5% 53 &5 7 W P S > B = N Vol. 53, No.7

I

2025 % 7 A JOURNAL OF THE CHINESE CERAMIC SOCIETY July, 2025

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240793

R ) bR B D 4 i i A 4 S S B
ORI T B KBRS 2 1k

o om EEe DEa gak!, KxE BET Ahel ZmEt' THsY
(1. PR A KSR IR SRR 2R, R 6105005 2. WAEHLE MoJT & TR E E S =, WA 610500)

O NTEUERE BRI ZE, AW E RERABERE A, %A Feu Co. Niv Cu. Sn &EH T, Hidit
UUE A IR B R BR AL BRI )48 T —FiR & 4B BRAL Y NiS/Cuy(Fe, Co, Ni)SnSy/BEANKE H-& M k. FERBRLFET, £ &
SIRETEIRRE RS, ST & TR TSR, 06T Bithikik. Fe. Co. Ni. Cu. Sn & AT LAME TG A O
DAK 5 A7 5 38 iR e M R R PE RIS B o NiS R Cua(Fe, Co, Ni)SnS, Z A5 AT T — AN E Hig, ik T Bk
BN F1% . Wb, BRGURE B E A EHR IR, 1REET mTAERse, defe TARIMSS R . X Rl e bRkt
ITRERNPERERT 7, 7F 5 A IR RIEF 1000 [8 G, FRA L2 A 626 mA-h-g™', JF H7E 20 A-g™ BB R ALIR 25 R IE3F
8000 B2 5, LEA 399 mA-h-g ' I HLEL A& . NiS/Cuy(Fe, Co, Ni)SnSy/CNT & & JBEAL Y FARAE KRB TR T
RN AR, MR T S BRI S R ZE NS, RS S B AR R 7R S S A T B (A AR AR

[=] ikt [m]
KR RESEMAY); T BE TR, BRI ; ok
FESES: TQIS2  NEMFE: A XEHRS: 0454-5648(2025)07-2001-12 Foduk
P4E L RRETIE) . 2025-05-26 = L

[=]§

BEE At A AT R R R RN, Ak e R SR RIRARIAERE T AR IR AL
BBORIEE D 0 T S T AR RE IR A AR R AR AR .
FABA SR EEIER IR, e dit AT, REe BRI E T .
(SIBs)HHLFE M LR R« A SEZH L RNHL TR REBHR B RERL ARSI
BGHES T IARL, B R R EAITRR BRI oGRS TR By, BE
ML R EAEREROR . 28T, RAEHAABRMM @RV AAA L2 188 SRR R
FES, s FRIb R BTG 2 EHhE, Gitn  ERIVEEHREMNE SR, ZMEBOEINS
TR RN il R, DUt ORRE RN, S BORGE R 5 I T A,
AR A R B, L, AVIRmERI AR, BENEER BB RANERY
FUA AR 540 B 7 b A7 1 R R PR S RE B A1 8 (AR e TS EC . Py e 3 T DA S e A A
FAMEY, Hob, AAESEIBLEEMRF A BB T RIS T G2 SO R
A R e R B AL (TMS) L A AT TR R BHE G5 RIFSE M A 0 T T AR v WAy
BRACIEH(SnS) BRALER(NIS). Bifbik(FeS). Btk 23, A S0k I e 0 it 5 2 (1 e Ak 220
Ei(CoS). TRALH(CuS)S e @A R AL A r PRAL AT, ATIIRE s A AR S 80 3 7 27 1 R O o
T SIEVERI R B 2 BT N SIBs ISR Btk el
SRTI S e SEPR BT T Pk A, B4 AL S 2 i BEAk, ANy B R 1 A A o S B R
R CL AR I A R b B 25 AR AR AR AL, SR8 B R R 9K S AR S o A, T R0 S

AR EH: 2024-12-12, BT HE: 2025-01-13, Received date: 2024-12-12.  Revised date: 2025-01-13.
HEWH: HEKAAREEEET EIHE (52072322); VU RHE VR First author: YANG Lin (1997-), male, Master candidate.
B 5 SR I E (2025YFHZ0172, 2024ZDZX0033) E-mail: yanglin12082022@163.com
EEE: M K997, B, WAL, Correspondent author: WANG Mingshan (1986-), female, Ph.D., Professor.

