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Supplementary note 1. Evaluation of ideal entropy of mixing (𝑆!"#$%) 

The partially occupied sites of NASICON are considered for ideal entropy calculations. For a 

NASICON with the chemical formula NaxMyM’2-y(AO4)z(BO4)3-z, the ideal entropy is calculated 

as below with the unit of eV/atom: 
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Supplementary note 2. Ehull and calculated competing phases of six synthesis attempts of 

NASICONs 

Table S1. Six newly predicted and experimentally synthesized Na-rich silicon phosphate 

NASICON compounds 

# Formula Ehull (meV/atom) Competing Phases 

1 Na3HfZr(SiO4)2(PO4) 1.9 Na4P2O7 + HfSiO4 + Na3Zr2(SiO4)2(PO4) + 
Na2ZrSi2O7 + HfO2 

2 Na3Hf1.5Mg0.5(SiO4)(PO4)2 8.0 NaMgPO4 + NaHf2(PO4)3 + Na4P2O7 + HfSiO4 
+ HfO2 

3 Na3HfSn(SiO4)2(PO4) 12.6 HfSiO4 + Na4P2O7 + Na2Si2O5 + SnO2 

4 Na3HfSc(SiO4)(PO4)2 15.0 HfSiO4 + Na4P2O7 + Na3Sc2(PO4)3 + 
NaSc(SiO3)2 + HfO2 

5 Na3Ca0.5Hf1.5(SiO4)(PO4)2 17.1 HfSiO4 + NaCaPO4 + Na4P2O7 + NaHf2(PO4)3 

+ HfO2 

6 Na3Mg0.5Zr1.5(SiO4)(PO4)2 17.4 Na4Mg3P4O15 + Na4P2O7 + NaZr2(PO4)3 + 
ZrSiO4 + ZrO2 
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Supplementary note 3. Comparisons of Ehull values for Monoclinic and Rhombohedral 

NASICONs. 

 

# Formula 𝐸!"##$%&! 
(meV/atom) 

𝐸!"##'%(% 
(meV/atom) 

|𝐸_𝑑𝑖𝑓𝑓| 
(meV/atom) 

1 Na3Hf2(SiO4)2(PO4) -5.2 -8.5 3.3 

2 Na3Sc2(PO4)3 10.1 6.4 3.7 

3 Na3MgZr(PO4)3 7.3 6.8 0.5 

4 Na3Al2(PO4)3 7.6 7.8 0.2 

5 Na3Zr2(SiO4)2(PO4) 12.2 11.7 0.5 

6 Na3Y2(PO4)3 13.3 12.7 0.4 

7 Na3Mg0.5Zr1.5(SiO4)(PO4)2 17.4 21.2 3.8 

8 Na3MgTi(PO4)3 19.5 18.4 1.1 

9 Na3In2(PO4)3 21.6 18.7 2.9 

10 Na3HfZr(SiO4)2(PO4) 4.1 1.9 2.2 

11 Na3HfSc(SiO4)(PO4)2 15.0 15.2 0.2 

12 Na3Hf1.5Mg0.5(SiO4)(PO4)2 8.0 11.8 3.8 

13 Na3Mg0.5Zr1.5(SiO4)(PO4)2 17.4 21.2 3.8 

14 Na3Ca0.5Hf1.5(SiO4)(PO4)2 17.1 17.9 0.8 

15 Na3HfSn(SiO4)2(PO4) 16.1 12.6 3.5 
  



 5 

Supplementary note 4. Experimentally reported NASICON conductivity 

Table S2. Summary of Na+ conductivity plotted in Figure 4a. *: conductivity was calculated 

according to the Arrhenius equation. †: conductivity was measured at 327 °C. 

