Showcasing research from Professor Stefan Adams’s
laboratory, Department of Materials Science and
Engineering, National University of Singapore, Singapore.

First-principles study of superionic Nag,,Sn M;_,S,,
(M =P, Sb)

In the search for high performance sodium solid electrolytes,

the known lithium conductor Li,,GeP,S,, inspired the
identification of the related but structurally distinct class of
fast Na-ion conductors Na,,,Sn,M;_S,, (M =P, Sb). Among
these the stoichiometric Na;Sn,MS,, phases are found to
be thermodynamically preferred with local structures

and ion transport properties that due to a quenchable
order-disorder transition of the PS,*" anion orientations
and sodium pathways will depend on the thermal history
of the sample. This explains discrepancies in reported
conductivities and opens a path to rational conductivity
engineering.
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Inspired by the fast lithium superionic conductor Li;oGeP,S1,, a new class of quaternary fast sodium-ion
conductors, Nag,xSnyPs_,S1o, has recently been identified. Among these, Na;;Sn,PS;, was the fastest
sodium ion-conducting sulphide in spite of its moderately low migration barriers. The isostructural
Na*-ion electrolytes Nag,,Sn,Sbz_,S1» found soon thereafter combined only slightly lower ionic
conductivity with excellent air stability and processability in aqueous solutions. Here we apply density
functional theory to comprehensively study the stability and homogeneity range of these disordered Na*
ion conductors: For Nag,,SnyPs_,Si1> we explored the composition range 1.75 < x < 2.25 as well as
x =1 (NaypSnP,S15), x = 0 (NazPS4) and x = 3 (NasSnSy4). For Nag,,Sn,Sbs_,Si» we extended the range of
calculations to x = 0, 1, 3, and 1.625 < x < 2.375. In both cases we find that the lowest energy
composition is the stoichiometric phase with x = 2 and clarify that these compositions are also stable
against decomposition into NasSnS4 and NazPS4 (or NasSbS,). Our ab initio molecular dynamics (AIMD)
simulations show that despite the exceptionally high local mobility of Na on Naé6 sites, the negligible
Na6 concentration in the stable lowest energy structure rules out a previously supposed key role of Na6
in ionic conductivity at room temperature. On the other hand, an onset of PS; (but not SnS,)
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orientational disorder is observed above 500 K in our high temperature AIMD studies and characterised
by analysing van Hove correlation functions. This orientational disorder affects the relative Na site
energies enabling Na6 site occupancy and lowers the barriers for Na* migration and. As soon as the
orientational disorder allows for a significant Na6 occupancy, it also significantly contributes to the Na*
ion transport.
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are considered as a promising alternative to their lithium-based
analogues because of huge cost advantages related not only to

1. Introduction

(cc)

Solid-state Li ion conductors have been studied intensely over
the past decades."™* In particular, Li;oGeP,S;, (LGPS) (space
group: P4,/nmc) discovered by the Kanno group in 2011°7°
reached a room-temperature conductivity of 12 mS cm " and
halide doping was reported to double the conductivity of this
structure type soon thereafter."' However, while solid-state
Li-based batteries overcome the safety issue of conventional
Li-ion batteries a wider market penetration of Li-based batteries
is hampered by their high cost. Na-based solid state batteries
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i Electronic supplementary information (ESI) available: Details of computational
methods, details of initial atomic configuration derived from XRD data, volumes
per atom and decomposition energies from this work compared to results from
previous simulations and experimental studies, data on the effects of the phase
transition in the PS, tetrahedral orientation on structure and migration energy
barriers, cif files containing final coordinates of (i) the lowest energy samples of
Na;oSnM,S;, and Na,;;Sn,SbS;, (M = P, Sb) as well as several off-stoichiometric
Nay,Sn,M;_,S;, compositions and AIMD snapshots. See DOI: 10.1039/
doma00177e
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the abundance of sodium but also to the possibility to replace
the costly copper current collectors required in Li-based
batteries."*>*

