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Fig.1  Schematic diagram of the discharge principle of lithium/sodium ion battery
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Fig.2 (a) Schematic diagram of preparation of MoS,-C hollow diamond-shaped ( MCHR) composites; (b —c¢)
SEM image of MCHR composites; (d) TEM image of MCHR composites; (e) Electrochemical performance of
MCHR composites after 100 cycles at 1 A/g; (f) Rate performance of MCHR composites; (g) Electrochemical
performance of MCHR composites after 3000 cycles at 10 A/g"!”
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Fig.3 (a) Schematic diagram of the preparation of MoS,/Mo,N/C composites; (b —c) SEM diagram of MoS,/Mo,
N/C composites; (d) Electrochemical performance of MoS,/Mo, N/C composites after 200 cycles at 0. 1 A/g;
(e) Rate performance of MoS,/Mo,N/C composites; (f) Electrochemical performance of MoS,/Mo,N/C composites
after 300 cycles at 1 A/g and 2 A/g""
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Fig.4 (a) Schematic diagram of the preparation of MoS,-RGO/HCS composites; (b —¢) SEM image of MoS,-
RGO/HCS composites; (d) Electrochemical performance of MoS,-RGO/HCS composites after 100 cycles at
0.1 A/g; (e) Rate performance of MoS,-RGO/HCS composites; (f) Electrochemical performance of MoS,-RGO/
HCS composites after 1000 cycles at 2 A/g!'?]
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Fig.5 SEM images of (a) MnCO,; (b) MnCO,/PCS composites; (¢) PCS/WS, composites; (d) PCS/WS,/rGO
composites and (e) PCS/WS2/NG composites; (f) Schematic diagram of the preparation of PCS/WS,/NG
composites; (g) Electrochemical performance of PCS/WS,/NG composites at 2 A/g for 500 cycles in lithium-ion
batteries; (h) Electrochemical properties of PCS/WS,/NG composites at 0.5 A/g for 900 cycles in sodium-ion

batteries*
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Fig.6 (a) Schematic diagram of the preparation of WS, @ NC composites; (b —d) SEM images of (b) PB
nanocubes, (c) Porous carbon nanocubes and (d) WS, @ NC composites; (e) Electrochemical performance of

MoS,-RGO/HCS composites after 200 cycles at 0. 1 A/g; (f) Electrochemical performance of MoS,-RGO/HCS

composites after 500 cycles at 5 A/g'
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Fig.7 (a) Schematic diagram of the preparation of HTSHNs WS,/C composites; (b —c¢) SEM image of HTSHNs
WS,/C composites; (d) Electrochemical performance of HTSHNs WS,/C composites after 1000 cycles at 1 A/g;

(e) Rate performance of HTSHNs WS,/C composites'*’
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Fig.8 (a) Schematic diagram of the preparation of SnS, @ C composites; (b —d) SEM image of the preparation
process of SnS, @ C composites; (e) Electrochemical performance of SnS, @ C composites after 500 cycles at

1 A/gl'®
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Fig.9 (a) Schematic diagram of the preparation of YDSC-SnS@ NSC composites; (b — ¢) SEM image of the
preparation process of YDSC-SnS@ NSC composites; (d) Rate performance of YDSC-SnS@ NSC composites''”
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Fig. 10 (a) Crystal structure diagram of TiS,; (b) Rate performance of TiS, material in Ethyl Ether electrolyte

(NaPF,/DME) ; (c) Electrochemical performance of TiS, material cycled 9000 cycles at 20 A/g in ethyl ether
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Fig. 11 (a) Schematic diagram of the preparation of FeS,@ C composites; (b — ¢) SEM image of FeS,@ C
composites; (d) Electrochemical performance of FeS,@ C composites after 100 cycles at 0. 1 A/g; (e) Rate
performance of FeS, @ C composites; (f) Electrochemical performance of MoS,/Mo, N/C composites after 10000

cycles at 10 A/g'®’
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Fig. 12 (a) Schematic diagram of the preparation of FeS,@ B-CNTs composites; (b —c¢) SEM image of FeS,@ B-
CNTs composites; (d) Electrochemical performance of FeS,@ B-CNTs composites after 500 cycles at 1 A/g!*