Composition 𝜎!" (S/cm) 𝜎#$$℃ (S/cm) Reference 
NaZr(PO4)3 4.50E-06 4.89E-05 11 
Na1.4Zr2P2.6Si0.4O12 8.49E-06* 5.36E-04 22 
Na1.8Zr2P2.2Si0.8O12 1.85E-05* 2.93E-03 2 
Na2.2Zr2P1.8Si1.2O12 3.47E-04* 2.63E-02 2 
Na2.6Zr2P1.4Si1.6O12 2.50E-04* 4.76E-02 2 
Na2.8Zr2P1.2Si1.8O12 2.86E-03* 1.25E-01 2 
Na3Zr2PSi2O12 1.82E-03* 2.00E-01 2 
Na3.2Zr2P0.8Si2.2O12 3.83E-03* 1.67E-01 2 
Na3.4Zr2P0.6Si2.4O12 1.76E-03* 1.11E-01 2 
Na3.6Zr2P0.4Si2.6O12 8.18E-04* 3.57E-02 2 
Na3.8Zr2P0.2Si2.8O12 4.10E-04* 1.79E-02 2 
Na4Zr2(SiO4)3 8.87E-09 1.10E-03 1 
NaTi2P3O12  2.30E-05† 33 
Na1.4Ti1.6In0.4P3O12  4.86E-04† 3 
NaSn2P3O12  6.40E-07† 3 
Na1.4Sn1.65In0.4P3O12  6.13E-04† 3 
NaHf2P3O12  4.90E-05† 3 
Na1.4Hf1.6In0.4P3O12  3.59E-04† 3 
Na1.4Zr1.6In0.4P3O12  2.41E-03† 3 
Na3.1Sc0.1Zr1.9Si2PO12 1.32E-03  44 
Na3.2Sc0.2Zr1.8Si2PO12 1.90E-03  4 
Na3.3Sc0.3Zr1.7Si2PO12 2.80E-03  4 
Na3.4Sc0.4Zr1.8Si2PO12 4.00E-03  4 
Na3.5Sc0.5Zr1.5Si2PO12 3.80E-03  4 
Na3.6Sc0.6Zr1.8Si2PO12 1.75E-03  4 
Na3.05La0.05Zr1.95Si2PO12 9.60E-04 1.42E-01 55 
Na3.10La0.1Zr1.9Si2PO12 1.30E-03 1.32E-01 5 
Na3.15La0.15Zr1.85Si2PO12 1.50E-03 1.27E-01 5 
Na3.2La0.2Zr1.8Si2PO12 1.80E-03 1.58E-01 5 
Na3.25La0.25Zr1.75Si2PO12 3.20E-03 1.59E-01 5 
Na3.3La0.3Zr1.7Si2PO12 3.40E-03 1.52E-01 5 
Na3.35La0.35Zr1.65Si2PO12 2.00E-03 1.13E-01 5 
Na3.4La0.4Zr1.6Si2PO12 1.30E-03 9.00E-02 5 
Na2.85In1.85Zr0.15(PO4)3 3.30E-06  66 
Na1.8In0.8Zr1.2(PO4)3 5.30E-07  6 
Na2InZr(PO4)3 1.00E-06  6 
Na2.5In1.5Zr0.5(PO4)3 2.36E-06  6 
Na2.85Zr2Si1.85P1.15O12  2.10E-01 77 
Na3.3Zr2Si2.3P0.7O12  2.00E-01 7 
Na1.45Zr1.55Yb0.45(AsO4)3 2.00E-06  88 
Na1.35Zr1.65Yb0.35(AsO4)3 1.41E-06  8 
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Na1.25Zr1.75Yb0.25(AsO4)3 1.00E-06  8 
Na1.15Zr1.85Yb0.15(AsO4)3 7.10E-07  8 
NaZr2(AsO4)3 4.00E-07  8 
Na2.8Zr1.7Nd0.3Si1.5P1.5O12 1.90E-04 5.30E-02 99 
Na3Sc2(PO4)3 1.05E-06 1.39E-02 1010 
Na3MnZr(PO4)3 1.80E-06 2.00E-03 1111 
Na3MgZr(PO4)3 1.00E-06 1.20E-03 11 
Na3Zr2Si2P0.8As0.2O12 2.08E-03* 2.29E-01* 1212 
Na3Zr2Si2P0.6As0.4O12 1.36E-03* 1.79E-01* 12 
