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Abstract: Because of their high energy density and long cycle life,
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market for over 20 years. However, with the increasing demand for large- I
scale energy storage systems for grid applications, the price of Li ¢ A °
resources has increased owing to the low abundance of Li in Earth’s
crust and non-uniform distribution on the planet. Because Na has similar ] ya%

. . . . . diffusion
physical and chemical properties as Li and is an abundant natural o i S &
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resource, room-temperature sodium-ion batteries (SIBs) are expected ik
to be among the most promising next-generation large grid energy ©  Sodium-ion battery oy -0- \
storage devices. It is known that the cathode, anode, separator and @"""“h-n,,ge e

Solar energy  Wind energy

electrolyte materials are the main components of batteries. Among
these, Na-containing cathode materials are of critical importance. As a cathode material for SIBs, polyanion-type
compounds have become a hot research topic owing to their versatile structural frameworks, high thermal stabilities, high
ambient stabilities even in the charging state, small volume changes, tunable operating voltage by tuning the chemical
environment of the polyanions, and high operating voltages owing to the inductive effects of the polyanionic groups (POf_,
S0i, Siof, etc.). In particular, for Earth’s abundant resources and inherent stability, polyanion-based compounds are
suitable for large-scale stationary energy storage. Taking grid balancing into account, batteries with fast charge rates are
in demand, which requires cathodes having high rate capability. However, despite the presence of ion diffusion channels
in polyanion compounds, the electronic transport channels are blocked owing to the separation of the metal polyhedral and
the strong electronegativity of the anions, leading to poor electron conductivity, which largely limits the rate capability of
polyanion compounds. Therefore, it is crucial to understand the inherent limitation of the kinetics in terms of the structural
aspects and to determine strategies for improving the rate capability. This review discusses the intrinsic reasons for the
factors impacting ion diffusion based on the different structures of polyanion-type cathodes. From the perspectives of
surface modification and morphology, strategies for enhancing the transport of sodium ions and electrons at the surface
and interface are summarized and discussed. Then, from the standpoint of the hierarchical structures of materials to the
design of a structural framework, which have been rarely reported, this review proposes schemes that intrinsically enhance
the rate capability of polyanion compounds and provides a perspective on developments that can further improve the rate
capability of cathode materials. This review provides suggestions for designing and optimizing high-rate polyanion-type
and other kinds of cathodes from both academic and practical viewpoints.
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Fig.2 The crystal structures of NaFePOj4.

(a) Maricite, (b) Olivine.
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Fig.3 The structures of pyrophosphate cathodes for SIBs.
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cathodes for SIBs.
(a) NazV,(POy)s, (b) NazVa(PO4),F3, (¢) NasFe3(PO4),P,07.
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Fig.5 The structures of orthosilicate cathodes for SIBs.

(a) NayFeSiO, 34, (b) Na,MnSiO4 38, (c) Nay;CoSiOy4 3.
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Fig. 6 The structures of sulfate cathodes for SIBs.

(a) NazFe(SO4)2~2H20, (b) NazFe(SO4)2~4H20, (C) NaFe(SO4)2, (d) Na3F€2(SO4)3.
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Table 1 Structures and sodium ion diffusion coefficients of polyanion cathodes for sodium ion batteries.

Chemical formula Space group Dimensions of ion channels Sodium diffusion coefficient/(cm?-s™") Ref.

