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TERPERE RN =AU L4531 i 25 0l A A
SER A HT R, NaFSO, AT NIBs IE | 78 3 1fi
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S FEART 99.95%. MR N IR (PC). kiR H &
Mg (EMC) . #AUIKIR ZMiTis (FEC) HIZRiGTE4
TR AR A RS w8t B A2z 2 A e it
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RAS (CT-4008) X NaCNFM//HC 4= i 47
fE I 7 B . Rt R A  (LSV) Mik7E
WA BEFER T, @it CHI 1000 D Hfb24 TAE
v e, R AR RAR R 40 (Pt) TAEHR
W A B ARt AR S 4SRN Z LE R . LSV AL
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WA PR . IR 2 S L B BE (Cryo-TEM,
FEI Tecnai F20, T/EHE 200 kV) RAETE A5
HL A Y R TSR, it X Bt i T BEE (XPS,
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FNEA SRR (CEL B Ak 20 B S T R4S
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3 LRERLHITH

T SEIIE T NaFSO; 7 5 # i i e Vs 71 v iy
VS . 5 IR B LA A T ) NaPFg A] GE X
NaFSO; [ A ] 1253000 BCER SO0 Y 52 i
P BE ) 39 uE 7 5 40 R L 1.0 mol/L NaPFg
f) PC/EMC(Fi .l 4/6)+ 2% FEC HLf# BN
Base HLfEIR, B H A 1Y NaPFg 2589 BB A Bedie
NaFSO;, WEHNER R IRIRAS. SR gs LRI, Y
NaFSO; %t NaPFg )5 # i i5 3] 0.9 mol/L, JEAL
14 FEL A VR AR 2 IR VB T A T IR, JF B Z= R
RE 7 RICE AR M . i —25 1 K NaFSOs
X} NaPFg W RS, AREDETE 24 h 358 T4
AR, IR EY NaFSO; 78 PC/EMC
(FiiE el 4/6)+ 2% FEC BIR-S Y iR KL
27 0.9 mol /L.

i — 25 S W 1 mol/L Y NaPFg +
NaFSO; 3R H fif i LA KA [A] vk BE 1) NaPFg 1
NaFSO, Huth ik i 2S5, Al 1(a) B,
£ NaFSOz S, B SR 0.1 mol /L
B EE) 0.9 mol/L, BT H F%E M 1.2 mS/cm
B £ 2y 2.6 mS/cm (0.4 mol /L 5K 2208 ).
1M NaPFg 5.5k F AR % B M 0.1 mol /L & i 2
=3 0.9 mol/L i, HHL G M 2.7 mS/cm 2 ¥
W22y 8.5 mS/cm (0.7 mol/L JG 4K Z¢1). H[F
WEET NaFSOg HLfF I 1 HL 528 1 I T NaPFg
FELAF, X 78 B NaF SO, BARE AR, (2
FIREAR T/ 250 A Y NatF FSO; . 53 —Fm]
AEME /2 NaFSO5 &1 K 1 H iR G2, AT RE.
i3 T E I, SRR SRR S, #E—2x)
b1 NaPFg Fl NaFSOg X H ff I 5 B i s el 45
R MFEWKE T, NaFSO, HL B Y BHE B3
. F NaPFg HLf# & (& S2 (online)). 1245 FHERR
TR R SR TR TR AT REE. 56T
Bl , AT LAHERT NaF SO, TR I AR 7870 il 15

NaFSO; B AT FERHE R 1 mol /L 1
NaPF+NaFSO; R HL i 1) FL -5 2Bl NaFSO3
i B R TR R . JUHUE Y NaFSOg Yk BE ot
0.2 mol/L J&, BUER B v 1) i, 58 T B S k.
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Bl 1 NaFSO; R LPEIR  (a) NaFSOg, NaPFg M HIR &7 PC/EMC (Fif Heoh 4/6) + 2% FEC MR 25 °C T Ay LS -
We MR HIPE; (b) PFS M FSO5 Y ESP,, X L () & AR A NaFSO; HLf# 9 19 2#Na NMR 5 (d) HL #8700 L 98 50 -6 14
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Fig. 1. Physicochemical properties of NaFSOj: (a) Concentration dependence of ionic conductivity at 25 °C for NaFSO3, NaPF; and
their mixture in PC/EMC (weight ratio is 4/6) + 2% FEC electrolytes; (b) ESP,;, comparison of PFg and FSOj ; (c) *Na NMR
spectra of electrolytes with and without NaFSOjy; (d) LUMO and HOMO energy levels of solvent molecules, additives, and salts in
electrolyte; (e) d@/dV curves and (f) LSV curves of electrolytes with and without NaFSOs;.