Na3Zr2Si1.6Ge0.4PO12 2.39E-03* 1.51E-01* 12 
Na3Zr2Si1.2Ge0.8PO12 2.07E-03* 1.57E-01* 12 
Na3Zr2Si1.6Ge0.4P0.8As0.2O12 1.58E-03* 2.09E-01* 12 
Na3Zr2Si1.2Ge0.8P0.6As0.4O12 1.50E-03* 1.37E-01* 12 
Na3Zr1.6Ti0.4Si2PO12 6.82E-04* 1.30E-01* 12 
Na3Zr1.2Th0.8Si2PO12 2.75E-03* 1.44E-01* 12 
Na3Zr1.2Hf0.8Si2PO12 4.23E-03* 1.85E-01* 12 
Na3Hf2Si2PO12 5.48E-03* 1.99E-01* 12 
Na2ZrYb(PO4)3 1.20E-05  1313 
Na2.5Zr0.5Cr1.5(PO4)3 2.40E-05  13 
Na2YZr(PO4)3 1.60E-07  1414 
Na2.25Y1.25Zr0.75(PO4)3 1.00E-06  14 
Na2.5Y1.5Zr0.5(PO4)3 2.50E-06  14 
Na2.75Y1.75Zr0.25(PO4)3 6.31E-06  14 
Na3Y2(PO4)3 5.60E-06  14 
Na3Zr1.98Mg0.02Si2PO12  1.60E-01 1515 
Na3Zr1.98V0.02Si2PO12  1.40E-01 15 
Na3Zr1.98Nb0.02Si2PO12  1.30E-01 15 
Na3Zr1.98Ta0.02Si2PO12  1.10E-01 15 
Na2.5Zr1.8Sc0.2Si1.3P1.7O12 2.00E-04 4.50E-02 1616 
Na1.5Ga0.5Zr1.5(PO4)3  4.50E-04 1717 
Na1.5Cr0.5Zr1.5(PO4)3  1.77E-03 17 
Na1.5Al0.5Zr1.5(PO4)3  5.00E-05 17 
Na1.5Sc0.5Zr1.5(PO4)3  3.55E-03 17 
Na1.5In0.5Zr1.5(PO4)3  3.47E-03 17 
Na1.5Yb0.5Zr1.5(PO4)3  1.78E-03 17 
Na1.5Y0.5Zr1.5(PO4)3  2.51E-03 17 
Na3Zr1.9Nb0.08Si2PO12 2.06E-04 9.94E-02 1818 
Na3Zr1.7Nb0.24Si2PO12 2.26E-04 1.06E-01 18 
Na3Zr1.5Nb0.40Si2PO12 1.20E-04 3.93E-02 18 
Na3Zr1.3Nb0.56Si2PO12 3.31E-05 1.21E-02 18 
Na3Zr1Nb0.8Si2PO12 3.31E-05 1.74E-03 18 
Na1.2Zr1.9Mg0.1P3O12 6.90E-06 4.70E-05 1919 
Na1.6Zr1.7Mg0.3P3O12 8.90E-06 7.50E-05 19 
Na2.0Zr1.5Mg0.5P3O12 9.60E-06 1.30E-04 19 
Na2.4Zr1.3Mg0.7P3O12 1.40E-05 1.60E-04 19 
NaSn2(PO4)3 1.50E-05  2020 
Na1.6Al0.2Hf1.8Si0.4P2.6O12 4.33E-05  2121 
Na2.2Al0.4Hf1.6Si0.8P2.2O12 1.06E-04  21 
Na2.8Al0.6Hf1.4Si1.2P1.8O12 5.85E-04  21 
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Na3.4Al0.8Hf1.2Si1.6P2.4O12 2.11E-04  21 
Na4AlHfSi2PO12 1.92E-04  21 
Na1.5Nb0.3Zr1.5(PO4)3 1.70E-09 1.23E-04 2222 
Na3Zr1.88Y0.12Si2PO12 2.70E-03  2323 
Na1.4Al0.4Ti0.6(PO4)3 1.00E-07  2424 
Na1.4Al0.4Sn0.6(PO4)3 1.00E-08  24 
Na1.4Al0.4Ge0.6(PO4)3 6.30E-10  24 
Na1.3Al0.3Ge1.7P3O12  6.77E-05 2525 
Na1.4Al0.4Ge1.6P3O12  7.11E-05 25 
