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A B S T R A C T

Supercapacitors, also known as ultracapacitors or electrochemical capacitors, play a vital role in modern energy
storage and electronic systems due to their outstanding characteristics. They boast high power density, making
them ideal for applications requiring rapid energy delivery and absorption, such as electric vehicles for quick
acceleration and regenerative braking. Additionally, their extended cycle life, enduring hundreds of thousands to
millions of charge-discharge cycles, suits scenarios demanding consistent, long-term performance. The field of
low-temperature pseudocapacitors (LTPCs) has seen significant advancements, becoming a key domain in energy
storage research. This review explores the latest developments in LTPCs, highlighting their potential as efficient
energy storage devices. It delves into their unique properties contributing to enhanced pseudocapacitive per-
formance at low temperatures and dissects the electrochemical processes governing this phenomenon. Recent
breakthroughs in device architectures and engineering strategies are showcased, addressing challenges like
freezing-induced electrolyte degradation and reduced ion mobility. This review concludes by outlining potential
research directions and key challenges for advancing LTPCs towards practical, widespread applications. It serves
as a valuable resource for scientists, engineers, and policymakers, guiding the future development of energy
storage technologies tailored for low-temperature environments.

© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Global Science and
Technology Forum Pte Ltd.
1. Introduction

The escalating demand for energy storage solutions has prompted
extensive research in electrochemical energy storage devices [1–5].
While conventional capacitors excel in high power density and rapid
charge-discharge rates for applications requiring instantaneous bursts of
energy, their limited energy storage capacity necessitates exploration of
alternative technologies. Batteries offer higher energy density but are less
suitable for scenarios requiring rapid energy delivery due to sluggish
charge-discharge kinetics. This inherent trade-off has driven the quest for
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hybrid energy storage systems combining the strengths of capacitors and
batteries. Pseudocapacitors, a category of electrochemical energy storage
devices, leverage faradaic redox reactions at the electrode-electrolyte
interface for charge storage and delivery [6]. Pseudocapacitive mate-
rials, known for reversible redox processes, bridge the gap between
capacitive and battery-like behavior, revolutionizing energy storage.
Notably, pseudocapacitors exhibit high performance at low tempera-
tures, outperforming batteries due to the electrostatic nature of energy
storage processes, short electrode separation, and absence of mass
transport by diffusion [7–9]. In certain applications, such as in-space
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avionics, astronomical observatories, high-altitude aircraft, and polar
region electrical systems, supercapacitors can replace batteries. The en-
ergy density of a supercapacitor is determined by its capacity (C) and the
square of its potential window (V), as per the energy equation E ¼
1/2CV2. The potential window and temperature tolerance of super-
capacitors depend largely on electrolyte selection.

Depending on the solvents employed, electrolytes can be classified
into organic, ionic liquid, and aqueous types. Organic electrolytes offer a
wide electrochemical stability window (ESW), enabling organic super-
capacitors to attain high cell voltages (ranging from 2.5 to 4.0 V),
resulting in energy densities surpassing those of aqueous supercapacitors
[10]. However, their extensive application faces challenges, including 1)
a low ion diffusion rate due to relatively large ion size, 2) high production
costs and the need for a meticulously moisture-free process, and 3)
environmental pollution and safety concerns due to the presence of toxic
and flammable components. Ionic liquids, often termed low-temperature
molten salts, exhibit low vapor pressure, minimal volatility, excellent
wettability, non-flammability, high thermal stability, and an expansive
ESW of up to 6.0 V, indicating a promising outlook for their application in
high-performance supercapacitors [11]. Nevertheless, they suffer from
drawbacks such as low ionic conductivity and high viscosity, hindering
ion transport and rate performance of supercapacitors. Additionally, they
exhibit environmental sensitivity and come with a higher price tag.
Aqueous electrolytes, known for high ionic conductivity, affordability,
and eco-friendliness, hold significant potential in the supercapacitor field
[12]. However, the decomposition voltage of water is limited to 1.23 V,
significantly restricting cell voltage and impeding the progress of
aqueous supercapacitors. Various strategies have been proposed to
address this challenge, including adjusting the pH value of the aqueous
electrolyte, modifying the potential of zero voltage of electrodes,
balancing the mass of the two electrodes, and passivating the electrode
surface. Despite these efforts, achieving cell voltages exceeding 2.0 V in
aqueous electrolytes with expanded ESWs remains a formidable task.

Several studies have indicated the efficient operation of super-
capacitors utilizing either aqueous or organic electrolytes even in
extremely low temperatures, reaching as low as �40 �C [13,14]. This
adaptability is ascribed to the heightened freezing point depression
values induced by an increased ionic concentration. However, it is
noteworthy that low-concentration aqueous-based electrolytes face a
significant limitation at these extreme temperatures due to the risk of
electrolyte freezing [15]. Aqueous electrolytes have gained substantial
attention from a fundamental perspective, primarily due to their excep-
tional ionic conductivity, non-flammable nature, environmental friend-
liness, cost-effectiveness, and ease of handling, especially when
compared to the organic electrolytes prevalent in most commercial de-
vices. Regrettably, there exists a notable research gap concerning the
physicochemical and electrical properties of highly concentrated
aqueous-based electrolytes [16]. Electrolytes employing a multi-solvent
system demonstrate commendable tolerance for low temperatures,
attributed to the low viscosity and high dielectric constant of the organic
solvent, in conjunction with the low-melting-point attributes of the
organic co-solvent. For instance, when utilizing low-melting co-solvents
like methyl formate (MF), methyl acetate (MA), ethyl acetate (EA) or 1,
3-dioxolane (DIOX), the practical operating temperatures of the assem-
bled supercapacitor can decrease as low as �55 �C [17]. However, it is
important to note that, even under such conditions, this specific super-
capacitor achieves a working voltage window and specific energy density
of only 2.3 V and 16 Wh kg�1 (based on the total mass of the
two-electrode material) at �55 �C [18]. Another notable example in-
volves a supercapacitor based on activated carbon, utilizing a 1 M
EMIMBF4/(AN þ MA)-based electrolyte [19]. This system offers a high
voltage window of 3.5 V and showcases a high energy density of 80 Wh
kg�1 at a low temperature of �50 �C.

The diminished electrochemical performance of supercapacitor cells
in low-temperature environments can be attributed to several key factors.
Firstly, the high freezing point leads to reduced electrochemical
2

performance at low temperatures. Secondly, reduced electronic con-
ductivities of electrode materials at low temperatures result in slower
reaction rates. Thirdly, weak compatibility between electrode materials
and the electrolyte raises resistance levels and limits reaction rates. In
response to these challenges, researchers have undertaken significant
efforts to enhance the electrochemical properties of both electrode and
electrolyte materials tailored for low-temperature supercapacitor cell
applications. This comprehensive review meticulously examines the
recent strides made in LTPCs, encompassing a diverse range of materials,
architectural designs, and performance benchmarks. By drawing upon a
substantial body of literature, we delve into the fundamental principles
that underlie pseudocapacitive behavior, shedding light on the pivotal
factors that govern the design and optimization of pseudocapacitor sys-
tems. This review aspires to offer a comprehensive panorama of the
recent progress in LTPCs, delivering a thorough exploration of materials,
architectural configurations, and performance indicators that define this
rapidly advancing field.

2. Role and requirements of LTPCs components

The energy storage mechanism of pseudocapacitance involves intri-
cate processes, including ion transmission and diffusion in electrolytes,
interfaces, and electrodes, along with charge transfer at interfaces be-
tween electrolyte and electrodes. These processes encompass physical
and Faraday processes, such as surface adsorption, solvation/desorption,
ion insertion/extraction, and redox reactions [20]. However, at low
temperatures, these processes are adversely affected, resulting in a
decline in the electrochemical performance of LTPCs. This performance
degradation includes the deterioration of ion accessibility and electron
conductivity of the electrode, reduction in ion conductivity of the elec-
trolyte, and deterioration of interfacial contact quality [21]. These
challenges can be categorized into electrode-related and
electrolyte-related issues, both intricately linked to the properties of the
electrodes and electrolytes. To enhance the design of LTPCs, a compre-
hensive understanding of the mechanisms underlying electrode and
electrolyte properties is crucial for maintaining high performance
retention at low temperatures. This section introduces the key properties
of electrodes and electrolytes critical for sustaining excellent
low-temperature performance, examining their influencing factors, and
presenting practical optimization strategies.

2.1. Electrode of LTPCs

Electrode materials, serving as a pivotal constituent of super-
capacitors, wield a substantial influence on their overall performance.
Properties like porous structure, high conductivity, and significant elec-
trochemical activity are instrumental in facilitating the conduction,
migration, and accumulation of electrons and ions, thereby determining
the energy density of supercapacitors [22]. Despite these advantageous
features, the degradation of certain electrode properties, particularly ion
accessibility and conductivity, in low-temperature environments can
result in inadequate performance. Therefore, to uphold optimal electro-
chemical functionality at low temperatures, electrodes must fulfill spe-
cific criteria: 1) possess a judicious pore structure ensuring efficient ion
accessibility for streamlined ion transport; 2) exhibit high electrical
conductivity to facilitate effective electron transport; and 3) demonstrate
good compatibility to augment interface contact quality and overall
electrochemical stability.

2.1.1. Proper porous structure
The nanoporous nature of electrodes confers several advantageous

properties, including a shorter ionic diffusion distance and a larger sur-
face area that exposes more active sites. These features are conducive to
augmenting the energy density and power density of supercapacitors. In
the context of supercapacitors operating under low temperatures, the
importance of a porous structure in influencing electrochemical
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performance becomes notably pronounced. Research indicates that a
well-defined porous structure, characterized by attributes such as
appropriate pore size, distribution, shape, and architecture, plays a
crucial role in sustaining optimal supercapacitor performance at low
temperatures [23–25].

Pores are typically classified into micropores (<2 nm), mesopores
(2–50 nm), and macropores (>50 nm) based on their size. Micropores,
characterized by smaller dimensions, exhibit a larger specific surface
area, providing more sites for surface adsorption and electrochemical
reactions, thereby promoting high energy density. However, micropores
may have limited accessibility to larger ions, particularly in organic and
ionic liquid electrolytes due to their larger size. This limitation results in
a substantial reduction in capacitance during high-current charge/
discharge conditions, and this capacitance decay is exacerbated at low
temperatures due to sluggish ion diffusion, increased solvation energy,
and slower desolvation processes (Fig. 1) [26,27]. In contrast, mesopores
with larger sizes facilitate the direct entry of solvated ion clusters, of-
fering improved ion accessibility that enhances ion diffusion from elec-
trolyte to electrode and optimizes pore surface area utilization [28].
Consequently, electrodes with a higher proportion of mesopores have
been observed to maintain robust capacity at low temperatures [29].
However, an increase in pore size may compromise specific surface area,
potentially diminishing electrochemical performance. Therefore, judi-
cious strategies are imperative for pore size regulation or the selection of
appropriate electrolytes and salts, aligning pore dimensions with ion
clusters to achieve concurrent high ion accessibility and a large specific
surface area for the development of LTPCs with elevated energy density.

In addition to pore size, the distribution of pore sizes holds significant
importance. Research indicates that mesoporous/microporous materials
with a judicious distribution of micropores and mesopores demonstrate
outstanding energy density and capacity retention at low temperatures
[28]. Mesopores, characterized by larger pore volumes, serve as effective
transport channels for ion diffusion, enhancing accessibility of ions to
micropore surfaces. Additionally, the interconnected structure of mi-
cropores and mesopores mitigates the depth of micropores, preventing a
reduction in energy density caused by ion entrapment [30]. Simulta-
neously, micropores contribute substantially to a large specific surface
area, providing increased adsorption sites. The coexistence of mesopores
and micropores with a well-balanced distribution offers favorable
channels for ion diffusion and maximizes surface areas, thereby
Fig. 1. The influence of temperature and pore size on the ion accessibility of
pores. Reproduced with permission [26]. Copyright 2019, Elsevier.
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providing abundant active sites.
Furthermore, the morphology of pores, including slit, cylinder, and

sphere shapes, plays a crucial role in influencing ion accessibility. The
structure of a slit pore confines a solvated ion in only one direction, with
the smallest axis determining ion entry. In the case of cylinder-type pores,
ions experience confinement in two directions, where the second largest
axis limits their access. Sphere-type pores utilize their largest axis to
confine solvated ions in all directions. Consequently, for pores of iden-
tical size, slit-type pores can accommodate solvated ions with the largest
solvation number, effectively reducing the energy barrier that must be
overcome [23].

The structural composition is another critical determinant of porous
materials. Configurations featuring one-dimensional straight pores, two-
dimensional layered spaces, or three-dimensional interconnected mor-
phologies create unobstructed pathways for ion diffusion and serve as
reservoirs for electrolyte ions. This construction effectively enhances the
interfacial surface area and reduces the diffusion distance [24,25,28].
Consequently, several strategies have been devised to construct elec-
trodes with a rational architecture for LTPCs, a topic that will be elabo-
rated upon in subsequent sections.

