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Supporting Information 

1. Investigation of dependency of external electric field on conductivity 

 

 
Figure S1. Sodium ion conductivity σ in dependence of electric field strength Ex in x-direction. In this study E = 107 Vm-1 was 
applied. Values taken from [1]. 

 

2. Volume relaxation, ionic distances, and pair interaction energies 

Lattice relaxation for primitive rhombohedral cells of composition Na1M2P3O12 (M = Zr4+, Hf4+, Sn4+) 

with 42 atoms was performed by DFT with an energy cut-off of 520 eV. As shown in Fig. S2, the lattice 

parameter a and volume V of Na1M2P3O1 increase with the size of the M-cation in accordance with the 

literature.2–8 Here, only the lattice parameter a is shown, which is identical to the lattice parameters b 

and c in the primitive cell. 

  
(a) Lattice parameter a (b) Volume V 

Figure S2. (a) Lattice parameter a and (b) volume V of rhombohedral primitive with composition Na1M2P3O12 
(M = Zr4+, Hf4+, Sn4+) in dependence of Shannon radii rShannon of M-cations.  
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3. Pair interaction energies 

To determine the Na+ site energies for any configuration of the compositions Na1+xM2SixP3−xO12 
(M = Zr4+, Hf4+, Sn4+), the Na2–Na2 and Na2–Si4+ pair interaction energies, ENa and ESi, were calculated 
depending on the Na2–cation distances. Therefore, a pair of a Na+ ion and another cation (Na+ or Si4+) 
are introduced into the unsubstituted cell (x = 0) to investigate the pair interactions individually 
without considering addition effects. The introduction of a Si4+ ion on a P5+ site creates a -1 charged 
defect, while the introduction of a Na+ ion on a vacant Na2 site corresponds to a +1 charged defect. 
The pair interaction between the cations is calculated relative to the cell with the furthest Na2–cation 
distance. Various pair interaction energies for different distances are obtained. Table S1 shows the 
interaction energies ENa of Na2–Na2 pairs in distance dNa2–Na2 and Table S2 shows the interaction 
energies ESi of Na2–Si pairs in distance dNa2–Si for Na1M2P3O12 with M = Zr4+, Hf4+, Sn4+. The repulsive 
Na2–Na2 pair interactions increase Na+ site energies whereas the attractive Na2–Si pair interactions 
decrease Na+ site energies. The pair interactions energies weaken with the distance.  

Table S1. Na2–Na2 distances dNa2-Na2 and corresponding interaction energies ENa for Na1M2P3O12 with M = Zr4+, Hf4+, Sn4+. 

M = Zr4+ M = Hf4+ M = Sn4+ 

 dNa2–Na2 (Å) ENa (eV)  dNa2–Na2 (Å) ENa (eV)  dNa2–Na2 (Å) ENa (eV) 

