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Influence Mechanism of Carbonate Solvents on the Electrochemical
Performance of Hard Carbon Anodes in Sodium-ion Batteries
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Abstract 1In this article, the electrolytes of mixed solvents for the hard carbon (HC) negative of sodium-ion batteries
were designed, using sodium hexafluorophosphate (NaPF,) as the sodium salt and adding propylene carbonate (PC)
and dimethyl carbonate (DMC) in an ethylene carbonate (EC) based solvent. The effect and mechanism of different
solvent synergistic combinations on the electrochemical performance of HC negative were explored. The sodium
solvation structure and the diffusion coefficient of sodium ions in the electrolyte were analyzed by molecular dynamics
simulation (MD). The electrochemical performance of HC negative electrode in EC based electrolyte was compared
and analyzed through conductivity tests, charge-discharge tests, cycling performance tests, and rate capability tests.
The kinetic behavior of sodium ions storage was also analyzed by cyclic voltammetry (CV ), galvanostatic intermittent

titration technique(GITT), and electrochemical impedance spectroscopy (EIS). The surface morphology and composition
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of HC anodes before and after cycling were made by scanning electron microscopy (SEM) , transmission electron

microscopy (TEM) , and X-ray photoelectron spectroscopy (XPS) , and so on. As a result, the synergistic effect of
DMC and PC can significantly improve the ionic conductivity of the electrolyte and diffusion coefficient of sodium
ions in electrolyte, optimize the solvation structure, reduce organic by-products and increase anion coordination,
promote the generation of inorganic substances in the solid electrolyte interface (SEI) film, effectively reduce the SEI
film impedance and charge transfer impedance, and improve the diffusion coefficient of sodium ions in HC. Therefore,
the HC anode achieves 362.0 mA +h/g initial capacity, in the 1 mol/LL NaPF-EC/PC/DMC electrolyte at 50 mA/g,
and the capacity decays to 353.4 mA-h/g with a capacity retention rate of 97.6% after 50 cycles demonstrating
superior rate capability and cycling performance. Thereby, EC/PC/DMC mixed solvents are one of the most promising
solvents for the HC anode of sodium ion batteries.
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H31:1), 1 mol/L. NaPF-EC/DMC (&FL A 1:1) F1 1 mol/L. NaPF-EC/PC/DMC (IKFIEE Ry 1:1:1), 43531l
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Fig.1 SEM(A, B), TEM(C) and HRTEM(D) images of HC material
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Fig. 2 XRD pattern(A), Raman spectrum(B), FTIR spectrum(C), survey XPS spectrum(D),
high-resolution XPS spectrum of C,(E) and O,,(F) of HC material
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SEFREAT SR BEBNES T B AR . AP 2(B) AT DL, Raman Y68 A77E I ERAENE , 1343, 7 em™ b4 D
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TERY 34> FHLE S HIRE C=0(531.2 eV), C—0(532. 4 V) F10=C—0H(533. 6 e V) [ K 2(F) ].
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Fig.3 Impedance spectra(A) and conductivity of electrolytes(B) of stainless steel symmetric cell
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Table 1 Dielectric constants and viscosities of the EC, PC and DMC solvents

Dielectric constant(25 °C)

Viscosity (40 °C)/(mPa-s)

Electrolyte
EC 89.78 1.90
PC 64.92 2.53
DMC 3.11 0.59

2.3 HEEREFLEHMELITH

R Q C

NaPF,-EC/PC/DMC

NaPFs-EC/DMC

D) ® ) (©) (H)
& S ; ] J ' ' J
Na* PF; EC PC DMC

Fig. 4 Simulation boxes of different electrolytes of EC/PC(A), EC/DMC(B), EC/PC/DMC(C), molecular
and ion models Na*(D), PFs (E), EC(F), PC(G), DMC(H)
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Fig. 5 Radial distribution functions of EC/PC(A), EC/DMC(B), EC/PC/DMC(C), and coordination
numbers of EC/PC and EC/PC/DMC(D)
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Fig. 6 MSD diffusion curves of EC/PC(A), EC/DMC(B) and EC/PC/DMC(C) and diffusion coefficients of
EC/PC, EC/DMC and EC/PC/DMC(D)
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Fig. 7 Charge-discharge curves of HC anode for the first three cycles in different electrolytes of EC/PC(A),
EC/DMC(B) and EC/PC/DMC(C), plateau capacity and slope capacity in different electrolytes of
EC/PC, EC/DMC and EC/PC/DMC(D)
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LR B XA 4B, 3 5 HC AR W2 B -4 )2 DR R g A ML = BE W 5. &1 7(A) W HC AR
EC/PC Hf# e v i Fe it B 28, WITA L 25 54 490. 3 mA -hig, B IR PECECE (ICE)H 50. 6%, %I Y
ANFE AR N 242, 2 mA -h/g, HCARE RS HIC P 2560  ANHUNFLER | 2100 1 B A1 S5 X4l 25 A n]
T PG A B B LA K% 2 % PC A R S 35 R TR A SET IS5 AT 56 5 I ZE 1 7(B) B/ i EC/DMC Ha i
th, HC WA HL 250 444. 7 mA ~h/g, ICE N 72. 6%, %I AN AT 3 25 451 25 4 121. 48 mA -h/g, X /&
HECHG AMREE DMC I, 8 T R & 14 2h 7, 1CE W47, [FIE, DMC AR
WRUA R TS SELZ , bR N & A . R 7(C), HCHIERF 254 512. 8 mA-h/g,
ICE N 73. 2%, SR BYASA] i 25545125 4 137. 6 mA -h/g, 7] WZIAK R B 8 py b fb i vEfe, B3Ik
FEHCR IR REE S R AA LS IR R M, W w e e e Ak, WEFH DMC AR T g ik
REE, AR T PCIEFI RS 4N 2 45 )2, R RIAE ST T St S 8l 772 .

