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Figure 1 The concept of Electric China proposed by Liquan Chen, Institute of Physics, Chinese Academy of Sciences (https://tv.cctv.com/2020/02/29/

VIDEUhAY4Pd9xs5PBx5HdgNh200229.shtml)
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12k (b)), Copyright © 2015, John Wiley and Sons. 03-NagoCuganFeo3Mng 450,34 HL T AU S (o) FITE2.5~4.0 V H T 31 7 b I 28

(d)[ﬂ, Copyright © 2015, John Wiley and Sons

Figure 2 (Color online) The structure, morphology and charge/discharge curves for Cu-Fe-Mn based cathode materials. The schematic diagram of the
crystal structure (a) and charge/discharge curves at 0.1 C rate of P2-Na,4Cu,,Fe,oMn,;0, (b)[S], Copyright © 2015, John Wiley and Sons. The scanning
electron microscope (SEM) image (c) and charge/discharge curves between 2.5 and 4.0 V (d) for 03-Nao_gCuO,zzFeo_3Mn0_4802[6], Copyright © 2015, John

Wiley and Sons
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B3 (RILSHR () S MR ST, (a) P3-NaggLinMing (O 7EFUARIFHURA (4.5 V) T RYX-HLL Rl FPDEXE LI, Copyright © 2018,
Elsevier. (b) P2-Nag ;,Li24Mng 740,75 1.5~4.5 V HL R Fil A 9 78t 2™, Copyright © 2019, Elsevier. (c) P271P3-Na,Lig ,Mny 50, 1F R AETEE R
Frh— e M R 351, Copyright © 2021, Springer Nature. Nay;Mg, 5TiyeMny 20, IEBFTHIZE1.5~4.5 VLT 315 Bl P4 B9 FERCHE 22 () FEER

PERE(e)!”, Copyright © 2019, Elsevier

Figure 3 (Color online) The analysis for oxygen-redox materials. (a) Comparison of X-ray and neutron PDF of P3-Na,¢Li;,Mn, 3O, collected at
pristine and charged states (4.5 V)[“], Copyright © 2018, Elsevier. (b) The charge/discharge curves for P2-Na, ;,Li, »,,Mn, 40, between 1.5 and 4.5 V
voltage rangem], Copyright © 2019, Elsevier. (¢) Evolution of the one-dimensional topological structure in P2 and P3-Na,Li,,Mn,30, cathodes on
cyclingm], Copyright © 2021, Springer Nature. The charge/discharge curves (d) and cycling performance (e) of Na,;Mg,;Ti;sMn,;,0, cathodes

between 1.5 and 4.5 V voltage rangem, Copyright © 2019, Elsevier
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98.7%, JrZEBEETE9.5% LA ) FIAE R EE & M (80 i
HWRRFFRN3%). Rife, FAEEMH LR IEEE
LR ETFERMO LI E T, AT —
FYINASICONTYZE 1 I W i £R IE AR M BL. 20164,
GoodenoughflF 5 1 B\ >4 - 58 T NasMnTi(PO,),
B AL 2EPERE, NayMnTi(PO,),7E2.5~4.2 VHLE L H N
AR 80 mA h/g. FALERYIE ke T
F G0 A7 SO0 TT7 HG A I A IR R A e e 0 1 o
M TAERE, A THH—FhICE RN 2E T 5, TR
A RS PR IR Y. 225 T-A S R RS Rl
KGR IR AR S A AR o, B il 5 1 ok 7
Nay(VOPO,), FAKE AFEIFE0.1 CHTRYZS M 142 mA hg,
BEAN, 2 kgl falbf T T AL A K, J17E26650[5
HERIE ] AL PR RE. AR, WullFSE At T
T AL DR EENa; V| o(Ca,Mg,AL,Cr,Mn)g 1 (PO,),F;
(HE-NVPF)IEH AL, HnT DI PEH 3.81 VA TAE
LR F1445.5 W h/kg i fig % B S 0 5 10 Fa Ak 2 1 g
R 7 W IR ER AR L L SRR e L rL Ak A RE DL 4B,
L S 28 R A A 3 b R P AR R il 28 1
SELM RS BRI ) 3 A 2 —.
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B 45 A M[Fe(CN)g], - 00,'nH,0(MFe-
PBA)H FA5 A8 o) & A, 2 R
—E IR AR XA R R R A T AR
#4(2.7~3.8 V vs. Na'/Na, Bk T AR[E M XFFe’ 1
e )M = YR e FESRGE MY, 2] LIS AS
Na ByAT i, $RH5KF 150 mA h/gh LA, (HE,
i T Fe(CN) = 0 ARG KA RSN, BEZbh R e
BORAL, APREFIEA AR E ST, 20124, Good-
enoughfF 7 P BA >3 it R s T 3 S 17 1 5 1 NaFe[ Fe-
(CN)JIEAR AR}, A5 52120 mA h/g, (HES
RORAUN6T%; HH T s K TR EAL MR, KAIEER
AR, WM AMICER, T LA 2] A B EA B AR
5 HUARMIEBE R A Mn[Fe(CN) 2", HHHLfb2EPERE ]
FESZ B SR K I EZ 0. AnEIS3 TR, 762.0~4.0 VHLIELE
BN, SKMARABRE-G, §ETEELHN
135 mA h/g; MELZ T, BRKMERE —BEES,
T Y AT 5 25 5 (150 mA h/g) R AR A AR Ak HL R (100
vs. 300 mV). HHAT UL, SO B A R HL b
SEVERRA A B .