4.84 0.18 4.81 0.20 4.73 0.26 

4.84 0.18 4.82 0.20 4.74 0.27 

4.89 0.16 4.86 0.18 4.75 0.30 

4.89 0.16 4.86 0.18 4.75 0.30 

4.94 0.27 4.92 0.29 4.88 0.33 

4.95 0.27 4.93 0.28 4.89 0.31 

4.95 0.26 4.93 0.28 4.89 0.38 

4.95 0.26 4.93 0.29 4.90 0.31 

5.14 0.13 5.10 0.14 4.97 0.18 

5.14 0.13 5.11 0.14 4.97 0.18 

5.60 0.15 5.56 0.17 5.47 0.24 

5.60 0.15 5.56 0.17 5.47 0.25 

7.07 0.11 7.06 0.12 6.93 0.17 

7.24 0.12 7.20 0.13 7.03 0.16 

7.24 0.12 7.20 0.13 7.04 0.16 

7.24 0.12 7.20 0.13 7.05 0.15 

7.25 0.12 7.20 0.13 7.05 0.15 

7.92 0.14 7.87 0.15 7.51 0.19 

7.95 0.14 7.90 0.15 7.54 0.19 

8.32 0.08 8.28 0.09 8.21 0.11 

8.32 0.08 8.50 0.10 8.41 0.11 

8.55 0.09 8.54 0.10 8.41 0.11 

8.55 0.09 8.83 0.06 8.71 0.09 

8.58 0.09 8.85 0.07 8.73 0.07 

8.58 0.09 8.88 0.08 8.74 0.08 

8.87 0.05 8.88 0.06 8.75 0.11 

8.88 0.06 8.94 0.06 8.81 0.07 

8.88 0.06 8.99 0.09 8.83 0.09 

8.89 0.06 9.16 0.04 9.01 0.05 

8.93 0.07 9.17 0.05 9.03 0.07 



M = Zr4+ M = Hf4+ M = Sn4+ 

 dNa2–Na2 (Å) ENa (eV)  dNa2–Na2 (Å) ENa (eV)  dNa2–Na2 (Å) ENa (eV) 

8.93 0.05 9.23 0.04 9.09 0.06 

8.93 0.06 9.27 0.06 9.12 0.03 

8.93 0.07 9.78 0.08 9.69 0.09 

8.98 0.06 10.4 0.06 10.2 0.07 

8.98 0.06 11.1 0.06 10.9 0.08 

9.05 0.06 11.6 0.04 11.5 0.08 

9.21 0.05 11.8 0.04 11.5 0.06 

9.21 0.03 12.3 0.00 11.6 0.05 

9.21 0.03 15.3 0.00 13.4 0.00 

9.21 0.05 16.4 0.00 15.1 0.00 

9.29 0.02   16.2 0.00 

9.29 0.02     

9.33 0.06     

9.33 0.06     

9.82 0.07     

9.82 0.07     

10.5 0.05     

10.5 0.05     

11.1 0.06     

11.2 0.06     

11.4 0.04     

11.4 0.05     

11.7 0.04     

11.7 0.06     

11.8 0.04     

12.6 0.02     

13.4 0.00     

13.4 0.03     

13.9 0.01     

15.1 0.00     

16.5 0.00     

17.3 0.00     

 
Table S2. Si–Na2 distances dNa2-Si and corresponding interaction energies ESi of Na1M2P3O12 with M = Zr4+, Hf4+, Sn4+. 

M = Zr4+ M = Hf4+ M = Sn4+ 

d Na2–Si (Å) ESi (eV) d Na2–Si (Å) ESi (eV) d Na2–Si (Å) ESi (eV) 

2.91 -0.30 2.88 -0.36 2.83 -0.77 

2.92 -0.30 2.88 -0.36 2.83 -0.78 

3.04 -0.34 3.03 -0.39 3.02 -0.52 

3.56 -0.26 3.54 -0.30 3.55 -0.40 

3.56 -0.26 3.54 -0.30 3.56 -0.41 

5.77 -0.16 5.73 -0.18 5.65 -0.19 

5.94 -0.20 5.90 -0.21 5.85 -0.21 



M = Zr4+ M = Hf4+ M = Sn4+ 

dSi–Na2 (Å) ESi (eV) dSi–Na2 (Å) ESi (eV) dSi–Na2 (Å) ESi (eV) 

