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Hierarchical Bio.sSbo.4@ C Sheets: Carbothermal Synthesis and Performance as
Anode for Superior Sodium-ion Batteries
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Abstract: Alloying-type anodes have attracted widespread attention owing to their high energy density and suitable redox
potential. However, However, its practical application is impeded by substantial volume expansion during repeated
charge/discharge cycling, which inevitably induces severe structural degradation and leads to rapid capacity decay. To
address this issue, herein, N-doped carbon-encapsulated Bio.sSbo.4@C composite sheets were synthesized via a polyvi-
nylpyrrolidone (PVP)-assisted Sol-Gel method followed by carbothermal reduction. The Bio.sSbo.4@C architecture consists
of Bi-Sb alloy nanoparticles uniformly anchored in the nitrogen-doped carbon framework. This hierarchical structure effec-
tively shortens Na* diffusion pathways, enhances electronic conductivity, and mitigates volumetric strain during alloy-
ing/dealloying reactions. Bio.sSbo.4@C anode achieved outstanding Na*-storage performance delivering a reversible capac-
ity of 269.46 mAh-g ! after 1500 cycles at 0.5 A-g~!, and retaining a high discharge capacity of 347.29 mAh-g™! even at a
high current density of 2 A-g™!. The superior electrochemical behavior is attributed to the synergistic interaction between
the Bi—Sb alloy and the nitrogen-doped carbon framework. The Bi-Sb alloy endows the electrode with accelerated reaction
kinetics and enhanced structural stability, while the N-doped carbon nanosheet framework constructs a continuous conduc-
tive network and efficiently buffers the volume variation during cycling. This work offers a feasible design strategy for
high-performance alloying-type anodes toward advanced sodium-ion batteries.

Key words: sodium-ion battery; Bio.sSbo4@C; anode material; carbon framework

WimEER: 2026-06-15; WEMEFSHEE: 2026-08-09; M LA ARE: xxxx-xx-xx
£E&WAH: ExaRR2ER
National Natural Science Foundation of China (52301266)
EH B 2IETHE2002 -), &, WiLHFFAE. E-mail: ligingqing63@mails.gdut.edu.cn
LI Qingqing (2002 - ), female, master candidate. E-mail: liqingqing63@mails.gdut.edu.cn
BIEEE: WA 7%, B#EP. E-mail: xuxijun2022@gdut.edu.cn
XU Xijun, associate professor. E-mail: xuxijun2022@gdut.edu.cn

J. Inorg. Mater., XXXX, XX(XX): XXXX
www.jim.org.cn



I 5 K B g~ IR RE S5 AT A AR VR 7 EEAS BT &
L T B RO B PERRAE X il e H RS H T B v R
(31, = I Rt DR G R A e A v o ) I R AN R P
Iz, RON T BB AR T . b, R
FHMMCT ZNHTREF6. B ENERE R
Gr, HSZER TR A PR R A A BRI, e A
SEATH AL R IBAERE T R M2 R, BV T it
BHWEEFEE . oA AR S SR80,
Na' [ E@m2h 1.02A, KT LiT 190.76 A, i
BB R o (R N/ B R TR, 22 VR B 7
FL I 7 AR R DL BB T ). g,
A1 2B LAY BUARE IS 2 A0 A s B B B AT 4,
EHAREA TG 0 V, 57 KAk & A2 4 X,
BU-S1, PR, JFRIEHEGEE T/EEAL, maEH 4
PRSI SO L, & AR B AN 2 7 it R 1 G

A SRR 2 A7 AR AR A G o R
R EAIE R AL, AR S B AN RS T
AR R 2 — U1 oA B (Sb) B A 7 B 2
& (660 mAh-g ') FlHIE WS A S5 B A7 - SR 1M
Sb TEEN AL/ i BNt FE b 3 7770 B 35 R B K, AR AR
HEZRK R 29 400%1 214, 2R ff I8 ) f, 5 R F 90K
SERIBETE . AE. ZAEMMTNA SRS
SRS, geAh, TR RRRY, N TRZEHRES
HH [H) J2 B 5 A RS0t B AT/ R AR I T e 2,
Bl S SR T RS2 5 0, T N AR E 1 S T
FRIUSY, & G A SR W) n] d i 22 20 4y B [ R 4%
PAZERE . H A5 S B AR

