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1. Impact on Thermostat on lonic Diffusion

To evaluate the influence of the thermostat on ionic diffusion, additional FFMD simulations were
conducted under the NVE ensemble, omitting the heat bath. These simulations show that the diffusion
coefficients increase by approximately a factor of 1.4 on average (Fig. S1). Nevertheless, the overall
trend of concentration-dependent diffusion behavior remains largely unchanged.
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Figure S1. Comparison of diffusion coefficient of Na* ions in Nai.x+,Sc,Zr,-,SixP3-x012 (0 < x < 3; 0 < y £ 2) at 598 K, obtained
by NVT-MD simulations with the Langevin thermostat (horizontal axis) and NEV-MD simulations without a heat bath
(vertical axis). The red line represents the linear regression fit, with a coefficient of determination (R2) of 0.72.

2. Optimization of FF Parameters

The force field (FF) parameters are optimized using the Cuckoo Search (CS) algorithm. The
metaheuristic optimization is evaluated by the loss function L assessing the difference for the radial
distribution function (RDF) g (), angular distribution function (ADF) h(8), and equilibrium volume (V)
obtained by FF molecular dynamics (FFMD) and by ab-initio molecular dynamics (AIMD) simulations.
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with N, and N; being the number of pairs p and triplets ¢ considered, respectively. Ngpp (here:
Ngpr =100) and Napp (here: Napp = 180) is the number of sampling points in the RDFs and ADFs,
respectively.

The determination of the FF parameters of the six-component NaSICON structure
Na14xySCyZr2-,SixP3-x012 is challenging due to the large number of parameters to be optimized. Thus,
the CS optimization is performed in several steps: (i) Optimization of the FF parameters in the co-
substituted training system NasScZrSiP,01,, which serves as a preliminary assessment to gauge the
accuracy of the obtained FF parameters; (ii) Optimization in the single-substituted training system
NasZr,Si;PO1z; (iii) Final optimization in the co-substituted training system NasScZrSiP,0O:; using
previously obtained FF parameters as initial guess. Each step is discussed in detail in the following to
describe the overall optimization process.

Step (i): Fig. S2 shows the evolution of the loss function (Eq. S1) during the FF optimization in the co-
substituted NasScZrSiP,0;, training system. As the number of CS generations increases, the loss
function value decreases. Convergence is achieved within 1400 CS generations, as indicated by the low
loss function value of L = 5.38:10°%. The obtained FF parameters are given in Table S1.
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Figure S2. Evolution of the loss function L during the (i) CS optimization in the co-substituted NasScZrSiP,0;; training
system.



Table S1. FF parameters derived from the (i) CS optimization in the Na3ScZrSiP,0;, training system. Dy x( is the equilibrium
well depth, 1 xo is the equilibrium bond distance between species X and 027, and ay, is the width of the Morse potential. ry
is the effective ionic radius of species X of the Coulomb potential. Apx, is the equilibrium well depth and yg oxo is the
equilibrium angle between 02--X-02- of the Stillinger Weber potential. X represents the cationic species and O is 0% ions.

Species Dy xo (eV) To.x0 (A) axo (A7) %, 70 (A)  ZAooxo (€Y)  ¥oo0x0 ()
Na* 0.66 2.09 1.85 1.01 — —
Sc3* 2.26 1.81 1.89 1.06 0.85 0.21
Zr** 2.45 1.77 1.72 1.03 0.68 -0.12
Si* 4.90 1.57 2.55 0.85 1.34 -0.52
pst 3.61 141 2.76 0.63 0.92 -0.40
o* — — - 0.80 — —

Using the obtained FF parameters, FFMD simulations are conducted not only in the co-substituted
training system NasScZrSiP,0;; but also in the single-substituted target systems NasZr,Si,PO1; and
Na,ScZrPsOq,. Fig. S3 compares the obtained RDFs of the cation-O? pairs and ADFs of the of 0?"-cation-
O% triplets of the structural framework with the results from previous AIMD simulations. This
comparison is used to evaluate the accuracy of the FF parameters in reproducing the NaSICON
structure. The FF parameters reproduce well the AIMD results of the Sc3*-0%" and Zr**-0%" pairs as well
as the angles of the triplets in NasScZrSiP,01,. But the RDFs of the Si**-0?" and P>*-0% pairs at about
4 A in NasScZrSiP,01, (Fig. S3a), the RDFs of the ion pairs at distances r>3.5 A in NasZr:Si:P101,
(Fig. S3c) and the RDF of the P**-0% pairs at about 4 A in Na,Sc1Zr:1Ps01 (Fig. S3e) are not accurately
described. It seems to be more difficult to obtain accurate FF parameters of the Si**-0% and P>*-0%*
interactions, probably due to the different radii of the Si*- and P>*-cations occupying the same lattice
site (rgar = 0.26 A, rps. = 0.17 A), in contrast to the Sc**-0%" and Zr*-0?" interactions, where the radii of
Sc*- and Zr**-cations are similar (rg 3+ = 0.74 A, ry4s = 0.72 A).2
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Figure S3. (a, ¢, e) RDFs of cation-0O2- pairs and (b, d, f) ADFs of O2-cation-O%" triplets of the structural framework of (a, b)
Na3ScZrSiP,01,, (c, d) NasZr,Si,PO1,, and (e, f) NaScZrP3015. The distribution functions obtained by FFMD with FF parameters
derived from the (i) CS optimization are shown as solid lines and those obtained by AIMD are shown as dashed lines.