While at the early stages of solid state ionics fast Na" ion
conducting oxide ceramics such as B’-alumina®® and the
so-called NaSICONs with structures related to NazZr,(SiO4),(POy4)
dominated research on Na* solid electrolytes,”>>® more recently
fast Na-ion conducting sulphides have attracted great atten-
tion™>™”%” because of their potential to combine record fast ion
transport with processing advantages over oxides such as lower
sintering temperature and easier densification. The first fast
Na'-ion conducting sulphide, c-Na;PS, was discovered in 2012
when a conductivity of 0.5 mS cm " was reached.'®'”*® While
the role of the tetragonal-to-cubic phase transition in NazPS, is still
under debate,” the conductivity of NasPS, and was progressively
enhanced up to 2.5 mS cm ' by My’ (M = Si, Ge, Sn) doping®”*°
creating mobile excess Na, by halide doping Clg' creating Na
vacancies,”** and more recently further to 3.4 mS cm ' by
quenching from high temperatures that might lead to both Na-P
antisite doping® and PS, orientational disorder. In nominally

This journal is © The Royal Society of Chemistry 2020
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undoped phases, conductivity was enhanced by isovalent
Asp substitution utilizing the mixed immobile ion strategy
(¢f 1.5 mS ecm ' achieved in NasP,¢,AS35S,4).>" Partial or
complete replacement of sulphur by the softer selenium led
to an enhanced conductivity of 1.2 mS cm™'.>*%

Interest in exploring the related Na;SbS, as solid electrolyte
originates not only from its similarly fast ion transport in
nominally pure (1 mS cm™') or analogously doped states,**®
but also from its stability against hydrolysis, which enables
scalable low cost solution processing. It should be noted that
after the completion of this study a considerably higher ionic
conductivity of 32 mS cm™" has just been reported in highly
W-doped Na;Sbs,.*>*° Despite the structural similarities to
Na;SbS,, tetragonal Na,SnS, (space group P42,c¢) is practically
insulating with an ionic conductivity <10™* mS cm™*.*!

Inspired by the then record high conductivity of LGPS® and
the related Li,(MP,S,, family of compounds (M = Ge, Si, Sn)” "'
the existence of isostructural Na;,MP,S;, (M = Si, Ge, Sn) was
predicted by first-principle calculations as metastable phases
with the same tetragonal space group P4,/nmc adopted by
LGPS. The room temperature conductivity of Na,,GeP,S;, was
initially predicted by Kandagal et al to be 4.7 mS ecm™',*
i.e. higher than that of other any fast Na-ion conducting solid
electrolyte used in practical high-temperature Na-S batteries.
Richards et al*® reaffirmed the prediction of LGPS-like
Na;(GeP,S;, and expanded it to Na,(MP,S;, phases with M = Si
or Sn. Their ab initio molecular dynamics (AIMD) simulations
suggested the phases to be essentially one-dimensional ion con-
ductors forming chains of NaS, tetrahedra linked along the c-axis
providing facile mobility. From their high temperature simula-
tions in the temperature range 1300-600 K they extrapolated
to predicted room temperature conductivities of 0.9 (M = Sn),
3.5 (M = Ge) or 10 mS cm™ ' (M = Si). In the same paper these
authors reported the synthesis of a tetragonal phase then identi-
fied as Na;,SnP,S;,,* though they found unquantified “small
amounts” of P,S; and NazPS, as impurities besides the expected
tetragonal phase. This implies that the Sn:P ratio in the main
phase should be larger than 1:2. Their material exhibited an
experimental conductivity of 0.4 mS cm ™", an order of magnitude
smaller than predicted. When Tsuji et al. in 2017 synthesized
Na,oGeP,S;,,* they found the room temperature structure of the
crystalline component to differ from the prediction and its overall
room temperature Na* ionic conductivity (0.012 mS cm™") to be
about 300 times lower than expected.

