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HIGHLIGHTS

® Superionic conductors Na;;M»PS;5 (M = Sn, Ge) have been investigated using DFT.
® Na,;Ge,PS;, is predicted to be more stable than Na;;Sn,PS;».

® Substitution of Sn with Ge increases the bandgap and improves the Na conductivity.
® Na;;Ge,PS;, shows the highest RT ionic conductivity in the Na-Ge-P-S family.

® Two types of Na diffusion mechanism in Na;;Ge,PS;, have been discovered.
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The search for next-generation solid-state superionic conductors has attracted significant attention. Among Na
superionic conductors, Na;1Sn,PS;» has been reported to have a room temperature ionic conductivity of 1.4 mS/
cm. In this study, we employ density functional theory to study the stability of Na;;Sn,PS;, and further explore
the substitution of Sn with Ge. Our results indicate that Na;;Ge,PS;, is more stable than Na;;Sn,PS;,.
Furthermore, substituting Sn with Ge increases the band gap, improves the room temperature ionic conductivity
by a factor of 2, and lowers the activation energy of Na hopping. Statistical analysis suggests that Na;;Ge,PS;»
has a faster diffusion along the ab-plane compared to the c-axis. The Na diffusion in Na;;Ge,PS,, appears to
occur with two different mechanisms depending on temperature: 1) an ion hopping process at lower tempera-
tures (< 800K); 2) a fluid-like distribution of Na ions at higher temperatures (> 1000 K). The computations
suggest that Na;;Ge,PS;, is a promising candidate as a solid Na electrolyte due to its high room temperature
ionic conductivity and phase stability. In light of these simulation results, we expect to stimulate further ex-
perimental studies on Naj;Ge,PSy».

1. Introduction

Rechargeable lithium-ion batteries (LIBs), are critical components of
portable electronic devices, electric vehicles, and sustainable energy
storage systems. However, LIBs are expensive, and Li is scarce. These
shortcomings have triggered a worldwide search for alternative tech-
nologies [1-7]. Sodium-ion batteries (SIBs) [8-11] are particularly
promising because Na is far more abundant than Li. Additionally, in
contrast to LIBs, the most promising cathode materials for SIBs are Co
free [10,11]. Avoiding Co helps lower the costs. However, similar to
conventional LIB technology, SIBs are intrinsically unsafe because the
most commonly used liquid organic electrolytes are flammable and
corrosive [12]. Employing solid-state electrolytes (SSEs) would

circumvent these challenges as SSEs are generally safer [13-16].
Among recently discovered SSEs, sulfide-based Na ionic conductors
have attracted a great deal of attention due to their relatively high ionic
conductivity [9,17-23]. One of the most significant milestones in this
area is the discovery of cubic NasPS,, a material with a Na conductivity
of 0.2mS/cm at room temperature (RT) [18]. Later improvements en-
abled an enhancement in the ionic conductivity up to 1.2mS/cm by
replacing S in NagPS; with Se to obtain NazPSe, [24]. Inspired by
Li;0GeP2S1> (LGPS) [25], a state-of-the-art lithium superionic con-
ductor [25-28], Kandagal et al. studied the Na diffusional properties in
Naj0GeP1S;, and predicted its RT ionic conductivity, oy,, to be 4.7 mS/
cm [29]. Such a value is particularly encouraging because it is much
higher than those reported for all other known Na superionic
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conductors (NASICON) [30-32], including Nas 4Scg 47217 6(Si04)2(PO4)
(4 mS/cm) [33]. In a later work, Richards et al. studied the Na;oMP,S;»
(M = Si, Ge, Sn) using first principle calculations and concluded that
Na;0SiP,S;5 has the highest oy, (10.28 mS/cm) in this family of mate-
rials [31]. These authors also observed a correlation between oy, and
the ionic radius of M; the conductivity decreases as the cation radius
increases, i.e., o8, > o > osn. In a later work, Richards et al. synthe-
sized the compound Na;oSnP5S;, and measured the conductivity to be
0.4 mS/cm, a value in qualitative agreement with the predicted con-
ductivity (0.94 mS/cm) [31,34]

Recently, the Nazar and Roling groups independently discovered a
new solid electrolyte, Na;;Sn,PS;» [35,36], with a structure very clo-
sely related to that of LGPS [36]. Both experimental groups fabricated
single-phase Na;1Sn,PS;», a compound in a tetragonal (space group
I4,/acd) that facilitates wider Na* diffusion channels along the c-axis
and in the ab-plane [33]. Ab initio simulations, conducted by the Nazar
group, confirmed the three dimensional (3D) diffusion behavior of Na
ions in Na;1Sn,PS;, and predicted an RT ionic conductivity of 2.4 mS/
cm, a value nearly 2 times higher than the one experimentally mea-
sured (1.4 mS/cm) [36]. This discrepancy is attributed to the sluggish
diffusion process that takes place at grain boundaries and the poor
contact at the electrolyte-electrode interface [34].