2.1.2. High electronic conductivity
Materials demonstrating high electrical conductivity facilitate swift

electron transfer within electrodes, minimizing energy losses and pro-
moting efficient redox reactions, thereby enhancing rate capability.
However, the electrical conductivity of materials is influenced by various
factors, including crystal structure, porosity, and operating temperature.
Among these factors, temperature is a critical variable affecting material
conductivity. The temperature-dependent behavior of material conduc-
tivity is generally explained by two mechanisms: hopping transport and
ballistic transport [31]. The distinction lies in the temperature depen-
dence of their conductivities. In the case of hopping-type conduction, it is
always thermally activated and follows an exponential law which can be
expressed as

σ¼ σ0 exp

 
�
�
T0

T

�1
d

!
(1)

where σ is the conductivity, T is the temperature, σ0 and T0 are the
constants related to the material, and d represents the dimensionality of
the sample. Consequently, higher temperatures lead to increased con-
ductivity. Conversely, materials that conform to the ballistic transport
mechanism may be either thermally activated or deactivated, depending
on the carrier concentration of the material [32]. For materials with
sufficiently high carrier concentration, such as metals, conductivity is
limited by various scattering processes, which are enhanced by
increasing temperature, resulting in reduced conductivity at higher
temperatures. In contrast, for materials with insufficient charge carrier
concentration such as semiconductors, their conductivity is limited by
the charge carrier concentration. The charge carrier concentration in
semiconductors increases with elevated temperature due to the genera-
tion of more electrons or holes at higher temperatures. Therefore, the
conductivity of semiconductor materials follows the Arrhenius equation,
σ ¼ σ0 exp ð� Ea =kTÞ, where Ea represents the activation energy asso-
ciated with the band gap width, k is the Boltzmann constant. Many
transition metal oxides commonly used in electrode active materials
exhibit semiconducting properties, such as TiO2, NiO, Fe2O3, and
therefore exhibit poor electrical conductivity at low temperatures,
limiting their applicability in extremely cold areas [33]. Consequently,
when selecting electrode materials for LTPCs, it is crucial to consider
their conductivity and temperature-dependent characteristics, giving
preference to materials exhibiting high conductivity at low temperatures.

2.1.3. Compatibility
Adequate compatibility among electrode materials is imperative to
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establish favorable interface contact, diminish interface internal resis-
tance, and enhance the electrochemical performance of supercapacitors,
particularly for LTPCs designed to operate across a broad temperature
spectrum [34]. The disparate thermal expansion and contraction prop-
erties of distinct materials often result in insufficient interfacial contact
between the electrode and the current collector, as well as within the
components of the electrode material (active materials, adhesives,
conductive additives) during significant temperature fluctuations. This
phenomenon contributes to heightened interface contact resistance and
suboptimal electrochemical performance [21,35].

Moreover, the compatibility between electrode materials and elec-
trolyte significantly influences the ion transport, desolvation, and redox
reactions at the interface, playing a pivotal role in the electrochemical
stability of supercapacitors [36]. This compatibility involves both phys-
ical and chemical aspects. The physical aspect encompasses factors such
as matching pore size with electrolyte ions, as discussed earlier. Addi-
tionally, wettability is a critical physical factor, denoting the liquid's
spreading ability on a solid surface [37]. Electrodes with superior
wettability promote the electrolyte's spread on the electrode surface and
penetration into pores, effectively increasing the contact area and facil-
itating ion transport at the interface. The wetting of electrolyte on the
electrode surface is influenced by various factors, including electrode
surface properties (surfactant, roughness, etc.), temperature, and pres-
sure. Temperature, among these factors, plays a prominent role in the
entire system [38]. At higher temperatures, the contact angle typically
decreases, indicating enhanced hydrophilicity of the electrode surface.
This decrease results from the reduction of surface tension caused by the
temperature increase. The diminished contact angle signifies increased
interaction between the liquid and solid surface. Conversely, at lower
temperatures, wettability diminishes, impeding ion transport at the
interface and leading to suboptimal electrochemical performance.
Consequently, optimizing wettability between electrodes and electro-
lytes is a crucial consideration in the design of LTPCs. Fortunately, re-
searchers have devised effective strategies to enhance wettability, such as
surface modification of electrode materials or the incorporation of ad-
ditives into the electrolyte.

The chemical compatibility between the electrolyte and the electrode
stands as a crucial determinant of the electrochemical stability in LTPCs.
The electrochemical stability window, delineated by the upper and lower
limits of electrolyte decomposition, is intricately linked to temperature-
dependent redox reactions transpiring at the interface [36]. Notably,
owing to the suppressed decomposition reaction of the electrolyte at
lower temperatures, LTPCs typically manifest broader electrochemical
windows during operation at reduced temperatures [39]. Consequently,
despite the rate performance decline in LTPCs under low temperatures
due to sluggish interfacial redox reaction kinetics, the extended elec-
trochemical stability window facilitates the development of LTPCs with
elevated energy density even in colder environments [39,40].

2.2. Electrolyte of LTPCs

Electrolytes, as pivotal components of LTPCs, wield substantial in-
fluence over electrochemical performance metrics such as power density,
rate capacity, and safety. Attaining exemplary electrochemical perfor-
mance necessitates electrolytes endowed with exceptional characteris-
tics, including high ionic conductivity, thermal stability, and
electrochemical resilience. However, certain electrolyte properties may
undergo alterations at low temperatures, compromising LTPC perfor-
mance. Factors such as diminished ionic conductivity, heightened vis-
cosity, and slower desolvation contribute to elevated equivalent internal
resistance and impaired rate capability at lower temperatures. Moreover,
the risk of electrolyte freezing poses a significant threat, potentially
resulting in device failure and safety hazards. Consequently, tailoring
electrolyte properties to meet the requirements of low-temperature ap-
plications demands strategic optimization. A comprehensive under-
standing of temperature's impact on electrolytes is fundamental to
4

designing formulations suitable for low-temperature environments. This
section scrutinizes the effects of temperature on electrolytes, encom-
passing considerations related to melting points, ion conductivity, and
essential factors guiding the design of low-temperature-resistant
electrolytes.

2.2.1. Low freezing point
Electrolyte freezing constitutes a primary factor contributing to

supercapacitor failure in low-temperature environments. Consequently,
the imperative for progress in low-temperature supercapacitors hinges
significantly on the development of electrolytes characterized by lower
freezing points. A wealth of research endeavors has delved into the in-
tricacies of electrolyte freezing mechanisms, yielding various practical
strategies. Insight from these investigations reveals that the melting point
of electrolytes is subject to diverse factors, encompassing environmental
pressure, intermolecular forces, salt concentration, and other pertinent
variables [40,41].

In adherence to the phase diagram of water (Fig. 2), within the Type I
region, the melting point of ice undergoes a reduction to �22 �C as the
pressure ascends to 207.5 MPa. This decrease in melting point concom-
itant with elevated pressure aligns with the principles elucidated by the
Clapeyron equation:

dp
dT

¼ L
TΔV

(2)

In the Clapeyron equation, where p represents the equilibrium pressure,
T signifies the equilibrium temperature, L stands for the latent heat of the
phase transformation, and ΔV denotes the volume change of the phase
transformation process. Consequently, for water, during the phase tran-
sition from solid to liquid, the latent heat of the phase transition is pos-
itive, and the volume change is negative. Consequently, dp=dT is
negative, implying that an increase in pressure results in a lower melting
point. Nevertheless, the alteration in the freezing point of water with
pressure is relatively marginal, especially when the pressure elevates
from atmospheric pressure (0.1 MPa) to 1 MPa, a tenfold increase,
leading to a change in melting point of less than 0.1 K. Consequently,
attempting to reduce the melting point by augmenting pressure is not
only intricate in execution but also economically inefficient.

The melting point of a solution is significantly influenced by inter-
molecular forces, wherein solvents with higher melting points generally
exhibit stronger intermolecular attractions. Factors such as molecular
mass, charge distribution or polarization, and charge density
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concentration impact the intermolecular force. Solutions with larger
molecular weights tend to have higher melting points due to increased
van der Waals forces. However, water molecules, despite their relatively
smaller molecular weight compared to H2S, demonstrate a higher
melting point due to the formation of hydrogen bonds. These bonds are a
special type of strong intermolecular force present in compounds formed
between hydrogen atoms and atoms with strong electronegativity, such
as fluorine, oxygen, and nitrogen [42]. The freezing of water involves the
formation of hydrogen bonds, driving the transformation from a disor-
dered liquid to an ordered solid state [43]. This process begins with the
formation of a compact ice nucleation, stabilized by a sufficient number
of hydrogen bonds. The nucleation then undergoes changes in shape and
size until reaching a stage conducive to rapid expansion, ultimately
leading to the crystallization of the entire system [44]. The increase in
hydrogen bonding during freezing transitions water from a liquid to a
solid state. Recognizing the pivotal role of hydrogen bonds in the high
melting point of aqueous solutions, various strategies have been devel-
oped to inhibit hydrogen bonding interactions between water molecules.
These strategies aim to reduce the freezing point of aqueous electrolytes
and include methods such as employing high-concentration salt solu-
tions, adding antifreeze agents, and introducing gel networks [45,46].

Non-aqueous electrolytes, encompassing organic and ionic liquid
electrolytes, generally feature lower freezing points (Table 1), rendering
them promising for low-temperature applications. Nonetheless, they are
not without limitations, with ion conductivity emerging as a crucial
parameter influencing the performance of LTPCs [47].

2.2.2. High ionic conductivity
The ionic conductivity of an electrolyte stands as a critical determi-

nant influencing the holistic performance of supercapacitors, encom-
passing aspects such as capacity, power density, rate capability, cycling
stability, and safety [36]. Ionic conductivity (σ) is mathematically rep-
resented as the product of charge carrier (q), concentration (n), and
mobility (b) [48]

σ¼ qnb (3)

In liquids, the mobility can be associated with the viscosity (η) via
Stokes equation [49]

b
q
¼ 1
6πrη

(4)

Where r is the effective radius of the ion. It is worth noting that the Stokes
equation only agrees well in dilute solutions. The ionic conductivity of a
solution is intricately influenced by the charge number, size, and con-
centration of the charge carriers, along with the viscosity of the elec-
trolyte. Hence, when formulating a low-temperature supercapacitor
Table 1
The freezing point of solvents commonly used in supercapacitors.

Categorize Solvent Molecular Formula Freezing point (�C)

Aqueous Water H2O 0
Organic Ethylene Carbonate C3H4O3 35–38

Dimethyl Carbonate C3H6O3 2–4
Ethylene Glycol C2H6O2 �13
Ethyl Methyl Carbonate C4H8O3 �14.5
1,3-Dioxane C4H8O2 �42
Acetonitrile C3H3CN �45
Propylene Carbonate C4H6O3 �49.2
Acetone C3H6O �94.7
Ethyl Alcohol C2H5OH �114.1
Methanol CH3OH �97.8

Ionic liquid EMIMBF4 – 15
EMIMTFSI – 4
EMIMAc – �20
BMIMPF6 – �10
BMIMBF4 – �81

5

electrolyte with a focus on achieving high ionic conductivity, careful
consideration of the salt type and electrolyte viscosity becomes
imperative.

Observing Equation (3), it becomes evident that the ionic conduc-
tivity of the electrolyte maintains a positive correlation with salt con-
centration. However, practical experiments reveal that as salt
concentration increases, the ionic conductivity gradually reaches its
zenith, and further increments result in a decline in ionic conductivity
(Fig. 3). This phenomenon is attributed to the interplay of factors
wherein, at low concentrations, heightened concentration augments
carrier concentration, thereby enhancing conductivity. Simultaneously,
the escalating concentration fosters increased anion-cation attraction,
elevating viscosity and diminishing ion mobility, impeding ionic trans-
port [50]. As concentration continues to rise, this hindrance progres-
sively prevails, leading to the reduction in ionic conductivity at higher
concentrations. Beyond the diminished conductivity associatedwith high
concentration, the precipitation of salt at low temperatures emerges as a
critical concern, limiting the operational temperature range. Fortunately,
researchers have devised effective strategies to mitigate salt precipitation
by modulating cation-cation interactions, such as incorporating cosol-
vents [50,51].

Viscosity, a force that resists fluid flow and obstructs the relative
motion of solvent molecules in the electrolyte, directly hampers ion
diffusion and serves as a measure of ion transport properties [52].
Research indicates that viscosity is subject to various influences,
including temperature, salt type, and concentration. Generally, a decline
in temperature and an escalation in concentration result in increased
viscosity due to heightened interactions among particles (solvent mole-
cules, anions, and cations). The magnitude of these interactions can be
quantified using binding energy, establishing an exponential relationship
between viscosity ðηÞ and binding energy ðEb) as expressed by the
following equation [53]:

η¼A exp
�
� Eb

αkBT

�
(5)

WhereA is the pre-exponential fitting coefficient, α is the exponent fitting
coefficient.

Therefore, constructing an electrolyte system with low binding en-
ergy is crucial for obtaining a low-viscosity electrolyte. This involves
considering the forces between solvent molecules, the attraction among
electrolyte ions, and the coordination between electrolyte molecules and
Fig. 3. The conductivity of KCl、KOH、H2SO4 electrolytes varies with
concentration.



Table 2
Ionic radius, hydrated ionic radius, ionic mobility andmolar ionic conductivity of
the electrolyte ions in aqueous solution at 298 K [58–60].

Ion Ionic
radius
(Å)

Radius of
hydrated sphere
(Å)

Ionic mobility
(10�8 m2 s�1

V�1)

Molar ionic
conductivity (mS m2

mol�1)

Hþ 0.012 2.80 36.23 34.96
Liþ 0.59 3.82 4.01 3.87
Naþ 1.02 3.58 5.19 5.01
Kþ 1.38 3.31 7.62 7.35
Zn2þ 0.74 4.30 5.47 5.28
OH� 1.76 3.00 20.64 19.92
Cl� 1.81 3.32 7.91 7.64
SO4

2- 2.90 3.79 8.29 8.00
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ions. Solvent molecules' interaction is primarily influenced by van der
Waals forces, determined by molecular weight and polarity. Solvents
with low molecular weight and low polarity may exhibit lower viscosity.
However, it is noted that electrolytes with low viscosity often have lower
dielectric constants according to empirical evidence [54]. The dielectric
constant serves as a macroscopic representation of the electrolyte's
microstructure, reflecting interactions between ions and molecules and
influencing solvation patterns [55]. A high dielectric constant facilitates
cation and anion solvation, promoting high ionic conductivity through
strong ion-dipole interactions [56,57]. Conversely, non-polar solvents
with low viscosity may exhibit low solubility to ionic compounds, hin-
dering the increase of charge carrier concentration. Therefore, while
pursuing low-viscosity solvents, it is essential to ensure adequate solva-
tion ability to comprehensively optimize electrolyte properties.

