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Research Status and Prospect of NASICON-type
Glass-ceramic Electrolytes

QIN Chunchun, LUO Zhiwei, LIANG Haozhang, LEI Weicheng, LU Anxian
(School of Materials Science and Engineering, Central South University, Changsha 410083, Hunan, China)

Abstract: The development history of glass-ceramic solid-state electrolyte was comprehensively reviewed, while the basic
structure and ion conduction mechanism of NASICON-type (Na' superionic conductor) materials were elaborated. The latest
achievements in NASICON-type glass-ceramic solid electrolytes were summarized, focusing on sodium ion and lithium ion
conductive glass-ceramic electrolytes. The structure and performance evolution of the solid electrolytes were described, whereas
the limitation of the materials was discussed and the strategies of performance improvement were proposed. In addition, the
applications of several NASICON-type glass-ceramic electrolytes in batteries were presented, so as to provide a guidance for the
development of new solid electrolytes with high performances.
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Tab. 1 Ionic conductivities of NASICON structure solid oxide electrolytes

Composition Classification Conductivity (S/cm) Activation energy (eV) Refs.

Li; 3Alo5Ti; 7(POy4)3 Glass 8.58x10™ (RT) - [26]
Li; 5Aly5Ge; 5(POy)3 Glass 9.80x1077 (25 °C) 0.800 [27]
Li; 4Cro 4(Geg ¢Tig.4)1 ¢(PO4)s Glass 4.20x1071°(27 °C) 0.730 [28]
Li; 3Alo3Ti; 7(POy4)3 Ceramic 6.83x107° (RT) - [26]
Li; 3Alo3Ti; 7(POy); Ceramic 7.02x107* (RT) 0.290 [29]
Li; 3Alo5Ti; 7(POy4)3 Ceramic 7.00x107* (25 °C) 0.290 [30]
Li; 3Alp5Ti; 7(POy); Ceramic 6.20x107 (RT) 0.300 [31]
Lij 3Aly5Ti; 7(POy)3 Glass-ceramic 1.12x107 (RT) - [26]
Lij 3Aly5Ti; 7(POy)3 Glass-ceramic 7.02x107 (RT) 0.290 [29]
Li; 5Alg5Geq 5(POy)3 Glass-ceramic 2.30x107 (25 °C) 0.460 [27]
Li; sAlysGe; 5(POy)3 Glass-ceramic 8.60x107* (25 °C) - [32]
Li; 5Alg5Ge; 5(PO4)3 Glass-ceramic 4.10x107° (26 °C) 0.309 [33]
Li; 4Cr4(Geg6Tig4)1.6(POy4); Glass-ceramic 6.6x107° (27 °C) 0.392 [28]
Li; 5Aly4Crg 1Ge; 5(POy4); Glass-ceramic 6.65x107 (26 °C) 0.292 [33]
LiZry,(PO,)s Glass-ceramic 8.65x107* (30 °C) 0.340 [34]

Najz 5Zry 5S¢ 5(POy4)3 Glass 9.76x107° (25 °C) 0.519 [35]
Na,0-Y,05-Si0,-P,05 Glass (0.80-3.00)x107%(RT) - [36]
Na,0-B,0;3-P,05 Glass 107 (RT) - [37]
Na, 3Aly sGe; 2(POy); Glass 8.20x107° (300 °C) 0.760 [38]
Na;Zr,Si,PO;, Ceramic 4.56x107* (RT) - [39]
Nag;Zri oLag 1Si,PO1, Ceramic 1.10x107° (RT) - [39]
Na,AlGe(POy); Glass-ceramic 6.40x107* (300 °C) 0.437 [40]

Na, 5Al) sGe; sP;0, Glass-ceramic 9.27x107° (140 °C) 0.530 [41]
Na; gAlggGep 2(PO4)3 Glass-ceramic 5.40x107* (300 °C) 0.551 [40]
Na, gAlysGe;2(POy); Glass-ceramic 430x107* (300 °C) 0.674 [38]
Na; gAlggGe 2(PO4)3 Glass-ceramic 3.80x107* (300 °C) 0.540 [42]
Naj Y yGayyGepx(POy4)3 Glass-ceramic 1.15x107° (RT) - [43]
NajxYyGayyGer (PO4)3 Glass-ceramic 1.40x1073 (300 °C) - [43]
Nas 5Zrg 5S¢t 5(PO4)3 Glass-ceramic 1.92x107*(30 °C) 0.492 [35]
Naj sZrg 5S¢ 5(PO4)3 Glass-ceramic 8.52x107* (30 °C) 0.448 [44]
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Fig. 1 Projection profiles in the a-b plane: (a) rhombohedral

