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ABSTRACT

Non-flammable solid electrolytes are key materials in all-solid-state batteries. Chloride solid electrolytes exhibit high ionic
conductivities derived from weak Coulomb interactions with carrier ions. However, not all chlorides are stable, and a limited
number of Na-Cl-based materials exhibit ionic conductivities above 10~* S cm™'. Herein, the ionic conductivities of Na-Cl
compounds in a structural database (Materials Project) are comprehensively calculated through force field molecular dynamics
and density functional theory calculations. The results predict that Na;La;Cl,y (mp-1173723) is thermodynamically stable with
a high ionic conductivity (1.5 X 1072 S cm™!) at 298 K. Moreover, the 1D conduction pathway along the c-axis of Na,La;Cl;g is
confirmed. Nuclear magnetic resonance measurements confirm the high ionic conductivity (>10~* S cm™! at 298 K) of synthesized
Na;La;Clg. Analysis of characterization results reveals that the ionic conductivity of Na;La;Cl;g can be further improved by
suppressing La mixing in the 1D conduction pathway, while impedance measurements and relaxation time analysis show that
conductivity is enhanced by reducing the large crystallite grain boundary resistance. Na;La;Cl;g has a higher ignition temperature
(>800°C) compared to the sulfide electrolyte Na;PS, (~300°C). The results of this study enable the realization of ASSBs with
improved safety.

conductivity, solid electrolytes must exhibit high deformability
and a wide potential window. Conventional oxide materials

1 | Introduction

The development of high-performance storage batteries with
a low environmental impact is required to solve energy and
environmental problems [1]. All-solid-state Li batteries using
nonflammable solid electrolytes have gained attention in recent
years because of their potential for high safety operation and
high energy density [2]. All-solid-state Na batteries, in which Li
is replaced by the chemically similar and more abundant Na,
can reduce the risk associated with resources such as Li [3]. To
realize Na-based all-solid-state batteries, a solid electrolyte with
high Na-ion conductivity is essential [4]. In addition to high ionic

have low deformability, and the fabrication of all-solid-state
batteries, where charge—discharge reactions occur at the solid-
solid interface, generally involves sintering at high temperatures
[5]. The sintering process can cause the volatilization of the
constituent elements and induce side reactions between the
electrode and electrolyte. These limitations significantly restrict
the number of suitable materials [6]. In Li systems, chloride
electrolytes that satisfy all these properties have been recently
reported and explored [7]. Chloride systems are expected to
exhibit high ionic conductivity and deformability due to the high
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FIGURE 1 | (a)Comprehensive calculation results of three parameters (Na ion conductivity o at 298 K, energy above hull, and shear modulus) for

Na-Cl materials in the structure database (Materials Project). Materials in which Na did not diffuse during molecular dynamic calculations are plotted as
having a low ionic conductivity with ¢ =107 S cm™! as the lower limit. (b) Trajectory of Na ions during molecular dynamic calculations for NasLasClyg,

which is suggested to be a high ionic conductor.

polarization and low charge density of chloride ions, which result
in low interactions with counter cations. However, not all chlo-
ride materials exhibit high ionic conductivity and deformability,
and the Na-Cl systems that have been investigated so far have
conductivities that are lower than those of Li-Cl systems. Room
temperature ionic conductivities above 10~ S cm™' have been
reported for Li-Cl-based crystals [8], while Na-Cl-based crystals
have room temperature ionic conductivities below1x 10~ Scm™.
Specifically, the ionic conductivities are 3.9 x 107 S cm™ for
NaAlICl, [9];1.8 x 107> S cm™! for Na,ZrCl, [10]; 6.6 X 10> Scm ™
for Na, 55 Y, 521 75Clg [11]; 6.2 X 107> S cm ™! for NaTaCl, [12]; and
1x10~* S cm™! for Na, ;Ta, 4Zr,,Cl, [13].

In this study, promising Na-Cl-based ionic conductors were
exhaustively explored through the computational screening of
compounds in a structural database (Materials Project) [14]. The
ionic conductivity of the electrolyte was determined through
molecular dynamics using a high-throughput force field (FF) [15],
in which the FF parameter sets were derived from short density
functional theory-molecular dynamics (DFT-MD) simulations
(2 ps simulation time). It has been established that the shear
modulus is a good indicator of deformability in Li systems,
which was also observed in the present study using density
functional perturbation theory [16]. Furthermore, to increase
synthesizability, we also considered the energy above the hull
(the energetic distance above the convex hull, which is formed by
the energetically lowest states) in the Materials Project database
and selected materials for experimental investigation. Then, the
flammability of the selected Na-Cl electrolyte, which is one
factor that significantly influences the safety of the all-solid-state
batteries, is evaluated by ignition and flash tests.