I, 0.8 mol/L NaFSOs + 0.2 mol/L NaPF; ffy
RH AR, B SRR 3.96 mS/cm, HEEKT
0.2 mol/L NaPFg Hth U A HL 5% (4.29 mS/cm).
WG AR, UL H A R Y G RE LB NaFSOg [ il i £
e T R, 5 PR F R T R R S A AT (BTS2
(online)). £ I+, NaFSO4 7F Base Hiff i th HA
T 1 mol /L i i i e, (H h T LA B AR BE AR,
X HL SR TTERAR /D, FE 2 5 b iU A ) L R
K, NaFSO, A3l A 1F S f i 324k, T TR 5
UEHAE A F MBS T 0] s8R

NaFSO; FH LM HL 3R FEAT, 5 Nathyis
Ffbgh IR oG, T Be T S S R A, BF
5% 1 NaFSO, XA R AL a5 sz, 18 1(b)
i EAA R BB TR ESP,,, 50E, Hd ESP,;,
(FSO3 ) Ws/NTF ESP,,..( PFy ), W FSO5 FIE F
5 Natff R4S & e ). 4R (NMR) #F
—HMAT Nati B A 858 (B 1(c)). T
1 mol/L NaPF, MHEEHFR (44 BE, W3 1),
0.1 mol/L Y NaFSO; ¥+t NaPF; (fir4% 4 0.1-NFS,
W2 1) T3 »Na NMR W H SR 00185 %
RIS T FARE T Nat I 2% 5. 2Na NMR

1Y 25 SRR S FSO; 5| AHIES T F S NatZ [6]
FIAHIAE . 235 ESP y;, H1%Na NMR 73445
Al LIER, A NaPFg, % f#89 NaFSO, LU
2 fb B FXF (CIPs) 8R4 K (AGGs) MIE A7
FE T HUAR I, A B 70 40 A 125 2R 5 390 43 15 2 %
(SSIPs), iX 5 NaFSOg FFfILHL SR 25 5 — 5
A T EAISEEENNR, 158 T NaFSO,
Xof FLAFRAE PR AR AL RIS A TR s anf&l 1(d)
fii7R, NaFSO; i HOMO fig 4% &5 T NaPFg, [}
LUMO REZAKT NaPFg, Uil NaFSO, REWSIL S
F NaPF 7 1A 2 1 AR 0 22 TH 94 5.
TEE AR, 40 HOMO/LUMO 5 )5 %
FET IR TR, 2008 T LR i rh & 2
) S - 50 AR L A FE R R A sy, TR i L
DU By A TR RS P 5 S B0 25 RAE AR A AR B K A
22232 i, AR TAE#E—2 R A dQ/dV Al LSV
SIS FB, BAIE T NaFSO, 75 LR h 52 bR i A 7
Sk B H ot LT Ak 2 i s ). Al H O
B dQ/dV i &5 HE T B 7T B9 b JF i, B
NaFSO; S rE il i (B 1(e)), SHEEILTHA LS
RAHFE. LSV &t — 2L T NaFSO; X Hi fiff
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Table 1.  Formula of electrolytes.

FEL A VR 24 R FHER L AR TR ISRV 2 s A0 5 it
BE 1.00 mol/L NaPF; PC/EMC (4/6, weight ratio), 2%FEC
0.05-NFS 0.05 mol/L NaFSO;, 0.95 mol/L NaPF; PC/EMC (4/6, weight ratio), 2%FEC
0.1-NFS 0.10 mol/L NaFSO,, 0.90 mol/L NaPF, PC/EMC (4/6, weight ratio), 2%FEC
0.2-NFS 0.20 mol /L NaFSO;, 0.80 mol/L NaPF; PC/EMC (4/6, weight ratio), 2%FEC
0.4-NFS 0.40 mol/L NaFS0;, 0.60 mol/L NaPF PC/EMC (4/6, weight ratio), 2%FEC