EEEE: EHMa9se—), &, Ht, #Hi%. E-mail: ustbwangmingshan@]163.com



. 2002 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(7): 2001-2012

2025 4F

I 5 R AN AR ORL A AR SR A . A, T &% 1
FALIE SR AL Z S, A BT AR IR AN AN R0 AR
e A RIS, TSR TR RO K 4 R
W5 bR A R OGS TR A S 8 AL 5k
S L R DA SRR VI T B, B REAMY
A RLE— PR S A L S, IR RERETE A
T R A AR R AR R B AR ARAR AL, AT 4 R A
BRI fa e el P,

BT LRI #Hr, 5 Fe. Cov Niv Cu. Sn %
HEJR, W IR R R IR AL T ] &
7 —Fh NiS/Cuy(Fe, Co, Ni)SnS,/CNT V& & 4@k
MEEME, 58RI NiS/ICNT 8L, Hik
FVERE BT . A [A] TR ) S S SR T AN £ 4
B B - ) B[R A RTS8 5 77 2 A AR AN
BT AR 22, A AU TR R Na i B AR
FEF T AR, NiS/Cuy(Fe, Co, Ni)SnS,/CNT H
(1) % B4 8 5 7k JE B e e S, Rt T S A
TR, BARS T 2B AR, WIS 1 H AR
1, R T SR 3 PR sk, RN SR
PURKE R G, BRI T AR T B S5 A
SEME. FEHIREE N 5 Ag' N, NiS/Cuy(Fe, Co,
Ni)SnS4/CNT £k 1000 KGR 5, 1) e 4R 7
626 mA-h-g ' FC LR . JEHRAE 20 A (R
B R, 63 8000 WS KR AHF 399 mA-h-g !
TECHL EE 2R o, R B DA e D v i 2 70 T rL M R
KAEHFGE N, Bon 7 HAE G308 & 7 it i
BRI T2 S T

1.1 %%

1.1.1  NiS/Cuy(Fe, Co, Ni)SnS4/CNT % &
S, A AFRE 4 mmol HURRERIEAL . ARERES . ARER
B OBRIRE AR IR ), T 400 mL £ BT K
W, PRSI R HERE 30 min, AR Ao [F]
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(c) Rietveld refinement of X-ray diffraction (XRD) pattern
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(b) XRD patterns of NiS/CNT
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(d) Crystal structure of Cuy(Fe, Co, Ni)SnSy

Atom 5% ¥y % Occ Uiso
Snl 0 0 0 1 0.003 13
Cul 0 0.500 00 0.490 89 1 0.010 59
Sl 0.246 23 0.248 21 0.254 85 1 0.029 67
Fel 0.500 00 0.500 00 0 03333 0.002 32
Col 0.500 00 0.500 00 0 03333 0.002 32
Nil 0.500 00 0.500 00 0 0.3333 0.002 32

a=b=5.353 46(23) A

c=5.4394(27) A

Volume =155.89(7) A’