Na1.6Al0.6Ge1.4P3O12  1.58E-04 25 
Na1.7Al0.7Ge1.4P3O12  7.10E-05 25 
Na1.8Al0.8Ge1.2P3O12  3.80E-04 25 
Na3.1Zr1.95Mg0.05Si2PO12 3.50E-03  2626 
Na3.1Zr1.95Ca0.05Si2PO12 2.10E-03  26 
Na3.1Zr1.95Sr0.05Si2PO12 1.80E-03  26 
Na3.1Zr1.95Ba0.05Si2PO12 1.30E-03  26 
Na3.2Zr1.8Ca0.2Si2PO12 1.67E-03  2727 
Na3.38Zr1.80Al0.26Si2.06P0.88O12 4.39E-04  2828 
Na3.13Zr1.94Fe0.21Si2.12P0.85O12 7.53E-04  28 
Na3.24Zr1.91Y0.09Si1.93P1.02O12 3.52E-04  28 
Na3.47Zr1.93Co0.18Si1.97P0.91O12 1.55E-04  28 
Na3.59Zr1.92Ni0.21Si1.93P0.91O12 6.18E-04  28 
Na3.43Zr1.83Zn0.22Si1.93P1.02O12 8.05E-04  28 
Na3.256Mg0.128Zr1.872Si2.2P0.8O12 2.70E-03  2929 
Na3.25Zr1.9375Ni0.0625Si2.2P0.8O12 2.10E-03  29 
NaFe2(PO4)(SO4)2  3.50E-08 3030 
Na2.4Hf2(SiO4)1.4(PO4)1.6 7.30E-04 1.27E-01 1, 3131 
Na2.5Hf2(SiO4)1.5(PO4)1.5 1.87E-04 1.34E-02 1, 31 
Na2.6Hf2(SiO4)1.6(PO4)1.4 5.90E-04 1.42E-01 1, 31 
Na2.8Hf2(SiO4)1.8(PO4)1.2 6.90E-04 1.57E-01 1, 31 
Na3Hf2(SiO4)2(PO4) 1.10E-03 1.51E-01 1, 31 
Na3.2Hf2(SiO4)2.2(PO4)0.8 2.30E-03 2.24E-01 1, 31 
Na3.4Hf2(SiO4)2.4(PO4)0.6 1.40E-03 7.68E-02 1, 31 
Na3.6Hf2(SiO4)2.6(PO4)0.4 1.20E-03 5.76E-02 1, 31 
Na3.8Hf2(SiO4)2.8(PO4)0.2 3.20E-04 4.31E-02 1, 31 
Na3.5Hf0.2Ti1.8(SiO4)1.5(PO4)1.5 3.36E-04 3.52E-02 1 
Na3.5Hf0.6Ti1.4(SiO4)1.5(PO4)1.5 2.81E-04 3.61E-02 1 
Na3.5HfTi(SiO4)1.5(PO4)1.5 1.35E-04 3.47E-02 1 
Na3.5Hf1.4Ti0.6(SiO4)1.5(PO4)1.5 8.70E-05 1.19E-02 1 
Na3Hf0.2Ti1.8(SiO4)2(PO4) 2.32E-04 1.33E-02 1 
Na3Hf0.4Ti1.6(SiO4)2(PO4) 9.60E-05 8.40E-03 1 
Na3Hf0.6Ti1.4(SiO4)2(PO4) 2.84E-04 1.48E-02 1 
Na3Hf0.8Ti1.2(SiO4)2(PO4) 1.78E-04 7.00E-03 1 
Na3HfTi(SiO4)2(PO4) 1.31E-04 6.50E-03 1 
Na3Ti0.1Zr1.9(SiO4)2(PO4) 1.10E-04 6.90E-02 1 
Na3Ti0.2Zr1.8(SiO4)2(PO4) 8.75E-05 5.50E-02 1 
Na3Ti0.3Zr1.7(SiO4)2(PO4) 9.87E-05 6.20E-02 1 
NaGe2(PO4)3 1.10E-12 2.56E-06 1 
NaTi2(PO4)3 4.43E-10 2.98E-05 1 
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NaHf2(PO4)3 8.77E-10 1.03E-04 1 
NaGe0.5Ti1.5(PO4)3 5.91E-13 8.70E-07 1 
NaGeTi(PO4)3 8.50E-12 2.01E-06 1 
NaGe1.5Ti0.5(PO4)3 3.13E-11 8.90E-06 1 