1.2 Gubtrt

OB R BA 5 X5 404 25— F b g B B 1 FH A EL A
T EEA T SC. Fn, A8 O R T A A S TR
B PR A R AL HERR. SR, A 88 O AR R R TR P AR
N S I 2 N = R 2= = I P S O S 3L 1]
I B R AIPRNR.  FRAR AR 4M 251 B il Ry 2 R
R TAEHREMG. AR S5RE ((RFIEAE
N ERECKES . RLEE S, TS T
SoRE. FAREE AREEM G S EN. B
T 288 AN B F i b R T E s IR . R
3. ARG SRR,
1.2.1 LB A AR R

TG 58 T Wk G A e (6, 455 B s A ke ) PR 9% 90 =
B SRR EATEREI S, BN R N T
AN AR, e R A B B 5T i —
HEEOI T I LA RA R PEBE 4 0 E T BRI iR R,
TR T RKERFEEIE T AR, FHBUS— R R

2 R A Y TR AR A R A R 2R S
P, TR T SR e R A R B R, 43R 75
TIEARFI (g e m f R I i G P R A B,
RBRGGE T A IR X R BRI 2 4 L) B A e P RE A
SN, S5 AR B, BERE T, R AR TR, FRIX
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FEECHAN. I E H I ] BCR 2 $2 R (galvanostatic  in-
termittent titration technique, GITT), FATiHE—E1iH
T HLAb A IR B IR AR A B T BRSO P
TERRASHRAPERER EER N . RS, AR5 A RTIK
PRI A BB SRR B JRA T R IR, AR £
L0 VI 2 AR o IR A g A, 48 Rt
W JFTEO VAR HY B v T J 0 3 ok 671 W F LS
Fezste. BhAh, i HUEEIR G A AR I AT R
A 5 B A SRR R R, R BRI SRR AR, A T 28 B
PTG, Aok el LI O R T RENEH.
S5 SR FE A 0 S ST o PO R Al 67 W A A L e v
FIFEEN 25 (>300 mA h/g), [HIRFTRIKEA = . FomR
RACI AL TR A B PEM HE. JETF 1, FRATHE AR
R FHSAR BN =B 38 155 (~90%) (1 TCHHBRAE A AT IRAA,
T 1 A7 BB R R — AL B AL B T VAR B T —Fh ik P RE
IS ABRER R & 4Ga) s, SE k4 2%
S AR T R LU Z5 48, 5 Bt £ A P A 25
55220 mA h/g, HEEECHEN83%, JFRINL
SRR RRETE. (AT, 2RI ER b
R SN H, Bl T 2R s, o & T
SCRAR A, AR TOHRIE IR 70 b R ELAT fo i i 1
bt (EHA& BN AL T B Al i A4 9 3 i
WA EN A i, T e X5 A R T R A A 7 R 2 B,
AR AR R A 7= Tk A 1 P 0 e — b AR B TR AT
URAAR, (A HAE E iRk B b 5 o 11 2Rk, R A
FEROBRIZ S5, AR TANE T ROfEeE, fEan s e
94 mA h/g. R T fRPEX—[IE, FRATHE H TRHIRA AR
A3 T BRI T K A R v 1 A I 2R s ke iy SR A AL
gh ARSI DY, XA AT, Kk
EHETHHI254 mA h/g, B SRR EIA82%, fifF 1k
RERAF. Z )5, TERS | ARERR TSR R BLT, 48 H B
RITAAAL RS, FEWI T o] BT 77 A s BREs F LA
T TE IR FE P A AT, B RR I TRy
A EHE, R R R AR PR A AN T
CO. COE&it— USRI R LSS FY, A 30