Phosphates Maricite-NaFePOy4 Pnma none 4.79 x 107" (nano amorphous particles) 20
Olivine-NaFePO4 Pnma one 8.63 x 10717 18

NaFeP,07 P1 three (2.79-8.45) x 10713 57

P1 three / 23

Na;CoP>0y P2lcn two / 23

PA2/mnm three / 23

NasVa(POs)3 R3cH three 459 x 10713-2.45 x 10710 58

Na3Va(POs).F3 P42/mnm three 2.68 x 10712 59

Naz(VO)2(PO4)F P42 /mnm three (1-3) x 10710 60

Sulfates NayFe(SO4)2-2H,0 P21/c two 10 44
NayFe(S04)2-4H,0 P2l/c one / 45

NaFe(SO4)2 C12/m1 two 9.01 x 10719(1273 K) 47

Nay+2.Fer-(SO4)3 P21/c three 1 %1077 61

Orthosilicate Na,FeSiOy4 Pl three (1.92-2.53) x 10713 35
Na;MnSiO4 Pn one 2.37x10715-8.62x 10714 38

NaxCoSiO4 Pn2a Three 1.29 x 1073-1.06 x 10712 40
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Table 2 Rate performance of polyanion cathodes for sodium ion batteries.

Chemical Theoretical Capacity/ Materials and ways to improve
Electrochemical data Ref.
formula (mAh-g) rate performance
Maricite- 150 Nano-NaFePO4 (50 nm)/C 142 mAh-g™! at C/20 and 60 mAh-g™! at 2C 20
NaFePO, Nano-NaFePO; (40140 nm)/C/graphene 142 mAh-g ! at C/20 and 51 mAh-g" at 5C 62
Nano-NaFePO; (1.6 nm) @ porous N-doped 145 mAh-g ! at 0.2C and 61 mAh-g! at 50C 53
carbon nanofibers

Oviline-NaFePO4 150 Bare NaFePO4 125 mAh-g ! at 7.5 mA-g! 17

Polythiophene-Wrapped NaFePO,4 141 mAh-g ! at 10 mA-g" and 64
42 mAh-g ! at 300 mA-g!
NayFeP,0; 97 NayFeP,07 (300-500 nm)/C 82 mAh-g ! at C/20 and 50 mAh-g™! at 10C 65
Na,FeP,07/MWCNT 86 mAh-g ! at 1C and 68 mAh-g™! at 10C 57
Na;V2(POq)3 118 Na;V2(POy);/C 93 mAh-g! at C/20 and 29 mAh-g' at 1C 66
Na3V2(POs); (20-40 nm) @ Porous Carbon Matrix 102 mAh-g ™! at 20C and 44 mAh-g™! at 200C 28
NazV2(PO4)3 (50-200 nm) @C@rGO 115 mAh-g™" at 20C and 86 mAh-g™' at 100C 67
Na3zV2(PO4)2F3 128 Core/double-shell structured 120 mAh-g ! at 1C and 63 mAh-g™" at 100C 68
Na3V,(POs4):F:@C
Nas(VO)2(POg),F 130 Nas(VO)(PO4),F /C 102 mAh-g ! at 20C and 68 mAh-g ! at 1C 69
Graphene quantum dots-shielded 102 mAh-g™' at 20C and 70 mAh-g”" at 45C 60
Na3(VO)2(PO4),F @C nanocuboids

NayFe(SO4)2- 82 Bare- Na)Fe(SO4), 2H,0 70 mAh-g ! at C/20 42
2H,O NaxFe(SO4)2: 2H,0@ zero-, one and 60 mAh-g ' at 5C 44

two-dimensional carbon matrix (activated carbon,

single wall carbon nanotubes and graphene)

Naz:2Fer(SO4)3 120 Bare Naz:2.Fer-«(SOa4)3 102 mAh-g™! at C/20 and 58 mAh-g™! at 20C 49
(x=0-0.4) Nao+2xFer—(SO4)3/SWNT 60 mAh-g ! at 40C 51
NayFeSiOy4 276 NayFeSiO4 (30-50 nm)/C 106 mAh-g ' at 10 mA-g ' and 40 mAh-g"" at 34