NaSn0.5Ti1.5(PO4)3 1.77E-11 1.29E-06 1 
NaSnTi(PO4)3 6.86E-11 3.64E-06 1 
NaSn1.5Ti0.5(PO4)3 5.14E-10 6.11E-06 1 
NaSn0.5Zr1.5(PO4)3 4.23E-11 2.70E-06 1 
NaSnZr(PO4)3 2.47E-10 1.58E-05 1 
NaSn1.5Zr0.5(PO4)3 7.91E-10 2.40E-05 1 
NaNbZr(PO4)3 2.49E-08 3.10E-04 1 
NaNbTi(PO4)3 1.59E-06 1.00E-03 1 
NaMoZr(PO4)3 2.06E-09 3.10E-05 1 
NaMoTi(PO4)3 3.07E-07 2.80E-04 1 
Na3.08Mg0.04Zr1.96(SiO4)2(PO4) 3.70E-04 1.60E-01 1 
Na3.2Mg0.1Zr1.9(SiO4)2(PO4) 2.08E-04 6.20E-02 1 
Na3.6Mg0.3Zr1.7(SiO4)2(PO4) 9.02E-05 3.90E-02 1 
Na3.08Zn0.04Zr1.96(SiO4)2(PO4) 2.19E-05 3.50E-02 1 
Na3.2Zn0.1Zr1.9(SiO4)2(PO4) 8.44E-05 4.40E-02 1 
Na3.4Zn0.2Zr1.4(SiO4)2(PO4) 5.05E-04 4.90E-02 1 
Na3.6Zn0.3Zr1.7(SiO4)2(PO4) 1.75E-05 2.80E-02 1 
Na3.28Mg0.04Zr1.96(SiO4)2.2(PO4)0.8 8.06E-04 2.40E-01 1 
Na3.36Mg0.08Zr1.92(SiO4)2.2(PO4)0.8 4.64E-04 9.50E-02 1 
Na3.52Mg0.16Zr1.84(SiO4)2.2(PO4)0.8 1.71E-04 2.00E-02 1 
Na3.36Zn0.08Zr1.92(SiO4)2.2(PO4)0.8 1.10E-03 2.10E-01 1 
Na3.36Cu0.08Zr1.92(SiO4)2.2(PO4)0.8 5.31E-04 2.09E-01 1 
Na3.36Co0.08Zr1.92(SiO4)2.2(PO4)0.8 1.03E-03 2.40E-01 1 
Na3.232Co0.016Zr1.984(SiO4)2.2(PO4)0.8 1.41E-03 2.40E-01 1 
Na3.52Co0.16Zr1.84(SiO4)2.2(PO4)0.8 5.88E-04 1.00E-01 1 
Na1.2In0.2Zr1.8(PO4)3 2.08E-07 1.46E-03 1 
Na1.4In0.4Zr1.6(PO4)3 9.76E-07 3.25E-03 1 
Na1.5Al0.5Zr1.5(PO4)3 5.70E-06 6.70E-04 1 
Na1.5Cr0.5Zr1.5(PO4)3 1.00E-05 5.50E-04 1 
Na1.5Ga0.5Zr1.5(PO4)3 3.40E-06 3.40E-04 1 
Na1.5In0.5Zr1.5(PO4)3 2.90E-05 1.90E-03 1 
Na1.5Sc0.5Zr1.5(PO4)3 5.80E-05 2.30E-03 1 
Na1.5Y0.5Zr1.5(PO4)3 5.60E-05 1.40E-03 1 
Na1.5Yb0.5Zr1.5(PO4)3 3.00E-05 1.20E-03 1 
Na2AlZr(PO4)3 1.20E-06 2.30E-04 1 
Na2CrZr(PO4)3 2.50E-05 8.50E-04 1 
Na2.2In1.2Zr0.8(PO4)3 2.63E-06 4.99E-03 1 
Na2.3Yb1.3Zr0.7(PO4)3 6.03E-06 5.50E-03 1 
Na2.5Cr1.5Zr0.5(PO4)3 1.80E-04 7.20E-03 1 
Na2.5In1.5Zr0.5(PO4)3 1.00E-04 6.40E-03 1 
Na2.5Sc1.5Zr0.5(PO4)3 5.60E-04 1.20E-02 1 
Na2.5Y1.5Zr0.5(PO4)3 4.60E-05 2.50E-03 1 
Na2.5Yb1.5Zr0.5(PO4)3 1.90E-04 2.40E-02 1 
Na2.5Er1.5Zr0.5(PO4)3 1.24E-09 1.00E-04 1 
Na2.5Dy1.5Zr0.5(PO4)3 1.65E-08 6.30E-04 1 