2 | Results and Discussion

The computational screening results for the NaCl compounds are
shown in Figure 1a. While Na does not diffuse in many materials

(plotted at o = 107° S cm™ as the lower limit), Na,La;Cl,g (mp-
1173723) showed a high ionic conductivity (1.5 X 1072 S cm™) at
298 K, which is comparable to that of organic liquid electrolytes.
The shear modulus is relatively large (16 GPa) in the NaCl system,
suggesting that low deformability with a large grain boundary
resistance may be an issue. Na;La;Clq is of interest in this study
because it also has a relatively small energy above the hull
(0.0091 eV atom™), which indicates that it is thermodynamically
stable. Information on the other materials is summarized in Table
S1. Na;LasClg has a LaClg polyhedron that forms a 1D tunnelling
pillar structure with Na ions in the tunnel and pillar. High-
precision first-principles DFT-MD calculations were performed
on this material at 900 K. The mean square distance (MSD)
values of the DFT-MD calculations are shown in Figure Sla,
where only Na was diffused. In addition, the MSD profiles of Na
ions decomposed into the a-, b-, and c-axis components (Figure
S1b) and Na trajectory during molecular dynamics calculations
(Figure Slc-e) indicates a clear 1D conduction path along the c-
axis, similar to the trajectory of Na during molecular dynamics
calculations using the high-throughput screening force field, as
shown in Figure 1b.

Na;La;Clg was calculated to have a low decomposition energy
and was synthesized through a solid-state reaction following
previous reports [17]. Powder X-ray diffraction (XRD) patterns
(Figure 2) show that the raw material peaks disappeared and
a single phase of monoclinic Na;La;Cl;s was obtained. The
Rietveld analysis results based on Inorganic Crystal Structure
Database (ICSD) structures (ICSD No. 74923, S.G.: P 6;/m) [20]
are presented in Figure 2 and Table 1. In the optimized and
validated structure (R, = 5.34%, Ry = 7.73%, Ry = 3.92%, S
= 1.34), the La atom, which was supposed to be at the 2d
site, was found at the 2b site of the Na* conduction pathway
by approximately 4%. The structure was also found to contain
approximately 10% less Na at the 2b sites and 10% more Na
at the 2d La sites. These results suggest that some cation
mixing occurred between Na* and La** with close ionic radii
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FIGURE 2 | (a)Rietveld refinement XRD pattern for the synthesized Na;LasClyg particles. (b) Adapted crystal structure model.

TABLE 1 | Structural parameters after Rietveld refinement.
Atom Site g x y z B(A?»
Nal 2b  0.300(-) 0 0 0 1.0
Na2 2d  0.200(-) 2/3 1/3 1/4 1.0
Lal 2d  0.800(3) 2/3 1/3 1/4 1.0
La2 2b  0.033(-) 0 0 0 1.0
ch 6h 1 0.0832(4) 0.3850(5) 1/4 1.0

S.G.: P 65/m (176).
Lattice parameter (A): a = 7.571(2), ¢ = 4.3540(7).
Reliability factors: Ry, = 5.34, Ry = 7.73, Rp = 3.92, S = 1.34.

(Na*: 1.02 nm; 6-coordination, La**: 1.03 nm; 6-coordination)
[18].

The analysis results for the compacted Na;La;Cl,; samples are
shown in Figure 3. The AC impedance plot (Figure 3a) shows
a large semicircle and a spike. As the spike was assumed to
originate from the ion-blocking electrode, the ionic conductivity
was calculated from the size of the semicircle (R, ) in the
diagram. The calculated ionic conductivity (5.5 x 107% S cm™)
is much lower than the value suggested by the MD calculation
(1 x 1072 S cm™). To investigate the resistive component in
more detail, a relaxation time distribution (DRT) analysis [19,
20] was performed on the impedance spectrum. In the DRT
spectrum (Figure 3b), two resistive components (DE1 and DE2),
consisting of resistance R and time constant T, were detected
in addition to resistance R, at the intersection with the real
axis. Therefore, the fitting was performed using the equivalent
circuit shown in the inset. R, is a reference value that was
fixed at an intermediate stage of the fitting procedure, because
the solution did not converge when R, was fitted simultane-
ously with the other resistance components. To determine the
resistive components, the capacitance C was calculated using
Equation (1).