W ER, BB 232721300 mA h/g(K14(b)). 2
PEUL TAE, — K, Wi A PR B iR ik
AR R A A R, 2 — R R Mg(NOs), 6H,OEfk 3
D0, T A R AR A3 AR Ay [ SRR A R,
)RR SBT3 7 A0 SR A R T Al 2 R H Y
(4(c)).
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a b) 3.0 - - v v c) 3.0
@4 ® ——Pitch 1400°C in Ar © —PC1400
2.5, —300°C3hinair, 1400°C in Ar - 25k —PC1400-ISM{S
Z
~ 3 =210 Q % $ 20 /
S < ] z
[0 <] 1 5 Iy ¥ R g 15 r ’
g g > /
g 24 >o 10- Air treatment % 1.0
~3-fold increase 8 05
1 1st ||l 5th 05 I
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B 4 (RAHO )RR GBI AR PR, (a) PATCARIE 03B VE TN ay o[ Cug 2o Feq 30Mng 45] O, IE LA LI A FE L HIZESY, Copyright ©
2016, Elsevier. (b) F 2R AR5 W IR0 75 SLm bR OB I B 8 SE i i i 21, Copyright © 2018, John Wiley and Sons. (c) 75 1400°C
WAL(PC1400)FIMg(NO; ), 6H, OB 1t I 75 Ak (PC1400-ISMS) Y B & SE 7k L I 26 46 1L B, Copyright © 2020, Elsevier. (d) #51550°CRi ALl 75
MBI 800°CRIAL W T (19 75 s 257, Copyright © 2019, John Wiley and Sons. (e) “RHi B B 1B RHI 1 8 FE e i 26, Copyright © 2022,
John Wiley and Sons. (f) BRI JBIBRVR B B A FERCHE 2™, Copyright © 2019, American Chemical Society

Figure 4 (Color online) The electrochemical performance for hard carbon anode materials. (a) The charge/discharge curves of Na-ion full cells using
pyrolyzed anthracite anode and Na,o[Cuy,,Fej30Mng 4]0, cathode™, Copyright © 2016, Elsevier. (b) The initial discharge/charge curves for
carbonized pristine pitch and carbonized pre-oxidation pitch anodes™”, Copyright © 2018, John Wiley and Sons. (c) The initial discharge/charge curves
for carbonized pitch at 1400°C and Mg(NOs), 6H,0 modified carbonized pitch anodes (PC14OO-ISMS)[36], Copyright © 2020, Elsevier. (d) The
discharge/charge curves for carbonized pitch at 1550 and 800°C anodes®”, Copyright © 2019, John Wiley and Sons. (¢) Initial galvanostatic discharge/

charge profiles of “slope-dominated” carbon anodes™”, Copyright © 2022, John Wiley and Sons. (f) The discharge/charge profiles of carbon anodes
made from phenol-formaldehyde resin™”, Copyright © 2019, American Chemical Society