AR E R (] 1(f)). % NaFSO; ) H fif
W IR S A R IR R FLAL R 55 T NaPFg LA,
FIH LR AR P, X T REf 25T NaFSOs
TEIEAR R P BT A 0 AR
KN 1.3 Ah ) NaCNFM//HC #fu
W, HF5E T AR B NaFSO, HLf# 6 NIBs Hifk
“EPEREAIIE , f A EIBH BT A e, A AR VR LA i
L 1. RO 2 SR, 0.1 CHR
FEHRF] 2.5V, SR 0.2 CIEFEAHE R 3.2 V5E
. ot 45 CL 2 Ky EE4L)E, 0.2 CfE
fE R FE0, B 0.2 CEFHCEE] 2.0 V, ERE KA
i (1 2(a)). BEE HL#E D NaFSO3 & 58 25
B, HEL A B IR FT ORI OB R A A E
T IR EGE, (B E ERME] 0.4 mol /L A iRk
JLH] A (181 S3 (online)). Z54 K, NaFSO,
Fr N 0.1—0.2 mol /L Bk X 17 (1) B g Y40 4 7 BiE
AL
Bifi Je 4 T L BAE 2—4 VTR IXJE] | 45 °C
1 C BRI F PRI ERE. T #fRSC
IR AT SR, IR T 4 AT, BEARMY
J R BT AR B, Wi 2(b) BioR, KA BE
P, i S0 P R VLTS PR AN B 300 YR, BB I B )
RAS IR T7%, HARREBARA 50 B R S ROR. H
HAFER 2 200 IRZEATET, A1 AN T T HF
fife B A R ILRAS, & BE 21 H il Fi A v ]
I, HoB B E AT O (8] S4 (online)).
52ZIE W EXT G, SR NaFSO3 B HLR RS,
ST LB A PR PO R RN 2 i (R R R 1 5 4
Tt B pr s 2 B 25 0GE . 159 29 600 5,
£ 0.05, 0.1, 0.2, 0.4 mol/L NaFSO, HL i Bt
AR RN 80%, 85%, 84% 5 T4%. JEHMLE
HRE X L T A FL i ) B O (1] 2(c)). S T
BRAE IR U [F] A R i 22 5%, B r A 24 <0 —
b A 4F 100 AGHR =S 0. SR BE HL 800 Ha 3t
100 IAEH =S ik 13.2 mL, Bt s A

UK T1% (WA TR 18.5 ecm?®). MIHLZ R, %
FHE NaFSOg 1) Lk 10 A5 2L il 7 et 496 24 7=
A. Hr 0.1 mol/L A1 0.2 mol /L NaFSO; S s
& NaPFg 1 HL AR R ™ it eI, B 100 IRAFFHAY
723, 1.0 mL. NaFSO4 ¥ 4 0.4 mol /L i, Hi3th
FIIEAPERE BLAR HE BE 4178 2035, {HAH HR K
NaFSOq 7% £ HLfff 1) FL it B i B 2% 0.4 mol /L
NaFSOg X L AF PRl B RCR T B, Al RE &L
FRERMC (K 1(a), 2ET 1 C AHE Natik
ZEAAH LA SR, 51 & Tl kAR T 3™ B
Bl 5EmI sOn T2 (& S4 (online)).

i — AT R T TR AR BE LA IE | 17
WA SRR T, M T E 4 V ERCE T
60 °C HEAR NI TIAE, 14 KIGEUH b, 754
T IEATREAIEER. 55 1 YRORIEE 2 YOl 25 &
FL L) G 25 k14 EUAEL 73 310 A Pt 1 25 (R 2
FEIKE . WNE 2(d) fis, KA BE BRI
WA EIRRPR A R 2R SARE T
TET RS ik . RS % PR R A3 F ELHEAE G (O = A
Y JE it HE S FPSLm R AR AL ). % NaFSO;
FEL A VAR 1 L Tt R LA A T R S s, DR A
PFE R AL BE R e & 8T, 5 iRmaEr ke
AR, H Y R TR RERE S NaFSO, f & (13
KiFrEesk 3, K1 0.4 mol/L NaFSO, flik#
BCRFERRIE L. X T RE L 2% (0.4-NFS) F#(IX
XFAFAitr Ik BE B /N, XHIE A PERE (R H R &
FERAEIR) BIRZM AL ITEL.