DE-T
DE -R

where DE-T and DE-R are the relaxation time and resistance
of the DE component, respectively. Information on the resistive
components is presented in Table 2. The capacitance of DEL,
which has a higher resistance, is 2.3 x 107° F, whereas the
capacitance of DE2 is 7.6 x 10~ F. The capacitance within the
bulk crystallite is approximately 10~ F, based on the dielectric
constants of common materials [21]. Furthermore, it is known
from the brickwork model that the capacitance at the grain
boundaries is proportional to the size of the crystallites, and
increases from the capacitance in the crystallite bulk in the ratio
of the crystallite size to the thickness of the grain boundary
(approximately 107'° m) [21]. The crystallite size was calculated
using the Halder-Wagner method (91 nm), and the capacitance
of the crystallite grain boundary (C,), approximated using
the Brickwork model, was 107'° F, which corresponds to the
capacitance of the first resistive component, DE1. This indicates
that DE1 is mainly derived from the crystallite grain boundary.
The same concept can also be applied to the capacitance of
the particle grain boundary resistance, which is assumed to be
larger than the crystallite bulk capacitance based on the ratio of
the particle size to the grain boundary thickness. The particle
grain boundary capacitance (10~® F) estimated from the particle
size (several micrometers) observed in the scanning electron
microscopy (SEM) image of the Na;La;Cl,; powder (Figure S2)
is close to the capacitance of the second resistive component
DE2 (7.6 x 10~ F). Therefore, the second resistive component is
derived mainly from the particle-grain boundary resistance. The
crystallite grain boundary resistance accounted for a significant
proportion (84%) of this resistance. One of the factors responsible
for this large grain-boundary resistance may be the influence of
1D conduction, as suggested by computational chemistry. The
percentage of particle grain boundary resistance to the total grain
boundary resistance (where the latter is defined as the sum of
the crystallite grain boundary resistance and the particle grain
boundary resistance), which is also an indicator of the deforma-
bility of the particles, is 16%. To investigate the deformability
of the particles, SEM observations of the fractured surfaces of
the compacted Na;La;Cl;; were performed (Figure 3c), revealing
many voids between the particles. In addition, the relative density,
calculated from the apparent density of the compacted Na;La;Cl;g
powder, and the crystal lattice density of hexagonal Na;LasCl;g
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FIGURE 3 | Analytical results for the pressed Na;LasCl;s powder. (a) AC impedance plot. (b) DRT spectrum. The inset shows the proposed

equivalent circuit model and a pie chart of the resistive component fraction after fitting. Rpyjx, Regb, and Ry, correspond to the resistance of the crystalline

bulk, crystallite grain boundary, and particle grain boundary, respectively. (c) Fracture surface SEM image of the compacted Na;LasClg pellet. To reduce

charge-up, 10 wt.% Ketjen black was hand mixed.

TABLE 2 | Resistivity analysis results for the NasLasClg pellet. The resistance and capacitance obtained from equivalent circuit fitting and the

resistance components are listed. R is a reference value that was fixed during the fitting process because it diverged when fitted simultaneously with

the parameters of the other resistance components.

Symbol Resistance / Q Capacitance / F Resistance component

R, (585.4) — Crystalline bulk resistance Ry

R, 9.6 X 10° 2.3x1071° Crystallite grain boundary resistance R,
R, 1.8 x 10° 7.6 X 107° Particle grain boundary resistance Ry,

(3.54 g cm™) is low (77%). However, necks formed between the
grains, which may explain the relatively low grain boundary resis-
tance. These deformability values (relative density and particle
resistance ratio) are consistent with the relationship between the
shear modulus and deformability suggested for the Li system, as
shown in Figure S2. Therefore, the relationship between the shear
modulus and deformability of the Li system may be applicable to
the Na system. Because this material is prone to developing strong
texturing due to its tunnel-type structure, press treatments under
high-temperature or high-pressure conditions are not necessarily
appropriate. Nevertheless, we believe that systematically exam-
ining these processing conditions in future studies will further
deepen the above discussion on the separation of grain-boundary
resistances.