R R MR LA A 52, SR & KA T
BB F12A 2848, AN Bk S A R DI R 3 B A T,
B s 2 Mg i — e 2 ek, Fit, 7Pk
o ARhI it N 2 P B R AR o ik S e Tt T R
R e vERE AR T B R . B R A
ER A, RIGEMATZ, KT R
(800°C) Fhfk, 7= Z R B/ Nk )2 A T
FRIGFURBE, WO 1 i S R B EE BE, E T4
TR SO LR DX ) fE A 2 B (1€14(d)), S5 NaNi ;-
Fey;sMn, 0, V8 it 1) 4R 5 4 L it 8 80 1 50 o8 ) A3 ke
fig(6 CIEZE NI A1 70.15 CFAY75%)"7. #Eit I
fili I, 33 P/OZ% R FILB A IE T2 MR . 34 i i
B 2 N R O A 2 T G R 7 LA AR R A
Ifid 1 IR BRAL IS = R C-OFIPO, A ] i B RER, 7]

IR C=0. PO,” /PO, Ak, $15 T HH i pik
R (~250 mA h/g). = A(~80%) (Kl 4(e) AL A5 R
PEBE R B AR, Ry v D) (e 2 A S - LT Y
KRR T 45 S,

IR SR R AR AN A i AR T RIREE T,
{EATSRAR T SR AR 45 5 (~372 mA h/g), #E—2D42
T 07K P B 255 o) ) 5 rEL T i i 4 B A B H L
HEZAEM. RATE e BO™ B3R 48 = 1A 5 IR
1A, R R S IR R AL (1900°C) &l T e B R as + i
BRGAERIY. iz R B R A R E G
2, HoA S 2 BRI ™ A T HAT W s A A Y A
HALBR, Rk OB R B A B R T 22400 mA h/g.
Hrp, SFH X TTHR T KRZ85%(>330 mA h/g) iy il i 4%
i, 5)%'>|jiNa09Cu0'22F60‘30Mn0‘4802/§1£%ﬂ£$&ILEHEB’J

3553



M4 EEL B 2025108 #6775 H30H

LRI ~240 W WkglWRERE B . TR TAER &
T, IR — Rt bR R s, R
WV A RTIRAR, 2B i AL, S it o W 2
P g X} T T RS O R A e ) L B B R A TR B 1 2
¥, e R AR BT LA, Kl 7 Tt
Z 410 mA h/g(Fl4(D). %5 503-NaNi, sFe, sMn, 51E
WA AR B A 4 FL T, 2RI HH 83% 1 5 1 JA Rk
FHI300 W WkgMIRER B, Ay ier L REAM 251 o L 9
BT R T IRSZH AL

PGS T L e K i ih ek i) e A~ PERE (i
JE AT 2 SRR AR RE ). R RO RCR
(ICE)ZAh & 7w EE IR bR, Eoe G i)E
SLURIAIY LA . B R R U BHYICE, B
T PR FEACEMLA A, F2AL 5 LIR30y I
(1) B JE TR R, AR I o0 L B A i i
LI (solid electrolyte interface, SENAE i (2) Na' Fl
SRR EREMIIIRIS N, (3) fas 2N I —LEAN
AN B, BELAS 1 Na (] i . A BRAE R
T ICEAR M B A, X455 IEHA £ Ak B0 A Hh A e
R EER. O T Qe $2 Sk S BHIYICE, AT LA
LR JUAS TSI (1) MBS, Qs RHY
Fb 2 T AURIBRE 57 15 T LAV INSETR AR AR, 1T LASE i 2
AL TREE . AR R A B BT AL, DL RAER R
R N TAAKSEIS aORSEEE. (2) BR T 5 SEIRAE AL
A MR RICEZ 4, —SFREMth 4 5Na & 4E
NI 30 B R S TR AIRICE, {31 N C=0 2 3 Hi A 75 iy vl
Wizsht, MC-OMCOOHN 2 FINa" % A A 0] 53 A Al i