 9 

Na2.6In1.6Zr0.4(PO4)3 2.81E-06 1.13E-02 1 
Na2.8In1.8Zr0.2(PO4)3 2.38E-06 5.45E-03 1 
Na2.85In1.85Zr0.15(PO4)3 5.25E-07 3.10E-03 1 
Na2.95Cr1.95Zr0.05(PO4)3 4.22E-06 9.80E-03 1 
Na3Cr2(PO4)3 1.70E-07 7.00E-03 1 
Na3Fe2(PO4)3 1.20E-07 9.00E-03 1 
Na3In2(PO4)3 1.76E-07 9.00E-04 1 
Na3Sc2(PO4)3 2.27E-05 5.68E-02 1 
Na1.4Al0.4Ge1.6(PO4)3 7.28E-10 6.98E-05 1 
Na1.4Al0.4Sn1.6(PO4)3 1.41E-08 4.42E-04 1 
Na1.4Al0.4Ti1.6(PO4)3 5.60E-08 1.43E-03 1 
Na1.6Al0.6Ti1.4(PO4)3 1.10E-07 2.57E-03 1 
Na1.8Al0.8Ti1.2(PO4)3 1.20E-07 2.74E-03 1 
Na1.9Al0.9Ti1.1(PO4)3 1.30E-07 1.82E-03 1 
Na1.4In0.4Ti1.6(PO4)3 1.86E-08 3.03E-04 1 
Na1.4In0.4Sn1.6(PO4)3 2.72E-08 4.04E-04 1 
Na1.4In0.4Hf1.6(PO4)3 1.86E-07 2.67E-04 1 
Na2.04Y0.04Zr1.96(SiO4)2(PO4) 2.08E-04 6.20E-02 1 
Na2.1Y0.1Zr1.9(SiO4)2(PO4) 1.98E-03 1.10E-01 1 
Na2.3Y0.3Zr1.7(SiO4)2(PO4) 9.76E-05 2.00E-02 1 
Na2.5Sc0.2Zr1.8(SiO4)1.3(PO4)1.7 3.19E-04 4.50E-02 1 
Na3Sc1.5Zr0.5(SiO4)0.5(PO4)2.5 1.17E-04 2.90E-02 1 
Na3ScZr(SiO4)2(PO4) 1.82E-04 3.10E-02 1 
Na3Sc0.8Zr1.2(SiO4)1.2(PO4)1.8 1.42E-04 2.90E-02 1 
Na3Sc0.5Zr1.5(SiO4)1.5(PO4)1.5 1.41E-04 1.07E-01 1 
Na3Sc0.2Zr1.8(SiO4)1.8(PO4)1.2 1.90E-04 1.20E-01 1 
Na3.3Sc0.3Zr1.7(SiO4)2(PO4) 4.14E-04 1.79E-01 1 
Na3.5Sc0.5Zr1.5(SiO4)2(PO4) 4.88E-04 1.00E-01 1 
Na2.7Sc0.2Zr1.8(SiO4)1.5(PO4)1.5 8.87E-05 8.10E-02 1 
Na2.96Nb0.04Zr1.96(SiO4)2(PO4) 4.95E-03 1.30E-01 1 
Na2.9Nb0.1Zr1.9(SiO4)2(PO4) 1.87E-03 4.90E-02 1 
Na2.96Ta0.04Zr1.96(SiO4)2(PO4) 9.40E-04 1.10E-01 1 
Na2.9Ta0.1Zr1.9(SiO4)2(PO4) 5.30E-04 6.20E-02 1 
Na2.96V0.04Zr1.96(SiO4)2(PO4) 1.20E-03 1.40E-01 1 
Na2.9V0.1Zr1.9(SiO4)2(PO4) 4.78E-04 9.80E-02 1 
Na3Sc0.25Zr1.75(SiO4)1.75(PO4)1.25 1.58E-05 1.18E-02 3232 
Na1.5Al0.5Ge1.5(PO4)3 3.20E-07  3333 
Na3.4Sc2(SiO4)0.4(PO4)2.6 6.90E-04  3434 
Na3Zr1.9Yb0.1Si2PO12 3.70E-04  3535 
Na3Zr1.9Gd0.1Si2PO12 5.50E-04  35 
Na3Zr1.9Ce0.1Si2PO12 8.20E-04  35 
Na1.1Al0.05Y0.05Zr1.9(PO4)3 1.10E-06  3636 
Na1.2Al0.1Y0.1Zr1.8(PO4)3 5.00E-06  36 
Na1.3Al0.15Y0.15Zr1.7(PO4)3 6.00E-06  36 
Na1.4Al0.30Y0.30Zr1.4(PO4)3 6.20E-06  36 
Na3.1Al0.05Y0.05Zr1.9(SiO4)2(PO4) 1.60E-03  36 
Na3.2Al0.1Y0.1Zr1.8(SiO4)2(PO4) 1.30E-03  36 
Na3.4Al0.2Y0.2Zr1.6(SiO4)2(PO4) 1.40E-03  36 
Na3.6Al0.3Y0.3Zr1.6(SiO4)2(PO4) 4.60E-04  36 
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Supplementary note 5. Calculated COHP and kernel density for analyzing bond compatibility 

and site miscibility. 

 

Figure S1: Calculated -COHP normalized by number of metal-O bonds for four comparison 

groups, i.e., A/A1, A/A2, B/B1 and B/B2 from left to right 

 

Figure S2: Kernel distribution of NASICONs as a function of cation/anion mixing factor. The 

mixing factor is defined as (𝑦/2,1 − 𝑦/2) for cation mixing and 𝑚𝑖𝑛(𝑧/3,1 − 𝑧/3) for anion 

mixing. 
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Figure S3: Calculated -COHP normalized by number of S-O/P-O bonds for A/A1 and A/A2 

comparisons. 

 

Figure S4: Calculated -COHP normalized by number of Si-O/P-O bonds for A/A1 and A/A2 

comparisons. 
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Table S3: Calculated ICOHP normalized by number of ions for A/A1/A2 and B/B1/B2 

comparisons. 

ICOHP M-O A-O 

A (NaHfMg(SO4)2(PO4)) 1.22 7.34 

A1 (NaHfCa(SO4)2(PO4)) 0.92 7.38 

A2 (NaGeMg(SO4)2(PO4)) 0.74 6.59 

B (Na3HfZr(SiO4)2(PO4)) 4.47 10.63 

B1 (Na3HfGe(SiO4)2(PO4)) 3.18 10.71 

B2 (Na3Ge2(SiO4)2(PO4)) 1.38 10.91 
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Supplementary note 6. More details of the machine learning process 
 

The properties related to stability of NASICON would be electronegativity (X), ionic 

radius (R), ionic charge states (Q), Na content (NNa), formation energy of competing phases (EForm), 

Ewald summation energy (EEwald). These basic properties can be obtained from different sites, and 

with different mathematical form. For Pauling electronegativity (X), Shannon ionic radius (R) and 

ionic charge states (Q), both metal sites and anion sites are investigated, leading to XM/A, RM/A and 