Moreover, FFMD simulations of NaiwZraSixP3«O12 (0 <x<3) are performed at 598 K using the
optimized FF parameters. Fig. S4 compares the resulting conductivities with literature data obtained
from experiments®® and KMC simulations at 573 K.”2 The obtained conductivities do not align with
literature data. The discrepancies indicate that the interactions between the migrating Na* ions and
the framework ions are not adequately captured by the FF parameters. However, the Na*-cation
interactions are crucial for the Na* transport in NaSICONs, as described in our previous study.’®
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Figure S4. Comparison of Na*ion conductivity of Na1.+xZr2SixP3-x012 (0 < x < 3) obtained by FFMD simulations at 598 K using FF
parameters derived from the (i) CS optimization (blue) with data from experimental studies3-® and KMC simulations’-¢ at
573 K.

Step (ii): The direct determination of adequate FF parameters of the six-component NaSICON structure
is not challenging due to the large number of parameters involved. Therefore, a pre-optimization step
is performed using a five-component NaSICON training system. Fig S5 depicts the evolution of the loss
function during the FF optimization in the single-substituted training system NasZr;Si;P1012.
Convergence is achieved within 1000 CS generations (L = 3.32:1073). The obtained FF parameters are
listed in Table S2.
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Figure S5. Evolution of the loss function L during the (ii) CS optimization in the single-substituted training system
Nagzr25i2PO12.



Table S2. FF parameters derived from the (ii) CS optimization in the NasZr,Si>PO1;, training system. Dy x¢ is the equilibrium
well depth, 7 xo is the equilibrium bond distance between species X and 0%, and ay, is the width of the Morse potential. 7y
is the effective ionic radius of species X of the Coulomb potential. Apx, is the equilibrium well depth and yg oxo is the
equilibrium angle between 02--X-02- of the Stillinger Weber potential. X represents the cationic species and O the 0% ions.

Species Dy xo (eV) To.x0 (A) axo (A7) %, 70 (A)  ZAooxo (€Y)  ¥o0x0 ()
Na* 0.48 2.17 1.94 1.05 — —
r* 2.99 1.86 1.70 0.70 1.21 -0.033
Sit* 2.96 1.56 3.18 0.60 1.51 0.17
pst 5.62 1.42 2.33 0.88 0.91 0.68
o+ — — — 0.85 — —

As shown in Fig. S6, the RDFs of cation-O2" pairs and ADFs of O%-cation-O? triplets of the structural
framework of NasZr,Si,PO1, obtained from FFMD simulations using the optimized FF parameters agree
well with the results of previous AIMD simulations, validating the successful optimization.
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Figure S6. (a) RDFs of cation-O2 pairs and (b) ADFs of O2—cation-O?- triplets of the structural framework of NasZr,Si,PO1..
The distribution functions obtained by FFMD with FF parameters derived from the (ii) CS optimization are shown as solid lines
and those obtained by AIMD are shown as dashed lines.

Step (iii): The FF parameters are further optimized using the co-substituted NasScZrSiP,0;; training
system. The FF parameters, which are pre-optimized in step (ii) for the single-substituted composition
NasZr,Si,P1012, are applied as initial guess. Fig. S7a displays the evolution of the loss function during
the optimization. The CS optimization accomplishes convergence within 1300 CS generations
(L =5.47-107%). Fig. S7b illustrates the optimization progress using the parameter Dsco and Dyao in
colors according to the values of L. The best parameter set is inside the predefined search space since
the initial values are derived from the previous optimization processes. Nevertheless, as the
optimization progresses, the final search space narrows to encompass the parameter set with lowest
value of L. The density plots along Dsco and Dnao confirm that the method automatically updates the
search space leading out of a local minimum outside the search space and searching intensely the best
parameter set within the search space.
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Figure S7. Evaluation of the (iii) CS optimization. (a) Evolution of the loss function L. (b) Values of Dsc.o and Dna-o in colors
according to L. The initial and final search space are shown in pink dashed lines, the density plots along Ds..o0 and Dya-o are
shown in blue.

