions, potentially resulting in
a reduction in conductivity. In addition to temperature and ion
concentration, the nature of the charge carriers also plays
a significant role in determining ionic conductivity. For
instance, solvated cations with smaller solvated radii tend to
exhibit high ionic conductivity.

The electrochemical stability window defines the voltage
range in which the electrolyte remains stable and does not
decompose. In general, electrochemical stability window is
largely determined by the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels of solvents.'”” However, Peljo et al. suggested that
the concept of HOMO and LUMO, originally derived from
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studies on the electronic properties of isolated molecules, may
not be directly applicable to complex electrolytes.*® As a result,
the redox reactions of multi-component electrolytes cannot be
solely evaluated from the HOMO-LUMO energy gap. It has been
suggested that the electrochemical stability of electrolytes
should be more accurately described by considering oxidation
and reduction potentials instead. At low temperatures, the
electrochemical stability window of electrolytes can be signifi-
cantly affected due to changes in the electrolyte's physical and
chemical properties. In some cases, at lower temperatures,
solvent decomposition is inhibited by slowing down side reac-
tions at the interface, thus elevating the electrolyte's electro-
chemical stability windows.**

In short, the physical parameters of electrolytes are crucial
for the design and performance improvement of low-tempera-
ture supercapacitors. To design high-performance electrolytes,
it is essential to consider not only individual parameters but
also the balance between various factors. Based on the above,
diverse strategies have been employed to design various types of
low-temperature electrolytes, including aqueous, organic, ionic
liquid, and gel electrolytes. A comprehensive analysis of each
strategy, along with its corresponding anti-freezing mecha-
nisms, will be systematically discussed in the subsequent
sections (Fig. 2).

3. Key design strategies

3.1. Aqueous electrolytes

Aqueous electrolytes have garnered widespread interest in
supercapacitors due to their superior ionic conductivity, non-
flammability, low cost, and environmental benefits.>*>* Beyond
traditional supercapacitors, zinc-ion hybrid supercapacitors
(zHSs) have emerged as a class of aqueous energy storage
devices that integrate high power density of supercapacitors
with high energy density of batteries.*** Typically, ZHSs consist
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of a capacitive carbon-based cathode and a battery-type zinc
anode, operating through a synergistic charge storage mecha-
nism that combines rapid surface adsorption/desorption at the
cathode with reversible zinc plating/stripping at the anode.
However, given the relatively high freezing point of water,
aqueous electrolytes tend to freeze within 0 to —20 °C. To enable
supercapacitors to operate under colder conditions, several
approaches have been introduced to decrease the freezing point
and enhance ionic conductivity, with the most effective
approaches including introducing anti-freezing additives,
increasing electrolyte concentration, and utilizing deep eutectic
solvents (DESs). The typical low-temperature aqueous electro-
Iytes for supercapacitors are summarized in Table 1.
Anti-freezing additives are typically selected for their capacity
to establish strong coordination or hydrogen bonds with water
molecules, as well as their high solubility in water. The most-
commonly reported anti-freezing additives include inorganic
salts and certain organic co-solvents, like ethylene glycol (EG),
acetonitrile (ACN), and glycerol.”® For example, considerable
research has focused on incorporating calcium chloride (CaCl,)
into aqueous electrolytes to improve their antifreeze proper-
ties.’* The intense interaction between CaCl, and water
molecules disrupts the original hydrogen bonding framework,
leading to a lower freezing point and an expanded operating
voltage. As a typical example, You and co-workers developed
a CaCly-based brine refrigerant electrolyte (BRE) for super-
capacitors, featuring a significantly reduced freezing point (—55
°C) and sustaining high ionic conductivity (10.1 mS ecm ") even
at —50 °C. This electrolyte enables the supercapacitors to retain
80% of their room-temperature capacitance at —50 °C while
demonstrating superior cycle life and outstanding capacitance
retention (Fig. 3a—c).>® Furthermore, organic co-solvents with
strong water-coordinating capabilities or low freezing points
have been introduced into aqueous electrolytes to disrupt the
hydrogen bonding, effectively suppressing the freezing of the