Bi-Sb &4 K H Bk & & il ] LURIE S SR
5 5k 5l 2 R P [ AL #2022, Bi 5 Sb A&
VA EJ5, RFHEFIRIT, A7 AT =5 H A7) B
FIBS Bi ff M4 R E . R K 38R (L
244%), AT Sb TR/ BiEN i 72 H ry R 24k
FUAR 2023241 A LR B, Bi-Sb & & baetr g
AR R LB R T R R gk 2 LA
Ay AT 3 O R AR ik T A S % o A AR R AR 260
BiSb@C 2 4 45 14 JU W 368 3 k1 4 1 it oA
e G THI - MG PR R o (R 2 3/ AR, kA,
% JZ BiSb@Bi,0:/SbO,@C &5 ¥4 Flitk N\ % LRk I 14
(1) Bi-Sb [V AR R B B4 10 A5 2 e A G 2R
FasEtk, #E—BEB T BiSb & 4 SRR M 4R A A X
THIA R, Rk, M BiSb A &/Ik R &4
PR TH A 4 B4 2 1 vt 7B O A R T R 2R
PEBE A BB R

Bi-Sb & &Mt Sb mAEM Bi RUFH &
K fgRase v, midiEE Bi/Sb LA BT 4 &

J. Inorg. Mater., XXXX, XX(XX): XXXX
WWww.jim.org.ch

SR A7, BT, AWEFCR IR 2w
fre B (PV P il Bl 145 J2 ¥k J2 15 45 - B0 2 1 o R s il ok
it i, #& T RS RBRUENNERE S
BiosSbo4@C M8}, Ferfr, Bi-Sb & MUK AL KA
BIBIBAELE, V4R Na'y BUK A2 I ek RN E)
J15 s B HEZR U AT B v v A e RE 0 O 2R i A i
e AP AR AR AL AL, HE T 85 5 2 R e PEA 15 R PR B

1 KW

1.1 iR

S8 B RT3 B 2 s e B (PVP, it
BRI A AR AR NN- 5
(DMF, % it % ( L) R ¥ /R A # ).
Bi(NO3)3-5H0 (g 22 s kA AL B A A BR 2
7)) SbCls (g e MR AE R I B IR A ))&
1 7% 22 (Super P& IERHEM R AR G R AR 5
P2 40 (g BTy T AR A RS I BR A ®]) . NaPFe
(HMEZZHFRBEERAR). & B = HE
(DME, 732 22 A RA R #1&E (-
HERTRL T AR R A R A ) BeI e 4ERR iR
i 5 A CR2032 784 411 3 HL it 58 (4R 56 R 19 387 A U R
B PR A7) A A e sk i g5 o B i B
Gb, AR AT AR — P4k,
1.2 Bip.sSbo.s@C EEMEHHI &

Bio.sSbo4@C E &M ELRH PVP 4l B i it i
A A B AT R S R A ER . W 1(a),
B4, K 1.0 g PVP I 20 mL N,N-— 3 F ki
(DMF) 1, 7R N REELIH: 2 5 AV, 15513
—BEWHER . BEE A 1.25 g Bi(NOs3);-5H0 Fl
0.39189 g SbCl3(Bi : Sb=0.6 : 0.4(EE/R L)), Z4kLL4i
#, fHHAE PVP/DMF A R0, e,
TREEBNAE 85°CHRR & i B 23 7 58 42 7%
K, 1B EEARTIE. &5, BTG
WA RE T A5, BREEAN, £ 700 °C
G AL 2 h, FHEESE 3 °C'min . A
ZERE, BERAHAK, B BieSbus@C ZHM
B o HoAth LEAFIFE 5 Bio.4Sbo.s@C - Bio.2Sbos@C Sb@C-
Bi@C 412K FH AH [R] 1 ] £ i A2 o
1.3 #HRISRIE