The ionic conductivity of the crystallite bulk is calculated to be
1.5x 107* S cm™! from the resistance of R,. To confirm this ionic
conductivity, 22Na-NMR measurements were also performed. In
the 23Na-NMR spectrum shown in Figure 4a, a peak with a
shoulder was observed with a chemical shift around -15 ppm. Peak
separation of this peak using the forked function revealed a large
peak on the high field side (signal 1) and a small peak on the low
field side (signal 2). There are two Na sites in Na;La;Cl,g, 2b and
2d, and that their site ratio is 2b : 2d = 2 : 1. From this, signal 1
with a high integrated intensity was attributed to Na at the 2b site
and signal 2 with a low integrated intensity was attributed to Na
at the 2d site. The integrated intensities for these two peaks was
calculated to be 53 : 47 for signal 1 and signal 2, indicating that the
proportion of La mixing with Nasites in the Na* conduction path-
way is similar (~7.8%) to that of the Rietveld analysis (~6.0%). The

temperature dependences of the half-widths of the Na-NMR
spectra are shown in Figure S4, indicating a conductor-specific
motional narrowing. Motional narrowing is known to occur in
non-diffusing atoms because of the diffusing atoms [22], and the
half-width of the nonconducting site at site 2d is assumed to be
reduced by the diffusion of Na at site 2b, which is diffused in the
MD calculations shown in Figure 2. If the half-width is AW, the
activation energy of ionic conduction, E,, can be determined by
Equation (2) [23]:

E
AW, = Aexp (k—;> + AW )

where k is the Boltzmann’s constant, A is a constant in the pre-
exponential factor, and AW is the width at half-maximum at
303 K. Consequently, the diffusion activation energy of the 2b
site on the conduction path was as low as 0.30 eV. The ionic
conductivity was then determined by measuring the spin-lattice
relaxation time T, for the conduction-site-derived signal 1. T;
was measured at each temperature using the saturation recovery
method described in Equation (3) [24].

Mz(r)zMo{l—exp (—%)} 3)

where M,(7) is the nuclear magnetization in the same direction
as the external magnetic field and 7 is the saturation recovery
time. The inverse of the spin-lattice relaxation time T, shown in
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FIGURE 4 | 2)Na-MAS NMR measurements. (a) NMR spectra. (b) Temperature dependence of the spin-lattice relaxation time T;71. (c) Arrhenius

plot of ionic conductivity obtained from the spin-lattice relaxation time.

Figure 4b reaches a maximum in its temperature dependence at
T = 383 K. The molecular correlation time, 7., can be calculated
using Equation (4) from the Bloembergen-Purcell-Pound (BPP)
theory [25, 26], which explains the contribution of T,7! to ion
dynamics.

1 T, 47,
T = ¢ 1 2t 1 2.2 Q)
1 + Wy T, + 4T

where w, is the frequency of the external magnetic field, and Cisa
constant that depends on the relaxation mechanism; 7. = 0.616/w,
holds at the maximum value of T; 7, so that T} and 7, have a one-
to-one relationship. The 7, obtained here can be converted into
the self-diffusion coefficient D using the Einstein-Smolkowski
equation [27] expressed in Equation (5).

12
b= 2dt )

where [ is the jump distance, and d is the diffusion dimension.
In this case, [ is the distance between the conduction sites (2b
sites) of the crystal structure, and d is calculated to be 1 because
the material is a 1D conductor. The Nernst-Einstein equation,
expressed in Equation (6), calculates the ionic conductivity o from
the diffusion coefficient D.