In spite of its high conductivity, the suitability of Na;;Sn,PS;, as a
solid electrolyte for SIBs has not yet been addressed. Inspired by the
works of Ong et al., who investigated the phase stability, electro-
chemical stability, and ionic conductivity of both cationic and anionic
substituted LGPS family materials [37], we examined Na;;Sn,PS;, and
explored replacing Sn with Ge. For this work, we used first-principle
calculations to investigate the phase and electrochemical stability of
both materials. Following that, we carried out ab initio molecular dy-
namics simulations to predict the Na conductivity of Naj; GeoPS;5. Our
calculations indicate an enhancement in ionic conductivity for
Na;;Ge,PS;, over Na;;Sn,PS;5 following an identical trend to the one
found by Richards et al. in Na;oMP»S;, (M = Ge, Sn) [31]. Lastly, to
understand the diffusion mechanism leading to the superior con-
ductivity of Na;;GeoPS;5, we analyzed the Na trajectories statistically.
We observed two different Na diffusion mechanisms; namely, ion
hopping at lower temperatures (< 800K) and a fluid-like distribution
at higher temperatures (> 1000 K).

2. Computational methods

We simulated all materials using density functional theory (DFT) as
implemented in the Vienna ab initio simulation package (VASP)
[38,39]. We employed the projector augmented wave (PAW) method
[40] together with the exchange-correlation described by the Perdew-
Burk-Ernzerhof (PBE) functional [41] under the generalized gradient
approximation (GGA) scheme. Below, we describe the specific details of
each type of calculation.

2.1. Structure optimization

The simulation box comprises a unit cell of the Na;;M,PS;,
(M = Sn, Ge), corresponding 8 formula units, i.e., NaggM;sPgSos. We
should note that each primitive cell has five distinct Na octahedral sites
[36], see Fig. 1 (a), where two are partially occupied, and the other
three are fully occupied. The partially filled positions are the Nal (32 g
with occupancy of 0.87) and the Na2 (16d with occupancy 0.78) as
obtained from single crystal X-ray diffraction [36]. In the simulations,
we assigned the occupancies of Nal and Na2 to be 0.875 and 0.75,
respectively. These two values were chosen to ensure compatibility
with the stoichiometry and, simultaneously, keep an integer number of
Nal and Na2 atoms (we have 28 and 12 atoms for Nal and Na2, re-
spectively).

To determine the ground state configuration of partial occupied Na
sites, we enumerated 40,000 structures and ordered all these
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arrangements using the electrostatic energy criterion [42] implemented
in the pymatgen code [43]. First, all ions were taken to be in their
idealized charge states, i.e., +1 for Na, +4 for Ge and Sn, +5 for P, and
—2 for S [37]. Then, 20 structures with the lowest electrostatic energies
were selected for relaxation using DFT. It should be noted that various
studies have also used an identical approach for the determination of
the ground state structures [37,44,45].

2.2. Phase stability

We assessed the phase stability of Na;;M,PS;» by constructing the
Na-M-P-S quaternary phase diagrams [46,47]. To better cover the phase
space with as many possible compounds obtained with the above ele-
ments, we not only considered the Na-M-P-S combinations available in
the Materials Project [48], but we also included compositions which
have been previously obtained from related materials (e.g. Li/Na sub-
stitution in the Li-P-S and Li-Ge-S ternary phases [44]; O/S substitution
for the Sn-P-O and Na-P-O composite [27,37]).