K 7(D) 451 T HC AR AEA R B AR TP R 0. 1V A IR IX A0 1 VL FHEE XA
it . HCAE EC/PC, EC/DMC #1 EC/PC/DMC HLAFI -5 X 2557051 4 116. 8, 169. 5 F1207. 4 mA-h/g,
R DX I 2543 3R 131, 3, 153. 8 F1168. 2 mA +hig, V15 X 45 H 540 85 30 b A7 SRk 1 5 J2 18] Frg
J2 DL AR AL T SE I ANAT DG, RHE X 7 i 5 N WA HC SR | TR LA R G B DX AT X
AL, HCAE = el i h 2 it 35 AL e WIRp, FOP6 XA et m, R AL 5 i i
BAPERE , T RH AR RV R 2 2 () VRS TT LASE SR AN S Fi b A FRL b A M

EI8(A)F1(B) 4352k HC FMR AE 3 Bl AR R I 2 A 2 PERE RNE EAPERE . INIEI 8 (A) AT I, HC AE
EC/PC/DMC HLAF R i 7R R A = A 2k g L #E 30, 50, 100, 300 F1500 mA/g HL %6 BT, JilHL
9 433.9, 333.0, 236.7, 143.5F184. 5 mA-h/g, 4 HL 3 %5 8 [0 2 30 mA/g I, AR E 5
362.7 mA-h/g. AN, TEEHLF SR 500 mA/g F, HCLE 3R ik op 254 22 AT U, 1% S BRI A
HH R AE K HLIR T 5 HC RBP4 . B 8(B) 4 H T HCAE 3R LI, 16 50 mA/g HL 7 %5 )&
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Fig. 8 Rate capability(A), long-term cycling performance(B) of HC anode in different electrolytes
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Fig.9 GITT curves(A), corresponding sodium-ion diffusion coefficients(B) of HC anode in different electrolytes
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Fig. 10 In situ EIS curves(A, C, E) and corresponding magnified views(B, D, F) of HC anode in different
electrolytes of EC/PC(A, B), EC/DMC(C, D), EC/PC/DMC(E, F)

C represents the charging process.

FR AR NS BT R AEAEIRAS . BT 12 W HCAE 3RS [ HL A, 7E 30 mA/g LU T il L
PEFR 10 5 1 XPS T, SIEFARTHC 19 XPS 63k [ 2(D) ~(F) JAH L, AT WGP HC SRTE TR M4y
KA AL, X UL SETRE I A . i X b, W] AL BRAGIRE A HC HUARFE 3 Fflv ek A i A S /s o
KEALA C,,, O, FIF, W, X1 HC 2 1078 A0 SET B AL AR . HC HL R AE EC/PC LR TP Y C,
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34N, 4390 F 531, 54, 533. 09 F1536. 31 eV 4k, XFHF Na=0/C=0, C—O0 F10—F, H:H Na=0 FlI
O—F M THALA Y, T2 NaPF FE FI LA W0 I = A 1. F ) XPS 3§ n] 16 A T 684. 40 FiI
687.25 eV AL AN, XiF N T Na—F Fl P—F, FERIFET NaPF 43 = A= (W JCHLY) . SELBE - ICHLAL,
A3 FARXT i 5 O—C=0(8{ RCO;) K Na—TF Ut 0 i FH 5 B0 I8 25 A AR DG 2 s X b T AR B,
1E EC/PC/DMC HLAF I H ) HC FEL AR F2 1T SELAR R BHL ) B 2514 K 1) b, PR AR 1T O, 155568 B DU AH X
AR, RBIZIRZR SELBELATCHLAL Sy R 32 . s & TOHLA A1 SELE i i 35 2 5 2 7 5o, ARG
BB ALRE &, PRI AN B TR R, NI e AR SN 31 72 5 R, B iR i oL
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Fig. 11 SEM images of HC after 10 cycles in different electrolytes of EC/PC/DMC(A), EC/DMC(B)
and EC/PC(C), pristine HC(D)

B
& Na—O
c=0
O—F

©

a—F

P—F
N
1 1 1 |
690 688 686 684 682 680

292 290 288 286 284 282 540 538 536 534 532 530 528
Binding energy/eV Binding energy/eV Binding energy/eV
D) (F)
0—C=0
Na—F

E
& Na—O
Cc=0
O—F Ie
1 1 1 | 1 1

AL

292 290 288 286 284 282 540 538 536 534 532 530 528 692 690 688 686 684 682 680
Binding energy/eV Binding energy/eV Binding energy/eV
) (H) Na—0 @ uz
0—C=0 C=0 Na—F
or CO; c—C
C—H
=0
c-0
O—F
1 1 | 1 1 | | 1 1 1 1 1 1 1 1
292 290 288 286 284 282 540 538 536 534 532 530 528 692 690 688 686 684 682
Binding energy/ecV Binding energy/eV Binding energy/eV
Fig. 12 XPS spectra of C, (A, D, G), O,,(B, E, H), F, (C, F, I) of HC after 10 cycles in different
electrolytes of EC/PC(A—C), EC/DMC(D—F) and EC/PC/DMC(G—I)
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