z’F?c

oT = R

D (6)

where z is the ionic valence, F is the Faraday constant, c is the
density of the carrier Na at the 1D conduction site, R is the gas
constant, and T is the absolute temperature. An Arrhenius plot of
the ionic conductivity obtained from the spin-lattice relaxation
time shown in Figure 4c gives an ionic conductivity of 2.9 X
107* S cm™! at 298 K and an activation energy of 0.27 eV. This
activation energy is in close agreement with the value obtained
from the motional narrowing (0.30 eV). This ionic conductivity is
comparable to the bulk conductivity (1.5x 10~* S cm™!) calculated
from the bulk resistance obtained by impedance measurements,
supporting that the bulk resistance value fixed during the fitting
procedure does not significantly affect the above discussion
on grain-boundary resistance. Therefore, we conclude that the
primary reason why the ionic conductivity of the pellet estimated

from impedance measurements is several orders of magnitude
lower than that obtained from MD calculations and NMR mea-
surements is the extremely large grain-boundary resistance. Note
that the influence of differences arising from the measurement
techniques, such as the Haven ratio [28], is considered to be
negligible compared with the more than four orders of magnitude
difference observed in this study. On the other hand, the ionic
conductivity value is relatively high in the Na-Cl system; however,
it was still lower than the ionic conductivity (1072 S cm™)
obtained from the MD simulations. This can be attributed to the
fact that the conduction of Na ions occurs in one dimension. In
the case of 1D conduction, in addition to a larger grain boundary
resistance owing to the anisotropy of conduction, defects such as
those suggested by NMR spectroscopy and Rietveld analysis block
the conduction pathways and significantly reduce conductivity.
A semi-quantitative discussion of the effects of blocking defects
on 1D conduction [29] is provided below. In the present material,
Rietveld refinement reveals that approximately 3.3% of the Na*
conduction sites (2b) are occupied by immobile multivalent La3*
ions. The average crystallite size is 91 nm, and considering a
c-axis lattice parameter of 4.3540 A and two 2b sites per unit
cell, approximately 418 Na* conduction sites are estimated to
be continuously aligned along a single 1D conduction channel.
With 3.3% of these sites blocked by La3*, each 1D conduction
channel is estimated to contain, on average, approximately 13.8
La’**-induced blocking defects randomly distributed along the
channel. As a result of this random distribution of more than
ten blocking defects, the probability of forming a continuous
1D superionic conduction pathway over long distances becomes
extremely low, and the conduction pathway is effectively frag-
mented into short segments. Consequently, in contrast to the local
superionic diffusion behavior predicted by MD simulations for an
ideal, defect-free structure, the ionic conductivity experimentally
observed in real materials is thought to be strongly limited by such
pathway fragmentation. Therefore, in future studies, synthesis
with the suppression of defect formation and an increase in con-
duction pathways by elemental substitution will be performed,
and the superionic conductivity suggested by MD simulations
will be measured.

Finally, the flammability of the chloride electrolyte, which deter-
mines the safety of all-solid-state batteries, was evaluated and
compared to that of a typical sulfide solid electrolyte (Na;PS,
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FIGURE 5 | Ignition test results. Photograph of (a) Na;PS, powder in contact with a heat source at 300°C and (b) Na;LasCl;g powder in contact
with a heat source at 800°C. XRD patterns before and after the ignition test for (c) Na3PS, powder and (d) NasLasCl;g powder. (e) Elemental ratios

determined by EDS of Na;PS, and Na;LasCl;g powders before and after the ignition test.

glass-ceramic). As shown in Figure 5a,b, Na;La;Cl,; does not
ignite even when in contact with a heat source at 800°C, whereas
Na,PS, ignites when the heat source temperature is 300°C.
Elemental analysis using energy dispersive X-ray spectroscopy
(EDS) before and after the ignition test (Figure 5e) reveals that
the ignition test reduced the flammable S component in Na;PS,
but not the Cl component in Na;La;Cl,;. Moreover, in the XRD
patterns shown in Figure 5c,d, for MnO, (the electrode active
material in the charged state), it can be observed that in Na;PS,
the MnO, peak disappears because of the ignition test and the
formation of a reduced Mn compound (MnS), while in Na;La;Cl;g
the MnO, peak was maintained at 400°C and 800°C. The flash
test also confirmed that Na,PS, exhibits the flash phenomenon
at 200°C, whereas Na,La;Cl,q did not ignite, at least up to 300°C.
These results show that chloride-based solid electrolytes are not
flammable, ensuring the safety of all-solid-state batteries. In
future studies, evaluations at higher temperatures, as well as
safety comparisons with oxide-based and other chloride-based
electrolytes, will be investigated.