Consistent with the simulations carried out in the Material Project
[48], all calculations were spin-polarized, and the energy was cut-off at
520 eV. Also, the Brillouin zone was sampled with 2 x 2 X 1 Gamma
centered k-points. For the ionic relaxation, all degrees of freedom, in-
cluding the lattice parameters, were optimized with an energy con-
vergence criterion of 0.05 meV/atom. To build the phase diagram, we
first computed the energy of all entries in the aforementioned Na-M-P-S
phase space. Then, we constructed a four-dimensional (E, Xy, Xum, Xp)
convex hull and projected it into the compositional coordinates to ob-
tain the phase diagram. Here, E is the normalized energy per atom and
x is the atomic fraction of the element in the subscript with
xs =1 — XxNa — XM — Xp [46,49]. To make the phase diagram readable,
we further projected the constructed Na-M-P-S phase diagram into 2D
ternary phase diagrams, where we chose three compounds (Na,S, P5Ss,
and SnS,/GeS,) as the vertices of the triangles.

2.3. Electrochemical stability

We estimated the electrochemical stability of Na-M-P-S using two
approaches: band gap and grand potential phase diagram [27,37,44].
To evaluate inherent electrochemical stability, we calculated the den-
sity of states (DOS) to obtain the material's band gap, which is also often
used as an upper bound for the electrochemical window [1,50,51]. The
DOS of the bulk system was carried out using the MBJ meta-GGA
functional [52,53], which can give a band gap with comparable accu-
racy to that of hybrid functionals or the GW approximation [54-56] but
with a lower computational cost [53,57].

To obtain the electrochemical stability against the electrodes, we
constructed the Na grand potential phase diagram using pymatgen
[27,37,44]. The grand potential phase diagram represents the Na-M-P-S
system that is open to Na. Just as in a full battery, the electrolyte ma-
terial is exposed to a Na reservoir at the anode side, and a Na sink at the
cathode. By varying the chemical potential of Na, uy,, the grand po-
tential phase diagram can be constructed and the phase stability of the
Na;;M,PS;, obtained with respect to u,, as well as the cell voltage
Vlna/ngt- We note that Vg, g = —u 2% | where p 2% the chemical
potential of Na at the cathode side [58].

Assuming Na is the only species present in the electrolyte that can
be exchanged with the electrodes, the Na;;M,PS;, may undergo re-
duction at the anode and oxidation at the cathode. With the help of the
grand potential phase diagram, one can simulate the evolution of the
phase as a function of the Na chemical potential and assess whether the
phases formed will influence the conductivity [37].

2.4. Molecular dynamics simulations

We evaluated the Na ion conductivity of Na;;M,PS;5 by ab initio
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Fig. 1. (a) Crystal structure of Na;;M,PS;,. Top view slices at (b) 1/8 ¢ and (c) at 1/4 c are shown. 5 distinct Na sites are labeled.

molecular dynamics (AIMD) simulations. Since the Nazar group had
already investigated Na;1Sn,PS; using the AIMD method, we here only
simulated Na;;Ge,PS;,. Consistent with the Nazar group, the simula-
tions were not spin-polarized, and the Brillouin zone was sampled on I'-
centered 1 X 1 X 1 k-point grid. We set the kinetic energy cut-off at
280 eV and the energy convergence criterion for self-consistent calcu-
lations as 10~ *eV [34].

We performed the AIMD simulations in the NVT ensemble with a
Nosé-Hoover thermostat, where the temperatures were selected to be
T = 600K, 700K, 800K, 900K, 1000K, and 1200K [59,60]. The cell
parameters and the initial position of atoms were identical to those
obtained in the fully relaxed cells that were used to build the phase
diagrams of section 2.1. For each target temperature, the total simu-
lation time was 40 ps and the time step was set at 2 fs.

The Na self-diffusion coefficient was obtained from the mean
squared displacement using the following formula [61]:

_ MsSD(A)

D
Na 6A

@
where At is the time interval and MSD(At) is the mean squared dis-
placement of Na ions in that interval. To compute the MSD(At), we used
the following expression [62]:

1 N
D In(t + A — r(0)P

Na j=;

MSD(Af) =

(2)

where Ny, is the total number of Na atoms in the Na;;M,PS;, unit cell.
From the diffusion coefficient Dy,, we calculated the ionic con-
ductivity oy, through the Nernst-Einstein relation [63].

— (ZNa e)zNNaDNa

[9)
Na Vi T

3

where zy, is the integer charge of Na™ ion (zy, = +1), kg is the Boltz-
mann constant, and V is the total volume of the simulation box.

The RT conductivity is obtained by Gaussian process regression
(linear-basis mean with a squared exponential kernel) from the high-
temperature results [64,65]. We first found the activation energy E, in
the Arrhenius equation:

E,
Dna = Dlglaexp(__a)

kgT ()]

where DJ, is a constant and (3) is then used to obtain the RT ionic
conductivity. We conducted the Gaussian process for the curve fitting as
implemented in MATLAB.

