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Abstract: Electrochemical energy storage devices face numerous critical challenges in their
widespread applications, particularly under low-temperature conditions, where issues such as
electrochemical performance degradation and even device failure frequently occur. Compared
with lithium-ion batteries, which store energy via Faradaic reactions, electric double-layer
capacitors (EDLCs) exhibit unique potential for addressing low-temperature electrochemical
energy storage challenges due to their physical adsorption-desorption mechanism. However,
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they still encounter numerous obstacles in practical applications. Under low-temperature
conditions, the ionic conductivity of the electrolyte decreases and the electrolyte may even
solidify, while ion diffusion within electrode materials becomes restricted, severely limiting the
electrochemical performance of EDLCs. Therefore, designing electrolytes with excellent low-
temperature performance, featuring both high ionic conductivity and an ultra-low freezing
point, along with developing matching electrode materials, has become critical for advancing
low-temperature EDLCs. This review first elaborates on the fundamental working principles of
EDLCs and systematically analyzes the key challenges they face in low-temperature
environments. Building on this foundation, it provides a discussion of the advantages and
disadvantages of various electrolytes, including aqueous, organic, and ionic liquid electrolytes,
as well as the design principles for electrolytes and electrode materials. Subsequently, recent
research progress in the design of both electrolytes and electrode materials is reviewed.
Finally, future research directions for low-temperature EDLCs are proposed, aiming to provide
theoretical guidance and technical references for the development of next-generation high-
performance low-temperature EDLCs.
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Fig. 1 Working principle, key parameters, and
temperature-dependent applications of EDLCs
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Fig. 2 Aqueous electrolytes for low-temperature EDLCs: (a) Schematic diagram of the electrolyte structure
before and after dimethyl sulfoxide (DMSO) addition; (b) Low-temperature cycling performance of DMSO-based
EDLCs ™; (c) Fitted O—H stretching vibration of pure water and after CaCl, addition, representing water
molecules with strong, weak and non-hydrogen bonds; (d) lonic conductivity of different electrolytes®”;

(e) Schematic diagram of the competition and dynamic exchange of various structures (ionic solvation
structure, ion pairs, and tetrahedral structure) in the CsAc electrolyte; (f) Non-equilibrium binary (water-salt
system) phase diagram, where T, is the eutectic temperature, T, is the peritectic temperature, and T is the glass
transition temperature; (g) In situ XRD patterns of 10 m CsAc at different temperatures®™
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stretching vibration of different electrolytes; (b) lonic conductivity of different electrolytes®™; (c) Schematic
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spectra of pure water and different salt solutions; (f) lonic conductivity of electrolytes with different diluents;

(g) Long-term cycling performance of the 4.2 m Ca(ClO,),/H,0-AN electrolyte-based EDLCs at low
temperature®
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Fig. 5

lonic liquid electrolytes for low-temperature EDLCs: (a) Schematic diagram of ternary ionic liquid

mixing; (b) Ragone plot of the EDLCs based on ternary ionic liquid electrolyte®; (c) Comparison of ionic
conductivity of different electrolytes at various temperatures; (d) Specific discharge capacitance of the EDLCs
based on ionic liquid combined with ACN and methyl butyrate at different temperatures; (e) Cycling
performance of the EDLCs based on ionic liquid combined with ACN and methyl butyrate at different low
temperatures®™; (f) Schematic diagram of high-entropy electrolyte design; (g) Calculated desolvation energies
of the high-entropy and conventional electrolytes; (h) Cycling performance of the high-entropy and
conventional electrolytes-based EDLCs at -50°C™
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Fig. 6 Electrode materials for low-temperature EDLCs: (a) Correlation between short-range diffusion
coefficient and rate capability; (b) Correlation between long-range diffusion coefficient and rate capability;

(c) Correlation between tortuosity and rate capability®”;

(d) Solvation energy of cations in acetonitrile;

(e) Average desolvation time as a function of desolvation number at different temperatures; (f) Ragone plot of
the three-dimensional nitrogen-doped hierarchical porous carbon-based EDLCs in comparison with other
EDLCs"™; (g) Schematic illustration of the synthesis of all-carbon free-standing electrodes™
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