BR T FeS,,FeS FLIEZ 5 K609 mA -h/g, L J&—Fh# UL A HL/ A0 5 1 H SR b R, Xie 2517 380
Y7 2 AV BB A L T — B 2 AR G5 FeS@ Ti0, @ C B A Mk X Rk BHERE B FH I R 5E
0.1 A/g LB FAEER 100 WK, AT 38 2518591 mA -h/g, 7E 2 A/g HLIL BB FAGEER 500 A Al 3k
5465 mA -h/gl i A&,

2.6 WHERESEAHME

TR B A R RS AR, ) 2 N T R R AR | H L R R A T R b A
BHEAT B, H UL B R AL S 4 F BB RO R IS, NIS, T Ni, S, H X B IS 25 B B 9 NIS, (NS,
589 mA -h/g,NiS,:870 mA-h/g,Ni,S,:703 mA-h/g) #F5Ei £ ' | Giib b 32 BBk 52 B R 76 b
YIFRRIATRE . XA FHEAE TR R ISP R 2540 T 25 5 103 3 RUR b AR METE Bl Re i 10 LT, &
WA A5 T A0 I 5 e 22 T %) AL T TR RUR T R, S RIS AE Li*/Na " JERLES 1 SEI I, S 80%E 4L
RIR O 2D A PRk AN A4 P % 40 K 25 4 DA BB 2 45 5 W) S AT 2 A R0 i oy
7qix‘;[36,39,43-35] .

Li %R T B EBT W8 T NS, @ C BFeEE Y, DL g RS Lb K5 35 0 R R i 7
DI ZS B rh T 2S BRSTEE AN AT AR AL 2 008 14 2 [B) DR 28 i NiS, 7F 700 H it A v A IR BRI , 1 EL A
B IR AR 1 SEL 2, WniEl 13 fios 1925 T AR B 5245 M i, Ir il % 1 B e etk NiS, @ C 7e41
B b RIS RIS T (FE 1 A/g - R 2000 RAG G (755460 mA -h/g) 5 1k
AE(TE 20 A/g FAULE T R225 mA-h/g) .

Bi 5000 R — B A4S T ONIS, 9 K BUREE #7 T 0 SRR R A 250 NIS, TR 45 M (25 0



5512 1 BRI B R ALY TE AT S L R i IS 1395

SiOAPFR

coating

[ T T
5 10 15 20 25 30 35 &0 &5 L =0 1000 1500 2000
Cycle pumber

K13 (a)NiS,@ C ZEEMEHHHRER,; (b-c)NiS @ C A HEHK SEM ;5 (d)NiS, @ C & &%
PERE; (e)NiS,@ C EAMEHE | A/g UL FHER 2000 Yk A9 HL k24 g

Fig. 13 (a) Schematic diagram of the preparation of NiS @ C composites; (b — ¢) SEM image of NiS @ C
composites; (d) Rate performance of NiS,@ C composites; (e) Electrochemical performance of NiS,@ C composites

after 2000 cycles at 1 A/g*’
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Fig. 14 (a) Schematic diagram of the preparation of NiS,@ G composites; (b - ¢) SEM image of NiS,@ G
composites; (d) Electrochemical performance of NiS,@ G composites after 100 cycles at 0. 1 A/g; (e) Electrochemical

[36]

performance of NiS,@ G composites after 300 cycles at 1 A/g
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Fig. 15 (a) Schematic diagram of the preparation of CoS,/C/C composites; (b — d) SEM images of
(b) Co (IPC) +H,0 particles, (¢) CoS,/C composite and (d) CoS,/C/C composite; (e) Electrochemical
performance of CoS,/C/C composite in lithium-ion battery at 0.1 A/g for 100 cycles; (f) Electrochemical

performance of CoS,/C/C composite at 1 A/g for 400 cycles in lithium-ion battery">’
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Fig. 16 (a) Schematic diagram of the preparation of CuS composites; (b —d) SEM images of (b) CuS electrode
surface; (c¢) The back of CuS electrode and (d) the surface of copper foil current collector; (e) Electrochemical

performance of CuS composites after 2000 cycles at 5 A/g*
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Fig. 17 (a) Schematic diagram of the preparation of Platelet-Like CuS composites; (b) SEM imnage of the
preparation process of Platelet-Like CuS composites; ( ¢) Rate performance of Platelet-Like CuS composites;