5.94 -0.20 5.90 -0.21 5.85 -0.20 

6.02 -0.21 5.99 -0.22 5.92 -0.27 

6.02 -0.21 5.99 -0.22 5.92 -0.26 

6.11 -0.18 6.07 -0.19 6.01 -0.20 

6.11 -0.18 6.07 -0.19 6.01 -0.20 

6.34 -0.07 6.29 -0.08 6.22 -0.14 

6.43 -0.12 6.38 -0.14 6.34 -0.20 

6.43 -0.12 6.39 -0.14 6.34 -0.20 

6.49 -0.17 6.45 -0.18 6.38 -0.22 

6.49 -0.16 6.45 -0.18 6.39 -0.22 

6.75 -0.13 6.70 -0.14 6.63 -0.19 

6.75 -0.13 6.71 -0.14 6.63 -0.21 

7.30 -0.10 7.26 -0.11 7.18 -0.13 

7.30 -0.10 7.75 -0.09 7.18 -0.14 

7.79 -0.08 7.86 -0.12 7.62 -0.13 

7.90 -0.12 7.97 -0.05 7.84 -0.15 

7.91 -0.11 7.99 -0.08 7.92 -0.09 

8.03 -0.04 8.21 -0.08 7.92 -0.09 

8.06 -0.07 8.30 -0.09 8.15 -0.10 

8.25 -0.07 9.55 -0.08 8.19 -0.13 

8.26 -0.07 9.63 -0.04 9.42 -0.07 

8.35 -0.08 9.63 -0.04 9.46 -0.07 

8.35 -0.08 9.78 -0.05 9.48 -0.05 

9.58 -0.05 9.79 -0.05 9.48 -0.07 

9.58 -0.04 9.79 -0.06 9.67 -0.05 

9.60 -0.08 9.85 -0.05 9.67 -0.06 

9.60 -0.08 14.4 0.00 9.69 -0.07 

9.69 -0.04 15.0 0.00 9.72 -0.06 

9.69 -0.04 15.6 0.00 10.5 -0.03 

9.84 -0.05   10.6 -0.05 

9.85 -0.04   10.6 -0.05 

9.85 -0.04   14.3 0.00 

9.91 -0.04   14.8 0.00 

10.7 -0.03   15.4 0.00 

10.7 -0.03     

10.8 -0.07     

10.8 -0.06     

10.8 -0.04     

12.7 -0.04     

13.5 -0.05     

13.7 -0.02     

14.5 0.00     

15.1 0.00     

15.7 0.00     



 

Additionally, the fully substituted cells (x = 3) with composition Na1+xM2SixP3−xO12 in which one P5+ was 

introduced creating one vacant Na2 site (VNa) were also calculated. The cells in which the P5+ is in 

nearest neighbour position to VNa is energetically more favorable than the cell with large P5+–VNa 

distance. The energy of the configuration with smallest P5+–VNa distance was calculated relative to the 

energy of the configuration with largest P5+–VNa distance for all compositions (M = Zr4+, Hf4+, Sn4+) 

(Table S3). The results show the expected trend: The configurational energy is lowered by Si4+ near the 

Na2 positions (i.e., at large P5+–VNa distance). 

Table S3. Relative configurational energy of cells with smallest P5+–VNa distance. Cells of composition Na4M2Si3O12 
(M = Zr4+, Hf4+, Sn4+) in which one P5+ was introduced creating one vacancy on Na2 site (VNa) were calculated. 

M Erel (eV) 

Zr4+ -0.23 

Hf4+ -0.26 

Sn4+ -1.18 

 

The Coulomb interactions between the two Na+ ions as well as between Na+ and Si4+ ions were 

calculated according to Eq. 1. Therefore, the averaged Born effective charges �̅�B of Na+ ions on Na2 

sites, P5+ and Si4+ on P5+ sites, as well as the relative permittivity 𝜖𝑟 of Na1M2P3O12 (M = Zr4+, Hf4+, Sn4+) 

with two additional Na+ ions and with one additional Na+ and Si4+ ion were determined by Density 

Functional Perturbation Theory (DFPT). The averaged Born effective charge of the substituted P5+ 

lattice site �̅�B,rel was calculated according to Eq. 2. The Born effective charge of the Na2 site occupied 

by Na+ substituent corresponds to the averaged Born effective charge of the introduced Na+ ions �̅�B,Na2 

since the original Na2 site is vacant. 

Table S4. Born effective charge �̅�B of Na2 ions and relative permittivity 𝜖r̅ of Na1M2P3O12 (M = Zr4+, Hf4+, Sn4+) with two 
additional Na+ ions calculated with DFPT.  

M �̅�B,Na2(1)/𝑒 �̅�B,Na2(2)/𝑒 𝜖r̅ (A s V−1 m−1) 

Zr4+ 1.02 1.06 11.12 

Hf4+ 1.03 1.03 10.22 

Sn4+ 1.01 1.03 10.51 

 

Table S5. Born effective charge of Na2 (�̅�B,Na2), P (�̅�B,P) and Si (�̅�B,Si) ions, as well as the with Si4+ substituted  P5+ site (�̅�B,rel), 

and relative permittivity 𝜖r̅ of Na1M2P3O12 (M = Zr4+, Hf4+, Sn4+) with one additional Na+ and Si4+ ion calculated with DFPT. 