In 2017, both the Nazar group® and a team led by Dehnen
and Roling involving one of us*® independently produced and
analysed a new solid electrolyte, Na,;Sn,PS;, (NSPS), by varying
the Na;PS, and Na,SnS, precursor content to achieve phase-
pure products. NSPS crystallizes in the distinct tetragonal space
group I4,/acd with Na" ions distributed over six types of Na sites
(see Fig. 1). Within weeks, a non-stoichiometric variant was
reported by Yu et al.*” The observed ionic conductivities, their
activation energies as well as the refined Na distributions
differed considerably among the first reports. According to
ref. 46 NSPS possesses a room temperature Na' ion conductivity
of 3.7 mS em™", which exceeds that of all previously known
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Fig. 1 Distribution of Na sites in the structure of Nay;Sn,PS;5: (a) overview
of Na site distribution in one half of the unit cell projected approximately
on the b—c plane. Grey (brown) tetrahedra represent SnS, (PS4), coloured
spheres the partially occupied Na sites (Nal (16f) orange, Na2 (32g) green,
Na3 (16d) dark blue, Na4 (16c) light blue, Na5 (16e) red and Na6 (8b)). The
naming of the Na sites follows ref. 46. (b) Detail of the structure model
highlighting the local Na sites adjacent to the low occupancy site Na6. This
cluster of Na sites will be referred to as the (Na2)4(Na3),Na6 site cluster
below, while the 3 Na sites Nal, Na4 and Na5 not involved in the cluster
will be referred to as "matrix sites”.

sulphide-based Na" ion conductors. This high ionic conduc-
tivity is unanimously attributed to the presence of a large
number of intrinsic Na* vacancies and a large variety of three-
dimensional Na-ion conduction pathways, but details of the
predicted pathways differed among the reports. Density Func-
tional Theory (DFT) based ab initio studies on NSPS also
exhibited surprising disagreement: while Liu et al.*® suggested
Na;1Sn,PS;, to be unstable against decomposition into Na;PS,
and Na,SnS, with a substantial energy of 14.5 meV per atom
above the hull, Yu et al.*” as well as later Oh et al.* reported
Na;;Sn,PS;, to be thermodynamically stable against this
decomposition.

Again within weeks after the first NSPS papers Heo et a
reported the synthesis of analogous phases Na, ,Sn; ,Sb,S,
(0.02 < x < 0.33, corresponding to the composition range
Naj;.04S01.04Sbg 06512 to Na;;Sn,Sb;S;,) crystallizing in the
same space group I4,/acd so that Na;;Sn,PS;, and Na;;Sn,SbS;,
should effectively be isostructural. However, at higher Sb
contents (x = 0.4, 0.5), a significant amount of also fast ion-
conducting Na,;SbS, was observed as a secondary phase. The
authors found the conductivity to increases with the Sb content
X up to a maximum value of 0.30 mS em ™" with an activation
energy of 0.39 eV at x = 0.40 (though this value may be biased by
the Na;SbS, impurity). By increasing the annealing temperature
to 550 °C they could further optimize the conductivity of a
nearly phase-pure sample of x = 0.25 (corresponding to
Nay 255N, 55Sbg.75512) to 0.51 mS cm . Later Ramos et al.>®
reported a room temperature ionic conductivity of 0.56 mS cm ™
for Na;;Sn,SbS;,, considerably lower than that of Na;;Sn,PS;,,
which the authors attributed to the effect of a reduced population
of the Na6 site on the overall Na* ion mobility. They also
experimentally explored the possibility to further increase the
Na vacancy concentration by varying the Sn/Sb ratio in
Na;15n,SbS;, to form Naj; ,Sn, ,Sby,Si, (x = 0.2, 0.25, 0.5).
Their Sb rich samples however contained NazSbS, as an impurity,
so that (in agreement with Heo et al’') they suggest that the
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presumed homogeneity range should be limited to Na;;Sn,SbS;,
on the Sb-rich side. Moreover, the phase-impure Sb-rich samples
exhibited lower ionic conductivities.