(e) Structural parameters of the conducted Rietveld refinement

1 SAFEM I XRD BRI 1E 240

Fig. 1

XRD patterns and structural parameters of the Rietveld refinement



. 2004 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(7): 2001-2012

2025 4F

XRD . fi75f 0 5 hRvtE e B R A7, W HoAth A A
AR AT 3 — S AR R S5 M R AH o5
kb, X} NiS/Cuy(Fe, Co, Ni)SnSy/CNT £ i #4733 —
1) XRD S5 HHE 15, 45 R 1c fizm - NiS/Cua(Fe,
Co, Ni)SnSy/CNT ¥ i AXUAHLE K, 1E 28.5°, 47.5°
i 56.6° N BLIEAL 2 Cux(Fe, Co, Ni)SnS, [
(112)+ (204)FN(116) & TH, X B 25 ARy P4 (S J7
fb Ao TE 34.8°. 33.5°. 45.5°, 53.2°H IR
[R5 NiS fI(101) (002). (SIDAI(110) 5T, XM
2 (AN P63/mme (17577 i &R . FEIB4E R, =
/6] #F 9 P4 Cuy(Fe, Co, Ni)SnS, i A 36.57%,
2 AFEN P63/mme [ NiS AH (5 LN 63.43%. Cux(Fe,
Co, Ni)SnS,; MIZEMZENE le Fin, @miES%
a=b=5.353 46(23) A, c=5.4394(27) A, FMAAF N
155.89(7) A’. Cuy(Fe, Co, Ni)SnSy [ &4 &5 ¥ 1 (&
1d FIT7R, Cuy(Fe, Co, Ni)SnSy A& — Fl A4 fry [ v 44,
Cu. Sn. S A T 7 R 29, 1a fil 4h fi &,
Fe. Co. Ni WFt[E 548 1cfi 8, XML& mics

T J 17 A5 PR RS A R T DA T A R 1 A Y
09, K A TR A R A g U, T 22 B
BT IR A B R N A B TR T B T e SR,
[ E T XRS5 A I A7 AE A 2 18] R 05 T iR 57
JR ST, ST A T 2 T R BRI ) — U B
B 3 R B v 1 — O, e RN S O S A ST
AR B R 1 P S R 3, BT 3 25 7 A0 e o 5 85
fry i g7

Bl 2a. B 2b 8 BT B (SEM)ER
T NiS/Cus(Fe, Co, Ni)SnS4/CNT. NiS/CNT {15
TSR, TEF s B b o] LLVE I A 21 48 Ak 4
BRIk 2 7E CNT |, CNT ZEAE P 0L T4K
IR AN, CEARE R B T B AR
(168 /718, NiS/Cua(Fe, Co, Ni)SnS4/CNT. NiS/CNT
FE SR SFARAE 30~50nm 2 [8], 99K R ~FIAL k]
TE 78 TR L FE v RE RS I/ MAFR LN, FERAIE T AR
JR AN B T R B B, XA R TN T
(G EA Fa s P Bl

(b) SEM images of NiS/CNT
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Fig. 2 SEM images of each sample
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(d) EDS elemental mappings
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Fig.3 TEM images and elemental mappings of NiS/Cu,(Fe, Co, Ni)SnS,/CNT
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(d) XPS spectra of Ni 2p
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(f) XPS spectra of Fe 2p
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Fig. 4 XPS fine spectra of each element of NiS/Cu,(Fe, Co, Ni)SnS,/CNT
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Fig. 5 Electrochemical performance testing of each sample

Before cyclin; After 10 cycles Before cycling After 10 cycles

—
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(b) HRTEM images of electrode sheets after cycling (Discharge to 0.01 V) (c) HRTEM images of electrode sheets after cycling (Charge to 3 V)
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Fig. 6 SEM and TEM images of each sample before and after cycling

\ 5nm &
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AHRRS H3 H I 7 — 2240, 5 NiS/Cuy(Fe, Co,
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Hal, XKEWREREG S B B TR K
(&5 IR TE /N, BE W 7 H A 3R T T o 52 B2 (1)
SEI Ji&i . M LA #R T () SEM EUE AT LG L, 16 G
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Mixed-Metal Synergies Enables Sodium-Ion Battery Sulfide Anodes to Achieve Long Cycle
Stability at Ultra-High Currents Density
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LI Yangguang', WANG Mingshan'~
(1. School of New Energy and Materials, Southwest Petroleum University, Chengdu 610500, China; 2. State Key Laboratory of Oil
and Gas Reservoir Geology and Exploitation, Chengdu 610500, China)

