J P4 5Ky g R

I l I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES ﬁﬁ?ﬂiﬁ:\.i

ZHZFLEMNESHEE LR ERTA
% R fETRERE

N, oA, REJE, savek, F94, 8 &, #1F
(KA FRRIR A 5 TR, P82 710061)

FE PSS 660 mA - hig HBAEEN AT &, DI\ JR N s i vt ) FRAR SR L =2 —, SR AL SR i L AR
iR s kA BRI IRTRAR AL, S BOE MR A B, BRI T ILSEBRI . 4 T Atk [l 1, A SCR F ]
HR R ORI, E A OKR AL =4EGD)Z AL 1A FAYSL T InSh454:(3D Cu@InSh). 5| AR In JCE AE
AT M) Sb FAR Y TR B G2, Rl uel /b 1 RSN & A, 3T T B R RCR, 4 2 LA iRt TR
P LU R RN B BOTE PR S, ANCH B TR G it | 325 T O R, I RE N R B Ik R {52 ph s
[i1), SE TR R AR S R RRE M . FE In B A0 R A =4 Z LA EMAIMEFH R, 3D Cu@InSh & B H 55 = 1 1 K
JEER5(80.7%)  RAT I PR AR E PE(FE 10 Alg ML BE T IR BF 400 IR 45 T AR 455 97.6%) Fifis M RE(FE
20 A/g LA E T FE S 5 225.4 mA -h/g).

KEIR AN U MBS A T4EZALM; HUiRE

FESES 0646 XEFRER A doi: 10.7503/¢jcu20250034

Sodium Storage Performance of Antimony Electrodes Synergistically
Enhanced by Three-dimensional Porous Structure and
Alloying with Indium
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Abstract  Antimony (Sb) is considered as an ideal anode for sodium-ion batteries due to its high theoretical sodium
storage capacity of 660 mA+h/g. However, its commercial application is impeded by significant volume changes during
charge-discharge cycling, which lead to the pulverization and shedding of the active materials. To address these
issues, this study employed a simple electro-deposition method to fabricate an InSb alloy on a three-dimensional
porous copper current collector with micrometer-sized pores (3D Cu@InSh). The introduced indium (In) element
effectively suppresses the aggregation of Sb electrodes, the occurrence of irreversible reactions, and thus enhances
the initial Coulombic efficiency. Meanwhile, the three-dimensional porous structure provides a large specific surface
area and abundant active sites, which not only increase the sodium storage capacity and ion diffusion rate but also

offer enough buffer space for volume expansion, thereby enhancing the structural stability of the material. Under the
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synergistic effect of the In element and the three-dimensional porous structure, the 3D Cu@InSh electrode exhibits a

high initial Coulombic efficiency of 80.7%, good cycling stability (a capacity retention rate of 97.6% after 400 cycles
at a current density of 10 A/g), and excellent rate performance (a specific capacity of 225.4 mA +h/g at a high current
density of 20 A/g).

Keywords Sodium-ion battery; Anode; InSb alloy; Three-dimensional porous copper; Electrodeposition
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1 SEIGES

1.1 XA E5NEE
7 7K B B R B (NiSO, - 6H,0) .« T /K & i B2 4 (CuSO0,-5H,0) . — K& Fr B R = 44 (Na,CH,0, -
2H,0) . EALAE (PACL,) . — /KA W BERR4H (NaH,PO,+ H,0) . B2 (H,BO,) . A& LA (NaOH) . E A Mk
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B (KOH) | T8 47 R (C,H,0,) . — /K& Fr B2 (CH0,-H,0) | MUK A =& A4 (InCl,-4H,0) |, S 1k 55
(SbCly) | #if (Cu) | FHFAE (AD . )88 (Na) . FhFR (HCD F1 L FE(CH,CH,0H) , 43 #fr4li, B 2548 k2%
RANABRA A BEERHLEN(NVP) | BRIKAS (CNT) . R 3 £ 0% (PVDF) 1 N-FH LIRS e il (NMP) , 43
Mrati, bR T AR LR B A PR | 5 1. 0 mol/L /& S FR 4H (NaClo, ) i T-WkiR N ik (PC) (100% ,
PRBLE0 T 5% (54350 AR AR 2045 (FEC) 7T (NC-013) , MLk, 70 2 24k E R A BR Y
A Al CEBHA 18. 2 MQ-cm).