As per equation (3), it becomes apparent that ion conductivity is
affected not only by the viscosity and salt concentration of the solution
Fig. 4. (a) Schematic illustration for the preparation processes of the designed sample
NK900-KOH, NK700-KOH, and NK900-K2CO3; (g) pore volume ratio at different p
Copyright 2022, Elsevier.
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but also by the charge number and radius of the solvated ions, contingent
on the specific type of salt and solvent. Consequently, ions with smaller
solvated sphere radii and larger charge numbers exhibit greater mobility,
facilitating higher ion conductivity (Table 2) [58].

3. Strategies of developing LTPCs

According to the analysis presented in the second section, the elec-
trode design for a low-temperature supercapacitor demands a precisely
defined hierarchically interconnected porous structure with a rational
distribution of pore size, shape, and distribution. This structure is
essential for facilitating efficient ion transmission and maintaining high
conductivity at low temperatures to support effective ion transport.
Furthermore, electrodes must exhibit excellent compatibility with adja-
cent components to achieve optimal interface contact quality. The elec-
trolyte, on the other hand, should demonstrate attributes such as a low
melting point and high conductivity. This section delves into diverse and
effective strategies for optimizing the design of electrodes, interfaces, and
electrolytes.

3.1. Electrode optimization

3.1.1. Porosity modification
The optimization of the pore structure in electrodes is paramount for

sustaining high-performance levels in LTPCs. Researchers have exten-
sively explored reasonable pore structures that enhance ion accessibility
and provide favorable ion transport channels. The regulation of pores
necessitates precise control over their size, shape, and distribution.
Achieving a rational pore architecture involves common strategies,
including the judicious selection of synthesis methods, the utilization of
nanomaterials with diverse dimensionalities, and the adoption of
s; (b) the corresponding pore size distributions; (c–f) SEM images of N900-KOH,
ore size range of the synthesized samples. Reproduced with permission [27].
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advanced manufacturing techniques.
Commonly utilized electrode materials for LTPCs include carbon

materials and their derivatives, transition metal oxides, and conductive
polymers. Carbon materials, owing to their porous properties and sta-
bility, are extensively employed as electrodes for supercapacitors or as
substrates for loading other active substances. To achieve an ideal porous
structure in carbon materials, researchers have undertaken extensive
investigations, developing effective regulatory strategies such as the
template method, aerogel method, polymer blending method, along with
a judicious selection and preparation of specific precursors [24,27,29,
61–63]. For instance, Pavlenko et al. [29] synthesized carbon materials
with varying pore sizes using the template method to elucidate the
importance of mesopores for the low-temperature performance of
supercapacitors. The porous carbon samples, denoted as “SGT12nm” and
“SGT8nm,” were synthesized using d-Glucose as the carbon source and
colloidal silica suspensions with particle sizes of 12 nm and 8 nm as hard
templates, respectively. Subsequent pyrolysis and leaching processes
were employed to eliminate the silica templates. The study demonstrated
the feasibility of using silicon dioxide templates with different particle
Fig. 5. (a) Schematic diagram of the synthetic method of PPy-N; (b–e) morphology o
TEM image of the nanotubes, (e) SEM image of the bubbles; (f) schematic diagram of
2021, Elsevier.
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sizes for the regulation of pore size. In another study, Liu et al. [27]
employed a one-pot strategy with potassium salt as a template and
pore-forming agent to synthesis porous carbon. The preparation pro-
cedure is presented in Fig. 4a. Aerogels were formed through a series of
processes including dissolution, stirring, cooling, and lyophilization
using agarose, potassium salt, and urea as precursors. The precursor was
then carbonized and washed to form a porous carbon sample. Different
samples, denoted as NK900-KOH, NK900-K2CO3, N900-KOH, NK900,
and NK1000-KOH, were synthesized by varying parameters such as
carbonization temperature, chemical activator, and the addition of KCl.
Consequently, the samples with KCl as a salt template exhibit a large
number of micron cavities (Fig. 4d, e and f), which can act as
ion-buffering reservoirs, contributing to the rate performance, while
N900-KOH shows a broken bulk-like structure (Fig. 4c). NK900-KOH
possesses mesopores ranging from 3 to 8 nm and micropores ranging
from 0.9 to 2.0 nm (Fig. 4b), displaying the highest specific surface area
and pore volume (Fig. 4g). Compared to NK900-KOH, NK700-KOH ex-
hibits reduced pore generation (Fig. 4e) due to the suppressed reaction of
KOH with carbon at a lower temperature, NK900-K2CO3 presents a
f PPy-N: (b) SEM image of the cross-section, (c) SEM image of the nanotubes, (d)
PPy-N energy storage mechanism. Reproduced with permission [64]. Copyright
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smaller number of connect channels on carbon frameworks (Fig. 4f) due
to the less activation capacity of K2CO3 compared to KOH. With a large
number of micron cavities and connect channels on carbon frameworks,
NK900-KOH demonstrated the best rate performance at a low tempera-
ture of �40 �C due to its higher mesoporous content facilitating ion
diffusion.

Similarly, transition metal oxides possessing mesoporous pores
exhibit a high specific surface area and a suitable pore size distribution.
These characteristics facilitate effective contact between the electrolyte
and electrode, enabling the rapid transfer of ions and charges at the
interface, thereby demonstrating outstanding electrochemical perfor-
mance [65,66]. Researchers have devised numerous effective strategies,
including the hydrothermal method, template method, template-free
method, microwave-assisted heating method, sol-gel method, etc., to
obtain transition metal oxides with a porous structure [67–69]. However,
their direct application at low temperatures is hindered by poor con-
ductivity, particularly in combination with highly conductive materials.

Conductive polymers, known for their ability to maintain robust
conductivity at low temperatures, exhibit significant potential for ap-
plications in low-temperature supercapacitors [70]. In a pioneering
study, Zhang et al. [64] employed template-assisted polymerization to
synthesize a polypyrrole electrode featuring a hierarchical structure,
representing the first-known low-temperature-resistant electrode
composed of a conductive polymer (Fig. 5a). The polypyrrole membrane
electrode displayed a distinctive hierarchical arrangement, with nano-
tubes of 300 nm diameter and approximately 30 nm thickness
cross-linked on one side, generating micropores (Fig. 5b, c and d). On the
other side, microbubbles with a diameter and thickness of 300–500 μm
and 200 nm, respectively, were present (Fig. 5e). The large pore size not
only facilitated a high volume of electrolyte absorption, thereby reducing
the ion diffusion distance, but also endowed the electrode with the ability
to withstand repeated expansion and strain relaxation during charging
and discharging cycles, ensuring superior structural stability. Further-
more, the presence of nanotubes and generated micropores contributed
to an increased specific surface area of the electrode (Fig. 5f). Conse-
quently, this electrode demonstrated notable flexibility and outstanding
electrochemical performance even at an extremely low temperature of
�50 �C.

In addition to optimizing the synthesis methods of materials,
employing nanomaterials with diverse dimensions has proven to be an
effective strategy for constructing rational pore structures. Nano-
materials find extensive use in electrode material research owing to their
substantial specific surface area and increased active sites. These nano-
materials can be categorized based on dimensionality into zero-
dimensional (0D), one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) nanomaterials [71]. 0D materials encompass
small particles such as atomic clusters, nanoparticles, and quantum dots,
exhibiting high specific surface area and stability. Furthermore,
nano-scale particles significantly elevate the surface reaction rate, lead-
ing to a notable increase in power density [72]. Consequently, various
transition metal oxide particles, including Fe2O3 [73] and RuO2 [74], are
employed to enhance supercapacitor capacity. However, due to their
substantial surface energy, these particles are prone to aggregation,
resulting in compromised rate capacity and cycle instability [75]. To
address this challenge, 0D materials are often strategically loaded onto
other materials to prevent aggregation.

1D materials, such as nanorods, nanotubes, and nanowires, possess a
large aspect ratio and relatively high surface area, providing effective ion
diffusion channels and shortening the distance of ion diffusion. These
characteristics render them suitable for LTPCs with stringent re-
quirements for ion accessibility. In a study conducted byWei et al. [76], a
1D Ni(OH)2 nanorod bundle, composed of finer nanorods with a diam-
eter of approximately 16 nm, was utilized as an electrode for LTPCs.
Comparative analysis revealed that the 1D nanorod bundle exhibited a
1.6-fold enhancement in performance under corresponding scan rates
and current densities compared to 2D Ni(OH)2 nanosheets. This
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improvement can be attributed to the nano-scale transport distances
provided by the 1D nanorods for OH- ions and electrons, facilitating their
conduction. Additionally, the larger contact area between the electrode
and electrolyte enhances the utilization efficiency of the active material
Ni(OH)2. Moreover, the unique bundled structure of Ni(OH)2 nanorods
offers abundant interaction points among fine nanorods, restraining their
movement while allowing sufficient deformation space to maintain both
stability and ion accessibility simultaneously. When combined with bi-
nary solute electrolytes to form supercapacitors, these electrodes
demonstrated an excellent specific capacitance of 332.4 F g�1 at 0.5 A
g�1, rate capability, and long cycling life, with 90.21 % capacitance
retention after 10 000 cycles at 5 A g�1, even at �30 �C.

2D materials, such as graphene and MXene, exhibit substantial spe-
cific surface areas and nearly resistance-free ion diffusion layers, making
them highly suitable for LTPCs [77–79]. As an illustrative example,
Chang et al. [80] employed the layered metal phosphide InP3 as the
electrode material. The 2D structure of InP3 provides a larger specific
surface area and numerous active sites. Additionally, InP3 nanosheets,
obtained through liquid phase exfoliation technology, feature a porous
structure conducive to electrode-electrolyte contact, providing ion
diffusion channels and shortening ion diffusion distances. Due to its high
conductivity, this electrode demonstrates exceptional performance
across a broad temperature range, from �25 �C to 70 �C. However, 2D
nanomaterials with a layered morphology are susceptible to irreversible
stacking phenomena, leading to a reduction in effective surface area
[81–83]. To counteract this stacking phenomenon, it is necessary to
employ various strategies to regulate interlayer space, such as heteroat-
om doping, chemical activation, and composite materials [39,84–86].
For instance, Xu et al. [9] achieved Ti3C2Tx sheets with only one or two
layers by subjecting Ti3AlC2 to ultrasonic treatment after synthesizing
Ti3C2Tx powder through etching. This process ensures the entrapment of
water molecules between the layers of Ti3C2Tx, providing an efficient
transport pathway for ions to migrate towards functional groups.
Furthermore, a comparative analysis of wet and dry MXene electrodes
using concentrated sulfuric acid electrolyte at �70 �C demonstrated the
exceptional rate capability of wet MXene electrodes. Even at �60 �C and
a scan rate of 5 mV s�1, cyclic voltammetry (CV) curves remained nearly
identical to those observed at room temperature, with only a slight
reduction in area. At �50 �C and a scan rate of 200 mV s�1, wet MXene
electrodes retained their CV curve shape. In contrast, dry MXene elec-
trodes displayed a significant decrease in the CV curve at low scan rates
(5 mV s�1) due to higher internal resistance (150 Ohms at �50 �C)
compared to wet MXene electrodes (4 Ohms). These findings underscore
the immense potential of pre-intercalated MXene electrodes for appli-
cations requiring low temperatures.

3D materials encompass a diverse array of microstructures, including
core-shell structures, hollow structures, and flower-like structures,
among others. Distinct from 0D, 1D, and 2D nanomaterials, the 3D
porous structure, in addition to its high specific surface area, possesses
the capability to accommodate electrolyte, facilitate ion diffusion, and
augment the contact area, thereby providing more accessible active sites
[75,87]. These inherent properties underscore the potential applications
of 3D materials in low-temperature environments. Such materials may
consist of 0D, 1D, and 2D components or be synthesized using specific
methods [88,89]. For example, Qin et al. [90] employed a
nitrogen-doped three-dimensional porous graphene and carbon nano-
tube mixed film as the substrate for the growth of Ni-doped MnO2,
resulting in the fabrication of a composite electrode denoted as
N-3DG/CNTs@Ni-MnO2. The porous graphene with a 3D structure,
synthesized by chemical vapor deposition, effectively mitigates the
restacking problem associated with 2D graphene layers, which can lead
to inadequate electrochemical performance, especially at low tempera-
tures [91]. To enhance the low volume energy density of 3D graphene,
carbon nanotubes and inorganic active materials are introduced.
Consequently, the synthesized N-3DG/CNTs@Ni-MnO2 composite elec-
trode exhibits an interconnected porous structure that facilitates



Fig. 6. (a) Schematic diagram showing the preparation process of the 3D-printed electrode with inks; (b, d) Top-view SEM images of the 3D-printed PBA/KB/CNT
electrode (b) and the 3D-printed WO3/KB/CNT electrode (d); (c, e) SEM images of the connected filament and corresponding elemental mapping of the 3D-printed
PBA/KB/CNT electrode (c) and the 3D-printed WO3/KB/CNT electrode (e); (f) The capacitance retention of SCs at different temperatures; (g) Ragone plot of 3D-
printed SCs and conventional SCs at different temperatures; (h) Cycling performance of 3D printed SCs at �60 �C. Reproduced with permission [92]. Copyright
2023, Wiley-VCH.
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ion/electron transport, demonstrating a high energy density of 78.88
mWh cm�3 and a volumetric capacitance of 46.4 F cm�3 at a scan rate of
30 mV s�1 under low-temperature conditions of �20 �C.