The corresponding selenide solid electrolyte, Na;;Sn, ;-
Py.oSe;,, first synthesized in 2018 by Duchardt et al.® shows
virtually the same room temperature Na' ion conductivity
(3.0 mS cm ™) as NSPS but with a considerably lower activation
energy of 0.30 eV. The structure determination of the selenide
phase also revealed that besides the Sn/P disorder of the
prepared slightly off-stoichiometric sample, there is substantial
rotational disorder of the PSe, (but not the SnSe,) tetrahedra.
Bond valence site energy models clarified that the resulting
different local structures alter the ion transport pathways.
Zhang et al. confirmed the disorder for both their nominally
stoichiometric Na;;Sn,PS;, and Na,;;Sn,PSe;, samples by
diffraction studies.’> While from the structural studies it was
not clear whether the rotational disorder is static or dynamic,
the same authors conclude from their high temperature AIMD
simulations that the disorder is dynamic (analogous to what
had been proposed for Li;,GeP,S;, before®) and constitutes a
paddle-wheel mechanism, ie. a dynamic coupling of cation
hops to PS, anion rotations.>>** Yu et al.>* suggested on the
basis of bonding energy models as well as DFT-based phonon-
and ab initio molecular dynamics (AIMD) calculations that the
enhanced conductivity in stoichiometric Na;;Sn,PSe;, is to be
attributed to the lower bonding energy of Na' ion with
the surrounding anions and a supposed increased disorder
relative to NSPS. In the meanwhile our group has synthesized
Na,;Sn,PSe;, also by a mechanochemical method,> which
should be more scalable than the previously reported syntheses
in sealed ampoules,®™** and demonstrated its use in the first
high power sodium selenium all solid state batteries.

The DFT study by Oh et al.*® affirmed earlier predictions*?
that substituting Sn by Ge or Si should result in similarly stable
phases Na,;Ge,PS;, and Na;;Si,PS;,, but in contrast to the
earlier AIMD study found that the substitution would severely
impede Na' diffusion. The room temperature Na* ion conduc-
tivity is predicted to decrease from 2.4 mS cm ™" for M = Sn to
0.6 mS cm ™ for M = Ge and 0.3 mS cm ™ * for M = Si, which the
authors mainly attributed to the shrinking on the unit cell size.
Some mixed immobile cation Sn-Si-analogues of NSPS have
been published recently but only preliminarily characterized:>®
among these, Na,Sn,¢,Sip33S, adopts the same space group
I4i/acd as NSPS. Naj;5[Snge7Sio.33)0.75P0.25Ss and exhibits a
conductivity of 1.6 mS cm ™. Literature data on ionic conduc-
tivity, activation energy of the Na' and Li'-ion conducting
thiophosphate-related solid electrolytes are summarised in
Table 1.

From the studies above there is still substantial disagree-
ment regarding (1) the detailed stoichiometry and stability of
the phase of highest Na' ion conductivity, (2) the achievable
room temperature conductivity and the associated activation
energy, (3) the occurrence of polyanion reorientations, (4) the
distribution of Na ions over the six reported Na sites, and
(5) the relevance of these Na sites (especially of Na6) and of
tetrahedral reorientations for the ion transport mechanism.

186 | Mater. Adv., 2020, 1,184-196
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Table 1 lonic conductivity, activation energy for some of the fastest Li*
and Na*-ion conducting chalcogenide-based solid electrolytes