K H 4 =% PANalytical B.V./A @[] Empyrean
X ERAT AL (XRD) 73 AT B i s A% 45 4 R AH 2H 1%«
K F H A Hitach 24 7] ) SU8220 A3 i1 i i
(SEM)WLEFE i ES . KA E Thermo Fisher Sci-
entific 2 @ Y Talos F200S % 3% 4f v 7 & 19 4%

2



(TEM). =153 #2612 5 55 (HRTEM) A /=5 £ B2 30
I 3733 i TEM(HAADF-STEM) WL ZZ 8 W 45 ¥4 #1176
EREHT. K HZEE HORIBA Jobin Yvon 2 ][]
LabRAM HR Evolution % & #3347 2 He 184 /At
k& ¥ ) Bi/Sb AHRIRBNFFIE. KA EE PerKin
Elmer A @ ff) TGA 4000 %4 # 5 4 H7 4 F1 Anton Paar
(Shanghai)a 7] ] Autosorb 1Q-MP % bt 2% [ R I3
{C(BET) BT i i ik & = FOFLEE H)
1.4 BRFIESHEBAR

4 Bio.eSbo4@C M L. Super P 5 HEL 7 ATifg 5
FRANEE S TR ELL 8 - 1 1IRG, MAEEERE
TR RIS KR b, BRI ET
WM R, HET 80 CCH A T M b T 1
12 ho TS5 I AR A 3 VTA ¢12 mm B[R 4 H .
AN TR R R H i T 2 oD o o R 7 i LA R
®S5E AW R 2 ES R, HH BiosSbos@C-
Bio2Sbos@C Fl Bio4Sbos@C ARG YR £
1.55~1.95 mg-em 2. DUEN o] sAR, B3RS 4F 4 bt
J9RE A, 1 mol-L™' NaPFs-DME A HL B, 1E 78 i 4
SIT-ER AL CR2032 BN . AEHKIE

UL 78 TR A MR HL A TR BRI RE B R (GITT) 4 72
@ A

SbCly
+
DMF Evaporation
n
PVE 85 °C
+
Bi(NO;),-5H,0

||||| 100 nm

Kl 1 Bio.sSbo.s@C &34k ] % L2 45 ) AL

LAND2001A HIR R4 L4y, HIEUEA
0.01~2.0 V. 7E 3£ [ Gamry HL b2 {% £ A 7] Interface
1000 A4 sk 2 T AE S, 130 4T H Ak 2% B BT (BIS) A1
ARZ(CVY Ik, HEIEEY 0.01~2.0 V.

2 FR51TR

2.1 &4, BRSSO

Kl 1 (a) N Bio.sSbos@C &M H il £ i F
Bl 1 (b~d) i SEM )78, Bi-Sb &4 £ 4K
FEIR(Z) 100 nm)¥ 2 7 A0 TAERR K e I 32 22
AR T PVP BRI IR ik X 88 6 6 4 UKL [ 5 Aoz
WERMRIEEH . B 1(e)) TEM A #E—BiEs
Bio.sSbos KR I R EmZ 2. B 1(f, g
HRTEM [ it — B4 7R 7 R M Bk & BB 2 k)2
JURLIE W IR A% 25 20, Horb 0.336 nm 1 & 171 [A] R
Xt B Big.6Sbo.4 H1(012) & 1 - HAADF-STEM & A (&
1(h)) &% EDS Jt #7041 B (B 1(~1))% ¥, Bi. Sb. N
Al CeEMAIEIS), H Bi-Sb Fiki ik &5 2y 34k
g, XEegh BRI T BiosSbos@C HH
gk,