JO7, DRI 5 1) B RE A X A ke i ICE L B F
=98
1.2.2 4R AMA R

W TR RE, T T AR LI
HL,  BRIE RO R R — AT T S B NS - b £
Wbkl R E PR, BA RS A45FAILILTISO )
Sl AT AR SRy HLZ N AR YAl TR RE,
BB AR TS £b(~0.2%) (FIE T I EA T HR5T
A KABER R E MY, SR TH0 8 T-Hut, AR A B
A Z R AR B SEAC ) AR RS, e I AR
EHE AN ENITR T T TINN L, % g3
Li FITi BA ML B 242, AT IS T P2-
Nao,ﬁe[Lio_zzTiojg]Ozﬁ(%ﬁ oAt Al E‘Jﬁ%éf"]‘fﬁﬁﬁ“z]. Hig
TR RS2 R, AR A R T
Bl A (~107"" em®/s) FE/NKHAFUEAE (AV=0.77%);
FLAL AP RE AR W, 1% BB 116 mA h/ghn 1%
FLZRREHN0.75 VISR AL, SHRFEABIAHEL, X
e (A A B LA A R0k e T BB At P A T B e T Lt
et I H, AETHABP2AHM B 5 K A P2-02
AHEEAR, AR B — v AR A AL 2 BT T N
TSR PE (LB A S KA IR E 1, 12008 )5
FRAFRR R T5%, VIR 8 2 508N 0.02%.
RPN B T o R B4 MR e (AR ) Y ot b
PR FH T DR LR B A B Lt i
123 AL AABA B

SIHL MM BAE LG, A LA R SR AR
AR LA ZRE, BN NBILAY . TRk

F1 XHFEROBREFRME N ERTEAR. R ECBENE N

Table 1 Comparison of initial reversible capacity, ICE and cycling performance of carbon-based anode materials involved in this paper

B SR EHCANFRR) Al B (mA h/g) H IR RECCR(%) TEFHERE E =BT
e 314 83.2 0.1 CHEFR100/E J5 A A H93% [29]
iy 315 83 0.1 CIEA 100J8 J5 5 AR FE397% [30]
KRR 314 91.4 1 CHEFF1300R8 25 PR RE R 70% (4 L Tth) [31]
(7N 330 88.3 0.1 CTEH 1008 A H A FF397% [32]
e 222 81 0.2 CHEFR600)E 25 2 AR 1E389% [33]
W+ (1:1) 254 82 0.1 CIEPF150/F 25 AR FF3289% [34]
WitH (B4 k) 300.6 88.6 0.1 CHGFR200J8 25 B - :5:%93.1% [35]
P (Mg(NO,), 6H,0H M) 277.8 80.2 0.1 CHEH200/)5 25 AR FER98% [36]
Wi (KR E ) 263 80 1.5 CHEFRS00J5] 25 1R 4573 70% [37]
AR 400 80 0.1 CHEHS0JH 2 f I F%91.5% [38]
PR G 410 84 0.1 CHEH40 /A B 24575 93% [39]

3554



P A

G APLA R A YA PG E s,

WAL G P R L S YRR EE . 45
LA . o, SR R 4 (Na,CgH,0,) 2
S PR A LR, FRATIRGE T Na,CgH,OE N
BRI AR, R0 CREERAN0.1~2 VI
JEEFE P22 0250 mA h/ghl ] 6 b 285 F10.25 VK
BELAE. FRATX HAY T ALOS I BT 2 A A0 7 i i,
KIEEE S TR E R ECROR . 55 RE AIE A M
g, XTI A Pt & —Fh BAT s A2 TE PR A LK
FHALEY), FATHIFINaOH 5 CH,O,/E T BN
il 4 A B T A AL A RN, CoH,0, ™, %t
FE0.1 CHLFS BT B9 B A vl 386 F 25 4 5265 mA h/g,
B SRR N1.9%, TR R TV, ARGk
Yo VRO FSEURAY A= . SR, X APkR T+
HL RNV T A WL, S ese t
2%, At
124 A& ki A AR B

BaXME, BT HMAEN AR RO K
HL SRR R 2 B T 2 e, Bk R R
e O A EE B R, RN, AR — S
(IR, B R N sl e 2%, HB N an e R AR L E
K, FEME ORISR 2 i, s b
W, LA H R R SEBR R TR R, R,
i DR 4 S SARBRA R R I A RE A A 2 L T I 1) S e
[, AT DL &R AIE A & U B In, Sis
Sn. Pb. P. As. SbFIBi, {H¥ERILBh 124,
N ALY, BREETE Y. AR AR T
GEHNE, Lbr BB ZNE SO R T8 A
Sn. SbFIP.