QM/A, respectively. In addition, the average across all sites, standard deviation, maximum deviation 

were considered, which are noted as 𝑋'
()*, 𝑋'+,", 𝑋'+,", 𝑋(

()*, 𝑋(+,", 𝑋(+,", 𝑅'
()*, 𝑅'+,", 𝑅'+,", 𝑅(

()*, 

𝑅(+," , 𝑅(+," , 𝑄'
()* , 𝑄'+," , 𝑄'+," , 𝑄(

()* , 𝑄(+," , 𝑄(+," . For ionic radius and electronegativity, three 

additional features were considered, i.e., 𝑅'
()*/𝑅-$,  𝑋'

()* − 𝑋-$ and 𝑋'
()* − 𝑋(. For the anion 

site, the property of center ion i.e., Si4+, P5+ and S6+, was also considered Therefore, using the 

aforementioned EForm, NNa and EEwald, a total of 24 basic features are constructed. To enlarge the 

physically meaningful searching space for mathematical representations, all ionic radii are 

normalized with the radius of Na+, while all charge states are normalized by the charge of an 

electron. 

It is worth mentioning that the real 𝐸./$%" energy is related to not only Na contents and 

average cation/anion charge states, but also cation/anion ordering and lattice parameter. Here we 

did not want to involve the impacts of cation/anion ordering and lattice parameter, as those 

properties cannot be estimated without first principal calculations.  The 𝐸./$%"0  we calculated 

was on base of a structural model with the lattice parameter of Na3Zr2(SiO4)2(PO4) and electrostatic 

ground state ionic ordering. Similarly, the 𝐸./$%"  value is normalized by the Ewald energy of 

Na3Zr2(SiO4)2(PO4). Therefore, this parameter can be interpreted as a dimensionaless physical 

term that measures the electrostatic ground-state electrostatic interaction as a function of Na 
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content and average cation/anion charge states. It can then be used as a descriptor that couples the 

influenced Na contents and cation/anion charge states. The structural model and an example 

python script for calculating 𝐸./$%"  value is appended as “NASICONPrim.cif” and 

“CalculateEWaldEnergy.ipynb” respectively. 

Since the SISSO code only allows mathematical operation with complexity of 3 or less, we 

have tried complexity from 1 to 3 and found that a complexity of 2 gives the best trade-off between 

validation accuracy and simplicity, as increasing the complexity from 2 to 3 increase the validation 

accuracy with less than 1%.  

It should be noted that selecting the final model from screening 2 million possible models 

may raise the concern about overfitting. According to PAC theory37-39, to reduce the risk of 

overfitting (measured by generalization error 𝜀), the amount of training data 𝑚 should follow 𝑚 ∝

𝑂 + 1
2&
∗ VC(𝐻). , where 𝑉𝐶(𝐻)  refers to the Vapnik–Chervonenkis (VC) dimension of our 

SIS+MLR classification model.  Even though we have considered 2 million candidate models to 

find the best solution, we still have quite limited complexity of our model selection as (a) we use 

only 24 features to generate each descriptor, (b) we combine features with only 17 basic 

mathematical operators, and (c) the final model contains only two fit coefficients. By doing this, 

the maximal complexity of each descriptor is fixed, and so is VC(𝐻)37-39. Hence, the risk of 

overfitting is largely reduced. 
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Supplementary note 7. Model performance metrics of SVC classification. The model generated 

from the 3rd is chosen as the final model: 

Table S4. Metrics of testing set in 5-fold cross validation.  

 1st fold 2nd fold 3rd fold 4th fold 5th fold 

Accuracy 83.0% 80.7% 81.3% 84.5% 80.9% 

Recall (LS/GS) 87.6% 82.8% 81.3% 92.2% 81.3% 

Recall (US) 82.1% 80.2% 81.3% 83.0% 80.9% 

Recall (Avg) 84.8% 81.5% 81.3% 87.6% 81.1% 

F1 (LS/GS) 63.1% 58.6% 58.9% 66.3% 58.4% 

F1 (US) 89.0% 87.4% 87.9% 90.0% 87.6% 

F1 (Avg) 76.0% 73.0% 73.4% 78.1% 73.0% 

 

 

Table S5. Metrics of training set in 5-fold cross validation.  