Versa STAT3 Y i Ak 2% T ARk, 5 [ BT 38 55 50 35 MOt 23 /] 5 LAND 2001A 29 i 4%, 2RI
ELRFERHR A BRA Al 5 CT-3008 B4 [ Bl o i BR324, I B @R FL 4 BRZA ] 5 CHIG60E 7Y
AL T AR, I RAEAER A BN F] 5 S4800 AU 44 fi B 33088 (SEM) , H A H 37./2 H]; AXS D8
ADVANCE % X S AT S (XRD) , #8[E Bruker 237 .
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PL3D Cu by TAEHLR , BEEAEK I R X B bl , (R AH R Bl (SCE)VE A2 HL Ll , 72757 40 ¢/L CH,0,-
H,0, 40 g/L. C,H,Na,0,+2H,0, 4 g/L InCl,-4H,0 F15 g/L ShCL, AU BE W, 43 BIHE-1.0, —1. 2 F1-1.4 V)
TEE DR LA T #7300 s E LA TR, JE 3D Cu@InSh HLA .

Cu@InSh AR (1l 45 55 3D Cu@InSh HUR il £ 1 S A ARARL, K4 TG4 TAE AR . JFal il Y K
HL IFCRRURE ], e E P 40 5 7 3R 15 3D Cu@InSh HLARORIE , FRI7E24 0. 28 mg/em?, JEFEFHITE S wm
KA.

Cu@Sh H A 1) il £ 2K FL B8 W P 9 InCl, - 4H,0 3057 B 25, HE 251445 Cu@InSh HE R 11 1l % 25 1

FHIA] .
122 @ AL MR SR CR2025 B0 o it X A4 R A0 H Ak 2 P BEEA TIEAR . 26 o ith A 2L 25 if
H Cu@Sb, Cu@InSh #13D Cu@InSh 73 5I1E A TAEEM , &R ANTE X i, BEILr /e PR, 1.0
mol/L NaClO +PC/5%FECYE R HL MR . 4= HL iU {5 3D Cu@InShVE A i, (i FHBERR SL4AN (NVP) LA
C¥ NVP, CNT Fl PVDF 2 i 2 Fb 75 15: 10 FI3E 24 19 NMP 4R FRNR AR 16 b, SRIGHE 100 'CF
BT 12 h, 4 NVP B/ M IEW A T 2025 . e i i 2 78 78 i 8 4l S (0, FTHLO0 & /N T
0. 1xX10°) [ FER P 2HEE . 2K MAE0. 01~1. 50 V 1Y LRI Bl N FEA T AE BR AR M0, 1 76 4 v Y g
IRZ AT, FEfHH Na B AGF Bt H X6 3D Cu@InSh B UEAT T SR BiANAL , SRIGTE2. 0~3.5 V HLEIE
WIEF PR . EFRRZE (CV)IHRTE Versa STAT3 BIH A2 TAEY, EdEf 7, BEJERIN0.01~1.50 V, 1
HEHA R 0.1 mV/s. HALZEBHBRE (EIS) M 7E CHIG60E 1 Hi Ak 2% TAES, b iE4T , 35258 Sk 10°~107
Hz, IR 5 mV.
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A13D Cu@InSh B LB AT T Al 5 (FLB R =AL B BV S m B , 25 R B, 3D Cu BFLBIER 2R
44. 5%, T 3D Cu@InSh [FLBHE 2K 35. 0%, B BALT 3D Cu IYFLER . FLER MR R 22 HF
InSh B PTFL T EALAR DN . DR R H R (SCE) & Rk, LI-1.0, —1. 2 FI-1. 4 VTR A 7E =
e Z LA N UTR InSh A 4, I SEM BE 7 K AH N BE 5 8 i (EDS) S0 2 40 A 1(B)~(D) B . Al I,
InSh & &0 PSR T =2 ZALA 0 FLEE |, FLRE DR FLAL O RRAIE Gl H 3G ), — 4 LA 1)
FLEE I 1# InSh A& S RLEWIE K, 425 WS, BEE 2L . X —IG ] ReIE A st i
LT, BARRBAHE & A T s ik 22 Ak, 80882 ok i A KR 1P EDS O R M E s, Infll
ShICFE AT TE — e Z AL FLEE |, FLREE DURGS B3GR, ShoC R I & s i i, 1M In e
() A [ B 2(A) |, 27 DA RS as I, k8 T 7E-1. 0 V HLAL F 484549 3D Cu@InSh &4
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Fig.1 SEM image of 3D Cu(A), SEM images and corresponding EDS elemental distribution maps of
3D Cu@InSb prepared at —1. 0(B), —1. 2(C) and —1. 4 V(D)
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Fig.2 Atomic percentage of each element in 3D Cu@InSb alloy at different deposition potentials(A) and
XRD patterns of Sb and InSb alloy(B)
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4 Na,Sb (3 #2578 B 5 MG IR rh 38 T iy 55 748 R 34>, SOk T Sh Rl Na 1% 45 & 4 AL i 2
T2 JOETE Y Na,Sh (w<3) 15 6938 J5 R 37 7 -75 75 # Na,Sh BITR A9, 51 5% 78 R 75 7 #H Na,Sh'™.
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Fig.3 CV curves of Cu@Shb(A), Cu@InSh(B) and 3D Cu@InSh(C) at a scanning rate of 0. 1 mV/s
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Fig. 4 CV curves of Cu@Sb(A), Cu@InSb(B) and 3D Cu@InSh(C) under the conditions from
0.1 mV/s to 1. 0 mV/s and corresponding fitting of the b-values(D—F)
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JCRM ZAEZALEWG, b EIR, H#0E8T 1, X —B#H3RY] Cu@InSh 13D Cu@InSh HLH 32457 LA 1%
il A 3D Cu@Bi HL B BEAE TV I B ARSI Na®, 3 R FHETH AR i S AR vk e .
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ELAE Bl e A A0 24 rh 25 e T R 0. X PR S 2 B T Sb 7 FE 0 o AR R A R R I o K B0
TETEM B AL BT . ML Z T, Cu@InSh HLHR A9 5 YR LE 25 50 515. 9 mA -h/g[ K[ 5(B) . 48
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Fig. 5 Charge-discharge curves of Cu@Sb(A), Cu@InSb(B) and 3D Cu@InSh(C) at 0. 3 A/g