The advancement of sophisticated manufacturing techniques has
introduced novel strategies for pore optimization, such as 3D printing
and laser technologies. In recent years, the continual progress in 3D and
4D printing technology has revealed significant potential for achieving
precise structural designs, rendering it particularly suitable for applica-
tions in low-temperature supercapacitors that require meticulous pore
structure design. For instance, Zhang et al. [92] employed a direct ink
writing technique to fabricate a low-temperature WO3 electrode with a
3D structure. The preparation process of the 3D-printed electrode is
presented in Fig. 6a. The 3D printed electrodes features a distinctive
interconnected porous structure, which consist of cylindrical rods
(Fig. 6b and d), facilitating electrolyte penetration and ion diffusion. In
addition, the homogeneous distribution of elements on the electrode
(Fig. 6c and e) shows that the 3D printed electrode achieves good
compatibility and mixability. Consequently, the resulting 3D-printed
supercapacitors show better capacity retention and electrochemical
performance at low temperatures than conventional supercapacitors,
retaining over 61 % of room temperature capacitance even at extremely
low temperatures of �60 �C (Fig. 6f, g and h). Li et al. [93] utilized 4D
printing technology to achieve tailored fabrication of MXene hydrogels,
resulting in the formation of MXene hydrogels with a 3D porous struc-
ture, elevated specific surface area, and enhanced conductivity. These
hydrogels demonstrated efficient pseudocapacitive energy storage ca-
pabilities, making them highly suitable for LTPCs.

3.1.2. Doping
Heteroatom doping emerges as a potent strategy for the modulation

of various material properties, encompassing conductivity, wettability,
and redox activity. Consequently, it has become a widely employed
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approach for the optimization of electrode materials, spanning carbon-
based electrodes, transition metal oxide-based electrodes, and conduc-
tive polymer-based electrodes in the context of LTPCs [25,94–96].

Carbon-based materials, including porous carbon, carbon nanotubes,
and graphene, are extensively employed in the development of low-
temperature supercapacitors due to their remarkable conductivity, sta-
bility, and high specific surface area. However, owing to the energy
storage mechanism of double-layer capacitors, carbon materials often
exhibit higher power density but lower energy density compared to
pseudocapacitors [97–100]. Fortunately, the introduction of hetero-
atoms, such as B, N, O, P, S, through doping offers an avenue to enhance
the energy density of carbon materials by introducing additional active
functional groups [25,95,96,100–102]. For example, Zhang et al. [103]
synthesized a three-dimensional nitrogen-doped carbon framework using
potassium citrate as the carbon precursor and activator, with anion ex-
change resin serving as both the carbon precursor and nitrogen source.
This material exhibited a layered porous structure with a significantly
large specific surface area of 1265.6 m2 g�1. The incorporation of
O-/N-containing functional groups provided pseudocapacitance,
contributing approximately 29 % to its total specific capacitance. When
combined with a PVA-based electrolyte, the assembled supercapacitor
achieved an impressive energy density of 17.4 Wh kg�1 at �20 �C.
Similarly, Liu et al. [27] introduced urea during the one-pot synthesis of
porous activated carbon, resulting in nitrogen-doped carbon materials
with increased surface area. The heteroatom doping altered the surface
polarity, enhanced hydrophilicity, and improved the interfacial interac-
tion between the electrolyte and electrode, increasing the accessible
surface areas of ions. Moreover, compared to single atom doping,
multi-atom-doped carbon materials exhibit superior properties [104,
105]. Sun et al. [106] synthesized N/S co-doped hierarchical porous
carbon (N/S-HPC) using a versatile precursor of protic ionic liquids
([Megl][HSO4]). The introduction of N, S, and O atoms into the carbon
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framework enhanced conductivity, improved surface wettability, and
provided additional pseudocapacitance. The material exhibited a high
specific capacitance of 347 F g�1 at a current density of 0.5 A g�1,
demonstrating excellent cycling stability even after 5000 cycles in a 6 M
KOH solution, while maintaining these properties at a low temperature of
�20 �C.

Doping is a widely employed strategy for optimizing transition metal
oxide/hydroxide materials [107,108]. Transition metal oxides, exem-
plified by RuO2 and IrO2, demonstrate notable specific capacitance,
excellent conductivity, and superior power density and energy density.
However, their high cost and toxic properties limit widespread applica-
tion [109]. In contrast, alternative transition metal oxides like MnO2,
TiO2, Co3O4, NiO, and Ni(OH)2 are promising due to their high theo-
retical capacity, cost-effectiveness, and environmental friendliness.
Despite these advantages, their inherent low conductivity poses chal-
lenges in achieving high theoretical energy density, especially in
low-temperature environments where ion and electron transport face
hindrances [25,102,110–112]. Oxygen vacancies have been identified as
crucial for charge conduction in transition metal oxides [113]. Therefore,
various doping methods, including in-situ metal ion self-doping strate-
gies such as thermal annealing in an oxygen-deficient environment,
hydrogen gas treatment, wet chemical reduction, electrochemical
reduction, as well as heteroatom and dual-ion doping strategies, have
proven effective in enhancing the conductivity of transition metal oxides
through the introduction of oxygen vacancies [114–117]. For instance,
Wu et al. [118] synthesized oxygen vacancy-enriched MoO3-x nanobelts
by incorporating ethyl alcohol into the hydrothermal synthesis of MoO3.
Ethyl alcohol played a crucial role in reducing Mo6þ to Mo5þ or Mo4þ

during the synthesis process. This reduction of Mo6þ from the interior to
the exterior of the synthesized nanobelts generated numerous oxygen
vacancies, acting as shallow donors that increased charge carrier con-
centration. This enhancement improved electrode conductivity and re-
action kinetics in the bulk. Consequently, these oxygen vacancy-enriched
MoO3-x nanobelts exhibited superior electronic conductivity, showcasing
excellent electrochemical properties even at low temperatures.

In addition to influencing oxygen vacancies, the doping of foreign
atoms can finely adjust the band gap and introduce additional reversible
redox reactions, thereby enhancing conductivity and capacity. Guan et al.
[119] successfully synthesized a novel electrode material, C, N, and
Ag-doped layered nickel-cobalt-manganese ternary hydroxide
(C/N-CNMA), addressing the issues of poor stability and electrical con-
ductivity in nickel-cobalt-based double hydroxides at low temperatures.
Experimental results demonstrated that C/N-CNMA exhibited higher
conductivity, improved stability, and enhanced specific capacity due to
the doping of manganese and silver elements. Characterization results
revealed that the manganese-doped C/N-CNM exhibited a typical layered
structure, effectively increasing the specific surface area and providing
more active sites for charge-discharge reactions. The introduction of
silver into C/N-CNMA resulted in a hollow structure formed by densely
stacked nanosheets, creating numerous channels and exposing more
active sites. However, further introduction of silver led to the appearance
of amorphous structures in the material, causing a decrease in specific
surface area compared to C/N-CNM. Despite the lower specific surface
area, C/N-CNMA exhibited more significant battery-type charge-di-
scharge characteristics and superior electrochemical performance than
C/N-CNM. Density functional theory calculations revealed that the
introduction of silver atoms induced noticeable deformation in the
metal-oxygen chemical bonds and the structure of C/N-CNMA. The
decrease in XRD pattern diffraction peak intensity indicated reduced
crystallinity due to lattice distortion caused by the mismatch between the
radius of silver atoms and that of Ni, Co, Mn atoms. Furthermore, the
calculations showed that the doping of Mn atoms reduced the energy
band of C/N-CNM, and the doping of Ag atoms further lowered the en-
ergy band of C/N-CNMA, resulting in higher conductivity. Moreover, it
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was observed that amorphous or low-crystallinity structures possess
better adsorption properties for OH* and O*, making themmore reactive
with electrolyte ions during the charging and discharging process.
Consequently, the C/N-CNMA materials obtained by doping manganese
and silver atoms exhibited both high activity and stability, maintaining
superior adsorption characteristics even at an ambient temperature as
low as �35 �C compared with C/N-CNM and C/N-CN.

Substituting oxygen with anions, such as carbon, nitrogen, sulfur, and
phosphorus, has proven to be an effective strategy for modulating the
electrical conductivity of materials [120–122]. Transition metal phos-
phates, including InP3, CoP, and CoP3, exhibit higher conductivity and
specific capacity compared to transition metal oxides, attributed to the
multiple valence states and metal-like properties of phosphorus. This
phenomenon has been observed in various studies [80,123,124]. Beyond
transition metal phosphides, other materials like transition metal car-
bides, transition metal nitrides, and transition metal sulfides, such as
MXene, M � MoS2, and TiC, demonstrate significant potential for
application in low-temperature supercapacitors due to their excellent
conductivity and stability [9,122,125].

Doping strategies are extensively employed to enhance the low-
temperature properties of conductive polymers. Studies indicate that
the conductivity of conductive polymers can be effectively modulated by
employing various dopants or adjusting doping levels, spanning a wide
range from 10�10 to 104 S cm�1 [126].

3.1.3. Composite materials
Carbon-based materials, transition metal oxides, and conductive

polymers, among other materials commonly employed in LTPCs, each
present distinct advantages and limitations. Achieving high-performance
LTPCs using a single material type is challenging due to these inherent
characteristics. For example, carbon materials offer high porosity, con-
ductivity, and stability, rendering them suitable for supercapacitors
operating at low temperatures. However, their electric double-layer en-
ergy storage mechanism often results in relatively low capacity. On the
other hand, transition metal oxides exhibit high capacity but suffer from
poor conductivity, while conductive polymers, though possessing
adequate conductivity, may exhibit lower stability. Thus, there is a
compelling need to integrate the strengths of various material types to
create composite materials that demonstrate exceptional overall
performance.

Carbon-based materials are frequently employed as substrates for
incorporating transition metal oxides, leveraging their exceptional
porosity, electrical conductivity, and stability. This integration enhances
the overall conductivity and stability, particularly in low-temperature
environments [127]. For instance, Sun et al. [84] conducted the syn-
thesis of a novel composite material, denoted as Mn3O4-embedded 3D
N/P co-doped carbon cloth/carbon foam (Mn3O4-NPCN/CF), utilizing a
high-temperature pyrolysis method. The composite exhibited a 3D
interconnected carbon framework that facilitated ion transport, ensuring
outstanding stability and conductivity. The embedded Mn3O4 contrib-
uted additional pseudocapacitance for charge storage. Furthermore, the
introduction of N and P atoms enhanced both electrode surface wetta-
bility and the voltage window, resulting in improved electrochemical
performance. This composite strategy effectively combined the porous
structure of the doped carbon material, which facilitates ion transport,
with the high charge capacity provided by Mn3O4, addressing challenges
such as poor electrical conductivity (10�5 - 10�6 S cm�1), limited cycling
stability, and the small wetting surface of Mn3O4. Through their syner-
gistic effects, the composed electrode exhibited excellent performance at
low temperatures. Similarly, Kong et al. [128] designed a well-aligned
hierarchical pseudocapacitive electrode composed of graphene nano-
sheets and MnO2 nanosheets (Fig. 7a). The fabrication process of
GN/VGNS/MnO2 is presented in Fig. 7b. It featured run-through chan-
nels formed by graphene networks (GN) as ion-buffering reservoirs



Fig. 7. Schematic illustration of (a) the hierarchical GN/VGNS/MnO2 structure and its features and (b) the fabrication process of GN/VGNS/MnO2; Cross-sectional
SEM images of (c) GN and (d) VGNSs grown on an individual graphene wall in the GN; The representative VGNS and graphene wall in (d) are outlined with red and
black dash lines, respectively. (e) A close-up of MnO2 nanopetals grown on VGNSs; The inset in (e) shows an optical image of the GN/VGNS/MnO2 sample.
Reproduced with permission [128]. Copyright 2019, Wiley-VCH.
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(Fig. 7c), open inter-sheet channels between vertical graphene nano-
sheets (VGNS) for fast ion transport (Fig. 7d), and enhanced interfacial
contact for efficient pseudocapacitive reactions of MnO2 (Fig. 7e). Under
the synergistic effect of these characteristics, the electrode exhibited a
shortened ion diffusion distance, fast ion diffusion, and enhanced inter-
face pseudocapacitive reactions. Consequently, the pseudocapacitive
electrode-based device demonstrated excellent capacity retention at low
temperatures, maintaining 90.7 % and 80.8 % of room-temperature
capacitance at 0 �C and �30 �C, respectively. In summary, this study
produced a pseudocapacitor with outstanding temperature stability,
comparable to electric double-layer capacitors, by combining graphene
nanosheets with MnO2 nanopetals and implementing reasonable struc-
tural design.