Strategies for low-temperature electrolytes

» Introducing additives

> Increasing solution
concentration

» Eutectic ionic liquids

» Adding organic solvents

» Deep eutectic solvents >
$
Low-temperature
g electrolyte o
S S
% °¢°
Q/Qo 0\0
> Co-solvent strategy B I > Incorporation of organic

> Designing novel salts

» The addition of salts

Fig. 2 The key design strategies for developing different low-temperature electrolytes for supercapacitors.
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Table 1 A list of typical low-temperature aqueous electrolytes for supercapacitors®
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Ionic conductivity ~ Specific capacitance/ Operating Electrode material ~ Voltage

Electrolyte Concentration [mS cm™ '] capacity temperature ['C]  (device type) A4 Ref.

CaCl, in H,0 3.8m 10.1 (—50 °C) 593 F gt —50 AC (SCs) 1.8 25
(0.5A g%, 25°C)

Zn(OTf), in HLO/ACN 2 M 54.2 (25 °C) 64 mF cm 2 —40 MXene@CC//Zn 1.6 26
(500 mV s™*, —40 °C) (ZHSs)

Ca(Cl0,), in H,O/ACN 4.2 m 1.5 (=50 °C) 46 F g ! -50 AC (SCs) 2.3 22
(1Ag™, =50 °C)

Cacl, in EG/H,0 3.86 m 0.69 (—50 °C) 18.4 mF cm > —40 AC (SCs) 1.6 27
(0.1 mA em™2, 20 °C)

LiTFSI in H,0 5m 50 (RT) 2 Fg! -30 AC (SCs) 2 13
(10A g™, 15 °C)

LITFST in ACN/H,O 5m 17.4 (25 °C) 8.6 F g -30 AC (SCs) 2.2 28
(10A g™, —30°C)

LiNO; in H,0/1, 3.65 m 67.5 (25 °C) 206 Fg! —40 AC (SCs) 2.0 20

3-propylene glycol (5 mVs™!, —40 °C)

3NaClO,~2CO(NH,),/  — 135 (25 °C) 226Fg ! —40 AC (SCs) 2.25 29

H,0 5.3 (=50 °C) (20 mvs™, =30 °C)

CsAc in H,O 10 m 0.8 (—80°C) 200 mF cm 2 -95 AC (SCs) 0.8 30
(0.1 mAcem™?, —95 °C)

H,S0,-ZnCl, acid-salt  0.2-5.4 M 6.97 (—60 °C) 39.8mAhg™? —80 VHCF//a-MoO; 1.5 31

hybrid electrolyte (1Ag™", —80°C) (hybrid capacitors)

¢ VHCF: Prussian blue analog, SCs: supercapacitors, AC: activated carbon.

aqueous solution. For example, Liu et al. employed ACN as
a low-temperature co-solvent to modify the aqueous electrolyte.
The ACN additive disrupted hydrogen bonding between water
molecules and restructured the Zn>" solvation sheath, thereby
reducing ion transfer resistance and enabling highly reversible
Zn/Zn** redox chemistry. Consequently, the Zn-ion hybrid
supercapacitor delivered an area-specific capacitance of 64.0
mF ecm 2 at 500 mV s ' (=40 °C) and exhibited long-term
cyclability (Fig. 3d-g).”® In addition, several studies have
explored the use of both inorganic salts and organic solvents as
additives to create low-temperature electrolytes. As exemplified,
Yang et al. proposed a cost-efficient hybrid electrolyte for low-
temperature micro-supercapacitors (MSCs) by incorporating
CaCl, and EG. The addition of CaCl, decreases the quantity of
water molecules involved in strong hydrogen bonding, while EG
further minimizes the water molecules in the primary solvation
shell. This combination yields an electrolyte that exhibits a high
voltage stability of 3.5 V and an extremely low freezing point of
—120 °C. Consequently, the MSCs retain 62% capacitance at
—40 °C compared to their room-temperature performance.*
The WIS electrolytes have experienced rapid development in
electrochemical energy storage devices, following their initial
proposal by Suo et al. in 2015.** Recently, WIS electrolytes have
demonstrated great potential for use in supercapacitors, owing
to their wide electrochemical stability window and excellent ion
transport properties.'®**** Generally, the added salt forms
hydrated ions with free water molecules, decreasing the number
of hydrogen bonds and thereby lowering the freezing point. By
exploiting this property, high-concentration electrolytes have
been developed to function as low-temperature electrolytes for
supercapacitors. For instance, Zhang and colleagues found that