M �̅�B,Na2/𝑒 �̅�B,P/𝑒 �̅�B,Si/𝑒 �̅�B,rel/𝑒 𝜖r̅ (A s V−1 m−1) 

Zr4+ 1.10 4.16 3.88 −0.28 9.65 

Hf4+ 1.08 4.05 3.72 −0.33 9.36 

Sn4+ 1.09 3.68 3.24 −0.44 7.71 

 

 

 

 

 



4. Migration energy profiles and pathways  

The correlated migration of two Na+ ions was investigated in Na1+xM2SixP3−xO12 (M = Zr4+, Hf4+, Sn4+) with 

x = 0 and x = 3 using Climbing Image Nudged Elastic Band (CI-NEB) method with five interpolated 

images. For the unsubstituted structure (x = 0), one additional Na+ ion was introduced on the Na2 site, 

whereas for the fully substituted structure (x = 3), one vacancy was created by removing one Na+ ion 

from the Na2 site. The resulting energy profiles of the migration paths in  80°, 90° and 180° direction 

are shown in Fig. S3. Our results of the 90° and 180° migration in the composition Na1Zr2P3O12 is 

consistent with the findings of Zou et al.9 The shape of the energy profiles is similar for all compositions. 

However, in structures with x = 3, there is a local minimum along the migration path in the 180° 

direction for M = Zr4+ and in the 90° and 180° direction for M = Hf4+. This state corresponds to the 

occupied mid-sodium positions located between the Na1 and Na2 site along the migration path, as 

observed in previous studies.9–14 This mid-Na site only occurs at high substitution levels in structures 

with larger cations (M = Hf4+, Zr4+). In structures with smaller Sn4+ cations, the shorter bond distances 

lead to unfavorable stronger Na+–cation repulsion and steric destabilization of the mid-Na sites. Fig. 

S4 shows the different coordination environments of Na+ ions in the intermediate state (dark green) 

along the migration pathway (light green) defined by the adjacent O2-. Therefore, in the compound 

with M = Sn4+ the intermediate state poses the transition state. But in the compounds with larger 

cations (M = Hf4+, Zr4+), the mid-Na site corresponds to a local minimum, which may further facilitate 

the migration of Na+ ions. 

 

   

(a) M = Zr4+, x = 0 (b) M = Hf4+, x = 0 (c) M = Sn4+, x = 0 

   

(d) M = Zr4+, x = 3 (e) M = Hf4+, x = 3 (f) M = Sn4+, x = 3 

Figure S3. Energy profiles of migration pathways in 80° (red), 90° (blue) and 180° (green) in rhombohedral structure 
Na1M2SixP3−xO12 (M = Zr4+, Hf4+, Sn4+) with x = 0 (a, b, c) and x = 3 (d, e, f). 

 



   

(a) M = Zr4+ (b) M = Hf4+ (c) M = Sn4+ 

Figure S4. Coordination of the migrating Na+ ions in the intermediate state in the structure Na4M2Si3O12 with (a) M = Zr4+, (b) 
M = Hf4+, (c) M = Sn4+. The entire Na+ migration path is shown in light green, the Na+ positions in intermediate state in dark 
green. Key: Na (green), O (red), Zr/ZrO6 (purple), Hf/HfO6 (yellow), Sn/SnO6 (dark blue), PO4 (light blue). 

The migration energies Emig,0 of composition with M = Sn4+ are higher compared to those of M = Zr4+, 

Hf4+. However, the differences are largest at small substitution content x and decrease with increasing 

x. The differences in Emig,0 can be explained, among others (see main text), by the different Na+−O2− 

bond distances shown in Table S4. The cell with M = Sn4+ exhibits a smaller volume (Fig. S2), resulting 

in smaller Na+−O2− bond distances for x = 0 compared to the cell with M = Zr4+, Hf4+. However, there 

are no significant differences in the bond distances for the compositions with  x = 3. Here, the cell 

volume probably has little influence compared to the high number of Na+ ions in the structures. At 

lower x, the fractional volume of the migrating Na+ ions is smaller in M = Sn4+ than in M = Zr4+, Hf4+, 

leading to higher steric hindrance, which may explain the large differences in Emig,0 among others.  