0298K Data
Compound (mSem™)  E, (eV) type Ref.
Li;oGeP,S15 12.0 0.25 Exp. 3
Na,PS, 0.46 0.28 Exp. 16
Na,PSe, 1.16 0.21 Exp. 23
Na,SbS, 3.0 0.25 Exp. 38
Na,_4Sbo ssWo.1254 32.0 0.22 Exp. 39
Na,SnS, <107* — Exp. 41
Na,,GeP,S;, 4.70 0.20 Ab initio 42
3.50 0.27 Ab initio 43
0.012 0.46 Exp.a 44
Na,,SnP,S;, 0.94 0.32 Ab initio 43
0.40 0.36 Exp. 43
Na;;Sn,PS;, 3.70 0.39 Exp. 46
1.40 0.25 Exp. 45
2.40 0.20 Ab initio 45
2.10 — Ab initio 48
0.67 0.31 Exp. 47
— 0.27-0.33 Ab initio 47
2.4 0.25 Ab initio 49
3.7 0.26 Ab initio  This
work
Nay.gSn; gSby.,S4 0.30 0.39 Exp. 41
Na,;Sn,SbS;, 0.56 0.34 Ab initio 50
Na,;Ge,PS;, 4.7 — Ab initio 48
0.6 0.30 Ab initio 49
Na,;Si,PS;5 0.3 0.32 Ab initio 49
Nay(Sny/3Si1/3)S4 0.0123 0.56 Exp. 56
Naj g(Sny/3Si1/3)0.6P02Ss  0.31 0.32 Exp. 56
Naj 75(Sn;/3811/3)3/4P114S4 1.6 0.26 Exp. 56
Naj,(SNy3Si1/3)0,PosSs  0.71 0.29 Exp. 56
Na;;.1Sn, 1Py oSe s 3.0 0.30 Exp. 51
Na,;Sn,P;Ses, 2.15 0.28 Exp. 54
Na;1Sn,P;Seq, 1.0 — Exp. 55

¢ Structure not reported.

The aim of this work is therefore to clarify these points starting
from static and dynamic DFT calculations of the relative
stability of the phases Nag.,Sn,M;_,S;, and Nag,Sn,Sb;_,S1,
(M = P, Sb) covering the composition range 1.75 < x < 2.25 as
well as the LGPS-analogue composition x = 1 and the distribu-
tion of Na" ions therein. We will show that the lowest energy
configuration of Na ions for each compound in the series can
be derived systematically from the distribution for an adjacent
composition by mutual substitution of Sn and P or Sb atoms.
We will look into how the dynamic Na distribution and poly-
anion orientation in ab initio molecular dynamics simulations
for the stoichiometric phases deviates from the energy-minimized
equilibrium structures and how this affects the characteristics of
the Na' ion diffusion.

2. Computational methods

All DFT-based first-principles calculations in this work
were performed by the Vienna Ab initio Simulation Package
(VASP 5.3.3).>””% According to previous experimental crystal
data*®*™*"*° we built local structure models of Na,;Sn,PS,, and
Na;1Sn,SbS;, containing 208 atoms, where the immobile sub-
structures obey the I4,/acd space group symmetry: 16 Sn atoms
were placed in the 16e Wyckoff sites, 8 P (or Sb) atoms were

This journal is © The Royal Society of Chemistry 2020
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places in 8a sites, 96 S atoms were placed in three 32g sites in
such a way that they formed SnS, and PS, (SbS,) tetrahedra
which delimit wide Na“ ion channels along the ¢ axis and
within the ab planes. The Na atoms occupy 88 out of 104
positions from 16f (Na1), 32g (Na2), 16d (Na3), 16¢c (Na4), 16e
(Na5) and 8b (Na6) sites (following the Na site naming conven-
tion introduced in ref. 46). Further details on the computa-
tional methods are summarised in the ESIL.{ Note that the
reported occupancy of the 8b site (Na6) is rather low for both
Na,;Sn,PS;, (experimental site occupancy factors of 0.12*” to
0.22°° at room temperature; 0.165% at 100 K) and Na;,Sn,SbS;,
(0.076° at room temperature), while the site is reported to be
74% occupied in the Se-analogue Nay; 1Sn, 1Py oSe;,.”" Ramos
et al. concludes that Naé6 sites only slightly contribute to Na* ion
diffusion “but provide an accessible parking spot for the major
sodium conduction pathway”.>® The experimentally observed
occupancy of the Na2 and Na3 crossover sites is higher in
Na,;;1Sn,SbS;, than in Na;;Sn,PS,, due to a redistribution of
sodium atoms from Na6 interstitials onto these Na2 and Na3
sites, which has been linked to the reduced conductivity
of Na,;Sn,SbS;,. In contrast DFT simulations by Oh et al*
suggest that the Na6 site occupancy for Na;;Sn,PS;, should
be almost zero even at 700-800 K and that the effect of
an incorporation of additional sodium vacancy/interstitial
between Na6 and Na2/Na3 sites on the ionic conductivity
should be negligible.