Sné& & bR TAEANEIIE L A B . Al A ik
FHLT FUSAMCHR G S, R 2 —K A
Sk HENa-SnG S b B i i 24, RZ ]
FHMELL ELRERAE, HLH B 12E ez 2IM R 54544
MIRZMAE R, BT ASE T H W LR H BT JCE . S
Hevt, B IR EE B R A ARFRAR1R(420%) 11 1 G
PR E MRS S Sndy A i il B RRG ™. H4h,
SbJi ] LA 53 Nagh &8 iliar 5 575 75 & 4: Na, Sb,
S 2 T LA $]660 mA hg, fafkELf7E0.52 VI,
SbAE M A 25 7 H it A 4 b R B AT AR @ i F o o
. FIBEARBE B T EAT 5 RN PR AN I A i
B, ke HLEA AL I LD ol A VR A i EN T,
H5Nalg liNa ;P &%, HLIS A & &k

2594 mA hg, HULENIFE0.4 VALY SR, LI
S AR 22 DL R AE IR R S B R AR AR Ak B R ) T
HAE AR ot Fp A SEBRI . A SRR K
FIRFZ AR 2 ok — R [, anfvkify ik SEIRIA
Fase . FFEEHFENa R AR, 3 RbR I 1 75 B k.
PRI, 38 a5 Fh 42 (R 22 9 7 R 2 i AR R K,
E— 20 Pt im HAG AR, 2 A SEPR N FH P AT 25 1.

1.3 W@ R

LA VR Rk R P EE A S Ay, SRR IE
AR B2, FE1E TR = B B A4 2 I EH,
X LYt (1) FL b 2 P e M e MR 1) 2 G BN .
Y L Tt LSRRI A AR A L ST [ 2 i I 2K
1.3.1 R AR

WA EL A SO PR LA, VA ORI
P AL, JfAEm e AR . — ORI, ANES
- FEL b AR T N A DA R B R W
PO EN S e/t Re i, e
PRI BAIR B RN PR A IS5

LA RO BRI B TS A o, 6 it P e A )
PUETEER. 20134F, FRATE KRR T T “solvent-in-salt”
v v R E A, T B AR A A R AL A
HL Y 22 B S AT A, PP L B A T R AR
e P v AR T () A R T 22 0 s A RN B Al R M
(A, 32 )i T X P B s v B H AR P LR R,
aﬂzﬁ]ENaTiz(PO4)3%ﬂNaoA“[Mn0A66Ti0.34]Oz$@ﬁEEgﬂ(/%
B T H T R T R “water-in-salt(WiS)” = 5 1€ JE Hi, i
WEWFFE™, B UGIE W AT LATE “WiS™ s SRk JiE i i i
AL Na (ISEL H 4 i b b2 E 5 O RE2.5 V. 2
Ji, TATIGE T — 2 tE 1 B = i B (1C-WiS) FEL i
J5t, Horb il 3 DU 2 e (TEA Y P FH s 710, i v e
(31 mol/kg)IIC-WiSHL M TR B 3.3 VI T Ha Ak~ 1
F, 0] T IEARA R el U 4 T s A ) . R
NaTiOPO,fi# . 1 Na, sMn[Fe(CN)g]yo7-1.35
H,OIEAR A2 HL F WA K R BN S 14 b, AT DAL
1.74 VEF-EIEEFITT W h/kgBE B3 .