200 mA-g !
NayFeSiOy4 (20-50 nm)/C 106 mAh-g ! at 27.6 mA g ! (0.1C) and 35
100 mAh-g ! at 276 mA-g' (1C)
mesoporous Na,FeSiO4 nanospheres @ 173 mAh-g ! at 0.1C and 109 mAh-g! at 20C 70
carbon nanotubes
NaxMnSiO4 280 Na;MnSiO4 with 5% (volume percent) VC 210 mAh-g' at 0.1C and 100 mAh-g" at 5C 37
three-dimensionally ordered macroporous 207 mAh-g' at 0.1C and 76 mAh-g™! at 5C 38
Na,MnSiO4/C
ST B TSEG POBAT RR R IO, ORERER L 5 R I MR BR300

37 —E M. Longoni% ¥ Na,FeP,0,5 £ Bt
WAk EE S, EI1CHI0CHE R N AED N
86168 mAh-g', LI 7L MIfE % GE. Jung
ST GO T TR B e 1 5 [ ARV K Nas Va(PO4)s 5 41
WA BIEGO)R A A, E0.2CHF T RIA] E I
#90.6 mAhg ' E=E. RES5KIMAGOR
Na;Vo(POs)s ML, B & 5 I NasVa(PO4)s MUk AK 74
MR, (HAE30C PR T A3 HE43.2 mAh-g!
P25, TR E A HINasVa(PO4)sE10CH: % R L
FRESE A B . T LLE AR R R BT N BRI AR
RS HMERHTETIES, SRR
RUERE AR A HAT 2B R 5. X PR AR5
R 52 A I B 0 72 5 FR AR M R JURE 1) 2E K AT R

R ARE R R BRADRLE H R OK, BRBURL th o350
WVEMBLEAT ORGP, X AR R 1) fE B R A
WPEREAH R E  EMERENE, T ES KBk
A G AN BAT AL AR, TR 51N S 5 A v
AETE AR R R, — Rl S R A b
191 K B2 T+ VE A R B AL 22 RE AT R S i A5 HE
PR R B R S A RE R B2, R B A R SR AT
RE VA 110 250 20 30 A0 78 A2 5 PEADRLE [, DASEEL it
G- iE - SN PR (- 7S B Sl wb . YRR IR
SRR S A R T B Alok, B iR
WKL /D& R BREEAT R &, BT B B 5 58
TSGR AR Ty e R, ORI ORIT LR
HCETEIAERE R H 1
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B T BRI SR TS, 49 851 B it IE AR A4 R
KEETUHSHE&E > FRHATEE, R
(PPy). ZEWEWy (PTh) LA K SR BE Wy 1 AT A I PEDOT4%
& Fi ARiE FH PThE % olivine NaFePO4 A &
PEDOT L7 NasV2(POy4)3, #FHUAS 1 BRI RKCH T
S PR LR, 8 KR
AT, AH GBI, (H SR8 AN R
BE, DRI 2 F T #0088 5 T AR S A 22 B H AR AL R
k.