Extended Abstract

Introduction It is critical for large-scale energy storage to develop sodium-ion batteries (SIBs) due to their cost-effectiveness and
abundant sodium resources. However, some challenges like sluggish kinetics from large Na* radii and poor structural stability of
electrode materials hinder their practical application. Transition metal sulfides (TMS) like SnS, NiS, and FeS exhibit high theoretical
capacities, but suffer from some intrinsic drawbacks (i.e., low conductivity and severe volume expansion during cycling). To address
these limitations, this study was to propose a novel strategy, i.e, designing a mixed-metal sulfide composite of
(NiS/Cuz(Fe,Co,Ni)SnS+/CNT) with heterointerfaces and multi-metal synergy. The integration of Fe, Co, Ni, Cu, and Sn could
enhance electronic/ionic transport, mitigate volume changes, and leverage catalytic effects of transition metals. Carbon nanotube
(CNT) were introduced to further improve conductivity and structural integrity. This mixed-metal sulfide composite exhibited the
excellent performance at a ultra-high current density.

Methods The composite was synthesized via a co-precipitation method and a subsequent high-temperature sulfidation. For
NiS/Cuz(Fe,Co,Ni)SnS4/CNT, stoichiometric amounts of FeSQs, Co0SQOas, NiSOs4, CuSOs, and SnSO. were dissolved and
co-precipitated with NaOH. The CNT slurry was ultrasonically dispersed and incorporated into the precursor. After sulfidation with
thioacetamide in N2 at 500 ‘C, the final product was obtained. NiS/CNT (control sample) followed the similar process using only
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NiSOa.. The crystallinity, morphology, and elemental states of the samples were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). To evaluate their
kinetics, rate capability and cycling stability, CR2032 half-cells assembled with Na metal counter electrodes were tested by cyclic
voltammetry (CV), constant-current charge/discharge test, galvanostatic intermittent titration (GITT) and electrochemical impedance
spectroscopy (EIS), respectively.

Results and discussion The results show that the complex consists of Cuz(Fe,Co,Ni)SnSs and NiS biphasic phases, and the
heterogeneous interfaces exist, which are confirmed by high-resolution transmission electron microscopy (HRTEM). The built-in
electric field at the heterogeneous interface accelerates the charge transfer, and the multimetal synergy (Fe/Co/Ni/Cu/Sn) provides
abundant catalytic sites and reduces the Na* diffusion barrier (i.e, 32% reduction in the diffusion barrier according to
density-functional theory calculations). The three-dimensional conductive network constructed by the CNTs inhibits the volume
expansion efficiently (i.e., the thickness of the electrodes increases by only 37.9% after cycling, which is significantly lower than that
of the NiS/CNT). For the electrochemical performance, NiS/Cuy(Fe, Co, Ni)SnS,/CNT exhibits an excellent high rate
charge/discharge performance and a long cycle stability, and still maintains a discharge specific capacity of 626 mA-h-g' after 1000
cycles at a current density of 5 A-g”', and 399 mA-h-g" after 8000 cycles at an ultra-high current density of 20 A-g™'.
Capacitive-dominated storage and enhanced Na* diffusivity outperform monometallic NiS/CNT. The TEM images and CV indicate a
reversible phase transition between sulfide and Na-S, thus validating the reaction mechanism.

Conclusions The built-in electric field formed by the heterogeneous interface and the synergistic effect of polymetallic cations
could enhance the ion and charge transfer rate, and the reduction of polymetallic ions to metal monomers facilitated the ion and
electron transport during the charging and discharging process, effectively suppressing the polysulfide shuttling phenomenon, thus
decreasing the polarization of the battery. The introduction of carbon nanotubes provided electron transport paths, which further
enhanced the structural stability of the material. This study could have a great potential of mixed metal sulfides for application in
anode materials for sodium-ion batteries.

Keywords mixed metal sulfides; anode; sodium-ion battery; ultra-high current density



