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Fig. 1. Physicochemical properties of NaFSOs: (a) concentration dependence of ionic conductivity
at 25 °C for NaFSOs, NaPF¢ and their mixture in PC/EMC (4/6, w/w) + 2% FEC electrolytes; (b)
ESPnmin comparison of PFs~ and FSOs; (¢) *Na NMR spectra of electrolytes with and without
NaFSOs3; (d) LUMO and HOMO energy levels of solvent molecules, additives, and salts in
electrolyte; (¢) dQ/dV curves and (f) LSV curves of electrolytes with and without NaFSOs.
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Table 1. Formula of electrolytes.

FEL AT 44 R B ER B 2H RSORH AR BE AN I 2H A 2 &
BE 1.00 M NaPFs PC/EMC (4/6, w/w), 2%FEC
0.05 M NFS 0.05 M NaFSOs, 0.95 M NaPFs PC/EMC (4/6, wiw), 2%FEC
0.1 M NFS 0.10 M NaFSOs, 0.90 M NaPFs PC/EMC (4/6, wiw), 2%FEC
0.2 M NFS 0.20 M NaFSOs, 0.80 M NaPFs PC/EMC (4/6, wiw), 2%FEC
0.4 M NFS 0.40 M NaFSOs, 0.60 M NaPFs PC/EMC (4/6, wiw), 2%FEC
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Wi, @it 45 °C. 2 REHWE A, 0.2 CIEFELRR, 0.2 C IEHUKH
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Fig. 2. Electrochemical performance of 1.3 Ah NaCNFM//HC pouch cells with different electrolytes:

(a) initial charge-discharge curves and coulombic efficiency; (b) cycling performance; and (c)
corresponding gas evolution per 100 cycles at 45 °C; (d) capacity retention and recovery of fully
charged pouch cells after 14-day storage at 60 °C; EIS Nyquist plots of (e) anode and (f) cathode

tested with three-electrode pouch cells before and after 100 cycles at 45 °C with various electrolytes.
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Fig. 3. EIS plots of anodes, cathodes, and full cells of three-electrode pouch cells with 50% SOC

under various temperatures: (a) 25 °C; (b) 0 °C; (¢) -20 °C.
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Bl 4 630 10 A HIRMIE, FRFATRIE: HC HRIK (a)O 1s F1 (b) S 2p XPS K3k
XPEG: () € BE A1 0.1 M NFS BB -H a5 HC 5Kk cryo-TEM EIF1 AFM 4 KB &
Kl; NaCNFM IERKH (d)F 1s F1 (e) S 2p XPS KHEXTEL; (f) 7E BE Al 0.1 M NFS Hif# i
¥R JG NaCNFM IEMR ] cryo-TEM FEI R AFM 4% R & P

Fig. 4. Characterization of interphases on anodes and cathodes from pouch cells after 10 cycles:
XPS spectra of (a) O 1s and (b) S 2p from HC anodes; (¢) Cryo-TEM images and AFM Young's
modulus mappings of HC anodes cycled with BE and 0.1 M NFS electrolytes; XPS spectra of (d) F
Is and (e) S 2p from NaCNFM cathodes; (f) Cryo-TEM images and AFM Young's modulus
mappings of NaCNFM cathodes cycled with BE and 0.1 M NFS electrolytes.
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Bl 5 SR AN 32140 AL A AL ZAPERE: () -20 °CARIE TN 0.1 C FEHLfEIAE
AE: (b) = TR AEIERE: (c) -20 °CIKiR 0.5 C HPERE: (d) =il 2 C KIEIIERE:
(e) 2 C A REAEAS IR B ) 75 - H T T 26

Fig. 5. Electrochemical performance of 32140-type cylindrical batteries using different electrolytes:
(a) charge performance at -20 °C with 0.1 C; (b) rate discharge performance at room temperature;

(c) discharge performance at -20 °C with 0.5 C; (d) cycling performance at room temperature with

2 C; (e) charge-discharge curves of selected cycles during 2 C cycling.
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Fluorosulfonate as a Low—Impedance Electrolyte
Additive for Enhancing Low—Temperature and Fast-
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Abstract

Sodium-ion batteries (NIBs) are a promising energy storage technology, but their
insufficient low-temperature and fast-charging cycling performance has limited their
widespread adoption in broader application scenarios. This work reports the use of
sodium fluorosulfonate (NaFSOs3) as an electrolyte additive to reduce the
electrode/electrolyte interfacial resistance and enhance the low-temperature and fast-
charging performance of NIBs. The results show that NaFSO3 exhibits good solubility
in carbonate solvents, reaching almost 1. M in propylene carbonate/methyl ethyl
carbonate (4/6, weight ratio) mixtures. Most of the dissolved NaFSOs; remains in an
undissociated state, contributing little to ionic conductivity, thus making it suitable as
an additive rather than a main salt. Due to the strong interaction between FSOs and Na*,
FSOs3™ can participate in the passivation reaction on the electrode surface to form an
inorganic-rich, mainly Na;SOs and Na;SOs3, thin, uniform, and mechanically robust
interphase film. This passivation film can significantly reduce the initial interfacial
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resistance of both the cathode and anode, and effectively suppress electrolyte
decomposition and the increase in interfacial resistance during cycling. Consequently,
the cycling and storage performance of layered oxide/hard carbon NIBs are
significantly improved, and their low-temperature cycling and high-rate cycling
performance are also greatly enhanced. Compared with DTD, another typical low-
impedance additive, NaFSOj3 shows superior enhancement in low-temperature charging
and fast-charging cycling. After incorporating NaFSOsz into the electrolyte, the
commercial 32140 cylindrical cells retain 92% of their capacity after 2222 cycles under
2 C fast-charging at room temperature, and stable charging cycling can be achieved at
-20 °C at 0.1 C. This study provides an effective strategy for improving the low-
temperature charging and fast-charging cycling performance of NIBs, which is of great
significance for promoting their widespread application.

Keywords: Sodium-ion batteries, electrolyte additives, sodium fluorosulfonate (NaFSO3),

low-temperature and fast-charging
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