PETF AR B COIE DR P T R A R RE A
RCSFMS. BT Na A H T Li BR8N 1 Stokes A2 Ml 25
HAALRE, PRIERS bR AR M B A R A vt mT LA
BEEersh fiEtERe. T, RITREEMNITZ,
T S R ARAN R R B, R Sy SRR 1 L), B0 T
0.3 mol/L NaPF/EC+PC(IARRLL 1: 1) MK ik & Hi it
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WP, SRR A R AR A T FE A i Na A
FIMEHE)Z, 1925 T o MR AP0 B AN 7 E AR N 5 Fads
AT AT HLA 25 B e A L A R 5 L 18 2 (cathode
electrolyte interface, CEI)FISEI, Hijih T A/FEikE 7 1175
FIIH BT, LA, BT PR FMR ERRAI, H A % 1 1) s
IOL P53k r= T HF B B8/, (AR B I B
WRIH B S IR R E MR R ECReE. hF
ER I A VAT 1045 LA L, 35 TG 6 v 1 o v
A AR — 2 B AN S T b A BEAS, M MIRALAS . Stk
AN 1 Lt A0 2 4R A3 RIS
132 [EfR R

BT A LR RO SR SR AL
T FAAE L A P R v A A 2 A PR, T [ A R A o
AT LA ol DRI I D T A R R e A B O L FRL
TR T AR — 4R v E L 0 2 A AT A AR T
Pl T A AR A TR, SRR RIS B A4 R 4 —J2
AR S IAT 1A Hh S5 4 R T e A 5, F
— A HETT AR R R R A B T SRR E M, RN
751 25 Fh, b H 288 81 g B ) RS R A T 2 B R R

NASICONINa, ., Zr,Si,P; 0,,(0<x<3)hE T
TR BA ] ENa " =4, xFFRB e HA TR
INASICON, Na;Zr,Si,PO,,E T FE N
6.7x10 * S/em. K T #E— L THNASICON [FE A H i
AIENES T SR, WL T e R B Ak R A R T
RZz—. HTI, FATVNASICONZATLaTT E B4
PERFFERY, 2547 I B AL B AR B S T
BT, SEIFW, Lafyg| ASE T AR 7%
i, Bk SR S T SRR F3.4x107 S/em.
bR T Lats ez 4b, BOLMITFSE R, MghisZethinl L
FNASICONAY B 1% Il it SR KR 2 55 303,54 %107
Siem™. BhJE, N T 4R N ASICONIE /A H fi 5
FREL SR OB NaF A N2 AT BIRAR b LU T R 3385 Pl
AR, BETMTHE EFNASICON AL B4 B+ 5
B XGRS R — 4D e
558 IESE T Na-Si-P-O-FE M AIE L. Nay,Zr,Si, -
Py 3O 1,-0.5NaF7E = i T 2 20 4 = 1 L 32 3% (3.6 %
107 S/em) FIHEAKAIEILAE(0.25 eV). DL 24553, il
T XINASICONS | AH AT, kAR S A R 4544
AL B AL S 1T LB AR T i G,

EEYBMT R TR ST Fmmnl s
TR A2 P U S P, AR — 28 5 A 1 o fp ol ke
Pt R, HEFE SR OHLE AR BRI, £
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ROV, BIE 25 (PEO)RLE R f fi B h T
W/ BRURE LT RS U A a5 A2 B ST
K. B G T De vk i £ 1 R ) [ AR o fie
AE FEHL R AR A FR R B VR A ™ R R R Y
TR, FRATIHR T s S N SR L PR E R R A
U B B A [ A R T 7D R B e g
AL A AL A IR B, DT 3BE G0 5L 1 A1) S
B EA. 5IAALOZ KRR AT LA OK i = I HF I B
B AR 2E R AR ALF;-6H,0. K H 5 Na;V,(PO,); IEH «
4 B Na fi b 21 2% pl [ 25 Bl i, A) i 45 &
110 mA hg, & JEECRCRRK93.8%, 1 CRPR M
FR2000 )5 75 A5 % 492.8% (€15 (a)); 4@ AR RR
HAE100 pA/em’ T AT EIHFR800 h(5(b)). IHAH,
IKAE RS2 BT PEOE A H fff 4 {0 . TCI5 YL 1Y
il 5.