In addition to serving as a substrate for transition metal oxides,
carbon-basedmaterials can be amalgamated with conductive polymers to
create composite materials, compensating for their individual limitations
[129,130]. For instance, Guo et al. [131] engineered a fiber super-
capacitor employing a composite material comprising carbon nanotubes
and polypyrrole (PPy). Carbon nanotubes, characterized by a unique
one-dimensional structure, excellent electrical and mechanical
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properties, and chemical stability, possess high capacity but are limited
by the electric double-layer energy storage mechanism and a restricted
effective surface area. On the other hand, PPy, known for its flexibility
and high capacity due to the pseudocapacitance mechanism, suffers from
poor mechanical properties. The authors utilized carbon nanotubes as the
framework and coated them with conductive polymer PPy to produce
composite materials exhibiting both high capacity and superior me-
chanical properties, coupled with flexibility. The assembled fiber
supercapacitor, based on these composite materials, demonstrated high
stability and reliability, functioning efficiently at a low temperature of
�27 �C. Similarly, graphene can be employed to enhance the mechanical
properties of PPy. However, the introduction of graphene typically di-
minishes the crystallinity of PPy, resulting in suboptimal electrochemical
performance [132]. Addressing this challenge, Wu et al. [132] synthe-
sized a nanocomposite material comprising graphene-silver-polypyrrole.
While PPy contributes pseudocapacitance and maintains good conduc-
tivity at low temperatures, it exhibits poor stability. The incorporation of
graphene effectively enhanced the flexibility and mechanical properties
of PPy but reduced its crystallinity. Fortunately, the introduction of silver
nanoparticles significantly increased the crystallinity of PPy over a wide



Fig. 8. (a) Schematic illustration of preparation processes of different fibers; SEM images of (b) PEDOT:PSS-RuO2, (c) PEDOTS-RuO2, (d) PEDOT:PSS-RuO2@PE-
DOT:PSS and (e) PEDOTS-RuO2@PEDOTS fiber, the insets are cross section images of corresponding fibers; (f) SEM images of a tied PEDOTS-RuO2@PEDOTS fiber; (g,
h) SEM and elemental mapping images of cross section of the PEDOTS-RuO2@PEDOTS fiber; (i) 3D histogram of diameter, tensile strength, tensile strain and electrical
conductivity of PEDOT:PSS-RuO2 (#1), PEDOTS-RuO2 (#2), PEDOT:PSS-RuO2@PEDOT:PSS (#3) and PEDOTS-RuO2@PEDOTS (# 4) fiber. Reproduced with
permission [133]. Copyright 2018, Elsevier.
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temperature range and further improved its electrical conductivity.
Through their synergistic effects, the graphene-silver-PPy nanocomposite
electrode demonstrated excellent conductivity, flexibility, and high ca-
pacity over a wide temperature range. When assembled into solid-state
supercapacitors, it exhibited remarkable capacity and cycle stability
from �45 �C to 80 �C.

Transition metal oxides and conductive polymers can synergize to
form composites tailored for LTPCs. For example, Wang et al. [133]
engineered a novel composite fiber material named PEDOT:PSS--
RuO2@PEDOTS for fiber supercapacitors, leveraging the conductive
polymer PEDOT:PSS and the transition metal oxide RuO2. The prepara-
tion processes of different fibers are presented in Fig. 8a. The as prepared
PEDOT:PSS-RuO2@PEDOTS fiber electrode featured a core-shell struc-
ture (Fig. 8e and g): the inner PEDOT:PSS-RuO2 fiber (Fig. 8c) was
fabricated through wet spinning of a mixture of PEDOT:PSS and RuO2
solution, while the outer shell comprised a protective layer of PEDOT:PSS
applied through additional dipping and coating in the PEDOT:PSS solu-
tion (Fig. 8d). Subsequent removal of most of the PSS from the surface,
facilitated by sulfuric acid treatment, induced the rearrangement of
PEDOT segments, enhancing intermolecular forces and resulting in the
fiber electrode (PEDOT:PSS-RuO2@PEDOTS) with increased tensile
strength and conductivity (Fig. 8f and i). The well-dispersed amorphous
RuO2 nanoparticles (Fig. 8b and h) within the core contributed to higher
pseudocapacitance, while the conductive polymer not only provided
pseudocapacitance but also served as a current collector due to its high
conductivity. Additionally, the conductive polymer coating on the shell
acted as protection layer for RuO2 nanoparticles, inhibiting structural
disintegration and potential side reactions during cycling. Consequently,
compared to an uncoated PEDOT:PSS-RuO2 electrode, the PEDOT:PSS--
RuO2@PEDOTS electrode exhibited superior cyclic stability. In contrast,
degradation occurred in the case of the PEDSS-RuO2 electrode due to the
pulverization and exfoliation of RuO2 particles on the surface during
Table 3
A summary of properties and performances of LTPCs.

Electrode Electrolyte Minimum Working
Temperature (�C)

PPy-N jj PPy-N PVA/H2SO4/
H2O/EG

�56

1D Ni(OH)2 nanorods jj AC NaCl/KOH/
H2O/EG

�30

InP3//InP3 PVA/H3PO4/
H2O

�25

Ti3C2Tx H2SO4 (40 wt%) �60

N-3DG/CNTs@Ni-MnO2 jj N-3DG/CNTs PVA/LiClO4 �20

WO3/CNT/KB jj PBA/CNT/KB H2SO4/H2O/EG �60

N-CFX PVA/KOH/EG/
H2O

�20

N/S-HPC jjN/S-HPC PVA/KOH/H2O �20

AC jj MoO3-x nanobelt H2SO4/EG/H2O �25

C/N-CNMA jj AC PVA/KOH/IPA �30

Mn3O4—NPCN/CF jj Mn3O4—NPCN/CF PVA/KOH/H2O �20

GN/VGNS/MnO2 jj GN/VGNS/MnO2 KOH/H2O �30

CNT/PPy jj CNT/PPy PVA/H3PO4/
H2O

�27

PPy/AgGN jj PPy/AgGN PVA/H2O/
H3PO4

�45

PEDOT:PSS-RuO2@PEDOTS jj
PEDOT:PSS-RuO2@PEDOTS

PVA/LiCl/H2O �60

PPy：Polypyrrole; PBA: Prussian blue analog; KB: Ketjenblack; N-CFX: N-doped carb
materials; AC: active carbon; C/N-CNMA: C, N and Ag-doped layered Ni-Co-Mn ternar
co-doped carbon cloth/carbon foam; GN/VGNS/MnO2: Graphene Network/vertical g
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cycling. The resulting fiber supercapacitor, composed of this electrode
material and an aqueous gel electrolyte, exhibited a high energy density
of 14.2 μWh cm�2 even at a low temperature of �60 �C. This strategy
effectively harnesses the advantages of both conductive polymers and
transition metal oxides, allowing the synthesized material to manifest
high capacity and excellent temperature stability simultaneously. Table 3
summarizes the properties and performances of various LTPCs utilizing
different electrode materials and optimization strategies, highlighting
the effectiveness of these approaches.
3.2. Interface modification

The electrode-electrolyte interface, serving as the site for crucial
interfacial processes encompassing ion transport and charge transfer,
plays a pivotal role in dictating the electrochemical performance of
supercapacitors. Consequently, it has consistently been a focal point of
intensive research. For instance, Toupin et al. [134] employed various
synthesis methods to obtain materials with diverse pore sizes and dis-
tributions for the fabrication of supercapacitors, followed by subsequent
performance comparisons. The outcomes revealed that the specific
capacitance of carbon materials decreased at low temperatures, and the
presence of a substantial number of mesopores and macropores could
enhance rate capability. However, they observed no straightforward
correlation between pore size distribution and the capacitance of car-
bons. Further exploration is required to investigate the mechanism by
which pores influence temperature-related capacitance. Subsequently,
Xu et al. [26] identified that the decline in supercapacitor capacitance at
low temperatures primarily stemmed from the sluggish ion diffusion at
the solid-liquid interface, attributable to the deceleration of the ion
desolvation process under lower temperatures. When solvated ions
migrate from the electrolyte to the electrode, the ion desolvation process
encounters hindrance in small pores. The solvation energy imposes a
Capacity (Temperature,
Compared to RT)

Cycling stability Reference

>50 F g�1 at 1 A g�1 (�50 �C,
>40 %)

88.9 % after 1000 cycles (�50 �C) [64]

203 F g�1 at 10 A g�1 (�30 �C,
61.1 %)

90.21 % after 10 000 cycles at 5
A g�1 (�30 �C)

[76]

27.2 F cm�3 at 5 mV s�1 (�25 �C,
69 %)

88.7 % after 10 000 cycles at 1 V
s�1 (25 �C)

[80]

79 mA h g�1 at 100 mV s�1 (�50
�C, >75 %)

7 % loss after 20 000 cycles at 40
A g�1 (�60 �C)

[9]

46.4 F cm�3 at 30mV s�1 (�20 �C,
70 %)

85.2 % retention after 10 000
cycles (�20 �C)

[90]

2.077 F cm�2 at 0.5 mA cm�2

(�60 �C, 61.3 %)
99 % after 10 000 cycles (�60 �C) [92]

38.6 F g�1 at 0.5 A g�1 (�20 �C,
87 %)

almost 100 % after 2000 cycles
(�20 �C)

[103]

~150 F g�1 at 10 A g�1 (�20 �C,
small change)

small change after 1000 bends
(�20 �C)

[106]

138.4 F g�1 at 50 A g�1 (�25 �C,
46 %)

137 % after 50 000 cycles (�25
�C)

[118]

9.48 Wh kg�1 at 875.08 W kg�1

(�20 �C)
90.35 % after 20 000 cycles (�20
�C)

[119]

142 F g�1 at 100 mV s�1 (�20 �C,
81.6 %)

nearly unchanged after 500
cycles (�20 �C)

[84]

239 F g�1 at 1 A g�1 (�30 �C,
80.8 %)

86.0 % after 5000 cycles from
�30 to 60 �C

[128]

32 F g�1 at 100 mV s�1 (�27 �C) 92 % after 5000 cycles at 200 mV
s�1 (�27 �C)

[131]

611.5 F g-1 at 0.5 A g�1 (�45 �C,
76.15 %)

93 % after 3000 cycles at 200 mV
s�1 (�45 �C)

[132]

78.8 mF cm�2 at 50 mV s�1 (�60
�C, 43.9 %)

97.2 % after 5000 cycles at 50
mV s�1 (�60 �C)

[133]

on framework; N/S-HPC: nitrogen/sulfur-codoped hierarchically porous carbon
y hydroxide IPA: isobutyl alcohol; Mn3O4—NPCN/CF: Mn3O4-embedded 3D N/P
raphene nanosheets/MnO2.
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barrier to ion desolvation, with the energy barrier increasing as the
temperature decreases, thereby impeding ion diffusion at the interface.
Therefore, optimizing pores to larger sizes can enhance performance by
facilitating the entry of solvated ions into the pores. This conclusion was
further substantiated by another pertinent study. Xu et al. [135]
demonstrated that the desolvation of Liþ during its insertion into a gra-
phene electrode at the electrolyte/graphene interface constituted the
primary energy-consuming step, i.e., the rate-determining step. Conse-
quently, reducing the solvation energy is anticipated to augment ion
interfacial diffusion.

The solvation energy of ions is contingent upon the charge carrier and
its coordination environment, and it can be modulated through meticu-
lous electrolyte design [136,137]. Investigating the impact of electrolyte
salt ions, Nithya et al. [138] scrutinized the electrochemical performance
of Bi2WO6 nanoparticles in various aqueous electrolytes (1 M LiOH, 1 M
NaOH, 1 M KOH, 1 M NaSO4, and 6 M KOH). The results revealed that
Kþ, with the smallest hydrated cation radius (3.31 Å), exhibited superior
ion conductivity and current response compared to Naþ (3.58 Å) and Liþ

(3.82 Å). This superiority can be attributed to the smaller hydrated ion
radius, facilitating diffusion within the electrolytes. Furthermore, despite
sharing the same charge number with Naþ, Liþ and Kþ possesses a
relatively larger radius, resulting in lower charge density, thereby
weakening its solvation interaction with water molecules, favoring the
desolvation of ions upon entering the electrode. Similar outcomes can be
obtained for anions. Chae et al. [139] found that replacing larger anions
(SO4

2�) with smaller ones (Cl�) can enhance capacity at high scanning
rates. Notably, although Kþ has a larger crystal radius, it exhibits a
smaller hydrous radius than Liþ and Naþ. In contrast, both the crystal and
hydrous radii of SO4

2� are larger than those of Cl�, owing to the less
significant hydration of larger anions compared to that of smaller cations.
Hence, the judicious selection of appropriate salts emerges as an effective
strategy to regulate solvent solvation energy. Additionally, the solvent
can influence the coordination environment of ions, thereby impacting
solvation energy [140,141]. Xu et al. [136] investigated the desolvation
energy of Liþ in four different solvents, including 1,3-dioxane (DIOX),
ethyl methyl carbonate (EMC), ethylene carbonate (EC), and dimethyl
carbonate (DMC), through density functional theory (DFT) calculations.
The results revealed that the desolvation energy of Liþ in DIOX was the
lowest, effectively enhancing the migration of Liþ at the solid-liquid
interface at low temperatures. Consequently, in this study, DIOX was
employed as a solvent, enabling the assembled lithium-ion battery to
operate at an ultralow temperature of �80 �C.

In addition to the influence of solvation, maintaining excellent
wettability between electrolytes and electrodes is another essential factor
that promotes the infiltration and penetration of the electrolyte into the
electrode, enhancing the effective contact surface area. Two effective
strategies for improving interfacial wettability involve modifying elec-
trode materials and optimizing electrolytes. In terms of electrode modi-
fication, heterogeneous atom doping and structure design have proven
effective in enhancing surface wettability. For instance, Shi et al. [142]
employed a hydrothermal method and gas-phase phosphating treatment
to achieve the in-situ growth of active material NiCoP/NiCo2N (NCPN)
on carbon cloth, serving as the binder-free cathode. B, S co-doped bio--
derived porous carbon was utilized as the anode. NCPN exhibited higher
conductivity due to the absence of the binder, enabling direct electron
transmission between the active substance and the current collector.
Moreover, the binder-free feature of NCPN nanowires directly grown on
carbon cloth enhanced hydrophilicity, facilitating ion diffusion. The
contact angle between the electrolyte and the electrode was almost 180�

for this configuration, compared to only 74� when coating the active
substance slurry directly onto carbon cloth. Additionally, for the anode
consisting of B, S co-doped biomass carbon material, doping with B and S
introduced additional holes and free electrons into biomass carbon,
promoting electron transport and providing more active sites. B, S
co-doping also improved the wettability between the carbon electrodes
and electrolytes. Considering the wettability of transition metal oxides,
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Wu et al. [118] introduced oxygen vacancies into MoO3 to fabricate
oxygen-rich MoO3-x nanobelts and investigated their wettability with
H2SO4/EG electrolyte compared to MoO3 nanobelts. The results showed
that the penetration rate of H2SO4/EG electrolyte in MoO3-x nanobelts
was ten times faster than that in MoO3 nanobelts due to their increased
interlayer spacing, good dispersity, and narrow structure. Furthermore,
the enhanced wettability of MoO3-x nanobelts allows for more efficient
utilization of active sites, facilitating rapid proton (Hþ) transport and
enabling higher charge/discharge current densities. Moreover, wetting
properties can be optimized by incorporating additives into the electro-
lytes. Liu et al. [143] successfully reduced the contact angle of the
electrolyte on nonporous gold plate electrodes, achieving an enhance-
ment in specific capacitance by introducing acetonitrile and isopropyl
acetate to ionic liquids. The universality of this approach was examined
using carbon-based electrodes, revealing that augmenting the wetting
properties of the electrolyte on the electrode through propyl alcohol
addition to potassium hydroxide electrolyte resulted in increased
capacitance and prolonged cycle life for assembled supercapacitors,
underscoring the significance of electrode-electrolyte compatibility in
designing high-performance supercapacitors.

