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Abstract: To enhance the sodium storage capacity, cycling stability and rate performance of hard carbon (HC) materials,
high-temperature pyrolysis was employed to achieve doping of various heteroatoms (Zn, S, and Zn/S co-doping) into the HC
materials. Using the continuous etching of the carbon framework by ZnS particles, which were formed during the pyrolysis of
carbon precursors, abundant pore structures were generated to increase the number of active sites. During Zn/S co-doping

process, the pyrolysis temperature was adjusted to 1 050 °C and the H-Zn/S-HC-1050 carbon material was obtained after acid
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treatment. The composition and microstructure of the material were characterized, and its electrochemical performance was
tested. The results indicate that the reversible discharge specific capacity of H-Zn/S-HC-1050 carbon material was 276. 26
mA « h/g at a current density of 50 mA/g. which was 15.46% higher than the original Zn/S-HC carbon material with a
specific capacity of 239. 26 mA « h/g; After 100 charge-discharge cycles at a current density of 100 mA/g, reversible specific
capacity still maintains at 201. 65 mA ¢ h/g. The modified H-Zn/S-HC-1050 carbon material can fully leverage the synergistic
effect of Zn/S co-doping through optimizing carbonization and reducing impurity attachment, which provides some reference for

the development of high-performance hard carbon materials.

Keywords: battery; hard carbon material; heteroatom doping; modification strategy; microstructure

MR, EE - (LIBE AT DR Z & B R g, © 0 TEHE & s
RE RG24 . SR, T Y R S S B s B A T E PR T LIB AR & BT R L R
KGR F B FLAAR SR 35 0 LIB B AR o T VIR ok ™ . (A B A B S AL B L 1k
22 DL R AR AR BT LA S 1 (STB) B A g2 LIB M f A # A0 0h . Horp, S A R S SIB Y T B 4
By AE HLAL 2R PR RE PR SRR L SRR AN T (Na ™) 248 K AT B A8 97 15 8l 7 2 4 i
e K b BELAS T = 2 RE SIB Gl A4 8 BiF 2 o 33k S8 R P R A i T H 3t 1) 0 46 2 360K (TICED , o BR 1 17 ke
T FE R A R RS L TR AT Ak S bR A S S LR A E Na T A PR AL i 5 A L S PR R
SIB Rk Ak 57 F A 56 B B e

FE SIB G b (B 5 b L B bR D L0 U8 2 B AR R 1 32 20 72 56 N AR R T A K T A R A
T AE B AR 21 B 5t v A B AR AR A /S B R B b RE CHLC) o B8 B 38T B WRU4H B8R B BT 58 305 L JIN 250908 NY/S
ARIEFIB B HC P 7E 10 A/g B E BT B2 T OR$F 102 mA « h/g. (o BB A 55 0 R e f ik
W R E . WU S Hi1 4 T HA ALY N/P JL4B IR ER | 13 F ] 50 19 45 22 M (AT B 7E 0.1 A/ g
S T BA 257.7 mA « h/g Al W b 255, CHEN 281 SR B S0 i Bl 2 bR 58 SR s, 78 JL 23 9 TF i
WEERANK B I — 5] AR AR ASE IR R T84 .76 0. 1 A/g R T HA 542.7 mA « h/g WA
LR ARE B S AR AR PR RE . b A SR A R B G Ak SR 38 0K AR 42 JE 2 IR AR B s L R ER AT LU
AL B e R 1 A5 23 1 B NI P R 2 o ARG R AR B X T 5 ) 0 4 A X A RR

AR SO 42 )8 5 AR 4 Jm 2% IR 48 2% BB SR R AR AL g R FLE5 4 L R B 5 LA B i B G ZS A7 ] R
JF 2 L 3k B Gl 5 AT LAAE R Na ™ W BRE RN S NE A99 3 1 7 0, 4 R HC B H A 2406 1 . 2 o 4 PR 0 IR 3 K iR 1k
AbBE, i — A A A R B L T B Na ' AH BVE A R BRI O S DR (8 Na ™ 9 Uk 42 NI 3% Na ' A A7
it MERE T HC 05 00 45 3% 1 58 A8 S0 o 1k .

1 SCISER 4y

1.1 P55

KA FACEE . = R FUR 3R M ML Be B BT 4l B0 22 sa bRAE R RHEE A IR R BRI 5 &l
Super POor#r 4k, g B Hr T AR AR B A BR A w1 $2 46 s R AR 9 £ M (PVDF) | 48 8 . N-H 3% ik i 26 i
(NMP) (3 Hr 28, K 7 KA 21500 A BR A w4 ) .

