551 55 6 ] R i % R Vol. 51, No.6
2023 4 6 / JOURNAL OF THE CHINESE CERAMIC SOCIETY June, 2023
http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20221046

ZAEER
NASICON B4 E]+ S 44 181 285 U Bk ik F
‘H’ 3(> X‘ lﬁk FJJLﬂu 1/'//% }%> ?K*%ﬁ’l“ ?I‘Sl@ﬁlﬂ
(PU R Al KA A T2 B, AR 610500)
O MR b BB PR DL KA GO VAR ) 2 A R AT T R 4 Tl AN T R SR AT o B TS AR A

DN i [ 5 AN RV PR R A B, KT B T R V) 22 A R R R A S M R R A IR A AR T . NASICON R[] 2 HL g )it
NayZr,SiyP3 O (0SX<3) R HAMKFH) 3D TP EEHE AL 27/ A E VAP S0 s I 32 B 2 2R 0E, I J LR AEA R A A
REDLALTT TS K AL o Dy 7 AP T A M BT At R AR 8 4, AR SCERIR T IE4E K Nay i Zn,SiyPs O 7E ff PR 45
Fs B TAR R Ry AR A LR U B be 4l iR S B RV D5 T IR FURERE, TR T Nay o ZnySiP3 01, H AT T
I FRIPE A 8 FL S SR B FE R —rBL MR S S T R A 2 2 KA, E A 2 T A P S iR RO TURE R o AN ST X
Nay . Zr,SiyP3 O MEFHHIEAL S MR KT BEHA SRS HEAT T B4 5 E, WRK NASICON [i] 25 H A K [ A4 fL it )
W TOREE B 7€ fi S AN HESIE ]

FESHS: TMIII XHEkRER: A
4% 4 AREFiE) . 2023-05-15

Research Progress of NASICON-Type Sodium-Ion Conductor Solid-State Electrolyte

SU Jiawen, LIU Limin, ZHOU Xiaoliang, XU Yao, GUO Weilin, GUO Xinru
(College of Chemistry and Chemical Engineering, Southwest Petroleum University, Chengdu 610500, China)

Abstract: The limited lithium resources and the great risk of conventional liquid-state electrolyte can affect the development of
all-solid-state sodium-ion batteries. As a core component of all-solid-state sodium battery, sodium-ion solid-state electrolyte can play
an important role in improving the safety and electrochemical performance of the battery. NASICON-type solid-state electrolyte
Na ;4 Z1,Si,P3_4O1,(0<<x<3) is widely concerned due to its unique 3D open structure and good chemical/thermal stability. This
review represented recent research work on the crystal structure, ion transport mechanism, powder preparation methods and sintering
methods of Na;,Zr,SiyP; 4O1,. Two major issues of Nay,Zr,SiyP; 4O, were discussed, i.e., a low ionic conductivity and a poor
contact issue at the electrode—electrolyte interface, and the relevant modification methods were summarized. In addition, the
optimization scheme of Na,,Zr,Si,P3 4O, and the possible development trend in the future were prospected. This review could play a
guiding role in the future research of NASICON solid-state electrolyte and solid-state sodium battery.
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Fig. 1 (a) Crystal structures of rhombohedral phase and monoclinic phase for NASICON and their ion transport paths!'”. (b) DSC
tests for NZSP!'!. (c) High-temperature XRD tests for NZSP!'?. (d) Four different types of bottlenecks (A~D) in Na
conducting pathways in the monoclinic NASICON structure'. (¢) An another ion transport path for NASICON?
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Fig. 2 Flow diagram of solution-assisted solid-state reaction
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Fig. 3 Schematic diagram of some sintering methods of NASICON solid-state electrolyte!*®! (a) Conventional solid-state sintering,
(b) Spark plasma sintering, (c) Cold sintering process, (d) Microwave sintering
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Table 1 Comparison of the latest research results of different sintering methods in NZSP

Method Parameters Relative density o/(S-em™) (RT) Reference
Conventional solid-phase sintering 1250°C/16h 98.2% 2.4x107 [49]
Conventional solid-phase sintering 1200°C/12h 95.7% 1.3x10°7° [50]
SPS 1045 °‘C/30 min, 40 MPa 97.3% 1.0x107° [51]
SPS 700 ‘C/5 min, 300 MPa 95.0% About 6.0x107* [42]
CSp 250 ‘C/10 min, 300 MPa 82.4% [42]
CSP + Heat Treatment As above + 800 C/1h 95.2% 1.0x10°° [42]
CSp 375°C/3h, 350 MPa 93.0% 2.2x107* [43]
Microwave sintering 850 "C/30 min 96.0% 2.5x107° [52]
Microwave sintering 1125°C/2h 84.3% 6.0x107* [53]
FS 700 'C/30s 91.0% 2.4x10* [54]

RT: Room temperature; SPS: Spark plasma sintering; CSP: Cold sintering process; FS: Flash sintering.