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

the 5 m LiTFSI/H,O electrolyte exhibits excellent low-tempera-
ture behaviors even at —30 °C. They also explored the temper-
ature-related electrochemical properties of electrolytes with
different concentrations, analyzing their intermolecular inter-
actions and solvation structures using molecular dynamics
simulations and Raman spectroscopy (Fig. 4a-d).** However, it
is noted that as the salt concentration increases to a higher
level, salt crystallization is likely to occur at low temperatures,
leading to performance decline or potential failure of super-
capacitors. This issue can be effectively mitigated by incorpo-
rating organic solvents into the high-concentration electrolyte.
As a representative example, Dou et al. developed a co-solvent-
in-salt system by introducing ACN into a 21 m LiTFSI/H,O
electrolyte, creating an ACN/WIS electrolyte (AWIS). This work
demonstrates that combining highly concentrated aqueous
electrolytes with organic solvents is a promising strategy for
high-performance supercapacitors with both a high voltage and
wide temperature range (Fig. 4e-g).>®

DESs are typically binary or multi-component mixtures
composed of a hydrogen bond acceptor and a hydrogen bond
donor, with the eutectic point significantly lower than that of its
individual components (Fig. 5a).*® Certain aqueous salt hydrate
systems, consisting of mixtures of ice and partially dissolved
salt hydrates under low-temperature conditions, can also be
considered as DESs. The eutectic point of such aqueous solu-
tions can be determined using a solid-liquid phase diagram.
Additionally, thermodynamic simulations can be employed to
generate phase diagrams for such electrolytes, aiding in the
identification of the optimal salt-to-water proportion needed to
attain the target freezing point.>” At the “eutectic concentra-
tion”, the mixture shows the lowest freezing point.*® In recent

Chem. Sci., 2025, 16, 13997-14018 | 14001
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Fig. 3 Low-temperature aqueous electrolytes engineered by utilizing inorganic salts (e.g., CaClp) or organic solvents (e.g., ACN) as antifreeze
additives. (a) Digital photos of the BREs and control electrolytes. (b) Variation in ionic conductivity of the BREs with temperature. (c) Change in
capacitance of the supercapacitor at 1 A g~! with a gradual decrease in temperature from 25 °C to —50 °C. Reproduced with permission.2s
Copyright 2023, Wiley-VCH. (d) Schematic illustration of Zn?* solvent sheath in Zn(OTf), electrolyte (left) and Zn(OTf), + ACN electrolyte (right).
(e) Photograph of the two types of electrolytes at —40 °C. (f) The capacitance of supercapacitors using the two types of electrolytes at varying
temperatures, with pink representing the electrolyte containing ACN. (g) The contact angle between the Zn anode and different electrolytes.
Reproduced with permission.2¢ Copyright 2025, Royal Society of Chemistry.