CT2001A ¥ Lk & 48 ; CHIZT60E [ JR 4B M k2% T /E 3k ; HI-2 FE48; DZ-1BC I 25 T 148
PR224ZH/E 43 #1 KF s Versa STAT 3 B4 TAES ; JEOL F200 #4437 & 5435 5 i B 3 B (TEMD 5 fE [5-
ZEISS sigma500 ¥4 B 1 85 (SEM) ; H A -Rigaku-SmartLab X 5 4& 17 $7{Y (XRD) ; 2 [ ThermoFisher
Nexsa X HF £k Gk BERE{L (XPS) 5 22 [H-Micromeritics-ASAP2460 N, W% i /JIi B4 (BET) ,

1.2 KWHIE

HC il g A 1 iR B S BNT,

fil & S#HBH HC. L 2 g RAZEIR .1 g R EMR .1 g T L0 Mg e Bt £ 25 51 5 L 80 8 K b DA
3.8 C/min JM#AF] 950 °C fEHEBLE 90 min 753 S-HC #8E,

il Zn B4 HC. ML 2 g RA AR 1 g WALEE 1 g B L@ kg e B 10 $1 29 &) 5 L e 2048 Kb L 3.8
C/min I#E] 950 °C EEESE 90 min 53] Zn-HC $14,



188 FCINE S N S 2025 4F

il Zn/S B HC. M 2 ¢ RAHM .1 ¢ &
PEBE 1 g = RGLFIR 1 g 2R 2 WL I dog B 4 1 13 &)
BRI AL 5.8 °C/min rBUMALE] 850, gl
950 1 1 050 °C, {8 #i 4B bE 90 min 73 F] Zn/S-HC-
850.Zn/S-HC-950.Zn/S-HC-1050 #1 K,

il %% AR Ak b B HC.ff 1A & Y Zn/S-HC-
1050 A4 RHEAT O , 2R J5 (B1A 0. 1 mol/L 970 £h 2
HERE 3 b PR 2 BT K AT UE O R L R e
100 “CHEF A T4 12 h 35 H-Zn/S-HC-1050 # %},

H1l HC#H&TEH
Fig. 1 Schematic diagram of hard carbon

material preparation

2 FHR5WiE

2.1 #MHRERSH

Fl 2 235 Zn-HC,S-HC 1 Zn/S-HC #8H89 SEM E, & 2 a) 8l H1, Zn-HC #1864 d HUELIC 7 59 A8 B
) SRR HERR I A . P &L 2 b) a] 1, SSHC MR SR AT & TE O MRS 2 A AP 2 M, M 2 ol Al
Zn/S-HC MORLAE T Hi P 25 2 10 S0 A IR 4R . HRRE 3R T A J% 0T 9 B D & = B 4 oK AL L X T B R
TFAE Zn/S F48 20 (B U5 P 1 B2 b P2 A B B0 A (ZnS) 0RE BE 25 3R 5B Y T 1 T 528 7 2E K A e 220 fh %k
T E WAL A R T R R 98 B s TN . BRI R R B A
T B AR SR L T A R A R R T

100 nm

a) Zn-HCHEHYSEMIZ] b) S-HCHBHISEMIA] ¢) Zn/S-HCHEHISEMA
B 2 Zn-HC.S-HC #= Zn/S-HC ##+¢5 SEM B
Fig. 2 SEM images of Zn-HC, S-HC and Zn/S-HC materials
B3 ) AL FRAGAR BRS 9 H-Zn/S-HC-1050 #1838 M TG 1 B0, o 2B A X 7R 28 H-Zn/S-
HC-1050 FARFRAE MK L. X ATREZTE 1 050 “CIRE T m P A ik I B2 25 A= R ZnS, HBE A I A9 A
W7 T 155 - ZnS 40K URL BB 5 5T P T TE HE ok L SRR AR K IT B IT UK ST 9 ZnS JOKL , ZnS B8 85 A It 2 itk B 15
BB WAL EE# . X Zn/S-HC-1050 MR AT R AL AL B, T T 18 52 5l e 38 DR v T B0 A% T 32 0 70 1008 465 4 O
TH DR 1 B 5 19 22 A 2% U ZnS UKL, DT BE RS I BE Ak 3% T 5k s 25 4 L S (b SE 2 i il A s, AAIAT 3 b) o
AT LAWLEE BB Gl A 25 4 2 BB AL B 1) 36 J2 454 O AT B2 AR AL L RE S B2 Bt 58 22 A 5 PR 7 5 AT R T R R

100 nm

a) H-Zn/S-HC-1050/ TEM[E] b) H-Zn/S-HC-10507 /3 HFTEM[4]
B3 H-Zn/S-HC-1050 ##+#5 TEM B 1%
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Fig. 10 Galvanostatic charge-discharge curves of Zn-HC material, S-HC material and Zn/S-HC composite material
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rate of 1. 0 mV/s, and the ratio of capacitive behavior to diffusion behavior of H-Zn/S-HC-1050 at different scan rates
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