R T 0T A F i T AR B R R RIE SR 2 40, A
FE Yt Y ) S T T R b 2 R R A B O E
SOMR. [EASH D, PR A 2 IR A (- [ Ak,
P BEATOAR 2, R R FAE fAs 2. R n] Ut I
(9 TCHL AL AR fL g ST T R 28 4, T T 28 3t
ISAFAE S A2 DL S B A A AR S A IR R A 1E AR

(@)
1204

o “"p=—01C  NVP|FSI-1% ALOs-AQ|Na, 1C

gl M
R e———
13 500 . -
2> o —~ 400 ; 0,
£ 60 g © 9238%
Q N 200 K L Tos
S 304 I o stz 00, 1C
° o Charge o] A i > o
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‘% Q)

0 500 1000 1500 2000
Cycle number

b B ST ¥ I
$ o $ 9
~ ] §= £
e 100 E =% @ s 780 770
= 5 : Time (h e (h
Q
- - p—
g—'IOO‘ S0pAcm™ Na|FSI-1% ALOs-AQINa <+ .
> -2 ! .
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-2001 “' ' T
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Time (h)

5 (FESRUR () tEPEO R AL B A9 RE™. () Na | PEO | -
Na;V,(PO,); B ML CREZEN M P B8 MR B A2 v i 32 3
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Figure S (Color online) The performance of modified PEO solid-state
electrolyte[ss]. (a) Cycling performance of Na | PEO | NayV,(PO,);
solid-state sodium batteries at the rate of 1 C and electrochemical
impedance spectroscopy (EIS) during the cycling process (inset); (b)
cycling performance of the Na | Na symmetric cell at a current density
of 100 uA/cm2 and EIS during the cycling process (inset). Copyright ©
2019, American Chemical Society
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Research progress of key materials and engineering exploration
for Na-ion batteries
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Yong-Sheng Hu
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Under the background of “Carbon Peaking and Carbon Neutrality”, Na-ion batteries (NIBs) have attracted much attention
due to their advantages such as low cost, high safety, and excellent performance. Low-cost NIBs are beneficial supplements
to Li-ion batteries and will show their special advantages in the field of energy storage. Nowadays, NIBs are at a critical
point from laboratory exploration to industrialization promotion. Since 2011, the NIBs research group of the Institute of
Physics, Chinese Academy of Sciences has been committed to the research and development of low-cost, high-safety and
high-performance NIBs technologies. It has obtained more than 40 patents of core materials, and some patents have been
authorized from the United States, Japan and the European Union. It is the first time in the world to propose Cu-based oxide
cathode materials and low-cost anthracite-based anode materials with independent intellectual properties. In 2017, relying
on the core patented technology, the first high-tech enterprise focusing on the development and manufacture of NIBs—
HaiNa Battery Technology Co. Ltd. was established. Then, the world’s first example application of 100 kW hand 1 MW h
NIBs energy storage systems was put forward.

This paper firstly focuses on the series of progress in the layered oxide cathode materials made by the research group for
NIBs, mainly including: (1) Cost-effective Cu-Fe-Mn layered cathode materials, (2) high-capacity lattice oxygen redox
layered oxide cathodes, and (3) stable phase transition layered cathode materials (high entropy and high sodium content P2-
type cathodes), and poly-anion compound phosphate cathode materials. In terms of anodes, a series of hard carbon anodes
using different biomass materials with excellent sodium storage performance were synthesized, as well as the high-
performance soft carbon anode materials based on anthracite and pitch. A long-cycle stable titanium-based oxide anode
material was designed. In terms of electrolytes, high-salt-concentration aqueous electrolytes and low-salt-concentration
inaqueous electrolytes were designed. In addition, NASICON (Na super ionic conductor) type solid electrolytes and
polymer solid electrolytes were modified on purpose.

For the mechanism investigation of electrode materials, this paper explores in detail the phase formation mechanism of
layered cathode materials, the ordered/disordered arrangement of layered oxides, the sodium storage mechanism of
titanium-based oxides, the design methods of new tunnel-type materials, the sodium storage mechanism of amorphous
carbon materials, and the sodium storage mechanism of organic anode materials.

Finally, in terms of the industrialization exploration of NIBs, the process in the industrialization exploration and example
application of NIBs for our group was introduced. The future development directions of NIBs were put forward in order to
promote the sustainable development and accelerate the commercial application of NIBs.

Na-ion batteries, cathode, anode, electrolyte, mechanism investigation, engineering
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