Big ¢Sby.4

100 nm 100 nm

Fig. 1 Synthesis and structural characterization of Bio.sSbo.4@C composite
(a) Schematic illustration of the synthesis; (b-d) SEM images; (¢) TEM image; (f, g) HRTEM images; (h) HAADF-STEM image; (i-
1) Elemental mappings of Bi, Sb, N and C
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Fig. 2 Structural and physicochemical characterization of Bio.cSbo.4@C composite
(a) XRD pattern of Bio.sSbo4+@C; (b) Raman spectrum of Bio.cSbo4+@C; (¢) TGA curves of Bio.2Sbo.s@C, Bio.4Sbo.c@C and
Bio.6Sbo.4@C; (d) Nitrogen adsorption/desorption isotherms and corresponding pore size distribution curve of Bio.sSbo.4@C; Colorful
figures are available on website
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Fig. 3 Electrochemical performance of Bio.sSbo.4@C and composite anode materials with different Bi/Sb ratios
(a) Initial three CV curves of Bio.sSbo.4@C at a scanning rate of 0.1 mV-s™!; (b) GCD curves of Bio.sSbo4@C at 0.5 A-g™'; (c) Rate
performances of different anodes from 0.05 to 2 A-g™'; (d) GCD profiles of Bio.sSbo4@C at 0.05 - 2 A-g™!; (¢) Rate capability com-

parison with reported anode materialst>-3 9]; (f) Long-term cycling performances of different anodes at 0.5 A-g™'; Colorful figures
are available on website
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Fig. 4 Na* storage kinetics and interfacial impedance evolution analysis of Bio.sSbo.4@C anodes

(a) CV curves of Bio.sSbo4@C at 0.2—1 mV+s™!; (b) Linear relationship between lgi and lgv for different redox peaks; (c) Capacity
contribution of pseudocapacitance control and diffusion control of Bio.sSbo.4@C; (d) EIS spectra of Bio.sSbo.4@C anode at during the
initial discharge (2.2—0.1 V) and subsequent charge (0.1-2.0 V); (e) DRT spectra of Bio.cSbo.4@C anode during the initial discharge

(2.2-0.1 V) and subsequent charge (0.1-2.0 V); (f) Two-dimensional DRT contour plots of Bio.sSbo.4@C anode during cycling; (g)

GITT test of Bio.sSbo.4@C
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Fig. S2 Electrochemical performance of Bio.sSbo.4@C, Bio2Sbos@C, Bio.4Sbo.s@C, Bi@C and Sb@C anodes

(a) GCD profiles of Bio.2Sbos@C at 0.05~2 A-g™'; (b) GCD profiles of Bio.4Sbo.s@C at 0.05~2 A-g!; (¢) GCD profiles of Bi@C at
0.05~2 A-g™'; (d) GCD profiles of Sb@C at 0.05~2 A-g!; (¢) GCD profiles of Bio.sSbo.s@C at 0.5 A-g™'; (f) GCD profiles of
Bi0.2Sbos@C at 0.5 A-g™'; (g) GCD profiles of Bio.aSbo.s@C at 0.5 A-g™!; (h) GCD profiles of Bi@C at 0.5 A-g™'; (i) GCD profiles

of Sb@C at 0.5 A-g!
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Fig. S4 Morphological evolution of the Bio.cSbo4@C electrode after different cycles
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Fig. S5 Cross-sectional SEM images of the Bio.cSbo.4@C electrode in the pristine state and after 100 cycles
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Fig. S6 XPS characterization of the Bio.sSbo.4@C anode after cycling

(a)XPS full survey spectrum; (b) high-resolution C1s spectrum; (c) high-resolution O1s spectrum;
(d) high-resolution F1s spectrum
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Table S1 Rate capability comparison with reported anode materials.

. Current density Specific capacity
Anode material Ref.
(A-g (mAh-g")
Bio.6Sbo4@C 2 347.29 This work
Sb-MOFs 2 160 [35]
3D SnSb@NC 2 116.6 [36]
BiSb@C 2 152 [37]
Bi—-Sb@C 2 329.3 [38]
Bi-HC 2 241 [39]
K S2 Bio.6Sbos@C+ BiosSbos@C+ Bio2Sbos@C+ Sb@C Fl Bi@C ¥ EIS 8l & 45 5#
Table S2 EIS fitting results of Bio.sSbo.4@C, Bio.4Sbo.c@C, Bio2Sbos@C, Sb@C and Bi@C
Sample Ry/Q Re1/Q Wo1/Q
Bio.sSbos@C 10.51 0.50187 1.11
Bio.4Sbo.s@C 30.71 6.02 7.679
Bio.2Sbo.s@C 7.436 2.405 7.173
Sb@C 5.027 4.212 0.47418
Bi@C 9.732 3.764 1.147
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