Table S6. Averaged bond distances �̅�Na1–O between Na1 ions and O2− in nearest neighbour positions and averaged bond 

distances �̅�Na2–O (Å) between Na2 ions and O2− in nearest neighbour positions in Na1M2SixP3−xO12 (M = Zr4+, Hf4+, Sn4+) with 
x = 0 and x = 3. 

M 
x = 0 x = 3 

�̅�Na1–O (Å) �̅�Na2–O (Å) �̅�Na1–O (Å) �̅�Na2–O (Å) 

Zr4+ 2.53 2.77 2.35 2.79 

Hf4+ 2.52 2.70 2.35 2.78 

Sn4+ 2.46 2.63 2.36 2.76 

 

5. Influences on migration energy 

5.1 Na+−Si4+ interaction 

To determine the influence of the Na+−Si4+ interactions on the migration energy, the amount of Si4+ 

ions near the migrating Na+ ions in the structure Na1Zr2P3O12 (x = 0) is gradually increased. Fig. S5 shows 

the Si4+ sites (blue) to be occupied adjacent to the Na+ migration path (green). With increasing number 

of Si4+ ions the migration energy decreases (see Fig. 7). The attractive interactions between the 

migrating Na+ ion and the Si4+ ions decrease the migration energy due to stabilization of the transition 

state. 



   
(a) 80° migration (b) 90° migration (c) 180° migration 

Figure S5. Si4+ sites (blue) adjacent to the Na+ migration pathway (green) in (a) 80°, (b) 90° and (c) 180°, which are gradually 
occupied to investigate the influence of the Na+−Si4+ interactions on the migration energy. 

 

5.2 Na+−Na+ interaction  

To investigate the influence of the interactions between the migrating Na+ ions and neighboring Na+ 

ions on the migration energy, the amount of Na+ ions near the migration pathway was gradually 

increased in the structure Na1Zr2P3O12 (x = 0). In Fig. S6, the migration pathway is shown in light green 

and the adjacent Na+ sites in dark green. The calculated migration energies in dependence of the 

amount of Na+ ions adjacent to the pathway are shown in Fig. S7. The results show no clear 

dependence of the migration energy on the number of Na+ near the migration pathway. However, a 

dependence of the migration energy on the arrangement of Na+ adjacent to the migration path is 

found. Occupying one Na site that is closest to the migration path and in the same plane results in the 

lowest migration energies. In the case of 80° migration, the occupation of site (3) and site (4) leads to 

the lowest migration energies of 0.29 eV and 0.32 eV, respectively. In the case of 90° migration, the 

occupation of site (1), site (2) and site (7) results in migration energies of 0.32 eV to 0.33 eV. But the 

occupation of the site (3) results in lower migration energy of 0.18 eV. This Na+ site is below the 

migration path regarding the a/c-plane. In case of 180°, the migration energies are very similar. If more 

than one Na+ site is occupied near the migration path, not only the arrangement of the occupied Na+ 

sites with respect to the migration path, but also with respect to each other must be considered. 

However, a clear description cannot be given due to the complexity of the system. 

  
 

(a) 80° migration (b) 90° migration (c) 180° migration 

Figure S6. Na+ sites (dark green) adjacent to the Na+ migration pathway (light green) in (a) 80°, (b) 90° and (c) 180°, which 
are gradually occupied to investigate the influence of the Na+− Na+ interactions on the migration energy.  

 



  

(a) Migration energies of 80°, 90°, 180° path (b) Migration energies of 80° path 

  

(c) Migration energies of 90° path (d) Migration energies of 180° path 

Figure S7. Migration energy Emig,0 of the pathways in 80° (red), 90° (blue) and 180° (green) in dependence of the amount of 
Na+ adjacent to the pathway in the structure with composition Na1Zr2P3O12. (a) Emig,0 of all pathways, (b) Emig,0 of the pathways 
in 80°, (c) Emig,0 of the pathways in 90°, (d) Emig,0 of the pathways in 180°. 

 

5.3 Bottleneck 

During the migration, the Na+ ions pass through different bottlenecks formed by three O2+ ions of 

SiO4/PO4 tetrahedra and ZrO6 octahedra. Fig. S8 shows the bottlenecks for the 180° migration path. 

The bottlenecks A and A’ are located near the Na2 sites, while the bottlenecks B and B’ are located 

near the Na1 site.  