4.2 kTR

BIF 70 AR AA AL P 490 K 5 A0 2 0 5 1 R i 4T
N— BB, a1 bSO K, B AR T AT
FEL ARG S« R THT 5 T AN 557 DR A 5 A A P 8 1
Wi, [) B AR 95 B A Rk F 7 5 FE X % ) A o ) A, I
6 A 75 A A R 1) T S 428 A 8 — e P I
) I ERE RS . WA TUUE 1, BT
FRMANE, NS Y SR S R m R
BOERNA K, X — A A S, WX —
Fo I HEAMOR U R BN DL R INME B R
PR . IEARAL R 4 K AL A (7 BB AR, B M AR
230 FOIRTE SR Bl AN 5] 45 B 1 9K 5 4, gk
2R\ KRR AR LR AR, 3 — et
LR B R SR T AR s e . | T oK ik L
REBUK, RERESE &, B o BB RIS . HAl,
PR G oK 45 1 1 R 428 088 A Vi PR AL RL AN 2 R i
PRI SLEL, (B 5 SCEREME R 2 AR 12, 94
KAl A2 B UKL 2 /D 7E — AN 4 B E BRI 7E 40Kk R
B, AR 8 R A Liss T R i 4 B
[#] KV R ~F 295 nm I Nas Vo(POL ) BRL 73 B2 71
IYEUE B aR B (AC) S BRIK A Ff 8803 b, Horp
Na;Va(PO4): 5 2k B E G WL S 7a, bRT
N, {ESCRAEZRTH100.6 mAh-g 'L &, FH
TEHR 20008 J5 1 & E IR K3 96.4%. B ), Al fi ik
¥ NasVo(PO4): 5 ik R AN A S5 (rGOYR &, K Ih
Hl% T2 ERZBMEERC rtGOEAMUALHE T BT
HIfE %, EFR# T NasVa(PO4); R BEFErGOJZ [8] LA
gk FRIE KR, TESWETe, dirR. XA
G E M TESCHR R T & & T Bk 211
mAh-g™!, 500G 515 B A 102 mAh-g ™ EEZS
. ShenFORiE T AEAE T ARESN
Na3(VO)(POs)F KN, RIS E Te, fHIN.
Na3(VO)2(PO4)FA K FE 001177 M FER ALK, )
KEIGE T T 80 T AEab i AL R EE B, A S84
HTNERMEE R —E BT Emm e, It b
7 Naz(VO)(POs)F 4 K ¥ 1 ] B MW R .
Na3(VO)2(PO4):F@GO 44 K ¥ 1 1) 57 # K Hh $2 =

B 7 NasVa(POs)s/AC H)(a)iBE5 K (b)) PHEH & 75
(¢, d) NazVa(POs:@rGO RS 75
(e; D Nax(VO(PO):F 5HBKEAREF RN #EG
Fig. 7 (a) TEM and (b) HRTEM images of
Na3V2(PO4)3/AC 75; (¢, d) SEM images of
Na3V2(PO4)3@rGO 7 (e, f) SEM images of
Na3(VO)2(PO4):F@Graphene quantum dots .

TE TR AR, FE4SCRERE T RAT0
mAh-g 'R EL A&, 20000% 16 3 5 25 A R i it
80%.

B PL EAUR T L, TEARA R 9K AT S
S BTN AR A R R BT DR R, TR
B Bl 775 P RE B T A A BOW I 3 AR R
Bl o (M RL AN K 25 H R 22 AR AL, ERAR AT BB 2R
YEREA R BB 2N B, (0 ks X f AR
B AR VPG e B RO, 2 S RN 2
T 5 Ve AR R e B B, R, JRATIAE eV IE
WAL BTG K EE R, B 25 A PG ARG K AL X
AR E . shse e ffee i, BagAE e,
4.3 RGN

ST IR B g K R T A4 S S T IT R R
B, MR RN BB 1%, Bl TR TIAUR,
KRG 7, A LATE 5 B R FORG 46 70 b 2 i, 5 30
Bk BB, I BAEFR RS R, T
TR, PE 9KBOR T BE S R A B 2 B R B
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By BUEKA TR FRAK . N T BE LR R4 K SR
() 1o i A RS [R] B A R G K AL S T SR (1) — R 4
), AR AR BRI N T AN E R
F B

-GN R 2ERE, BRSO ROBE B — kL FH 44
KRB ) — R BURL AL R,  7T AP [R) 499 K B Al oK 45
PR A . AnZE 77T T —Fl FH NasVo(PO4)s/CHH
KA B H T BRORIE I 7 e 454, a0 8a, bffT
Ny HARN1-2 pmPIHOKAE FH20-40 nm /544K
RS IX -GN 25 BE IR T AR R A
fil AT AR, 4 1 B AR AT, ORI 1 4h
KA AL R, E1Ag (910 HIRZEE R
HA86 mAh-g ' LL 2, 5000 1E 3 5 2 B (R 7
K N83.6%. Fange s I AAE 42 1 1 X H bl A4 Ak
AT T REERIEAT, FIHCVDIENazV(PO4):
Wi EATE — 20K, 16U 8] b 40 K 25 4
B LN 4%, S5 R 8, dFT R o X A4 2R R HE 42
& A AR BE AR HE T H 17 AN M RHBURL 1) A%
By, XCBEE T URLIA] ) H P AR S R, 7ES00CHT)
AR R EA38 mAhg 'L AR, 7E30CH
FEREH 2000098 5 2 E IR FFF N54% .