To determine the ground state configuration of partially
occupied Na sites, we optimised and calculated the energies of
about 200 trial configurations out of the 2.7 x 10'® possible
ways to place the 88 Na on 104 sites in each of the two studied
NaggSn;6MgSes phases (or still 1.3 x 10! possibilities if only the
96 sites Na1 to Na5 are considered) with an accuracy of 10 > eV
between two relaxation steps. The consecutive choice of
trial structures for the non-stoichiometric variants followed a
learning curve that was optimised based on the stabilization
procedures observed in previous trial structures. Then, ten
structures each with the lowest electrostatic energies were
selected for further relaxation using DFT with accuracy of
10~ eV between two relaxation steps. In contrast, Yu et al.*’
employed a primitive cell containing 44 Na on 52 sites reducing
the number of possible distributions to 7.5 x 10° (or 1.9 x
10° considering only Nal to Na5) and relied on the USPEX
code® to predict one trial configuration that was then
optimised. Liu et al*® used the conventional cell, but pre-
determined Na site occupancies (not considering the Naé site)
to generate 40 000 trial structures that were ranked by electro-
static repulsion using the pymatgen code® before conducting
detailed refinements of 20 candidate structures proposed by
the code.

Canonical (NVT) ab initio molecular dynamics (AIMD) calcu-
lations of Na;;Sn,MS;, (M = P, Sb) were performed at 100, 300,
600, 800, 1000, 1200 and 1400 K with a time step of 2 fs (for 100,
300, 600 and 800 K) or 1 fs (at 1000, 1200 and 1400 K) and a
total simulation time of 80 ps. Na" migration pathways are also
analysed by our bond valence site energy (BVSE) approach.®’
Details of the approaches are given in the ESL

This journal is © The Royal Society of Chemistry 2020
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3. Results

3.1. Na distribution in Na;;Sn,MS;, (M = P, Sb)

Despite the inevitably limited number of Na;;Sn,PS;, trial
configurations that can be examined at DFT level, we found a
distribution of Na and Na vacancies that is significantly lower
in energy than the previously suggested low-energy configu-
ration by Yu et al.*” The newly identified lowest energy configu-
ration contains 8 vacancies on the Na2 (32g) sites and
8 vacancies on the thus completely unoccupied Na6 (8b) site,
while the configuration proposed by Yu et al. contains 4 vacan-
cies on Na2 (32g) sites, 4 vacancies on Na3 (16d) sites and again
8 vacancies on Na6 (8b). The latter configuration ranked second
lowest in energy in our optimizations irrespective of whether we
used PBE®*®® or PBEsol® functionals. These two low-energy
configurations are sketched in Fig. 2. The energy barrier against
decomposition into NazPS, and Na,SnS, was —3.30 meV per atom
for the lowest energy Na;;Sn,PS;, configuration when using the
PBE functional (relaxed volume 25.048 A® per atom), while the
energy of the relaxed structure analogous to the results from
Yu et al. was —2.92 meV per atom (whereas these authors reported
—1.906 meV per atom from a coarser relaxation). In the conven-
tional unit cell the structure proposed by Yu et al.*” assumes space
group Cc, while our lowest energy configuration adopts space
group P45, which explains why it cannot be observed in mini-
mizations of the smaller primitive unit cell.

