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ABSTRACT Recently, lithium-ion capacitors (LICs) have developed rapidly and have been applied in many fields, such as power
storage and new energy transportation. LICs utilize the cathode materials of electrical double-layer capacitors (EDLCs) and the anode
materials of lithium-ion batteries (LIBs). This produces a unique energy storage mechanism different from those of LIBs and EDLCs,
i.e., charge transfer and Li" insertion and desorption. Consequently, LICs combine the advantages of LIBs and EDLCs with high energy
density, high power density, and long cycle life. However, because of this unique energy storage protocol, LICs inherit the poor low-
temperature performance of LIBs, severely limiting their widespread application. Sometimes, the electrolyte becomes more viscous or
even solidifies, affecting normal ion transportation and charge transfer. An increase in impedance prevents the normal operation of LICs,

severely limiting their all-weather applications. Improving the low-temperature performance of LICs has become an urgent issue and has
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received widespread attention from researchers. Electrodes and electrolytes are the main components of LICs, and numerous studies have
shown that their relationship directly determines the energy storage process of LICs at low temperatures. Therefore, this article reviews
the recent research progress on the design and fabrication of low-temperature LICs in terms of electrodes and electrolytes. First, the
research on key electrode materials for high-performance low-temperature LICs is discussed, including chemical modification, surface
modification, ion insertion, and the development of new electrode materials for rapid intercalation of traditional carbon-based materials.
Second, the electrolyte system that matches the electrode material is critically reviewed. The fundamental reasons for the poor
performance of LICs in low-temperature environments are comprehensively explained from the chemical properties, physical states, and
reaction mechanisms, providing a sufficient theoretical basis for searching electrolyte systems with better low-temperature performance.
Third, starting from the main components of the electrolyte—lithium salts, solvents, and additives, this article summarizes the past year’s
progress on low-temperature electrolytes in LICs. Emphasis is placed on additives for LIC electrolytes, which, as the essence of the
entire electrolyte system, are the most controllable factor throughout the electrolyte system and currently the most available factor for
selection. They can reduce the viscosity of the electrolyte with minimal content and improve the low-temperature charging and
discharging ability of LICs. Commonly used low-temperature additives such as fluoroethylene carbonate (FEC), vinylene carbonate
(VC), ropylene sulfite (PS) and lithium difluorooxalate borate (LIODFB) demonstrate excellent low-temperature performance. Finally,

the article summarizes the research progress of the new generation of low-temperature electrolytes and provides a tentative outlook

toward next-generation LICs with a wide temperature range.

KEY WORDS energy storage devices; lithium-ion capacitors; electrode material; electrolyte; low-temperature performance
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Table 1 Common lithium salts and their properties

Name Molecular weight Melting point/°C

Conductivity/ Heat stability Water solubility

(mS-cm™)
Lithium Hexafluorophosphate (LiPF) 151.91 200 10.00 Poor Good
Lithium Tetrafluoroborate (LiBF,) 93.74 293 4.50 Excellent Good
Lithium Bis(oxalate) Borate (LiBOB) 193.79 234 7.50 (25 °C) Excellent Poor
Lithium difluorooxalate borate (LiODFB) 143.77 265 — Excellent Average
Lithium difluorosulfonamide (LiFSI) 187.07 124 10.40 (25 C) Good Poor
Lithium bis(trifluoromethanesulphonyl)imide(LiTFSI) 287.08 190.5 6.18 Good Poor

2 WL RIARF BHPER

Table 2 Common solvent systems and their nature

Electrode material

Electrolyte system Operating temperature/ °C Capacity retention rate/% References
Cathode Anode
AC HC LiPF¢/EC+ DMC =30 59.8 [49]
AC SC LiFSI/EC + PC + DEC —40 34.2 [28]
AC HC LiPF¢/EC + DMC + EMC =20 80.1 [17]
AC Li,Ti50,, LiPF,/PC + EC + DMC + EMIMPF, —60 84.03 [24]
AC TiNb,O,;@EG LiPF¢/EC + EMC —60 42 [32]

AC HC LiFP¢/EC + EMC + MB + LiDFOB

~40 77 [15]
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Fig.2 (a) DC internal resistance curves during (a) charging and (b) discharging processes'*”’; (c) changes in ion conductivity of electrolytes with different

EC contents at temperatures of —60 °C—25 °C1¥

3 W ILARIERASI S B

Table 3 Common low-temperature additives and their physical properties

Name Melting point/°C Boiling point/C My?zi;i;iltar ]?gr(l:smlty)/ Flas;loé) oint
Fluoroethylene carbonate (FEC) 18 249 106.05 1.45 120
Vinylene carbonate (VC) 19 165 83 1.36 73
Ethylene sulfite (ES) 171 108.12 1.43 79
Propylene sulfite (PS) 14 187 122.1 1.47 67
Ethylene sulfate (DTD) 95 231 124.12 1.60 —
Lithium di(t;ldlilgrlg;)];a)late borate 271 o 143.77 o -
Lithium oxalate borate(LiBOB) 300 — 193.79 —
Trimethylsilane borate (TMSB) 184 278.36 0.83 41
Tetramethylene sulfone(TMS ) 28 285 120.17 1.26 110

Trimethylsilane phosphate (TMSP) —

81 314.54 0.94 24.4




- 1516 - TRERHEAAR, O 46 4, 4 8 ]
—~ Current density/(A-g™")
‘?‘) 0.02 0.05 0.10 0.20 0.50 1.00 0.02
2.0 < TS T T 2.0 - = ==
i @ g 250 _(b) ‘ [ ] e I:;'E 2 ‘ 1120 § o ((V //’/ ///,
R - /¥ | L Wil A R . e
Sst s Gaball LB Lood r Yd Bobd Gags ;;9 215 / e
3 g200r M O|F | g 3 Vel 2o FEC
© - I i S u ~ 0-
S0t o 5 150 5 S0l — 5%-FEC
5 ’ 2 25 T 40 C _— 8‘71{;}-FEC
g Z 100 [865 < g 10%-FEC
205 2 s 2 205
= [ S .
: éo o S
[ L L L L = 0k oL n L e L
0 5 10 15 20 2589 0 5 10 15 20 25
Specific capacity/(mA-h-g™") A Cycle number Specific capacity/(mA-h-g™)
(d) O,
(o
O
0 Lite 0 (o N
O\ p TN O\ . Li Ny O\ O Further decomposition
Li B’ BH P I B’—O{ SEI
Fah ; eduction reaction /
(0) : .J o7 O o7 O 0}
O LiF N

LiODFB reduction reaction

B3 (a) EAFRIARR E3 7E-40 C {EJE N HC PHHGERIERERZE; (b) —20 °C ANERFLL FEC B HC PHARAEAS [H) B I 258 5 A il e 28 i R
HFEASRCERIERER; (c) —40 °C I R AFRIAT L FEC MR HC BIM s 2R rEREZE B, (d) LiODFB & EC L iR i b A4 i Lok B

Fig.3

(a) Rate performance curves of hard carbon anodes in electrolyte systems E3 at —40 C; (b) performance chart of discharge capacity and

Coulombic efficiency of HC anodes with different volume ratios of FEC electrolyte at —20 “C and different current densities; (c) rate performance curves
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Fig.4 (a) Optical photographs of RCE and LMF145 at 25 °C and —70 °C; (b) cycling performance and (c) rate performance of LCO-graphite cells in
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