3.3. Electrolyte modulation

The electrolytes employed in supercapacitors can be broadly classi-
fied into three categories: aqueous electrolyte, organic electrolyte, and
ionic liquid electrolyte. In low-temperature environments, each type
presents distinct advantages and limitations. Aqueous electrolytes offer
high conductivity, low viscosity, and non-flammability; however, their
higher melting points and propensity to freeze at low temperatures
constrain their utility in cold environments. In contrast, organic elec-
trolytes possess lower melting points and broader voltage windows, yet
their larger molecular sizes necessitate electrodes with larger pores
[144]. Furthermore, organic electrolytes exhibit increased viscosity and
reduced conductivity in low-temperature conditions. Additionally, many
organic electrolytes are characterized by toxicity, volatility, and flam-
mability, contributing to inadequate safety performance. Ionic liquids or
room temperature molten salts maintain fluidity over a wide temperature
range, presenting potential applications in low-temperature super-
capacitors. In comparison to organic electrolytes, they offer wider
voltage windows (up to 3.5 V), non-volatility, and non-flammability
[145]. However, ionic liquids often exhibit high viscosity and very low
self-diffusion coefficients of ions, resulting in significantly diminished
ion conductivity despite high charge carrier concentrations. Therefore, it
becomes imperative to employ suitable strategies for electrolyte modu-
lation in low-temperature environments. These strategies may include
the utilization of water in salt, the incorporation of additives or
co-solvents, and the introduction of gels into electrolytes (Table 4) [146].

3.3.1. Water in salt
The implementation of high concentrations of salt in water, known as

the Water-in-Salt (WIS) strategy, provides a straightforward approach to
concurrently lower the freezing point of the electrolyte and enhance its
conductivity. This strategy has found extensive application in low-
temperature aqueous supercapacitors [9,15]. For instance, Zhu et al.
[13] employed a concentrated LiCl hydrogel electrolyte with a high
concentration of 20 mol kg�1 in MXene-based supercapacitors. In com-
parison to a 1 mol LiCl electrolyte with a freezing point of �26 �C, the 20
mol concentrated LiCl electrolyte exhibited a significantly lower freezing
point of �57 �C, demonstrating exceptional performance at low tem-
peratures and enabling efficient operation of the assembled super-
capacitor at �40 �C. The observed decrease in freezing point in highly
concentrated LiCl solutions was explained by Raman spectroscopy re-
sults. In a 1 mol LiCl solution, Liþ ions are solvated by four water mol-
ecules and well separated by Cl� ions. At low temperatures, a large
number of free water molecules tend to form hydrogen bond networks,
making them susceptible to freezing. However, as the concentration of



Table 4
The composition, freezing point, ionic conductivity and operation temperature of
electrolytes for LTPCs.

Composition Freezing
point (�C)

Ionic
Conductivity

Operation
Temperature
(�C)

Reference

20 mol kg�1 LiCl in
H2O

�57 69.5 mS cm�1 �40 [13]

20 mol kg�1 LiTFSI
in H2O

�20 [147]

5 mol kg�1 LiTFSI
in H2O

17.4 mS cm�1 �30 [50]

NaClO4 in H2O/AN
(1.7:4.7:3, molar
ratio)

4.95 mS cm�1 �50 [51]

(NH4)2SO4 in H2O/
EG (1:1, mass
ratio)

�30 [150]

2 M LiNO3 in H2O/
DMSO (10:90,
mass ratio)

�130.1 0.16 mS cm�1

at �40 �C
�40 [154]

6.6 mol kg�1 LiTFSI
in H2O/DMSO
(2:1, molar ratio)

�140 2.97 mS cm�1 �35 [157]

1.2 M TEMA TFB in
30 vol% EA þ 70
% AN

�65.4 ~7 mS cm�1

at �60 �C
�60 [159]

LiClO4 in 42 vol%
DMF þ H2O
(molar ratio of
LiClO4 to H2O is
1:0.5)

9.3 mS cm�1 �20 [160]

1 M EMIMBF4/TEP 5.2 mS cm�1

at �20 �C
�20 [161]

ChCl/EG (1:2,
molar ratio)

11.75 mS
cm�1

�40 [167]

ChCl/EG/urea
(1:2:1, molar
ratio)

�113 6.33 mS cm�1

at �40 �C
�40 [168]

4 M LiCl in PVA/
H2O

<-50 40.1 mS cm�1

at �40 �C
�40 [83]

LiCl in PVA/H2O/
EG (H2O/EG 2:1,
mass ratio)

<-40 2.38 mS cm at
�40 �C

�40 [189]

2M LiCl in P
(AMPS0.3-co-
AAM0.4)/H2O/
DMSO (24:,
volume ratio)

�39.5 0.82 S m�1 at
�20 �C

�20 [190]

KCl in SF/
EMImAc/H2O

�68 0.016 S m�1

at �50 �C
�50 [191]

TEMA TFB: Methyl triethylammonium tetrafluoroborate; EA: ethyl acetate; AN:
acetonitrile; DMF: N,N-dimethylformamide; TEP: triethyl phosphate; EMIMBF4:
1-butyl-3-methylimidazolium tetrafluoroborate; ChCl: choline chloride; AMPS:
2-acrylamido-2-methypropane sulfonic acid; AAM: acrylamide; P(AMPS0.3-co-
AAM0.4): 0.3 and 0.4 represents the mass ratios of AMPS/AAM; DMSO: dimethyl
sulfoxide; SF: silk fibroin; EMImAc: 1-ethyl-3-methylimidazolium acetate.
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LiCl gradually increases, more water molecules coordinate with Liþ,
leading to a reduction in free water clusters. At a 20 mol concentration,
most water molecules are coordinated with Liþ through oxygen ions,
resulting in minimal hydrogen bonds. Due to the solvation effect of
abundant Liþ ions, the high-concentration gel electrolyte of 20 mol ex-
hibits a low freezing point of �57 �C. Furthermore, employing this
high-concentration salt strategy allowed for an extended electrochemical
stability window up to 2.7 V (�1.5 to 1.2 vs. Ag/AgCl), while being only
1.9 V for the 1 mol LiCl solution. Through both in-situ and ex-situ
characterizations, the authors discovered distinct energy storage mech-
anisms for MXene electrodes when using the 20 M LiCl WIS (Water--
in-Salt) electrolyte compared to the 1 M LiCl electrolyte. The high
concentration of LiCl electrolyte promoted anion intercalation to regu-
late interfacial reaction kinetics and inhibited the oxidation of MXene,
thereby expanding the voltage window for MXene in aqueous
15
electrolytes. Moreover, the insertion/extraction of ions between MXene
layers in high-concentration electrolytes enabled MXene with excellent
cycling performance.

However, several studies have indicated that the application of the
WIS strategy at low temperatures introduces certain challenges, such as
salt precipitation and increased viscosity in high-concentration salt so-
lutions. For instance, Xu et al. [147] explored the temperature depen-
dence of carbon-based supercapacitors utilizing WIS electrolytes. They
assembled supercapacitors with varying concentrations of LiTFSI elec-
trolyte and carbon electrodes to investigate the impact of WIS electrolyte
concentration and temperature on supercapacitor performance. The
findings revealed that at a high temperature of 60 �C, a 20 M LiTFSI
electrolyte exhibited optimal performance. Conversely, at a low tem-
perature of �10 �C, a relatively lower concentration of 5 M LiTFSI
electrolyte demonstrated superior performance. At room temperature, a
lower concentration of 5 M LiTFSI showed lower impedance compared to
a 20 M LiTFSI solution. This discrepancy in performance is attributed to
increased ion interaction at excessive concentrations, hindering the
transport of electrolyte ions to the electrode and membrane pores, as well
as impeding charge transfer at the electrode/electrolyte interface.
Therefore, when employing the WIS strategy, it is imperative to select an
appropriate concentration based on the operational temperature range.
For lower temperatures, a lower electrolyte concentration is advisable,
while for higher temperatures, a higher electrolyte concentration is
preferable.

To mitigate the challenges associated with salt precipitation, high
viscosity, and low conductivity arising from a concentrated salt solution,
Dou et al. [50] introduced acetonitrile as a co-solvent into the LiTFSI WIS
electrolyte. This resulted in the formation of an “acetonitrile/water in
salt” (AWIS) mixed electrolyte, effectively reducing viscosity and
enhancing conductivity. The incorporation of acetonitrile regulated the
tight coordination between anions and cations in the LiTFSI WIS elec-
trolyte, diminishing their attraction and improving ion dynamics.
Furthermore, AWIS exhibited superior diffusion capabilities for both
anions and cations compared to the 21 M LiTFSI WIS, particularly at
lower concentrations of 5 M LiTFSI. It demonstrated twice the ion con-
ductivity while maintaining lower viscosity (below 10 %), leading to
supercapacitors with reduced impedance even at �30 �C. This approach
not only enhances electrochemical performance but also reduces the
required amount of LiTFSI salt, achieving cost reduction without
compromising performance. Additionally, the electrolyte remains liquid
even at �50 �C, enabling assembled devices to exhibit a high rate
capability of 8.6 F g�1 at 10 A g�1 under�30 �C conditions. Furthermore,
Sun et al. [51] investigated the mechanism of acetonitrile inhibition on
salt precipitation by introducing acetonitrile into a NaClO4-based WIS
electrolyte. Theoretical calculations and experimental analysis revealed
that acetonitrile molecules strongly coordinate with Naþ ions, resulting
in alterations in the solvation structure of both cations and anions while
weakening the interaction forces between them. This effectively inhibits
the formation of NaClO4 cation-anion pairs, demonstrating the efficacy of
disrupting the attraction between anions and cations in inhibiting salt
precipitation.

3.3.2. Additives/Co-solvent
Owing to the inherent constraints of a singular solvent in meeting the

dual criteria of low melting point and high electrical conductivity at
lower temperatures, a prevalent approach involves augmenting electro-
lyte properties—such as freezing point, ionic conductivity, viscosity,
dielectric constant, voltage window, among others—by introducing ad-
ditives or co-solvents.

To enhance the freeze resistance of aqueous electrolytes with elevated
melting points, the incorporation of lower-melting organic compounds as
antifreeze additives or co-solvents is a common practice. Examples of
such compounds include methanol [148,149], acetonitrile [50], ethylene
glycol [150], and acetone [151]. In a study by Alexander et al. [150], the
freezing point of water-based solutions was effectively reduced by
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incorporating ethylene glycol, thereby enabling the application of
supercapacitors in low-temperature environments. The investigation
explored the influence of different mass concentrations of ethylene glycol
(ranging from 0 % to 50 %) on the properties and electrochemical per-
formance of Na2SO4, Li2SO4, K2SO4, and (NH4)2SO4 aqueous electrolytes.
To prevent precipitation at low temperatures, the electrolyte concen-
tration was maintained at 80 % of its saturation concentration at 0 �C.
The introduction of ethylene glycol significantly lowered the freezing
point; for instance, a Li2SO4 aqueous solution that froze at �10 �C
remained liquid at �30 �C when supplemented with 30 % ethanol.
However, it was observed that increasing ethylene glycol content resul-
ted in reduced solubility of all four salts. Moreover, as the content of
ethylene glycol increased and temperature decreased, the viscosity of the
electrolyte visibly increased. Consequently, a higher ethylene glycol
content impeded ionmobility within the electrolyte solution, particularly
in pore structures, leading to slower kinetics and restricted mass transfer
processes, as evidenced by distinct deviations in cyclic voltammetry
curves under high scan rates.

Moreover, specific organic compounds with higher freezing points
can function as additives in aqueous electrolytes to manipulate the
hydrogen bond network within the electrolyte, thereby achieving a
reduced freezing point. Dimethyl sulfoxide (DMSO) [152,153] and
cholinium chloride (ChCl) are examples of compounds employed for this
purpose. Wu et al. [154] tailored the low-temperature performance of a
2 M LiNO3 aqueous electrolyte solution by introducing DMSO as an
antifreeze additive. Owing to its strong polarity, DMSO can establish
robust solvation interactions with Liþ ions and form substantial hydrogen
bonds with water molecules, disrupting the original hydrogen bonds
between water molecules and preventing their freezing [155,156]. Mo-
lecular dynamics simulations further verified that increasing concentra-
tions of DMSO in the electrolyte resulted in a reduction in hydrogen
bonds between water molecules, with a concomitant dominance of
1H2O-2DMSO molecular aggregates. Under these influences, the incor-
poration of DMSO antifreeze additive lowered the freezing point of the
LiNO3-H2O-DMSO electrolyte to below �120 �C, while maintaining a
favorable ion conductivity of 0.16 mS cm�1 at �40 �C, thereby pro-
moting enhanced electrochemical performance. Similarly, Lu et al. [157]
utilized a cosolvent comprising DMSO and water, along with an elec-
trolyte containing LiTFSI salt, to develop low-temperature super-
capacitors. The DMSO-H2O cosolvent in a molar ratio of 2:1 exhibited an
impressively low freezing point of �140 �C. This substantially reduced
melting point renders this mixture highly suitable for operation in
extremely cold environments.