years, DESs have garnered significant attention as promising
electrolytes for supercapacitors operating at low temperatures.
For instance, Ah-Lung et al. proposed an environmentally
friendly and cost-effective ternary deep eutectic electrolyte
system composed of LiNO;, water, and 1,3-propylene glycol,
aiming to design an electrolyte with a broad liquid phase range.
When used in supercapacitors, this electrolyte enabled the
device to achieve a minimal capacitance loss of only 6% at —20 °©
C and 29% at —40 °C (Fig. 5b and c¢).>* As another typical
example, Bo et al. put forward a ternary interaction approach
involving cations, water, and urea to create electrolytes suitable
for low-temperature applications, demonstrating aqueous
electrolytes with an exceptionally depressed freezing point and

14002 | Chem. Sci., 2025, 16, 13997-14018

superior ionic conductivity. The optimized ternary aqueous
electrolyte achieves an extremely low freezing point of —70 °C
and exhibits a remarkable ionic conductivity of 5.3 mS cm ™" at
—50 °C. Even at —40 °C, the supercapacitors employing the
13NaClO,—2CO(NH,),/H,0 electrolyte exhibit approximately
70% capacitance retention with the scan rate increasing from 20
to 100 mV s~ *, significantly surpassing that of supercapacitors
using a 17 m NaClO, WIS electrolyte (Fig. 5d and e).*
Extending the operational temperature range of aqueous
electrolytes has emerged as a significant research focus, with
recent advances unveiling novel mechanism insights. For
example, entropy regulation of specific electrolyte systems may
offer a novel strategy for depressing the freezing point of

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

aqueous solutions. In this context, Qiu et al proposed the
concept of entropy-driven glass-forming liquids (EDGFLs) as an
innovative paradigm for designing freeze-resistant electrolytes.
Through precise modulation of local structural ordering, the
glass-transition temperature (7) can be systematically engi-
neered to suppress energy-dominated ice crystallization while
facilitating entropy-driven glass transition. This behavior can be
fundamentally understood through the competitive interplay
between ion pair correlation entropy and water's tetrahedral
entropy. Moreover, experimental validation is achieved through
differential scanning calorimetry (DSC) and in situ optical
microscopy. The resulting EDGFL system, exhibiting an
ultralow T, of —128 °C, enables supercapacitors to facilitate
superior capacitance retention under cryogenic conditions
while sustaining operational stability down to —95 °C (Fig. 6).*
Furthermore, acid-salt hybrid electrolytes featuring stable
anion-cation-H,O solvation structures facilitate unconven-
tional proton conduction at cryogenic temperatures. A repre-
sentative study by Cui et al. demonstrated that such hybrid
electrolytes can effectively reorganize water network channels to
promote efficient ion transport, enabling rapid ionic conduc-
tivity and superior rate performance at low temperatures. It is
revealed from Raman spectroscopy that the hydrogen bond
network structure between water molecules is disrupted by Cl™
and Zn*", leading to a depression of the freezing point. While

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

such disruption mitigates solvent -crystallization at low
temperatures, it is important to note that the strong yet local-
ized hydrogen bonding, particularly between the ions and
solvent molecules, can persist within the system. These local-
ized interactions may facilitate the formation of stable solvation
structures and continuous ion conduction pathways, which are
beneficial for maintaining efficient ion transport under cryo-
genic conditions. As a result, a reversible capacity of 151 mA h
¢! (46.6% of room-temperature capacity) can be retained at 1 A
g ! even at —60 °C, highlighting the electrolyte's superior low-
temperature adaptability (Fig. 7).**

3.2. Organic electrolytes

Compared to aqueous electrolytes, organic electrolytes
contribute to lower operating temperatures and a wider elec-
trochemical stability window. To achieve high ionic conduc-
tivity, commercial electrolytes typically utilize organic solvents
with high dielectric constants, such as propylene carbonate or
ACN, which facilitate the complete dissociation of salts like
tetraethylammonium tetrafluoroborate (TEABF,). However,
high dielectric constants are usually associated with high
freezing points due to the strong dipole-dipole interactions
between solvent molecules, which leads to a rapid decline in
ionic conductivity at low temperatures. When the temperature
drops to below —40 °C, even the organic electrolyte does not