Based on the molecular dynamics simulations, we determined the
Na jump rates among the 5 distinct sites reported in Fig. 1. Using the
trajectories obtained from the AIMD simulations, we assigned the po-
sition of each Na-ion to its nearest crystallographic Na site [66]. Using
the position of each Na ion in the crystal at each time step, we com-
puted the mean jump rate

J

M™Na = —/
7 Npat

5)
where J is the total number of jumps between two crystallographic sites
and ¢ is the total simulation time. The diffusivity computed from the
jump rate, Djymp, can also be defined [66]:

™Na a?
6 (6)

Djump =

where a is the distance between the Na sites in Na;;Ge,PSq,, ie., a=
3.39A.

3. Results and discussion
3.1. Structure optimization and phase stability

Table 1 lists the relaxed lattice parameters obtained from the DFT

Table 1

The relaxed lattice parameters and phase equilibria of Na;;Sn,PS;, and Na;;Ge,PS 5.
Material a(f\) c(i\) Decomposition reaction Epun (meV/atom)
Na;;Sn,PS;» 13.763 (13.615) 27.519 (27.224) Na;;Sn,PS;, = NagPSs + 2 NaySnSy 14.5
Na;;Ge,PS;» 13.551 27.073 None 0
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Fig. 2. Phase diagram of (a) Na;;Sn,PS;, and (b) Na;;Ge,PS; , calculated using the pymatgen package. Stable and unstable phases are shown using black and red dots
respectively. The vertices have Ey,; = 0 and the corresponding space groups are those given in the Material Project [48], i.e., Na,S (Fm3m), P,Ss (P1), SnS, (P3m1),
GeS2 (P2,/c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

calculations together with corresponding data from X-ray diffraction (in
the brackets) [36]. The theoretical predictions and the experimental
lattice parameters appear to be in good agreement. Further, due to the
smaller ionic radius of Ge than Sn, the lattice parameters decrease when
Ge replaces Sn. A similar trend was also observed in the LGPS family of
materials [37].

The phase diagrams of both Na;;Sn,PS;, and Na;;Ge,PS;, are
shown in Fig. 2, where the stable phases are denoted as black dots while
the unstable phases are indicated as red squares. We observe that
Na;;Sn,PS;, is unstable against the decomposition into NaszPS,; and
Na,SnS4, see Fig. 2(a). Furthermore, as indicated in Table 1,
Na;;Sn,PS;, shows an energy above the hull, Ey,;, of 14.5 meV/atom.
In contrast, Na;;Ge,PS;» is computed to be a stable phase in the Na-Ge-
P-S phase space, see Fig. 2(b).

Such an Ey,,; computed for Na;1Sn,PSy 5 is so small that, in principle,
entropic contributions to the Gibbs free energy could stabilize this
material [37]. Additionally, Na;,SnP,S;, appears to be more unstable
(or more difficult to synthesize) than Na;;Sn,PS;,, see Fig. 2 (a), with a
calculated energy above hull of 18.05 meV/atom. We should also stress
that Na;(SnP,S;5 and Naj;Sn,PS;, lie along the same line connecting
NazPS; and Na4SnS,, suggesting that both materials have similar de-
composition products.

To further verify the phase stability of Na;;Sn,PS;> and
Na;;Ge,PS,, we also considered their reaction energy, AE, which is
defined as the difference between products and reactants ground state
energies. Starting from the precursors, i.e., Na,S, P»Ss, Sn(Ge)S, [36],
the reactions can be written as follows

5.5 NaZS + 2 SVZSz + 0.5 PZSS s NanSnZPSn (7a)

5.5 Na,S + 2 GeS, + 0.5 P,Ss — Na;; Ge, PSy, (7b)

Consistent with the phase diagram results discussed above, the
synthesis of Na;;Ge,PS;5 appears to be more favorable than that of
Na“SnzPSlz.

