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Tab. 1 Physicochemical properties of metallic Sodium and lithium™

Category Sodium(Na) Lithium(Li)
Relative atomic mass (g-mol™) 22.99 6.94
Tonic radius (A) 1.02 0.59
E°vs. SHE (V) -2.71 -3.04
First ionization energy (kJ-mol™") 495.8 520.2
Melting point (°C) 97.7 180.5
Abundance in the earth crust (mg-kg™") 23.6 x 10° 20
Distribution everywhere 70% in South America
Cost of carbonate (RMB-kg™) =2 =40
Theoretical capacity (ACoO,, mAh-g™) 235 274

P10 B 1 Fi it ) T A D 2 B A i
Fig. I Working mechanism and potential applications of

sodium-ion batteries
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Fig. 2 Relationship between capacity and voltage for present (A) cathode and (B) anode materials in Na-ion batteries!
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Fig. 3 Structural illustrations of (A) O3-type, (B) P2-type, and (C) tunnel-type oxides
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graphite layers; (B) the cycling performance; (C) the charge/discharge profiles at different rates®™!
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Fig. 6 SEM or TEM images: (A) porous carbon nanosheets®’; (B) hollow carbon nanospheres®; (C) N-doped 3D graphene!®;

(D) Sn@C porous nanofibers™; (E) phosphorus nanoparticles-graphene scrolls®™!; (F) y-Fe,O;@C nanocomposite™; (G)