Chem. Sci., 2025, 16, 13997-14018 | 14003
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freeze like aqueous electrolytes, but its ionic conductivity still
decreases significantly owing to the increase in viscosity.
Therefore, an effective strategy to enhance ion transport and
improve low-temperature performance is to introduce a co-
solvent with a lower freezing point and a reduced dielectric
constant. For instance, Xu et al. proposed a solvent mixture of
acetonitrile (ACN) and 1,3-dioxolane that enables super-
capacitor operation at temperatures down to —100 °C, thereby
outperforming traditional ACN-based systems. This innovative
combination leads to a record gravimetric capacitance of 164 F
g~ ' at —100 °C, which is nearly identical to the capacitance
measured at room temperature (Fig. 8a-c).’* Besides, high-
entropy electrolytes have also been developed to enhance the
performance of supercapacitors.® By incorporating multiple
solvents, the solvation structure of the electrolyte can be
tailored, thereby increasing the system's configurational
entropy. This strategy can effectively suppress the freezing point
and facilitate faster desolvation kinetics to improve low-
temperature electrochemical performance. As a result, the rate
capability of the electrolyte is significantly enhanced.

Apart from the solvent, novel salts with excellent solubility,
high ionic conductivity, and superior electrochemical stability,
such as spiro-(1,1')-bipyrrolidinium bis(fluorosulfonyl)imide
(SBP-FSI), have been progressively developed for organic
electrolytes.**> Electrochemical characteristics of the electro-
lyte are largely determined by the specific types of ions present
in the salt. In comparison to the commercially available elec-
trolyte salt (TEABF,), SBP-FSI exhibits superior performance at

14004 | Chem. Sci, 2025, 16, 13997-14018

low temperatures. Moreover, SBP" also has a smaller molecular
volume and a shorter distance between the ion center and
electrode surface, thereby contributing to a higher theoretical
specific capacitance. For instance, Zhang et al. demonstrated
that the combination of SBP-FSI and propylene carbonate (PC)
displays greater ionic conductivity at low temperatures for
supercapacitors compared to TEA-BF,/PC. As a result, SBP-FSI/
PC based supercapacitors showed excellent rate capabilities at
low temperature, exhibiting 64.8% capacitance retention versus
TEA-BF4/PC's near-complete performance collapse (90%
reduction) under 5 A g~ at —40 °C (Fig. 8d-f).*°

3.3. Ionic liquid electrolytes

Ionic liquid electrolytes are widely used in supercapacitors
owing to their exceptional thermal stability, wide electro-
chemical stability window, and low flammability, offering both
high energy density and enhanced safety.»*** However,
conventional single-component ionic liquid electrolytes typi-
cally exhibit high viscosity and may even freeze at low temper-
atures, resulting in significantly lower ionic conductivity
compared to organic electrolytes under such conditions. To
address these issues, several strategies have been adopted to
expand the operating temperature. One promising approach is
the use of eutectic ionic liquids, which are formed by mixing
two or more ionic liquids, preventing the ordered arrangement
and crystallization of the individual ionic liquids. Eutectic ionic
liquids generally exhibit lower viscosity and higher ionic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conductivity under low-temperature conditions.*® For instance,
Lin et al. proposed a binary ionic liquid electrolyte characterized
by a significantly depressed freezing point of —80 °C. The
supercapacitors based on this electrolyte offer exceptional
electrochemical performance even at —50 °C (Fig. 9a—c).*®
Furthermore, incorporating low-freezing-point, low-viscosity
organic solvents into ionic liquids presents an effective
approach to lowering the freezing point and enhancing ionic
conductivity. This enhancement in ionic conductivity results
from reduced ion association in ionic liquid-based electrolytes
upon solvation by added solvents, which lowers the viscosity
and increases ionic mobility. Ideally, organic solvents should
be selected to disrupt ion pairing in ionic liquids while mini-
mizing the formation of strongly solvated ion species, thus
ensuring high ion mobility. For example, Tang et al. demon-
strated that incorporating mixed solvents, such as ACN and
methyl butyrate (MB), into ionic liquids significantly enhances
their low-temperature performance. By combining spectro-
scopic characterization with theoretical calculations, it was
shown that the unique solvation interactions between the ionic
liquid and solvents significantly reduce the electrostatic forces
between the cations and anions as well as the hydrogen
bonding between them (Fig. 9d-f).*” However, it is important to
note that while adding organic solvents into ionic liquids is an
efficient strategy for reducing the freezing point, it can also
narrow the electrochemical stability window simultaneously.