Similarly, the cosolvent strategy is employed to optimize organic
electrolytes, as a single organic solvent often struggles to simultaneously
meet the criteria of low melting point, high ionic conductivity, non-
flammability, and electrochemical stability. For example, acetonitrile
exhibits favorable electrochemical stability and ion conductivity at low
temperatures, but its toxicity and flammability present significant safety
risks. On the other hand, propylene carbonate is considered safe but
demonstrates higher viscosity at lower temperatures, adversely affecting
its ion conductivity [158]. Consequently, solvent mixtures are commonly
utilized to enhance the properties of organic electrolytes. For instance,
Galimzyanov et al. [159] investigated the impact of introducing cosol-
vents on the properties of an electrolyte comprising methyl triethyl tet-
rafluoroborate ammonium (CH3) (C2H5)3NBF4 (TEMA⋅TFB) salt and
acetonitrile as solvents. The cosolvents used included ethyl acetate (EA),
propyl acetate (PA), and butyl acetate (BA). The results revealed that the
electrolyte system composed of 1.2 M TEMA⋅TFB salt mixed with a 30 %
volume fraction of EA in acetonitrile exhibited an extended operating
temperature range and enhanced electrochemical stability, demon-
strating optimal electrochemical performance. This can be attributed to
the exceptional electrochemical stability and moderate polarity of EA, as
well as its low melting point and viscosity. Compared to PA and BA, EA
possesses superior characteristics due to its moderate molecular weight.
Too low a molecular weight would result in an increased boiling point,
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while too high a molecular weight would increase viscosity and decrease
conductivity. Fortunately, EA has an appropriate viscosity to maintain a
higher boiling point and exhibits good conductivity at low temperatures.
The supercapacitor composed of the hybrid electrolyte exhibited excel-
lent performance over a wide temperature range from �60 to þ60 �C,
maintaining more than 90 % of room-temperature capacitance even at an
extremely low temperature of �60 �C. Considering the flammability of
organic solvents, some researchers adopt flame-retardant solvents such
as water to form a cosolvent with organic solvents [160]. Li et al. [161]
reported a triethyl phosphate (TEP)-based binary electrolyte with
non-flammability. TEP is one type of organic phosphates, widely used as
flame-retardant additives in alkali metal ion batteries due to their flame
retardancy, wide electrochemical window, and low viscosity. The
introduction of TEP effectively imparts the electrolyte with a
non-flammable property, enhancing the safety of the device. Moreover,
the interionic hydrogen bonds of 1-butyl-3-methylimidazolium tetra-
fluoroborate (EMIMBF4) were effectively broken/weakened by TEP as
the P¼O bonds of TEP can interact with H sites of imidazolium. There-
fore, the introduction of TEP also reduces the viscosity of ionic liquids
and improves the mobility of ions, enabling supercapacitors composed of
the electrolyte to be used at low temperatures of �20 �C. This study also
demonstrates the effectiveness of cosolvents composed of organic sol-
vents and ionic liquids in optimizing electrolytes.

The cosolvent strategy is also employed to optimize the properties of
electrolytes based on ionic liquids [162]. Yambou et al. [163] investi-
gated the physical and chemical properties of three binary ionic liquids
formed by mixing 1-ethyl-3-methylimidazolium [EMIm]þ cations with
fluoride anions, including bis(fluorosulfonyl)imide [FSI]-, bis(tri-
fluoromethanesulfonyl)imide [TFSI]-, and tetrafluoroborate [BF4]-. The
mixed ionic liquids were [EMIm][TFSI]xFSI, [EMIm][FSI]xBF4, and
[EMIm][TFSI]xBF4. Various properties including density, viscosity, con-
ductivity, and ionicity were investigated by the researchers. The results
demonstrated a significant reduction in freezing point when different
ionic liquids were mixed. This approach effectively yielded 17
low-temperature mixtures, which remain liquid down to ~ �90 �C,
contrasting with the relatively high crystallization and melting temper-
atures of the parent ionic liquids. Additionally, the mixtures of different
pure components exhibited different trends in viscosity changes.
Compared to parent components, [EMIm][TFSI]xFSI and [EMIm]
[TFSI]xBF4 presented higher viscosity, contrary to the case of [EMIm]
[FSI]xBF4. The different trend of viscosity changes can be attributed to
significant differences in their ionic structures and steric effects
contributing to ion organization. Interestingly, the conductivity and
viscosity of ionic liquids exhibit an abnormal correlation. For example,
despite having higher viscosity than [EMIm][TFSI], [EMIm][BF4]
demonstrated higher conductivity, attributed to other factors influencing
conductivity, such as ionic size, charge delocalization, and density [164].
The conductivity of mixed compositions fell between those of the two
pure components and increased with a higher proportion of the more
conductive component. Among them, [EMIm][FSI]0.5 [BF4]0.5 and
[EMIm][FSI]0.6 [BF4]0.4 displayed the lowest viscosity and highest con-
ductivity, making them suitable for manufacturing supercooling super-
capacitors operating at �40 �C. It is worth noting that deep eutectic
solvent (DES), as a special ionic liquid, exhibits unique properties. It is
formed by mixing different solvents that can serve as hydrogen bonding
donors and acceptors, resulting in hybrid solvents exhibiting lower
melting points than the pure components, rendering it highly suitable for
applications in LTPCs [165,166]. For instance, Zhong et al. [167] syn-
thesized a DES by mixing choline chloride and ethylene glycol to be
utilized in supercapacitors with a wide operational temperature range.
Choline chloride acted as the hydrogen bond acceptor, while ethylene
glycol functioned as the hydrogen bond donor. The authors investigated
the characteristics of the mixed solution at three different molar ratios of
1:1, 1:2, and 1:3 for ChCl to EG. The results demonstrated that this DES
exhibited excellent conductivity along with low viscosity when the molar
ratio is 1:2. Additionally, DFT calculations were conducted on the
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adsorption energies of these three ratios. Higher absolute values of
adsorption energies indicate enhanced system stability and correlation
with transport properties such as viscosity and ion conductivity. The
results revealed that the absolute values of adsorption energies for ChCl
to EG at molar ratios of 1:1, 1:2, and 1:3 were 3.69 eV, 4.42 eV, and 4.30
eV, respectively, confirming the superior stability of the molar ratio of
1:2. Furthermore, in another study, the authors introduced urea into the
binary DES composed of choline chloride and ethylene glycol [168].
Analysis using Raman spectroscopy and infrared spectroscopy revealed
strong evidence for intermolecular hydrogen bonding among these three
constituents within the electrolyte system, predominantly involving
chlorine atoms from ChCl interacting with hydrogen atoms derived from
both EG hydroxyl groups and urea amino groups. Researchers investi-
gated the differences in properties of electrolytes under different ratios.
The results showed that at a molar ratio of 1:2:1 (ChCl: EG: urea), the
electrolyte exhibited optimal transport characteristics at �40 �C, with
low viscosity (<13 cP) and high conductivity (6.33 mS cm�1). DFT
theoretical calculations further confirmed that the electrolyte achieved
maximum adsorption energy (24.66 eV) and optimal ion diffusion coef-
ficient at this ratio. Compared to binary mixtures of ChCl and EG, this
electrolyte demonstrated superior performance in a low-temperature
environment of �40 �C, including higher energy density of 36.63 Wh
kg�1 and a larger specific capacitance of 160 F g�1 at 1 A g�1.

High-entropy materials are gaining increased attention in the field of
electrochemistry due to their distinctive characteristics. For example,
high entropy oxides have been widely used in the research of super-
capacitors, batteries, and solid oxide fuel cells [169]. In addition, high
entropy strategies can also be applied to the development of electrolytes.
High-entropy electrolyte (HEE) has emerged as a novel hybrid electrolyte
in recent years, gaining significant attention in the field of electro-
chemical energy storage research [170]. Comprising a single salt and
various solvents or multiple salts dissolved in one solvent, HEE exhibits
enhanced disorder within its internal ion or molecule composition,
resulting in higher entropy and manifesting numerous distinctive prop-
erties such as reduced freezing point, increased solubility, improved ki-
netic performance, and enhanced stability [171–173].
Thermodynamically, the temperature of the liquid phase is determined
by the Gibbs free energy of solid and liquid phases. Lowering the Gibbs
free energy can effectively decrease the freezing point temperature.
Based on the thermodynamic equation:

G¼H � TS (6)
Fig. 9. Relationship between Gibbs free energy, entropy of liquid and the
freezing point, in which S represents entropy of systems.
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The Gibbs free energy (G) is defined by the enthalpy (H), thermo-
dynamic temperature (T), and entropy (S) of a system. By increasing the
entropy of the system through the utilization of more than one salt or
solution, it becomes possible to reduce the Gibbs free energy and sub-
sequently lower the freezing point (Fig. 9). This principle has led to the
development of HEE systems, which have garnered attention in electro-
chemical energy storage research due to their unique advantages. In the
context of low-temperature applications for various metal-ion batteries,
HEE has demonstrated notable benefits. For instance, Yang et al. [174]
synthesized Li2ZnCl4⋅9H2O HEE by introducing LiCl as a supporting salt
into a ZnCl2 aqueous solution in an appropriate ratio. This electrolyte
exhibited a low melting point and high ionic conductivity, enabling a
zinc-ion battery to maintain 80 % of its room-temperature power density
even at an extremely low temperature of�60 �C. The introduction of LiCl
played a crucial role in facilitating the coordination of ZnCl2 with addi-
tional Cl� ions, leading to the formation of a preferred tetrahedral co-
ordination structure of ZnCl4� anions. This reduced the prevalence of
edge-shared Cl� ions between Zn2þ and limited the formation of
contiguous [Zn4-m2�m]n (n > 3) extended networks, thus enhancing ion
conductivity. The optimal molar ratio of LiCl to ZnCl2 (2:1) induced a
significant change in solvation structure and entropy. At this ratio,
extended [Zn4-m2�m]n (n > 3) aggregates underwent disruption into a wide
distribution of shorter aggregates (n � 3), breaking the hydrogen
bonding networks within the free solvent and excluding water from Zn2þ

solvation. Simultaneously, Liþ maintained strong coordination with
water molecules, breaking down hydrogen bonds in water. Conse-
quently, a unique frustrated solvation structure with high entropy was
formed, contributing to high ionic conductivity at low temperatures and
suppressing solvent crystallization. While HEE has demonstrated prom-
ising advantages in low-temperature applications for electrochemical
energy storage devices, its application in low-temperature super-
capacitors remains an area requiring further investigation and research
expansion.

3.3.3. Gel framwork
Incorporating gel into electrolytes stands as a viable strategy for the

development of LTPCs. Frequently employed gel materials encompass
organic polymers such as poly (vinyl alcohol) (PVA) [175–177], acryl-
amide (PAM) [178,179], and pluronic [180]. The three-dimensional
porous gel network established within the electrolyte serves to regulate
molecular interactions and furnish transport channels, endowing it with
characteristics akin to both liquids and solids. These include high con-
ductivity, imperviousness to leakage, robust mechanical strength, an
expanded voltage window, and resistance to low temperatures
[181–183]. However, conventional hydrogel electrolytes, while mani-
festing advantageous properties, contain a notable proportion of water
and are susceptible to freezing at lower temperatures. Consequently, gel
electrolytes are typically utilized in conjunction with antifreezing stra-
tegies such as Water-in-Salt (WIS), additives, co-solvents, etc., to enhance
their resistance against freezing [184,185]. Yet, it is imperative to
carefully weigh the potential drawbacks associated with each strategy.
For instance, elevated concentrations of salt are prone to causing the
salting out phenomenon at lower temperatures, rendering the flexible
hydrogel rigid and compromising ion migration. Moreover, this may
impede the self-healing capability of the hydrogel, thereby affecting its
overall durability and lifespan [186,187]. In the context of applying the
co-solvent strategy to hydrogel electrolytes, although the introduction of
organic solvent can influence the hydrogen bonds between water mole-
cules and thereby reduce the freezing point, the presence of the organic
solvent may hinder ion transport within the gel electrolyte, resulting in
diminished ion conductivity [188].

For instance, Yin et al. [83] devised a Polyvinyl Alcohol/Lithium
Chloride (PVA/LiCl) hydrogel electrolyte for a LTPC based on MXene by
judiciously selecting an appropriate salt and concentration. The synthesis
of PVA/LiCl involved a straightforward freeze-thaw process of a PVA and
LiCl mixture, strategically preventing the formation of hydrogen bonds
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between PVA chains, given that Liþ ions can bind to the -OH groups of
PVA chains. Consequently, the resulting PVA/LiCl hydrogels possess a
low crosslinking density, imparting excellent flexibility. Furthermore, the
introduction of a highly concentrated LiCl solution into the gel exhibited
remarkable resistance to freezing and ion conduction capabilities. With
LiCl concentrations reaching 1M and 2M, the freezing point diminished
to�25.22 �C and�42.64 �C, respectively. Beyond 3M concentration, the
solution remained unfrozen even at �50 �C. Moreover, heightened
concentrations contributed to increased ionic conductivity, attributed to
the augmented concentration of charge carriers and a loosely
cross-linked structure resulting from the high LiCl concentration, facili-
tating pathways for ion transport. The ionic conductivity of PVA/LiCl
hydrogels ascended from 1.2 to 128.3 mS cm�1 with the LiCl concen-
tration increasing from 0 to 5M. Additionally, the issue of salt precipi-
tation induced by high concentration salt solutions was effectively
mitigated. Liþ and Cl� ions directly bound to the PVA chains, introducing
additional charges to the PVA chain and preventing salting out.
Furthermore, the loose cross-linked structure of the gel electrolyte
generated a substantial number of active hydroxyl groups, fostering
robust adhesion forces and enabling an effective and stable interface
contact between the electrolyte and interface. Capitalizing on these
synergistic characteristics, the MXene-based LTPCs fashioned with this
electrolyte demonstrated a high specific volume of 113.13 mF cm�2 even
at a frigid temperature of �40 �C.