Table S3. FF parameters derived from the (iii) CS optimization in the Na3ScZrSiP,01; training system. Dy x, is the equilibrium
well depth, 7 xo is the equilibrium bond distance between species X and 0%, and ay, is the width of the Morse potential. ry
is the effective ionic radius of species X of the Coulomb potential. Apxo is the equilibrium well depth and y, oxo is the
equilibrium angle between 02--X-02- of the Stillinger Weber potential. X represents the cationic species and O is O ions.

Species Do xo (eV) To.x0 (A) axo (A7) %, 70 (A)  Zooxo (€V)  ¥o0x0 ()
Na* 0.49 2.18 2.17 1.03 — —
Sc3* 2.34 1.79 1.89 1.02 0.93 0.25
r 3.09 1.84 1.65 0.98 1.23 -0.28
Sit* 2.87 1.54 3.10 0.62 1.44 0.29
p5* 5.47 1.43 2.41 0.64 0.89 0.56
o* - — - 0.89 — —

The optimized FF parameters listed in Table S3 are employed in FFMD simulations of the
NasScZrSiP,01; training system. The resulting RDFs of cation-O% pairs and ADFs of O?-cation-0*
triplets of the structural framework are compared with the results from earlier AIMD simulations.
Fig. S8(a, b) illustrates the strong agreement between the RDFs and ADFs derived from both FFMD and
AIMD simulations, verifying that the FF parameters accurately reproduce the NaSICON structure.

In addition, the energies and forces acting on the atoms in structures not included in the FF
optimization process are compared between AIMD and FF simulations. Therefore, AIMD simulations
were performed on Sc- and Si-substituted structure models, specifically NaioScaZrsP1s07, and
NaisZri2Si12Pé072, at 800 K for 30 ps (30000 steps). From the resulting AIMD trajectory data,
300 structures were extracted. Fig. S8(c)—(f) depicts the diagnostic plots comparing the energy values
and forces obtained from AIMD and FFMD simulations, showing good agreement, with an energy
difference of up to 3.7 meV per atom and a force difference of up to 0.5 eV A, thereby validating the
FF parameters. Although energy values and forces were not explicitly part of the loss function
evaluating the optimization process, the strong agreement with the FPMD results at 800 K indicates
that the physical model consisting of Coulombic, Morse and SW interactions used in the present FF
model reasonably reproduces DFT-derived interactions.

Moreover, Fig. 4 compares the conductivities of Na1.Zr:SixP3-x012 (0 < x < 3) obtained by the FFMD
simulations and reported in literature. The obtained conductivities align well with the literature data,
indicating that the FF parameters accurately describe not only the structure but also the interactions
between the migrating Na* ions and the structural framework as well as the neighboring Na* ions.
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Figure S8. (a) RDFs of cation-0% pairs and (b) ADFs of O2--cation-O2- triplets of the structural framework of Na3ScZrSiP,01,.
The distribution functions obtained by FFMD are shown as solid lines and those obtained by AIMD as dashed lines. (c—f)
Diagnostic plots of energies and forces acting on atoms in the structures. (c—d) Na10ScaZrsP1s072 and (e—f) Na1sZr1,Si12Ps072
comparing the results of AIMD and FFMD simulations.



3. Na* lon Diffusion

+

The Na* diffusion coefficients D are determined from the mean squares displacement (MSD) of the Na
ions in Naiwx+yZr2-ySc,SixP3-x012. Fig. S9 depicts the linear temperature dependence of D for certain
compositions within the temperature range of 298 < T/K < 798, consistent with the Arrhenius relation.
The activation energies are calculated according to Eq. 11 considering diffusion coefficients obtained
at temperatures between 498 < T/K <798. The linear relationship between D and temperature
indicates that the number of Na* jump events during the MD simulations is statistically significant.
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Figure S9. Temperature dependence of diffusion coefficients D of Nai.x+,Sc,Zr,-,SixP3-x012 with different compositions. The
activation energies are calculated according to the Arrhenius relation using the diffusion coefficients obtained at

temperatures between 498 < T/K < 798 (dark blue) to ensure a statistically significant number of Na* jump events, while the
diffusion coefficients at 298 K and 398 K (light blue) are neglected.

The impact of different Sc/Zr and Si/P arrangements on the diffusion coefficient of Na was investigated.
For 10 randomly selected compositions, four random initial arrangement structures were created, and
the relative error in the diffusion coefficient between them was evaluated. The distribution of the
obtained diffusion coefficients is shown in Fig. S10. The variation in diffusion coefficients due to
differences in arrangement was very small, with the relative standard error being a maximum of 5.6%



and an average of 2.6% across the 10 compositions. Therefore, it was concluded that the supercell size
and simulation time (1 ns) applied in this study were sufficiently large.
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