2Tk, 7R Pl AR 22 (U2 B A
1), WA 0.1-NFS HARE, K-SR 0 ik
SE R HL LRI, 22 J5 6 TR AR 22 A TN, iR
T =R L, AE 25 °C BN 50% i
HLRAS (SOC, 3 V) T Ha th 1E H) R £ 4% 14497 46 BHL
U X AGA G BB, R T 7 5 o X b B T BE BT
(Nyquist FI2E R B EAR), B EIS B35S A4 R BH 5T
HIT— L ZAHFEE. I 2(e), (f) ATLAL B, K
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Fig. 2. Electrochemical performance of 1.3 Ah pouch cells with NaFSOj-containing electrolyte: (a) Initial charge-discharge curves

and coulombic efficiency; (b) cycling performance and (¢) corresponding gas evolution per 100 cycles at 45 C; (d) capacity reten-

tion and recovery of fully charged pouch cells after 14-day storage at 60 °C; (e), (f) 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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BN G BHAT Y RA-VE . SRR T — H A bl
ith 45 °C fHFF 100 G IE . BRI BT, & PRAG R
J& BE 21 Fa b EAR BH BT B E 3K, Ttk SH BT i
K MR NaFSO, 41 ith i 1E A% BH BTG IR 5 etk
HOK, SO BHPTREAR. LRSS R NaFSO4 AMY
AT DAREAR R L IE | 58 ) ds SRR, 8 REA
PEI L FE rp AT A3 K, Wi ] NaCNFM//HC
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F38h, WA T ZHAREHLAE 0 °C, 20 C 4%
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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; (c) —20 C.
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Fig. 4. Characterization of interphases on anodes and cathodes from pouch cells after 10 cycles: (a), (b) XPS spectra of (a) O 1s and
(b) S 2p from HC anodes; (c) cryo-TEM images and AFM Young’s modulus mappings of HC anodes cycled with BE and 0.1-NFS
electrolytes; (d), (e) XPS spectra of (d) F 1s and (e) S 2p from NaCNFM cathodes; (f) cryo-TEM images and AFM Young’s modu-
lus mappings of NaCNFM cathodes cycled with BE and 0.1-NFS electrolytes.
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FL A VR R B SEL B8R B2 AE 4—5 nm Yo [ A,
Wy B AR 0 A fE 33.1—34.9 GPa Z [i] (M1 N
34 GPa). VA F&5HHH NaFSO, 1237 b 2 i e
B & TEHLH g3 BT 3 A | HLARR Y
SEI JE, 33 5 H Ik A% St T BELAT A4t SR — 3%

NaCNFM IEMZRRY CEI A0 WA 4(d),
(e). WF 1s Fi1 S 2p EIEFTLIE i, NaFSO5 tHAEIE
WIE ) CEL Hy™=A: T FEE ) NaF, Na,SO, fl
NaySOs, 34k i IEAR AT FR e P | AR A pH
YA EEAER. WG IEWRY cryo-TEM Kl Fl
AFM 7 [ E T g3 (15 4(f)), BE B
B CEI ISR 8—13 nm JEHEN, # KE
SYAGTE 30.4—81.6 GPa 28] (HI{H K 56 GPa); ifi
TE NaFSO, B I U CEX RS 2 313 H.
¥5), JEEE M AGAE 4—7 nm JEFEN, W AR
£ 52.4—53.6 GPa Z [H] (¥{H N 53 GPa). B4R
7 BE HLf# 0 TP B CETSF- #4947 [ R R 5
{HE B 5 1A% QRS 52 43 A1 0] BE HAL g WO 1LY
CEI BEH A 5], DL 455U NaF SO, i i
WA T A R A JOALAL 4y . S 44T | ARG
FE iy CEL B, i 5 AR Ay S BTl 45

AR RS . AFM Fil XPS 255E1H, NaFSO,
15 10 G 5 0k 18 & JoLA 41 . S . LA
58 J3 B R B AT SET AT CET . SRk [29-31]
ELUESE, XA R [ | JCHL-rich F) 5 T BRE H H
A SRR B BEAT B SR A R B BE T DA R
T IS A /U HLRB IR BE T, DT B8 = 42 P Ttk
SIS B IR PR AR T