 

Figure S8. Bottlenecks formed by three O2+ ions of SiO4/PO4 tetrahedra and ZrO6 octahedra for the case of the 180° migration 
pathway (grey). Key: Key: Na1 (light green), Na2 (dark green), O (red), SiO4/PO4 (blue), Zr/ZrO6 (purple). 

 

 

 



The four different bottlenecks of the migration paths are characterized by the size of their area. 

Fig. S9 shows the comparison of the bottleneck areas in non-substituted (x = 0) and fully substituted 

(x = 3) structure Na1+xM2SixPi3−xO12 with M = Zr4+, Hf4+, Sn4+. A and A´ are larger for x = 3 compared to 

x = 0 whereas the bottleneck areas B and B’ are similar for all compositions 

   

(a) 80° migration in M = Zr4+ (b) 90° migration in M = Zr4+ (c) 180° migration in M = Zr4+ 

   

(d) 80° migration in M = Hf4+ (e) 90° migration in M = Hf4+ (f) 180° migration in M = Hf4+ 

   

(g) 80° migration in M = Sn4+ (h) 90° migration in M = Sn4+ (i) 180° migration in M = Sn4+ 

Figure S9. Size of bottleneck area of (a, d, g) 80°, (b, e, h) 90° and (c, f, i) 180° migration in the structure Na1+xM2SixPi3−xO12 
(x = 0, 3) with (a, b, c) M = Zr4+, (d, e, f) M = Hf4+, (g, h, i) M = Sn4+. 

 

 

 

 

 

 

 

 

 



Fig. S10 shows the comparison of the bottleneck areas with respect to the compositions 

Na1+xM2SixPi3−xO12 (x = 0, 3) with the different M cations. In both structures with x = 0 and x = 3, the 

bottleneck areas are smaller in the composition with M = Sn4+ than M = Zr4+ and Hf4+. 

   

(a) 80° migration in x = 0 (b) 90° migration in x = 0 (c) 180° migration in x = 0 

   

(d) 80° migration in x = 3 (e) 90° migration in x = 3 (f) 180° migration in x = 3 

Figure S10. Size of bottleneck area of (a, d) 80°, (b, e) 90° and (c, f) 180° migration in the structure Na1+xM2SixPi3−xO12 with (a, 
b, c) x = 0 and (d, e, f) x = 3 and M = Zr4+ (red), M = Hf4+ (blue), M = Sn4+ (green). 

 

6. Ionic conductivity 

Fig. S11 shows the conductivity depending on substitution level x of Na1+xM2SixP3–xO12 with M = Zr4+, 

Hf4+, Sn4+ obtained from KMC simulations where the Na+–cation pair interactions are not considered. 

The conductivities of all compositions are very similar. The slightly lower conductivities of the 

composition with M = Sn4+ compared to those of the composition with M = Zr4+, Hf4+, and the small 

shift in conductivity maximum can be explained by the differences in migration energies Emig,0.  

 

   
(a) M = Zr4+ (b) M = Hf4+ (c) M = Sn4+ 

Figure S11. Na+ conductivity dependent on substitution content x of Na1+xM2SixP3–xO12 (0.2 ≤ x ≤ 2.8) with (a) M = Zr4+, (b) 
M = Hf4+, (c) M = Sn4+ in temperature range of 450 ≤ T ≤ 700 in 10 × 10 × 10 cell obtained from simulations where sodium–
cation pair interactions are not considered.  

 



The simulated ionic conductivities of Na1+xM2SixPi3−xO12 (0.01 ≤ x ≤ 2.8) with M = Zr4+, Hf4+, Sn4+ show 

the temperature dependence according to the Arrhenius equation as shown in in Fig. S12. 

 

   

(a) M = Zr4+ (b) M = Hf4+ (c) M = Sn4+ 

Figure S12. Arrhenius plot obtained from simulated conductivities of Na1+xM2SixPi3−xO12 with (a) M = Zr4+ (0.2 ≤ x ≤ 2.8), 
(b) M = Hf4+ (0.2 ≤ x ≤ 2.8), (c) M = Sn4+ (0.01 ≤ x ≤ 2.8)in the temperature range of 450 ≤ T ≤ 700 in 10 × 10 × 10 cell. 
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