In a separate investigation, Rong et al. [189] employed the cosolvent
strategy to fabricate organic gel electrolytes incorporating PVA networks,
a binary mixed solution of H2O/EG, and LiCl salt. The binary mixed so-
lution of H2O/EG not only demonstrated a lower freezing point but also
exhibited excellent solubility for LiCl, resulting in exceptional conduc-
tivity and anti-freezing properties of the gel electrolyte. Furthermore,
solvent molecules could interact with PVA chains, thereby enhancing the
mechanical performance and anti-freezing ability of the gel electrolyte.
The researchers conducted a comparative analysis of the mechanical
properties, anti-freezing performance, and conductivity between pure
water gels and the organic gels. The findings indicated that even at �40
�C, the organic gel maintained good flexibility, whereas the water gel
electrolyte solidified into a brittle state. At temperatures below �20 �C,
the conductivity of the water gel approached zero, rendering it practi-
cally non-functional, while the organic gel electrolyte exhibited a high
ionic conductivity of 2.38 mS cm�1, showcasing promising applications
in low-temperature environments. However, it was noted that despite the
significant reduction in the freezing point with the introduction of EG,
achieving higher ionic conductivity simultaneously remained chal-
lenging. In another exploration, Liu et al. [190] enhanced the
anti-freezing performance of hydrogel electrolytes by incorporating
DMSO as an antifreeze additive. Due to the formation of hydrogen bonds
among polymer chains, DMSO, and water molecules, the polymer
hydrogel exhibited stable mechanical properties and high ion conduc-
tivity over a broad temperature range, maintaining a high ion conduc-
tivity of 0.82 S m�1 at �20 �C. Owing to the low volatility, viscosity,
strong polarity, and high dielectric constant of DMSO, its content influ-
enced the electrochemical performance of the hydrogel electrolyte at low
temperatures. When the volume ratio of H2O/DMSO was 24:1, the
resulting supercapacitor retained over 90 % of its room temperature
capacity at �20 �C. However, insufficient DMSO content resulted in
inadequate hydrogen bonding with polymer chains and water molecules,
leading to lower capacity, while excessive DMSO could form dimers and
reduce capacity at low temperatures.

Ionic liquids can be employed in the formulation of gel electrolytes, as
demonstrated by Wang et al. [191], who synthesized a novel gel elec-
trolyte SF/EMImAc/H2O consisting of silk fibroin (SF), ionic liquid
(EMImAc), water, and inorganic salt (KCl). This gel electrolyte exhibits
outstanding water retention and anti-freezing capabilities. The strong
interaction between EMImAc and water molecules in the SF/EMI-
mAc/H2O hydrogel electrolyte results in a significantly lower melting
point of �68 �C compared to the traditional PVA/KCl hydrogel, which
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freezes at �16 �C. Furthermore, the SF/EMImAc/H2O hydrogel electro-
lyte maintains an ionic conductivity of 0.016 S m�1 at a low temperature
of�50 �C, whereas PVA/KCl cannot be detected at�30 �C. Additionally,
owing to its robust hydrophilic and non-volatile properties, EMImAc
enhances the water retention ability of the gel electrolyte. These
distinctive features enable the supercapacitors assembled with this
electrolyte to operate effectively at extremely low temperatures of �50
�C.

3.4. Thermal-assist LTPCs

In addition to enhancing the intrinsic low-temperature resilience of
the device, thermal assistance represents another effective approach to
ameliorate electrochemical performance in cold environments by
directly adjusting the operational temperature of the device. External
heating can substantially elevate the operational temperature of elec-
trochemical energy storage devices, thereby augmenting their electro-
chemical performance under low-temperature conditions [192,193].
However, this method necessitates supplementary equipment to supply
electrical energy for heating, thereby escalating the overall system cost.
Self-heating, on the other hand, presents an alternative means to regulate
operational temperatures without the reliance on external heating de-
vices. This approach has demonstrated efficacy in the context of
lithium-ion batteries. Wang et al. [194] eliminated the requirement for
additional heating devices by devising a distinctive structure for
lithium-ion batteries. They harnessed the ohmic heat generated by nickel
foils in the activation circuit to raise the temperature of lithium-ion
batteries during low-temperature conditions. Once elevated to an
optimal temperature, a surface temperature-controlled switch facilitated
the transition to a conventional working circuit with low internal resis-
tance, characteristic of high-power output in lithium-ion batteries. This
strategy effectively achieves self-heating, improving the working tem-
perature without the need for supplementary heating equipment. How-
ever, the augmented complexity resulting from additional structural
design and control systems, coupled with the energy consumption for
self-heating, introduces potential challenges such as a reduction in en-
ergy density.

The photothermal-assisted heating strategy, heralded for its eco-
friendly and sustainable attributes, obviates the need for additional
equipment and energy consumption, garnering escalating interest. This
method has demonstrated efficacy in the realm of low-temperature
supercapacitors, involving the application of photothermal materials
with notable conversion efficiency to convert solar energy into thermal
energy, thereby heating electrochemical energy storage devices. For
instance, Sun et al. [195] achieved self-heating of micro-supercapacitors
(MSCs) by affixing a graphene photothermal film on the backside of the
MSC. This straightforward strategy elevated the actual operating tem-
perature of the MSC to �16.5 �C under 1 sun radiation in a
low-temperature environment of �50 �C, thus significantly amplifying
the electrochemical performance of MSC at low temperatures. In a
similar study, Ma et al. [196] utilized a spinel-type transition metal
oxide, Cu1.5Mn1.5O4, as the coating material on supercapacitors. Due to
the high photothermal conversion efficiency of the Cu1.5Mn1.5O4 film, its
effective operating temperature increased substantially by approximately
60 �C at �30 �C.

Given that coating the surface with photothermal materials can
augment the weight of the device without a commensurate increase in its
capacity, thereby diminishing the energy density of the device, some
researchers have explored the utilization of materials with inherent
photothermal conversion capabilities as electrode materials for super-
capacitors. For example, Chen et al. [197] employed bifunctional TiN
material in the construction of LTPCs. The TiN nanocrystals exhibit not
only electrochemical activity but also exceptional photothermal con-
version efficiency (62.5 %) and extensive light absorption (>98%) across
the entire solar spectrum. This characteristic facilitated an increase in the
effective operating temperature to �10.8 �C in a low environment of
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�36.6 �C under 1 solar illumination. Consequently, the assembled
supercapacitors maintained 70.9 % specific capacitance and 59.3 % en-
ergy density at �40 �C compared to their room temperature perfor-
mance. In a different study, Yu et al. [198] devised a photothermally
active electrode for supercapacitors composed of 3D porous graphene
and polypyrrole with a meticulously designed light absorption structure.
The distinctive electrode structure, coupled with the planar configuration
of the micro-supercapacitor, resulted in high sunlight absorption and
effective low radiation electron relaxation dynamics. The electrode ma-
terial exhibited high photothermal conversion efficiency due to its
elevated light absorption rate (>98 %) and photothermal conversion
efficiency (23.5 %). Under one solar irradiation at�30 �C, the assembled
micro-supercapacitor experienced a 4.08-fold increase in specific
capacitance, reaching 520 mF cm�2, comparable to its room-temperature
performance. Therefore, the strategy of photothermal-assisted heating
proves effective in enhancing the electrochemical performance of
supercapacitors at low temperatures. It is pertinent to note that the
reliance on solar energy renders this strategy particularly suitable for
regions with abundant and stable solar resources, while its applicability
is constrained in areas with limited solar energy.

4. Conclusions and outlook

This comprehensive review explores the topic of LTPCs, focusing on
strategies to maintain energy storage performance in supercapacitors
under extreme cold conditions (Fig. 10). It explores novel electrode
materials designed strategies to improve energy storage efficiency under
such conditions. Additionally, the paper examines the optimization
methods of electrolytes, including aqueous electrolytes, organic electro-
lytes and ionic liquids-based electrolytes. Commonly used strategies
include water in salt, additives/cosolvents and introduction of gel, all
Fig. 10. A summary of the design strategies for LTPCs. (Composite, reproduced
with permission [133]. Copyright 2018, Elsevier. Wettability, reproduced with
permission [143]. Copyright 2019, Elsevier. Water in Salt, reproduced with
permission [13]. Copyright 2022, Oxford University Press. Additives, repro-
duced with permission [154]. Copyright 2022, American Chemical Society. Gel
framework, reproduced with permission [189]. Copyright 2018, Wiley-VCH.
Photothermal, reproduced with permission [197]. Copyright 2021, Elsevier.
Self heating, reproduced with permission [192]. Copyright 2016, Elsevier.
External heating, reproduced with permission [193]. Copyright 2013, Elsevier.)
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geared towards improving the low-temperature performance of energy
storage devices. Furthermore, innovative approaches such as self-heating
mechanisms and solar-thermal conversion coatings are discussed to
augment energy storage capacity in supercapacitors operating at low
temperatures. In essence, this study offers valuable insights into the
development of robust energy storage systems capable of operating
effectively in challenging environmental conditions.
4.1. Electrode design for LTPCs

In the design of electrodes for LTPCs, facilitating ion transport is
crucial due to the slower diffusion and transmission of ions at low tem-
peratures. Thus, adopting appropriate strategies for rational structural
design becomes imperative. Factors such as conductivity and stability
also require careful consideration. It is noteworthy that most pseudoca-
pacitive materials lack excellent properties in all aspects simultaneously.
Therefore, a practical approach involves synergistically combining
different materials to fabricate composite materials with superior
comprehensive properties.
4.2. Electrolyte considerations

Within the realm of LTPCs, the electrolyte's low freezing point and
high ionic conductivity are critical parameters directly impacting the
electrochemical device performance. These parameters are influenced by
various factors such as the type of salt, concentration, viscosity, tem-
perature, and dielectric constant. Our review comprehensively analyzes
these influencing factors and summarizes strategies for regulating elec-
trolyte properties. While aqueous, organic, and ionic liquids are current
solvents, finding a single solvent with both excellent conductivity and a
low melting point poses challenges. Hence, a common approach involves
manipulating electrolyte properties by blending different types of solu-
tions to form cosolvents. The emergence of high-entropy electrolyte
(HEE) presents a promising choice due to its unique properties. Addi-
tionally, the incorporation of a gel network into LTPCs significantly en-
hances their anti-freezing performance, offering great potential for
constructing quasi-solid/state supercapacitors suitable for low-
temperature applications. However, each strategy has its limitations,
andmeeting the needs of low-temperature applications often requires the
combination of multiple strategies for LTPC electrolyte development.
4.3. Interface optimization

The interface, serving as the contact surface between electrodes and
electrolytes, plays a crucial role in supercapacitor performance by
influencing ion diffusion and charge transfer. This role becomes even
more vital at low temperatures due to slower interfacial processes such as
desolvation and redox reactions. Comprehensive optimization of the
entire system is necessary, including optimizing pore structure and sur-
face properties to facilitate electrolyte penetration and wetting, as well as
optimizing electrolyte formulations to reduce desolvation energy.
4.4. Thermal-assisted heating strategies

In addition to adjusting the internal low-temperature resistance
characteristics of supercapacitors, increasing their actual operating
temperature through a thermal-assisted heating strategy has proven
effective. This strategy includes both external-assisted heating and self-
heating methods. Self-heating strategies encompass designing internal
heating circuits, coating surfaces with photothermal materials, and
directly utilizing photothermal materials as electrodes. Each strategy has
its advantages and limitations, necessitating careful consideration based
on specific usage scenarios.
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4.5. Challenges and future directions

Despite significant progress in low-temperature supercapacitor
development, several challenges persist. Further research is needed to
understand the mechanisms of performance degradation and failure at
low temperatures, particularly focusing on the electrode/electrolyte
interface. This understanding will provide valuable guidance for opti-
mizing electrode and electrolyte materials. Additionally, although
various electrode structures have been designed, accurately predicting
experimental electrochemical performance remains challenging. Devel-
oping a parameter or model that comprehensively considers factors such
as specific area, ion accessibility, and space utilization efficiency is
essential. Moreover, for electrolyte optimization, current reliance on
experimental trial and error methods is inefficient and costly. To address
this issue, the development of numerical simulation technology is rec-
ommended to accurately predict different electrolyte formulations and
ratios, assisting in the advancement of advanced electrolytes. In addition,
solid-state electrolytes also are crucial for the advancement of low-
temperature supercapacitors, offering inherent stability, safety, and
enhanced electrochemical performance compared to traditional liquid
electrolytes. Their solid nature eliminates the risk of leakage and evap-
oration, ensuring reliable operation in harsh environmental conditions
where conventional liquid electrolytes may freeze or undergo phase
changes. Moreover, solid-state electrolytes facilitate rapid ion transport
and charge transfer even in sub-zero temperatures, thus maintaining
high-performance energy storage and discharge capabilities. By reducing
internal resistance and expanding the operating temperature range,
solid-state electrolytes enable supercapacitors to deliver efficient power
delivery and faster charging/discharging rates, critical for applications in
cold climates or space environments. Additionally, their compatibility
with miniaturization and integration allows for the development of
compact, lightweight supercapacitor systems suitable for portable elec-
tronics, wearables, and space exploration missions, where reliability and
performance are paramount. Therefore, the unique properties and po-
tential applications of solid-state electrolytes make them a promising
area for future research and development in the field of high-
performance supercapacitors for energy storage.
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