E—2 1, e RREE AN B R 32140 [RIFEHL
(NaCNFM//HC, #r#r% i 12 Ah, 2—4V, 0.2 C)
TN ERAE T NaFSO, J M7 X 4555 7 ()
IR | AR ARG P PR RE B 2. 14D,
AT NaFSO, FIRBHBTIERBIREY, i3
T SRR BE AT 0 790 6 F o 1 Sl o) BB A T
D, Rt 7 LI, SRR LA S B F e A L TR
(BPFEr b BR A ) o s i i RS e sl s
FEZECMF T SR, SRR HE AL T 25 5 PRI AR TR AT
F| 0V vs. Nat/Na LIF, #Em &AM, KL, &
et T4 1% NaDFP, 1% DTD #l 0.1 mol/L
NaFSO, (442 1%) Hff Bt 7E-20 C
TR S R PR RE, DAY b 3 AMIRBHBTES i
FIXF AR AT PR SR RCR . 7520 C, 0.1 C 7

H1/0.5 C L ITEFR S5 7F T (81 5(a)), BE 41H13
1 _EBRA R 3.7 V B AR BOE A & (~7.9 Ah)
BOAVRR, B CRCREE (>99.5%). f—22
R i LR RS, B A AR SR
AR AR A B4, Ul B AT R B Y B R
9 3.7 V. NaFSO, i 20 °C F BEHMEfE B 2 41
Tk, M AT S 3.9 V H AR R RE A A6 B ik e
i (~9.8 Ah) PR PEC RO (FY R RUR
> 99.5%). & DTD Ay Hi. fif W L 58 I i 42 5 Ha vt
f9-20 C TR AT FE L b BR A e, H Bl R A
1 NaFSO, .3 . & NaDFP () H it A Fb BE 1Y
~20 C FEHREREA FrdcE, (Hig 5o ERRIEE
3.8 VI AR MECHRWY B, DL ES5RE
W £ AR IR RT Fe AT I 5 F P T P TGS FE ) Mt
KK A NaFSO,, DTD, NaDFP. H EIS Xf [t
T NaFSO; F1 DTD X H it A i BH BT 1 52 e, 4558
IEM] NaFSO; 4 H DTD fig 5 i 2 % B AIC i 1t 2
1 BHAE (1 S5 (online)). 1T NaDFP 7EAK R 55
L G BE AR B DTD, Ji 2 A Hofth M REEA T
W

TE AR 2 750, FRATG IR ik v PR BB 5D (] 5(b),
(c)), NaFSO; #1 DTD A%} BE Hi A #RBE M FL
b A% 250 AR B F PR R (B 22 T 2 e R
EHLESEB). Hod, NaFSO; % L b A% 5 i A
fICIR P BE A S S DTD FEAH Y, B fr R
T (8 C) EZLA S hT 3 P fifi iy 3%
22BN, B AT AR AR PR R 1Y i £ A
P NaFSO, X i BHAT A FEARVE .

s JE, MWHAT 32140 BAERMTE 2—4 V UK
T0 B 1 A SRR S PR RE (1] 5(d)). =il 2 C
FEAGERIT, BE 2H H it 25 & PO s s, 7635 300 1K
B R CRCRIFRREAR, AP 2 400 IRET AR R4
Bk 2. K& DTD H i REAL o i 7E AR [
ZME R PRAIE IR 2L 1700 WK, Bl 5 R 25
CRORM LA BOKREAR. RS NaFSO; HLff
VA HL L ZE AR [ 25 A IR 2 2222 IR, i L 25
PR CRCRIRN B TR, A s RN 92%.
TE 2 C PR FE 18 P56 I ) 7e L it e (I 5(e)),
BE ZH Fi 1t 75 Fif 400 YA 0 I 580 A ith 2l b 55
/I, 500 RGP AR AL ZEARIG R 25 i i kK 2t
FIFETCHR, 128 (R S SR A 38 K, T B B b mT B TR £
e B BT R & AT 8. SRS DTD 5 NaFSO,
FEL AR L b, DA 500 YR FERCRL 2R LF-
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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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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 (NaFSO3) 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 NaFSO; exhibits good solubility in carbonate solvents, reaching almost 1 mol/L in
propylene carbonate/methyl ethyl carbonate (4/6, weight ratio) mixtures. Most of the dissolved NaFSO;
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 FSO; and Na', FSO; can participate
in the passivation reaction on the electrode surface to form an inorganic-rich, mainly Na,SO, and Na,SOs, thin,
uniform, and mechanically robust interphase film. This passivation film can significantly reduce the initial
interfacial 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, NaFSO4

shows superior enhancement in low-temperature charging and fast-charging cycling. After incorporating NaFSO4

* Project supported by the National Key R&D Program of China (Grant No. 2022YFB2402500), the National Natural Science
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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.
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