3 | Conclusions

Among solid electrolytes, Na-Cl compounds are expected to have
high-performance properties (such as high ionic conductivity,
high deformability, and high oxidation potential), making them
excellent materials for the next generation of Na-based all-solid-
state sodium batteries; however, material exploration is still
limited. In this study, computational screening was performed for
Na-Cl compounds, which suggested the existence of Na;LasCl;g
with a 1D path of super-ionic conduction (o,s > 1072 S cm™)
at 298 K. *Na-NMR spectroscopy of the as-synthesized sample
showed a bulk Na ionic conductivity above 10™* S cm™ at
room temperature. This ionic conductivity is high, reported for
the Na-Cl system; however, it is lower than the theoretical
conductivity determined by molecular dynamics calculations.
A possible reason for this is the presence of dilute amounts
of La cations in the 1D conduction pathway, as confirmed
by NMR spectroscopy and Rietveld analysis. Therefore, higher
ionic conductivities can be expected in the future by optimizing
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synthesis methods and elemental substitutions. The crystalline
grain boundary resistance suggested by impedance measure-
ments and DRT analysis is also expected to improve by enhancing
the fabrication conditions and multi-dimensionalization of the
conduction pathways. Finally, the chloride electrolyte has a
higher ignition temperature than the sulfide electrolyte, indi-
cating that it is an excellent solid electrolyte for realizing
nonflammable all-solid-state batteries. In future work, compre-
hensive battery-level performance evaluations will be considered
once improvements in the ionic conductivity of the pelletized
samples are confirmed.

4 | Experimental Section

4.1 | Computational Screening for Na-Cl Solid
Electrolytes

A total of 86 compounds containing Na-Cl listed in the crystal
structure database (Materials Project) [14] were examined. The Na
diffusion coefficients were calculated through molecular dynam-
ics simulations using a high-throughput force field (FF-MD) as
described in a previous study [15]. Force-field parameters were
determined using a metaheuristic algorithm (Cuckoo search)
[30] with a density functional theory-molecular dynamics (DFT-
MD) dataset. DFT MD simulations were performed at 900 K
for 1 ps (1 fs per step). The kinetic energy cut-off was set at
350 eV. Owing to the limited computational resources, 1 X 1
X 1 k-point sampling was performed. The energy convergence
criterion was set to 1073 eV. Specifically, classical force field
parameters were optimized using the Cuckoo search algorithm
so as to reproduce structural descriptors obtained from DFT-
MD and FF-MD simulations, including the radial distribution
function (RDF), angular distribution function (ADF), and lattice
parameters. The force field (FF) model employed in this study
consists of two-body and three-body potential terms. The two-
body potential U(r;), defined by the interatomic distance r;
between particles i and j, is similar to a Bond Valence Sum-based
force field (BVS-FF) and is composed of two terms, as shown in
Equation (7).

1 qi9; rij
U(r;) = ame0 T, erfc(p“>+

)

D, fexp[=2a(r - R)] = 2exp[-a(r =R)]}  (7)

The first term represents interactions between like-charged
species (anion-anion and cation-cation) and was described by
a screened Coulomb potential. The second term accounts for
interactions between oppositely charged species (cation—-anion)
and was represented by a Morse potential. In the screened
Coulomb potential, the screening effect was described using
the charges g;and g; together with the error function, and the
screening length p; is treated as an optimization parameter. In
contrast, for the Morse potential, the equilibrium bond distance
R,, well depth D,, and the parameter a, which determines the
potential width, are used as optimization parameters. For the
three-body interactions among particles i, j, and k, the angular-
dependent term of the Stillinger-Weber potential (Equation 8)

was employed to account for the effects of bond lengths and bond
angles.

1 1 2
U (1) = dex + cos6;ix — 8
( Uk) P [(Vij - cht(3b)> <”ik — Tewr(3b) >] ( Lk y) ( )