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

Therefore, the balance between the operating temperature and
working voltage needs to be considered. Representative low-
temperature organic and ionic liquid electrolytes are summa-
rized in Table 2.

3.4. Gel electrolytes

Gel electrolytes are semi-solid electrolytes that help prevent
electrolyte leakage in supercapacitors, offering enhanced safety.
In addition, they also possess desirable properties, including
high ion conductivity, stretchability, flexibility, and self-healing
capabilities, which have garnered significant interest. Hydro-
gels are primary gel electrolytes used in supercapacitors. In
these hydrogels, polymer chains interact with water molecules
through hydrogen bonds, disrupting the hydrogen bonding
network and suppressing ice crystal formation. However,
hydrogel electrolytes still tend to freeze as the external
temperature drops below —20 °C, which impedes ion migration
and causes significant capacitance loss in supercapacitors.*
Recently, hydrogels with anti-freezing properties have gained
significant attention.>* Several approaches have been proposed
to lower the freezing points.*>** In brief, the typical low-
temperature gel electrolytes for supercapacitors are summa-
rized in Table 3.

Designing an anti-freezing hydrogel electrolyte involves
optimizing several factors to ensure that the hydrogel not only
retains its ionic conductivity at low temperatures but also its

Chem. Sci., 2025, 16, 13997-14018 | 14005
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mechanical stability. In general, the strong hydrogen bonding
between water molecules is a major challenge in developing
anti-freezing hydrogel electrolytes. To address this, organic
solvents are often incorporated into hydrogel electrolytes to
disrupt the hydrogen-bonding network of water molecules,
effectively suppressing the freezing behavior of the hydrogel
electrolyte. For instance, Wang et al. proposed the development
of anti-freezing hydrogel electrolytes with enhanced water
deactivation by incorporating N-methylpyrrolidone solvent. As
a result, the flexible supercapacitors exhibit nearly rectangular
CV curves and symmetrical triangular GCD profiles within the
temperature range of —40 to 0 °C. The flexible supercapacitors
deliver a record areal energy density of >13.55 u Wh cm > with
voltage outputs exceeding 2.5 V across —40 to 25 °C. The envi-
ronmental temperature fluctuation test indicates that the
device exhibits excellent environmental adaptability (Fig. 10).%¢
While incorporating organic solvents effectively lowers the
freezing point, the mechanical strength of hydrogels remains
unsatisfactory owing to the insufficient interactions between
polymer chains.®* To address this issue, a solution can be found

14006 | Chem. Sci, 2025, 16, 13997-14018

by designing and synthesizing dual-crosslinked hydrogels
incorporating ethylene glycol-functionalized groups.®

The addition of salts can also significantly inhibit the
freezing behavior of hydrogel electrolytes.””*%**® In general,
introducing salt into the system disrupts both inter- and intra-
chain hydrogen bonds within the polymer network, thereby
promoting stronger interactions between polymer chains and
water molecules. However, as the salt concentration continues
to increase, these beneficial interactions diminish due to
excessive disruption of hydrogen bonding, resulting in salt
precip