The charging and discharging symbols are solid and hollow, respectively.

WiE 6(A)FF7R, Cu@Sh, Cu@InSh 13D Cu@InSh HLIE7E 0. 3 A/g LU %5 F I KAG IR e 22 1L
W2, HICE 22918 76. 7%, 84. 7% F180. 7%. %5 M, In BT A/ T D4 0 20 i S 3 1Y
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RS T AR AR P R ) B T AR, S SO AT B ) e A R TS (A I SN, WS RAA T ICE!Y.
234 300 IG5 , 3D Cu@InSh HL AT REBR i HH 356. 5 mA -h/g I HL 25 &, R AREFR N 66. 2%, &
P S B B S . i 6 (B) TR, BN AE 10 Alg i ML FL B B R, 1% HL B A6 26 400 R A5 E

1200 - (A) =~ 600-(B) P © = _
bo 1002 ' x . S im0l ; 100 2
= | ——3D Cu@nSb | S ——3D Cu@InSb % = ——3D Cu@InSb -
T F o Cu@msh L {0 3 F 40k ——Cu@msb £ E gl —Cuamnsy NS LU
Z —— Cu@sb {0 2 % Cu@sh £ & e @3 6o
] L S | o 8 (S S Cloiol 11 2
g S 40 —g S 200 —g g ! -g
& 300 0 3 D = Posoor |l RS =
< < < v [ ! o
5 . . © = o | ) © 5 " Unit:IA/g Ii Pl o @)
0 100 200 300 0 100 200 300 400 0 10 20 30 40 50
Cycle number Cycle number Cycle number

Fig. 6 Long cycle performance at 0. 3 A/g(A) and 10. 0 A/g(B), rate performance at different current
densities(C) of Cu@Sb, Cu@InSb and 3D Cu@InSb
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FEIH 190. 8 mA -h/g Y L 255, A EHMEIR AR K 97. 6% CHHXT T K FEHL L 2455 195. 6 mA +hlg). X3
Y, =2 ZFLE5F T LI S0 ol Sh RS R, I S 25 3R T sl G R RS e 1k . R 6(C) s T 3 F
FEL A A AN [R) FL 3 %% R R PR B R £, WAL, B R O R RS K, Cu@Sh HE A 1) 25 St T 0
Cu@InSh L 25 T 00 1E DLAK Cu@Sh AR A ek . AHELZ R, 3D Cu@InSh I THIA T —4i%2
FLEEH, R IEREAS 2 T B 4R T, B 7R =35 20 A/g AYHLR B R, 3D Cu@InSh HEL M AT BE BRI H
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Fig.7 SEM images of 3D Cu@InSb before cyclin(A), after 100(B) and 200 cycles(C), Cu@Sb before cycling(D),
after 100(E) and 200 cycles(F), cross-sectional SEM image of the Cu@Sb electrode after 100 cycles(G),
SEM and EDS images of the 3D Cu@InSb after 100 cycles at a current density of 5 A/g(H)
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Fig. 8 Electrochemical impedance spectra(EIS) of Cu@Sb and
3D Cu@InSb electrodes after 100 and 200 cycles
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Fig. 9 First charge-discharge curves(A) and cycling performance curves(B) of Na,V,(PO,),lI3D Cu@InSb
at 500 mA/g, cycling curves at different current densities(C) and corresponding charge - discharge
curves(D) of the full cell using 3D Cu@InSb as the anode
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