I3 % 45 K B BETH A R T AR E G 2R FE R
FEGIR G5, AR5 = i R R RE . EARERM
K&, il WA IR T X TSR BT
(AR , KT AN [F) R3S A R, T RE 7 2 SO R
A BEIE B B AR R
4.4 TEBFAEAR

B8 (a, b)AKEEHIN NasVa(PO4)s/C KL K HE
B FREMNBRIERE NasV2(POs)s EEH
(BB R (a)BH BB ™
Fig. 8 (a, b) TEM images of hierarchical Na3;V2(PO4)3/C

microflowers ”’; (¢) SEM and (d)TEM images of

hierarchical carbon framework wrapped NazV2(PO4)3 78,

fE B30, AR, RIE T AW Ei
PE T HARA TSR, BT AR5
RIVEWs . [N, 9 7T 7 L S R e b AR A
JZ TR AT A, FRATTRE SQTE RS 18] BE TR SR I
MEHas R E.

FIAEVANE T LR AR AR R BT B T A G
P s = ER A e R A T R
BT MR TR BT T R E A HoE
T, IS R R A R HE 2R A ) HL A 32
e, RHAS B < i 2 5 HEAT IR . IR RHE TS
LI AR, FA A i B A A A o
JE B TR EAGE B, PR T AR S R AR AR T
W E-A 2R B g HRHET
WEWTH AR THEI RIS TR, Ef1E
EEEESR-A 2 AR, IR T T
o Bk, SREETEAPRI AL i 7 B 3R, A
SERIHEZR R QG BN R e s Ae . R B
M7, H—REd s EE TG, HdfE
h&)m & TG )R 2 MR S R e T
i HLATAME AL SE T T RS AR, EIRX T
TAEHAFBA R T A T5 2T
e B AL AN B, XA 53] BLE B B -4
BT, SO BOURHLE B AE BT & TR H P g AR
iy AC AT, TR T A B th e e T T, TR
R B AALE H R, BRI AR 7T A
Bl o AR B AE DR A Y B 2 1A A S A BOAR
U575, BTN TR 1 Tk IR Bk B LE B AL 5 4
LT A e, DT SR AR PR AN BHE 552 mA-g 7'
KLU AT AT LLARF7 K F7200 mAh-g ™ (i LA
&=, M HAEARRE, BT AR Rt Fe e e 44k

5 BEE5RYE

A R AR AN S 1 fL I AE i RE AT A
IR RN AT, TR R e Es T e
SRR, LA R B 7 2V RER B4 52 i L F
R MERE . AR EE TR E MR 2 e i 2R
B 7 R AR BHE TR X R, B Tk
TE M BEEN 1A VE REI AL R — MBI 58, £
W5 it MRS R, N L 4R HiGEE Dy H
bR, ABARYE BUANAF AT HIGHE & 1A R0 R A
[ (77 i B B s A2 ABR mi s S 22 MR RE . T
AL T A AR E TR R R B s g
) St S, il R mHE L 9ok TREAN 70 46
AR LT A HRL AR R L 3 AR T 265 1) i JEE 9 v i R M
fE, BOEE JC R B 2% B I 7 VA IR AR AL
fE T 2. RS T AEE BT 2 A iE A g, 72K
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R TAR R, BATRL B 22 MATREAS B 1) 5 5 R
NS T B9 HIOL B B0 770 A A T AL A 4 4 5
AP BRI R TS TR S E TR
MW B A AU LR, — s TR B T
Tt FL AR RE T BORD SIS, BB,
Ak, EIEFARA TSI, SRR R T
BEXT MR Ry RO AT R R RO, A H ik
T %
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