3.2. Band gap

The densities of states of both Na;;Sn,PS;, and Na;;Ge,PS;, are
reported in Fig. 3. The band gap, defined as the energy difference be-
tween the valence band maximum and the conduction band minimum,
was calculated to be 1.80eV for Na;;Sn,PS;, and 2.87eV for
Na;1GeyPSp,. As explained earlier, the band gap of the material pro-
vides an upper limit for the electrochemical window [51]. The sub-
stitution of Sn with Ge significantly increases the band gap, suggesting a
wider electrochemical window for Na;;Ge,PS;,. Also, the predicted
bandgap of Na;;Ge,PS;, falls with the range of voltages characteristic
of various Na-ion cathodes and Na-S batteries (1.78-2.08 V) [67-69].
These results suggest that Na;;Ge,PS;, could be used in Na batteries
characterized by a moderate voltage, e.g., Na-S [69].
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Fig. 3. Calculated density of states for (a) Na;;Sn,PS;» and (b) Na;;GesPSy5.
The Fermi level E is shifted to 0 eV.

3.3. Electrochemical stability against electrodes

A good electrochemical compatibility between the electrolyte and
the electrode is essential for high capacity retention and low im-
pedance. In a fully charged battery, the electrolyte may undergo re-
duction at the anode or oxidation at the cathode to form a passivating
solid electrolyte interphase (SEI). Such an SEI layer is crucial since it
may prevent further decomposition of the electrolyte and reduce the
overpotential and concentration polarization [70]. Interestingly, this
approach has been successful in predicting reduction products of LGPS
in a Li/LGPS/LGPS-C cell [71,72].

To check the possible phases in the SEI layer, we constructed the
grand potential phase diagram. Fig. 4 shows the phase and possible
decomposition products resulting from applying a voltage (vs. Na/Nat)
to Na;1M,PS;5. The electrochemical stability window is determined by
the range of voltages at which the Na;;M,PS;, phase is stable, i.e., the
phase is a vertex of the convex hull. Interestingly, Na;;Ge,PS;5 has a
narrower electrochemical stability window than Na;;Sn,PS;5.

Both materials are reduced below 1.15-1.16 V, where Na;;Sn,PS;,
decomposes into NasPS, and Na,SnS,, see Table 1. Further decreasing
the voltage triggers multiple thermodynamic voltage plateaus that
correspond to the Na-P and Na-Ge/Na-Sn alloying processes [37].
Conversely, the electrolytes are oxidized as a consequence of Na ex-
traction by increasing the voltage, i.e., lowering the uy,.

Despite the narrow electrochemical window, we should note that
Na,S, N3S, and other Na-Ge/Na-Sn alloys, which are expected to be Na
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(@) 35 (b) 35 Fig. 4. Voltage of (a) Na;;Sn,PS;» and (b) Na;;GexPS; 5 with
respect to the Na uptake and extraction processes at various
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ion conductors [18,73], are formed at the low voltages (anode side).
When the voltage is sufficiently high (cathode side), Na;;M,PS;» is
oxidized and decomposes into NasPS,, a well-known Na ion conductor
with a oy, at RT of ~10~'mS/cm [18]. Consequently, the phases
formed at both the anode and cathode likely act as SEI layers between
the electrolyte and the electrodes, preventing further decomposition of
the electrolyte and effectively enlarging the electrochemical window.

3.4. Na diffusivity and conductivity

The Na ionic conductivity is one crucial factor in the battery per-
formance. The self-diffusion coefficient calculated with (1) is shown in
Fig. 5, together with the Na;;Sn,PS;, data retrieved from the literature
[36]. The logarithm of D was fitted against 1/T following the Arrhenius
equation (4). The activation energy, E,, decreases by replacing Sn with
Ge. A similar trend has also been observed for Na,,MP5,S,5 (M = Ge,
Sn) [74], a material for which E, increases with the ionic radius of M.

Using Gaussian process regression, the RT ionic conductivity for
Naj1GeyPS;, is predicted to be 4.7 mS/cm, two times higher than that
of Na;;Sn,PS;, (2.1 mS/cm). We report in Fig. 6 the oy, at RT and
corresponding E, of a number of NASICON-type electrolytes
[17,18,24,29,35,36,74-77]. We should stress that Na;;Ge,PS; is in the
superionic conductivity region (on, > 1 mS/cm) [35] and it is char-
acterized by a remarkably low E,. Additionally, Na;;Ge,PS; is superior
to many other reported SSEs, including NasSbS, [77], Na;oGeP2S12
[74], NauSngPSu [35].