R3c structure of NaZr,(POy); and (b) monoclinic C2/c
structure of Na;Zry(Si04),(POy). The ions are shown in
yellow at the Nal site, gray at the Na2 site, green at the Na3
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Fig. 4 (a) Ion conductivities of NASICON structured Li ion solid electrolytes ), (b) Fourier map differences calculated at z/c = 0
from the ND patterns recorded at 5 K, obtained from Rietveld refinement data of Li;+ Al Ti,—(PO4); o1, (¢) MEM-reconstructed

negative nuclear density maps and (0 1 -4) sections of the bond-valence mismatch and negative nuclear densities in
Li; 3Aly3Ti; 7(POy4); [
130093111 7(FPO4)3
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B 5 Li; 3AlosTi; 7(PO,)(LATPYE R BEME THE R ER R RER: XA (a) LATP BE, (b) LATP A,
(c) LATBP (357 & 2 1o & T3 ¢!

Fig. 5 Complex impedance plots and grain boundary schematic diagrams of the Li; 3Al3Ti; 7(PO,); (LATP) system:
(a) LATP ceramics, (b) LATP glass ceramics and (¢) LATBP (boron-doped glass-ceramics) P
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Fig. 6 Left: cross-sectional images of the glass before (a) and after electrochemical measurements at two magnifications (b, c).
Right: cross-sectional images of the LAGP glass-ceramics recorded after cell testing with metallic Li: (d) interface between
the Li-metal anode and the glass ceramics electrolyte and (e) glass ceramics. The images reveal that the formation

of lithium dendrites was effectively inhibited due to the crystallization
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7 Li;+,Ga,Ge,_(PO,); (x=0, 0.2, 0.4, 0.6, 0.8, 1.0)2H 5 I (a) IFEEFN(b) I BIHIBA "'Ga MAS NMR ki, ESREMEHED
#, (c) Gao f#E Ge*'l NASCION RFEEHTEE, (d)'P MAS NMR HiEF Li;.Ga,Ge, (PO, R HIBHRER,
(e) Lij.Ga,Ge, (POL); BRI Q_ 1 ce. na 2= FI ML (H)FFMEE 4 tL 1)
Fig. 7"'Ga MAS NMR spectra of the glasses (a) and glass ceramics (b) with the compositions of Li;+,Ga,Ge,—(PO4)s ( x=0,

0.2,0.4, 0.6, 0.8, 1.0), with the asterisks to mark the spinning sidebands, (c) Schematic diagram of NASCION crystal structure
with Ga** replacing Ge*', (d) *'P MAS NMR spectra and deconvolution of the Li,.,Ga,Ge,—(POy); glass ceramics,

(e) Experimental (dot) and predicted (line) fractions of Q(04—n)Ge, nca species of the Li;,Ga,Ge,—(PO,); glass ceramics
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Fig. 8 (a) XRD patterns of the Na; . Al Ti, «(PO4); (NATP) glass-ceramics, (b) Total ionic conductivity at 300 °C (6399 c) and

activation energy (Ea) as a function of aluminum content (X) in the Na; Al Ti, (POy); glass-ceramics. Complex impedance
plots of the NATP glass-ceramics with 0.4 < x < 1.4 at 50 °C (c) and x = 0.0 (NATP00) at 300 °C (d) *”!
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Fig. 9 (a) Migration path of Na ions in the
Na, 5Sng sGe,; 5(PO,); glass-ceramics, (b) Sodium-ion
conduction pathways in the Na; sSng sGe; 5(POy4);
glass-ceramics
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Tab. 2 Average inner planar layer distances of germanium
(Ge-Ge) in the glass-ceramics PV

Average Ge-Ge

Sample inner planer

distance (A)
NaGe,(POy4); (X =0 mol%) 5.42
Naj 25Sn925Ge; 75(PO4); (X =0.25 mol%) 6.63
Na, 5SngsGe; 5(POy4); (X=0.50 mol%) 9.98
Nay 75519 75Ge; 25(PO4); (X = 0.75 mol%) 5.98
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Fig. 10 (a-c) XRD patterns of the NayZr,Si,PO,-xNaF composite electrolytes, (d) Solid-state *'P NMR spectra of the
Na;Zr,Si,PO,,-xNaF composite electrolytes, (¢) NMR spectra integral areas from (d) as a function of composition,

(f) Ionic conductivities (left) and activation energies (right) as a function of composition.
(g) EIS of NayZr,Si,PO;, and Na;Zr,Si,PO,,-0.7NaF at -60 °C [*!
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