AR B0 AN Rl O 45 44 2 SE B NZSP AR
KGN EEFB. SH MBS ML, blEX
SESE R A BOR B R FEAR 1 B4R . i 1 L
SR BRI, Fr PRI Be S Tk B RS PEA 2
1 B AR /) B AL R A5 il AL L R o
PUH BB R 1 MRS A A, Bk, B35
BG4l 7R a2 e FBe. aTBATIRE, 0&
2 fe v e A i P B A DR UL IR T DA 18 il ok 8 3R
K R REMA M SE k. HAl, XMF2 R
BEAEHOR QA FEH — S8R L], (E R AR
BRI IO . DRI, 58 4 WX SE BB KR AT
ERt— PR m NZSP {5 7 o R MU A
PR beas K MF o BLAh, R S B B [ A
e 40, R e 4 R COVR A A e 2 e 40
51 R R R 5 R 1 e 45 P R A AF IR L
AN RBT AU 45 T ik -

3 NASICON i, # Jf A e oy £ 3

P&

HHT, NZSP MK TR DL 5 Ak [ )
T i 22 2 4 1) S B 87 FH B T i T 2 00 LR o
31 BETFHSENREHA

NZSP {505 1 S RUE KL E 9.2x107 3
1.2x107 S/em 2 &)Y, PRAESEHER(107 S/em)H EL
R KRBT 23R . Na' 78 [F 2% 5 fOA% St 12
R R A R B ek S SRR,
da (IR FHPTRE E A Sk AT i A e L BHR) I DTk, &
AIFIEATT T 1 2 A2 15 4 350 A R i BEATT(Ry ) R B T
FHBT(Rg) - PRItL, 4B NZSP (& 3%, nfLluE
T e ok L S RN S 5 R 2 FR AR RS
3.1 EERIH S 1.2 75 Fh R Na 78 S N
FERHLE], Rgh T B AR SR AT DU Na iR &
FEZR S 2 5 T e



5155 6

ER 2 NASICON RUENES 1 5 A [ 25 FRL AR T 78 330 . 1617 -

1) $EmEANE FIREE . i BRI 7 1 )5k}
) Na i &30, sk, 5 NZSP 1 Si #1 P ikt
Bl ERE R —FhfRE SN . TSIt PP AN,
B4R Si/P [ RIS ZBE Na I FEHE A Bei R S
7. Mal*VS5 % SU/P #I43) Nas4Zr,SiraPosOrn
AT 5.0%10° S/em EEIRE TSR, EH, —
LR g A I B T ROR I, S/P B KER T2 E
Na" W ER N5 Coulomb HEfF /KR E 4, 84
M7 Na T Bk fEd Si¥Na" & ik
P> —Na {15 J1/Nitk— 25 S B L F AR, ey
58 7 Na HREsl 2, | st i 2 1772 R
M BHE TR Ze76r, X4 5] e AR g i) b A &
AP, A Na (3 BEKs 2 38 0 DA A2 H iy 187,
TR s ki i S .t Lu 250 @ R A1
Ca™ B4 AT T AT 3R T & B h s 71
Na3 A7 L%, #4310 Naz2Zr; 9Cag1Si,PO1, 51
5%k %) 1.7x107° S/em. Sun 2@ 45244 S¢
BETHRSRIER 7L 3 %, 25 CH Sc-NZSP [
FH BT RS FEAL RE 23 7 an B 4b AT 4c B, FIH
BEHILREFMERIN, 24 S 15248 <0.3%(BE /R4y
Ot 2 58 Na i 21 & 43R5 38 FE 5P Na2 7

Mo DRk, Na' ¥ $E A4 A6 2 {4k NASICON &1
HL SR AEH EE NS

2) P RIS SF o o FH BRI 7 v A P O 24 4
B S T 2o T AU R B3R <F, AT N Na®
(114 . Song 252 @IT B 2808+ 4B B T (Mg™, Ca™,
St, Ba®), KI = A T A X 4 T
T Ze P ECAR TG0, B L 257 2 38 0 i ok
Ny Hd Ze-Mg RGEA BRI = AR HB(ZN
6.522 A%, BIRKT4l Zr kR (%R 5.223 A?), B
FIE B THRSRESS T 3.5x10° S/em. Yang
2Ll Zn® BUR Ze™ K T Nal-Na3-Nal &4
EPER/NRSUT, FHEIN T RS Na & &,
MITTFRAF NS 5.3%107° S/em 1B 1B 5%, ILAb, Si/P
LRGBS KA S48 Na RS ib & — @R ik
Na tE4a0. i Heo 251Nt KB Nafr,
HRBE TSR RSB 2 UL, RS,
KR T RE 220 KRR S350 A AR,
Na $"BOEIE (1 = ARSI X kA 5%, Na-Na #5245
i, Wik 4d~H 4f Fin. B 4g NEBEE 200 CHIE
T HSEAERE, X —RIE KRS AR T
HBUR DAY ISR, MM e S 0t 75