here, A and y were treated as optimization parameters. To improve
computational efficiency, the cutoff distance for the three-body
interactions, r ), was fixed at 3.5 A, while the cutoff distance for
the two-body interactions, 7y, Was set to 5.0 A. The mismatch
between the RDFs, ADFs, and lattice parameters obtained from
DFT-MD and FF-MD simulations was defined as a loss function,
which was minimized during the parameter optimization. The
final values of the loss function were summarized in Table
S1. Although no absolute criterion exists for the loss function
value, several samples exhibit loss function values exceeding 0.1,
suggesting that the reliability of the corresponding FF parameters
was not necessarily high. This may be attributed to limitations
or deviations inherent in the classical force field forms defined
in Equations (7) and (8). For reference, Figure S5 compares
the RDFs of all constituent elements obtained from DFT-MD
and FF-MD simulations using the optimized parameters. The
Na* conductivities were calculated using the Nernst-Einstein
equation from the diffusion coefficient obtained from the slope of
the MSD in the MD calculation of 298 K using the obtained force
field. Furthermore, the shear moduli were calculated using the
elastic tensors obtained from the DFT calculations [31]. All force
field parameter fitting and molecular dynamics (MD) calculations
described above were performed using the Nagoya Atomistic-
simulation Package (NAP) [32, 33]. The DFT-based molecular
dynamics (DFT-MD) calculations were carried out using the
Vienna Ab initio Simulation Package (VASP) [34].

4.2 | Theoretical Evaluation of Nas;La;Cl;g

Na diffusivity was evaluated using first-principles MD calcula-
tions for Na,La;Cl,g, which was suggested to be a high-Na-ion
conductor using classical force-field calculation screening. In
addition, the loss function value for the optimized FF parameters
of the Na;La;Cl,g material was 0.06, indicating that the structural
features observed in the RDF (Figure S5) were reproduced
relatively well. DFT MD simulations were performed at 900 K for
1 ns (1 fs per step). The kinetic energy cut-off was set at 350 eV.
Owing to the limited computational resources, 1 X 1 X 1 k-point
sampling was performed. The energy convergence criterion was
set to 1073 eV.

4.3 | Synthesis

Na,La;Cl,; was synthesized from NaCl (Wako Pure Chemical
Industries, Ltd., 99.5%) and LaCl; powders (Thermo Scientific
Chemicals, 99.9%) through a solid-state reaction. A mixture of
stoichiometric ratios was placed in a 45 mL stainless steel pot with
10 ZrO, balls (10 mm in diameter) and milled with a planetary
ball mill apparatus (Fritsch Japan Co., Ltd., P-7 classic line) at a
rotation speed of 500 rpm for 4 h. The samples were then pressed
into pellets at 30 kN in a glove box in an Ar atmosphere following
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the published ICSD protocol, vacuum sealed in Pyrex tubes, and
heated in a tube furnace at 500°C for two weeks.

4.4 | Characterization

The Na,La;Cl,; powder was identified using XRD (Philips X’pert
Pro al). The characteristic X-rays generated by a Cu tube were
monochromatized to Kal lines using a pre-mounted monochro-
mator and measured in a fast scan with a 1D semiconductor
detector. The measured voltage and current were 45 kV and
40 mA, respectively. The scan step and speed were 0.013° and
0.57° min™!, respectively. Samples were placed in airtight holders
and measured in an Ar atmosphere. To perform AC impedance
measurements, pellets of the prepared powder samples were
prepared. Na,La;Cl,; powder was placed in a cylindrical poly-
carbonate with a 10 mm inner diameter, sandwiched between
stainless steel as ion-blocking electrodes, and pressurized to
30 kN using a hydraulic press. The AC impedance measure-
ments were performed at an applied voltage of 300 mV in a
frequency range of 10>-10° Hz; Z-Assist software (TOYO Co.)
was used for the DRT analysis. The fractured surfaces of the
compacts were examined using an electron microscope (JSM-
6360LV, JEOL, Ltd.) at an acceleration voltage of 10 kV. To
investigate the local structure and ion dynamics of the synthe-
sized samples on short-range scales, the chemical shifts and
spin-lattice relaxation times of *Na nuclei were measured in
the temperature range of 298-423 K using an NMR spectrometer
(JEOL RESONANCE: ECA600II). The external magnetic field
was 14.1 T, and the relaxation time was measured at eight
points divided by a logarithmic ratio between 0.001 and 2 s.
All of the above measurements were performed under an Ar
atmosphere.

4.5 | Ignition Tests

An oxidizing agent (MnO,) simulating the charged state of
the cathode was mixed in a mortar with various electrolytes
(Na;LasClig and Na,PS,) in a weight ratio of 1:1 and brought
into contact with the heat source, a nichrome wire, for up to
60 s. Measurements were performed in air, at a temperature of
11°C and a humidity of 37% (dew point approximately 3°C). The
nichrome wire was 10 mm thick, and the sample was set at
approximately 0.5 mL. A flash test was also performed according
to the JIS standards.
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