3.5. Na ion diffusion mechanism

To gain more insight into the Na diffusion mechanism in
Na;;Ge,PS:,, we analyzed the AIMD trajectories. First, we calculated
the Na ion probability density P(r) [66], a quantity that can be used to
find the areas where Na atoms are more frequently found [13]. By
voxelating uniformly the computational domain, P(r) is estimated by
averaging the number of Na ions in each voxel over the total simulation
timescale [44]. As an example, we show the Na ion probability density
for Na;;Ge,PSq5at 1000 K, a value close to the synthesis temperature

T(K)
1200 900 600 300
(a) 4.0 - T .
= Na,,Ge,PS,, calculated
4.5 N 4 Na,;Sn,PS,, calculated
504 W Linear fit for Na,;Ge,PS,,
= - - - Linear fit for Na,,Sn,PS,,
5.5 .
E
£-6.04
“o-6.51
K] _ @25°C|
7.0 .
7.5 So
.
-8.0 T T T T T
1.0 1.5 20 25 3.0 3.5
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Na uptake per f.u.
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vk (W NaGeP,S,, (Ref. 74) L
e PSO Na,Sbs, (Ref. 77) 8113088 = (Ref: 99)
11 2! 12
4 et ze) A BINa; Sn,PS; (Ref. 36)
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Fig. 6. Na ionic conductivity and the activation energy for a variety of elec-
trolytes. The common conductivity threshold (1 mS/cm) separates the region
for superionic conductivity in light blue and low ionic conductivity in pink.
Solid symbols represent values from experimental work, while half open sym-
bols correspond to theoretical predictions. The red star denotes Na;;Ge,PS;,.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

(700 °C) of Na;1Sn,PS;, [36]. In Fig. 7, we can clearly see a 3D network
connecting both the ab-plane and the c-axis, consistent with previously
reported pathways for Na;;Sn,PS;, [36]. In contrast to the diffusion
behavior of LGPS-like materials which favor the diffusion along the c-
axis, diffusion in the ab-plane of Na;;Ge,PS;, is computed to be faster
than that along the c-axis, see Fig. 5(b). This may be due to the wider
diffusion channels present in the ab-plane of Na;;Ge,PS;> compared to
those found in LGPS-like materials [74]. Also in Fig. 5(b), we observe
that the diffusivity along the c-axis does not change significantly if
T < 800 K, suggesting that the diffusion along the c-axis is promoted
particularly at a sufficiently high temperature.

Using the method described in section 2.4, we calculated the jump

T(K)
1400 1200 800

(b)-4.2

4.4 .

1000 600
T

T
= abplane
® caxis

12 14 16

1000/T (1/K)

08 10

Fig. 5. (a) Logarithm diffusivity computed for Na;;Sn,PS;» and Na;;Ge,PS;, as a function of the inverse of the temperature. The grey area corresponds to a 95%
credibility interval. (b) The diffusivity in the ab-plane and along the c-axis for Na;;Ge,PS;, at the computed temperatures.
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Fig. 7. (a) Na probability density distribution in Na;;Ge,PS;» at 1000 K. (b) Projections along the c-axis and (c) along the ab-plane at 1/8 c.

Table 2

Mean jump rates for the Na ion transition between different Na crystallographic
sites at 1000 K, in the unit (0.01 jumps/ps). Every entry corresponds to a jump
starting from the site in the column and ending at the site indicated by its row.

Nal Na2 Na3 Na4 Na5
Nal 61.14 0.00 4.32 3.84 8.30
Na2 0.00 44.86 4.29 5.00 0.00
Na3 4.63 4.03 55.34 0.00 0.00
Na4 3.69 5.14 0.00 51.53 0.00
Na5 8.13 0.00 0.00 0.00 26.39

rates of Na ions between different crystallographic positions. As listed
in Table 2, every entry represents a jump starting from the site in the
given column and ending at the site in the corresponding row, e.g., the
jump rate for Nal—Na4 is 3.84 x 10~ 2 ps~'. The most striking ob-
servation is the much higher jump rates between identical sites, such as
Nal—Nal, than those for different sites, such as Na2—Na4. Such a
phenomenon is the opposite of the one encountered in the Na diffusion
in NasPS4, where the hops between identical sites are orders of mag-
nitude lower than the jumps between different type of sites [34]. We
also note that certain hops appear not to happen, such as Nal—Na2 and
Na5—Na3. This may be explained by looking at the structure of
Na;;GeyPS;, in Fig. 1(a) and (b), where Nal/Na5 and Na2/Na3 are in
different layers along the c axis. Therefore, the distance between those
sites is two times larger than that found for neighboring sites in the ab-
plane.