K4 (a) NZSPRIPHHTIES), S 45 44 1 NZSPX (x=0, 0.1, 0.2, 0.3, 0.4, 0.5,0.6)7E (b) 25 CHFIIFHHTIEIFI () 25~100 °C 2 8]
Arrhenius [&; (d) 4 F1R R R FH(A~D)Y; (e) HRYE Rietveld L4 i+ E 1 Na—Na FHE TEEE M () A=MKE

T (2) =LA 200 CHIE T i SR ANEILAE

Fig. 4 (a) Schematic complex impedance plot for NZSP. (b) Impedance spectra at 25 ‘C**, and (c) Arrhenius plots between 25
and 100 °C for S¢*" doped NZSPx (x=0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6). (d) Four different types of bottlenecks (A-D)!**L. (e)
Na—Na cation distance and (f) area of oxygen triangles calculated from the Rietveld refinement results. (g) lonic conductivity

and activation energy from room temperature to 200 C
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Table 2 Comparison of major properties of NZSP substituted by different elements

Chemical formula Substituting ion Synthetic method o/(S-em™) (RT) E./eV Reference
Na, oKy 1 Zr,Si,PO K" SSR 7.7x107* 0.27 [65]
Naj 4Zr; sCuo.2Si:PO1> cu?* SSR 1.9x107 [69]
Naj 2Zr19C0,1S1,PO} Co* SSR 3.3x107* 0.31 [70]
Nas 4Z1; sFe)2Si,PO) Fe** SSR 3.9x107* 0.27 [70]
Naj 6Zr; 7Nip38,PO}; NiZ* SSR 1.1x107* 0.37 [70]
Nas 4Zr1.9Mgo.15122P0.5012 Mg™* SSR 3.6x107 0.28 [33]
Najs 4Zr1 9Zn0,18122P0 5012 Zn** SSR 5.3x107° 0.29 [64]
Naj 3Zr1 7Lag3Si:PO1, La** Sol-gel 1.3x107 [36]
Naj, Zr; 9Lag 1 Si,PO1, La** SSR 1.0x107 0.33 [15]
Naj 3Zr, 7Pro381,PO1, P’ SSR 1.3x107° 0.24 [71]
Naj 3Zr; 7Eu03S,PO, Eu** SSR 1.1x10°° 0.25 [71]
Naj 371 7Lu0 381,PO1 Lu** SSR 8.3x107 0.27 [71]
Nas 471 6S¢04Si,PO) Sc** SSR 2.1x107° 0.27 [72]
Nas 3Zr1.75¢0351PO12 Sc** Sol-gel 1.9x107 [63]
Naj 4Zr1 6S¢04Si2PO12 Sc** SSR 1.8x107° 0.26 [73]
Nas 1Z11 9Gag 1S1,PO 1 Ga*" SSR 1.1x10°7° 0.29 [32]
Na3Ceo1Zr16Si,PO1, ce* LF-FSP 6.9x10™ 0.32 [29]
NasZr; oTig, Si;PO, Ti** SSR 3.8x107* 0.36 [74]
Naj 3Zr1.9Nbg 1Si5 4Po 6012 Nb** SA-SSR 5.5%x107 0.23 171
Nas 33Z71.655C033C€0.02S12PO 12 S, ce* SSR 2.4x107 0.32 [68]
Naj 125711 755¢0.125Ge0.12551,PO 12 Sc™, Ge** SSR 4.6x107 0.25 [16]

SSR—Solid-state reaction; SA-SSR—Solution-assisted solid-state reaction; LF-FSP—Liquid-feed flame spray pyrolysis.
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Fig. 6 Methods for improving the positive electrode—electrolyte interface (a) Composite positive electrode was prepared by mixing
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of the NVP/SE/Na all-solid-state battery operated at 80 C, the inset displays the charge/discharge curves at a current rate of
0.1 C. (d) The cycling performance of the NVP/LE/SE/Na semi-solid-state battery operated under a current of 0.2 C at room
temperature, the inset shows the charge/discharge curve of the first cycle. (¢) Rate performance of the NVP/IL/SE/Na
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