(d) Electrochemical performance of Platelet-Like CuS composites after 150 cycles at 0.5 A/g!?")
2.9 BUMHARNG
g5 b, &R B (M, S, o M =Fe \Ni Co Mo ,Cu,Sn Ti 570 % ) KB A MR EHHIE ST A %KL
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Table 1 Properties and modification methods of metal sulphide anode materials

Theoretical
Sulfides capacily/ Advantages Disadvantages Structural regulations Ref.
(mA-heg™)
Adjust the cut-off working voltage ;
Construct the structure of
Molybdenum- High capacity; Bad conductivity; .
. MoS, :670 - nanoscale; Couple with carbon-  [11-12,31]
based sulfides Layered structure Poor structural stability .
based materials; Construct
heterogeneous structure
Tunest Poor conductivity; Construct the struct ( !
ungsten- onstruct the structure of nanoscale;
& . WS, :433 Layered structure Poor crystallinity and . 7 [13-14]
based sulfides Couple with carbon-based materials
unstable structure
High theoretical capacity;
Tin-based SnS, : 1137 8 Veore IL pactys Large volume expansion;  Construct the structure of nanoscale;
. Rich resources; . . R [15-18]
sulfides SnS:1022 Poor conductivity Couple with carbon-based materials

Layered structure

Continued on next page
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continued from previous page

Theoretical
Sulfides capacity/ Advantages Disadvantages Structural regulations Ref.
(mA-h-g!)
Good electrical conductivity;
o . . . . Construct the structure of nanoscale;
Titanium- . Good embedding dynamics; Low theoretical . .
. TiS, :239 . . . Couple with carbon-based materials; [19-22]
based sulfides Polysulfide adsorption; capacity
’ Use ether-based electrolyte
Layered structure
High theoretical capacity;
Iron-based FeS, :804 ‘Rmh resource.s; Large volume expansion Adjust the cut-off working voltage ;
. Environmentally friendly ; o Construct the structure of nanoscale | 23-24 ,34-35 ]
sulfides FeS.609 . . Poor conductivity . R
Higher operating Couple with carbon-based materials
voltage platform
NiS:589
Nickel—‘ NiS, :870 High th.eoreti(:al capacily ; Largevolume expjstrTsion; Construct ‘the structure of nannsc.alef36’39 4243]
based sulfides . Rich resources Poor conductivity Couple with carbon-based materials
Ni; S, :703
‘ C0S:590 . . ' Large volume expansion Conslruct.the structure of nanos#ale;
based sulfides High theoretical capacity . Couple with carbon-based materials; [25-26,40 ]
CoS, :870 Poor conductivity
Construct heterogeneous structure
. . . . Construct the structure of nanoscale ;
Copper- Good electrical conductivity; . . .
. CuS:560 . Large volume expansion  Couple with carbon-based materials; [27-28 ,44 ]
based sulfides Rich resources

In-situ growth on copper collector
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Research Progress of Metal Sulfides in
Rechargeable Batteries
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Abstract Lithium/sodium ion batteries with low cost, long life, high safety, high performance and easy
massive fabrication have become very effective secondary energy storage devices. For lithium/sodium
batteries, the electrode materials have crucial influence on their performance and cycling life. Metal sulfides
are regarded as potential anode materials for lithium/sodium ion batteries because of their high specific
capacity and low potential. Metal sulfides show drawbacks, such as shuttle effect and volume change,
resulting in structural deformation, together with decayed capacity and reduced stability. This review
summarizes the research progress on the modification and properties of metal sulphide anode materials.
Designing controlled complex structure and composite anodes enhances electronic conductivity and minimizes
the effect caused by volume change, and thereby further to achieve better electrochemical performance. The
structure-function relationship of metal sulphide materials is discussed and their positive prospects are
proposed.

Keywords metal sulphide; lithium ion battery; sodium ion battery ; electrochemical performance ; structure-

function relationship
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