To distinguish the jump rate contributions originating from either
the ab-plane or the c-axis hops, we subdivided the jumps into the two
categories as shown in Table 3. As expected, the rates in the ab-plane
are higher than those along the c-axis, in agreement with the self-dif-
fusivity results reported in Fig. 5(b).

Despite the high jump rates, it is highly probable that a Na ion re-
turns to its original site after hopping to a neighboring site, making no
contributions to the macroscopic diffusion. Since only useful jumps
cause macroscopic diffusion [34], we investigated sequentially two

Table 3

Mean jump rates along c-axis and in the ab-plane as well as net jump rates for
the Na ion transition between identical Na sites at 1000 K, in the unit (0.01
jumps/ps).

Nal—Nal Na2—Na2 Na3—Na3 Na4—Na4 Na5—Na5
c-axis 0.00 15.48 15.74 13.18 0.00
ab-plane 61.14 29.38 39.60 38.35 26.39
Net jump 17.36 10.88 12.36 20.34 2.10

99

continuous jumps and excluded the back-and-forth hops to obtain the
net rates. The diffusivity calculated using (6) is 5.41 X 10~°m [2]/s at
1000 K. This value is in quantitative agreement with the one derived
from (1), i.e., 1.55 x 10~ %m [2]/s.

We also conducted the van Hove correlation analysis for
Na;;Ge,PS;5 to understand the Na diffusion mechanism at different
temperatures. The self-part of the van Hove correlation is a function of
the radial distance r and the time ¢, following formula [78].

NNa
1
Gy(r, t) = N ; 8[r — Iri(to) — it + to) ]y, ®

where §(-) is the Dirac distribution, and the angle brackets denote the
ensemble average starting from an initial time ¢,. Given r and t, G(r, t)
indicates the probability of finding one Na ion at r in the time interval
[to, £] [78].

Fig. 8 shows the self-part of the van Hove correlation as a function
of radial distance r and time ¢ at various temperatures. As suggested by
the Islam group [78], the first peak near r= 1A corresponds to the
typical atomic vibrations around equilibrium positions. We also notice
a second peak at ~4 10\, see Fig. 8(a) and (b), which is related to the Na
hopping process because the peak position equals just the average
distance between neighbor sites in Na;;GesPS;5. The second peak
around 4 A is clearly visible at moderate computational time scales. At
higher temperatures, the intensity of the first peak decreases, even-
tually vanishing after a period of time, e.g., t= 30 ps, see Fig. 8(d),
suggesting that the Na ions migrate from their initial positions. Further,
the second peak cannot be clearly identified, and the curves have a
much longer tail if t and T increase, see Fig. 8(c) and (d). If T> 1200 K
and t> 10 ps, the G(r, t) does not display any prominent peaks, sug-
gesting a fluid-like distribution of Na ions.

4. Conclusion

We studied the Na;;M,PS;5 (M = Sn, Ge) family of materials and
investigated their phase and electrochemical stability, together with
their conductivity using first principle calculations. Our simulations
show that, while Na;;Sn,PS;, is only metastable, Na;;Ge,PS;5 is stable
with zero energy above the hull. The computed DOS indicates that both
materials are semiconductors with a band gap of 1.80 eV and 2.87 eV
for Na;1Sn,PS;, and Na;;GesPSq,, respectively. Both materials display
a relatively narrow electrochemical stability window. However, the
decomposed phases could act as SEI layers to prevent further electrolyte
decomposition and ensure sufficient conductivity.

We also carried out ab initio molecular dynamics simulations on
Na;;GeyPS1, to predict its conductivity and study the diffusion
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Fig. 8. Self-part of the van Hove correlation function for Na;;Ge,PS;5 at (a) 600 K, (b) 800K, (c) 1000 K, (d) 1200 K. Five different time scales, t = 1 ps, 5 ps, 10 ps,

20 ps, 30 ps, are illustrated for each temperature to see the evolution of the correlation.

mechanism. The simulations indicate an RT conductivity of 4.7 mS/cm,
a value two times higher than that of Na;;Sn,PS;, and even comparable
to that of the best NASICON-type solid electrolytes. The high con-
ductivity may be attributed to the 3D diffusional pathways encountered
in Naj;GeoPS1». Na hopping is favored along the ab-plane compared to
the c-axis. Further analysis indicates that Na hops occur more fre-
quently between identical Na sites and that jumps in the ab-plane are
preferred.
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