 1st fold 2nd fold 3rd fold 4th fold 5th fold 

Accuracy 82.0% 82.7% 82.7% 81.5% 82.4% 

Recall (LS/GS) 84.4% 86.0% 85.6% 83.6% 86.5% 

Recall (US) 81.5% 82.1% 82.2% 81.1% 81.6% 

Recall (Avg) 82.9% 84.0% 83.9% 82.3% 84.1% 

F1 (LS/GS) 60.7% 62.2% 62.1% 59.9% 61.9% 

F1 (US) 88.3% 88.8% 88.8% 88.0% 88.6% 

F1 (Avg) 74.5% 75.5% 75.5% 73.9% 75.2% 
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Supplementary note 8. Predicted probability for 32 experimentally synthesized NAISCONs 
 

The calculated probabilities of the 32 experimentally synthesized NASICONs being GS/LS 

according to Platt scaling are indicated Table S3. The model used for generating the probabilities 

are the final mode shown in Fig. 5. 

 

Table S6. Calculated Platt scaling probability for 32 experimentally synthesized NASICONs.  

Composition Paccessible Classified Composition Paccessible Classified 

Na3Zr2(SiO4)2(PO4) 0.428 No NaZnIn(SO4)3 0.778 Yes 

Na4Zr2(SiO4)3 0.496 No NaMgIn(SO4)3 0.772 Yes 

NaTi2(PO4)3 0.888 Yes Na3HfTi(SiO4)2(PO4) 0.322 No 

NaSn2(PO4)3 0.888 Yes NaGe2(PO4)3 0.888 Yes 

NaHf2(PO4)3 0.888 Yes NaTiGe(PO4)3 0.760 Yes 

Na3MgZr(PO4)3 0.622 Yes NaTiSn(PO4)3 0.748 Yes 

Na2Zr2(SiO4)(PO4)2 0.588 Yes NaZrSn(PO4)3 0.855 Yes 

Na3ZrTi(SiO4)2(PO4) 0.310 No Na2ZrAl(PO4)3 0.493 No 

Na3Ti2(SiO4)2(PO4) 0.428 No Na3In2(PO4)3 0.622 Yes 

Na3Sc2(PO4)3 0.622 Yes NaZr2(PO4)3 0.888 Yes 

Na3ZrZn(PO4)3 0.596 Yes Na3Al2(PO4)3 0.622 Yes 

Na3Hf2(SiO4)2(PO4) 0.428 No Na3HfZr(SiO4)2(PO4) 0.420 No 

Na3Y2(PO4)3 0.622 Yes Na3Hf1.5Mg0.5(SiO4)(PO4)2 0.421 No 

Na4HfAl(SiO4)2(PO4) 0.185 No Na3HfSc(SiO4)(PO4)2 0.397 No 

NaAlZn(SO4)3 0.387 No Na3Ca0.5Hf1.5(SiO4)(PO4)2 0.274 No 

NaMgAl(SO4)3 0.583 Yes Na3Mg0.5Zr1.5(SiO4)(PO4)2 0.428 No 
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Supplementary note 9. Distribution of Pstable of US NASICONs and GS/LS NASICONs across 

the SVC classification boundary. 

 
Figure S5. a. The histogram of Pstable for GS/LS NASICONs and US NASICONs as classified by 

the SVC classification boundary; b. The contour lines of Pstable near the SVC classification 

boundary. 
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Supplementary note 10. Predicted probability map for Na Poor/Na Rich NASICONs and 

Ca/Ge/Hf/Zr NASICONs 

The predicted probability distributions of Na Poor/Na Rich NASICONs and Ca/Ge/Hf/Zr 

NASICONs are demonstrated in Figure S6: 

 

 
 

Figure S6: a. The Platt scaling probability to be accessible (Paccessible) distribution of Na rich and 

Na poor NASICONs; b. The Platt scaling accessible probability (Paccessible) distribution of 

Ca/Ge/Zr/Hf contained NASICONs. 
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Supplementary note 11. Comparisons between -ICOHP of M-O bonds in B, B1, B2 and the -

ICOHP of the M-O bonds in the competing phases of B1 and B2 

 

 
 

Figure S7. The calculated -ICOHP for different M-O bonds in NASICONs composition B, B1 

and B2. As B1 and B2 are predicted to be unlikely synthesizable (Ehull = 56.0 meV/atom and 90.3 

meV/atom respectively), the calculated -ICOHP per cation of the M-O bonds in competing phase 

is also plotted. 
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Figure S8. The calculated -COHP comparisons (normalized by M-O bond number) for (a) Ge-O 

in B1 and Na4Ge9O20; (b) Ge-O in B2 and Na4Ge9O20. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b)
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Supplementary note 12. Comparisons between -ICOHP in A, A1, and the Ca contained 

competing phase of A1 

 

 

Figure S9. The calculated -ICOHP for different M-O bonds in NASICONs composition A and 

A1. As A1 is predicted to be unlikely synthesizable by DFT (Ehull = 48.7 meV/atom), the calculated 

-ICOHP per cation of the M-O bonds in competing phase is also plotted. 
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Figure S10. The calculated -COHP comparisons (normalized by M-O bond number) for Ca-O in 

A1 and CaSO4. 
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