single-layered MoS,-carbon nanofibers®™’; (H) WS, nanowires®*"!
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Fig. 7 Charge/discharge profiles or digital photos of Na-ion full batteries: (A) NaNi, Mn, ;Oy/hard carbon system!*!; (B)
NaV,(PO,),Fy/hard carbon system®; (C) NaNi,;Fe,;Mn,;0,/hard carbon Na-ion battery pack and its (D) voltage profiles®”;
(E) iron-based Na,FeFe(CN)¢/FeO,-CNT system!®); (F) Na,;(Ni,sMn,;)O0,-Na,Ti;O; flexible and wearable Na cell™; (G)
NayMnO,/NaTi(PO,)s-C aqueous system®; (H) TiS,/Na-Sn all-solid-state Na-ion battery®™!
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Tab. 2 Typical sodium-ion full batteries
"
Cathode Anode Electrolyte Opera 1.ng Electrochemical performance Ref.
potential
. 1 mol-L" NaN(SO,CF;), Over 200 mAh-g" at 25 mA-g"' (anode),
M H ~3.
NaNioMno;0 ard carbon in PC 30V 60% energy density of LiCoO,/graphite 58
. . 100 m h-g' for 150 cycles at 75 mA - g,
Na(NijsFe,sMn,5)0, Hard carbon Imol-L' NaCIO,inPC 275V o ! Ahé] i mi-g" (cathode) g 92
03-Nay, 0.8 mol-L"' NaPF, in 300 mAh-g* for 100 cycles at 50 mA - g (anode),
Hard carb 32V 93
(CuguFepMny)O,  re carmon EC/DMC (1:1 vol ) 210 Wh-kg' (cathode and anode)
1 mol-L"' NaClO, in . .
140 mAh- g .1 49
Olivine NaFePO,  Hard carbon PC/EC (1:1 vol) + ~18V Oocnlles a“f laéo(cagl’o ie)A’ capacity retention after o,
5 vol % FEC Y
. 1 mol-L" NaCF;SO; in 90 mAh-g"'at0.1 A-g", 80% capacity retention
Na; V(P hit ~22V 54
a;Vy(PO,)y/C Graphite TGM after 400 cycles at 2 A-g"' (anode)
V(P! 100.9 mAh-g’! . 422 mAh-g'at 1
Na,Vy(PO,)y/ NasV(PO)y/ 1 mol-L" NaClO, in 00.9mAh-g"at 0.5 C, 422 mAh-g"at 10C,
acetylene 1.75V  80% capacity retention after 200 cycles at 95
acetylene carbon EC/DMC (1:2 w/w)
carbon 1 C (cathode)
1 mol-L"' NaClO, in 97 mAh-g" after 120 cycles at 0.2 C, 70 mAh- g’
Na;Vy(PO,),F Hard carb 365V 96
a:V(POL)Fs ard catbon EC/PC/DMC (9:9:2 vol) at 5 C (cathode), 78 Wh-kg" (cathode and anode)
Sn nan-
1 mol-L" NaClO, in 540 mAh-g'at 0.5 A-g', 460 mAh-g'
NaVPO,F/t t ~2.0V 0
aVPOF/C ggsoi?N- doped C PC +5 vol % FEC after 100 cycles at 0.5 A-g" (anode) 7
NayNig26Zn007 1 mol-L"' NaPF; in 100 mAh-g" after 100 cycles at 12 mA-g”,
Black P/C ~25V 98
Mn,5,0; a PC +2 vol % FEC 80 mAh-g" after 100 cycles at 60 mA -g" (cathode)
. 406 mAh-g" at 0.5A-g", 96.5% capacity
1 mol-L"' NaClO. ’
Na;V(PO,),F/C MnFe,0,@C P(Ijni 5 vol ; FEéjm ~2.3V  retention after 100 cycles (anode), 85
VoL e 77.8 Wh-kg' (whole battery)
Nagsolio2Nig» 1 mol-L"! NaPF, in 423 mAh-g'at 0.2 A-g"' and 74% capacity
SnS,-RGO ~2.5V . 99
Mng,0, 12 EC/DEC,(1:1 vol) retention after 50 cycles (anode)
1 mol- L' NaClO, in .
Ah-g'at 99 t
Na:V(PO,); NaTi(PO,); EC/DMC(1:1 vol) + 12V 80t mt_ g ﬁa ;g OC’ 961 %tcsar(’:azl yth " 100
5 vol % FEC retention after cycles al cathode
Na, oLig,Niyss TiO, . 80 mAh-g'at 11 mA-g', 56 mAh-g" at
1 mol-L"' NaClO, in PC ~1.8V 101
Mny+5Os Nanotube mo aibam 0.56 A-g"' (anode)
. 1 mol-L" NaClO, in
Na;V,(PO,),F;C Na,TiO3 EC/PC(1:1 vol) ¢ ~2.5V  42mAh-g'at0.2 C (anode) 102
1 mol-L" NaClO, in 125 mAh-g'at0.25 A-g' 70 mAh-g' at
Na,FeFe(CN), CNT/FeO, EC/DEC (1:1 vol) + ~2.0V 1A-g'(cathode), 136 Wh-kg' (cathode 103
8 vol % FEC and anode)
. 1 mol-L"Na,SO, 50% capacity retention at 11.2 mA -cm? after
N (@) NaTi(PO ~1.0V 106
24M00; aTi(POy); aqueous solution 1600 cycles, 65 Wh-L" (cathode and anode)
58 mAh-g'at 10 A-g", 50% capacity retention
. 1 mol-L" Na,SO
Na,V4(PO,), NaTi(PO), me 50 12V at10 A-g' for 50 cycles (anode), 29 Wh-kg"' 107
aqueous solution
(cathode and anode)
Na;Zr,Si,PO,, 1.87 x 10° Wh-cm? and 1.04 mAh-cm?
Na; V(P Na;V,(P 1.8V 108
& V(PO 3 V(PO (solid electrolyte) at 0.1 C at 200 °C (cathode and anode)
Lol
TiS, Na-Sn alloy NasPS,(solid electrolyte) 1.6V 0 mAh-g for 10 cycles at 89

13 A-cm? (cathode)
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Research and Application of Key Materials for
Sodium-Ion Batteries

LIU Yong-chang, CHEN Cheng-cheng, ZHANG Ning, WANG Liu-bin,
Xiang Xing-de, CHEN Jun®
(Key Laboratory of Advanced Energy Materials Chemustry (Ministry of Education),
College of Chemisiry, Nankai University, Tianjin 300071, China)

Abstract: Sodium-ion batteries (SIBs) have been considered as a potential large-scale energy storage technology owing to the
abundance, wide distribution, and low price of sodium resources. However, the larger and heavier sodium ion as compared to
lithium ion makes it difficult to identify appropriate electrode materials with the capability for fast and stable sodium-ion inser-
tion/extraction. Furthermore, the optimization of electrolyte, the matching of cathode and anode materials, and the construction of
sodium-ion full batteries with high-performance, high-safety, and low-cost are urgently needed in order to make SIBs commercial-
ly available. This review summarizes the up-to-date research progresses in key materials (including cathode, anode, and elec-
trolyte) of SIBs. Typical examples of sodium-ion full batteries are illustrated. The insights into the development of key materials

should shed light on the fundamental research and practical application of SIBs.

Key words: sodium-ion batteries; cathode material; anode material; electrolyte; full battery
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