The analysis of the Na site distributions led to a classifica-
tion of the 6 site types into two groups. Sites Na2 and Na3 form
octahedral (Na2),(Na3),Na6 clusters around the typically vacant
Na6 site, while the remaining three Na site types Nal, Na4 and
Na5 are referred to as the matrix sites (¢f Fig. 1). Most of the
trial configurations containing in total 0-2 vacancies at the
“matrix” sites Nal, Na4 and Na5 with all the remaining 6-8
vacancies located on “cluster” sites Na2 or Na3 (plus 8 vacant
Naé sites), are also stable against dissociation into the ternary
phases as long as the vacant Na sites are separated by at least
one occupied site along the path. The lowest energy configura-
tions with seven Na2 vacancies plus one vacancy at a different
Na equilibrium site were —2. 79 meV per atom for the addi-
tional vacancy at Na3, —2.66 meV per atom at Na5, —2.20 meV
per atom at Na4, and —1.81 meV per atom for a vacancy at Nai.
Converting the two low energy configurations of Fig. 2 into each
other requires to overcome an energy barrier of 0.86 meV per
atom (or 0.18 eV per unit cell) for the lowest energy configu-
ration with five vacancies at Na2 and three 3 vacancies on Na3
(¢f Fig. 2c¢).

For the energy-minimization of Na,;Sn,SbS;, we started
from the same configurations as for Na;;Sn,PS,, with substitu-
tion of Sb for P. The lowest energy configuration of vacancies
was found by the same way as for Na;;Sn,PS;,.

Despite of the fact that the crystallographic XRD data for
Nay 1 255N, 55Sbg 7551, find a lower occupancy of the Na4 (16c¢)
site, our minimizations yielded as the lowest energy configu-
ration of Na;;Sn,SbS;, again the one analogous to the lowest
energy configuration of Na;;Sn,PS;, containing 8 vacancies
on Na2 (32g) sites (¢f Fig. 2). In this case the energy of

Mater. Adv., 2020, 1,184-196 | 187
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(a) (b)
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Number of vacancies on Na3 site per unit cell

(c)

Fig. 2 The two lowest energy configurations for Naj;SnyPSio: (a) the
lowest energy configuration containing 8 vacancies on Na2 (329) sites,
(b) the second-lowest energy configuration with the Na/vacancy distribu-
tion previously reported by Yu et al*’ containing four vacancies on Na2
(329) sites and four on Na3 (16d) sites. Grey (brown) tetrahedra represent
SnS, (PS4), green spheres occupied Na sites, while Na2 (Na3) vacancies
are marked in red (magenta). (c) Energy profile for the lowest energy
interconversion between these two configurations.

decomposition of the sample calculated with PBE potential was
—3.23 meV per atom with a relaxed volume of 26.84 A® per atom.
Note that for Na,;Sn,SbS;, the PBEsol decomposition energy is still
3.80 meV per atom above the hull. Further details of the minimum
energy configurations including corresponding cif files are avail-
able in the ESLt

3.2. Na distribution in LGPS-like Na,(SnM,S;,

Initial configuration for Na,,SnP,S;, were chosen to be analo-
gous to the structure of LGPS (space group P4,/nmc).>® The
9.650 x 9.650 x 13.660 A® simulation cell contained 50 atoms.
Among the three distinct Sn/P distributions compatible with
the experimentally observed Sn/P disorder, we maintained the
arrangement found by Richards et al. to yield the lowest energy
structures in their study.”® 20 Na atoms were distributed on the
32 possible sites (16 Nal (16h), 4 Na2 (4d), 8 Na3 (8f) and 4 Na4
(4c)). We examined about 50 configurations of Na vacancies.
The sample that after optimization had the lowest energy
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Fig. 3 The lowest energy configuration of Na;oSnP,S:,. Purple (brown)
tetrahedra represent SnS4 (PS4); green spheres indicate occupied Na sites.

contained 8 Nal, 4 Na2, 6 Na3 and 2 Na4 atoms. This
Na,,SnP,S12 structure was found to be metastable with a
decomposition energy of 7.9 meV per atom above the hull.
The optimized structure is shown in Fig. 3. A corresponding cif
file is available from the ESL{ Again, the optimised configuration
found in this work is considerably lower in energy than
the ones reported previously.***” Likewise, the Na and Sn/Sb
distributions in the lowest energy configuration of Na,;,SnSb,S;,
are analogous to the one discussed above for Na;,SnP,S;,. The
dissociation energy of the corresponding configuration of
Na,;,SnSb,S;, (3.94 meV per atom) is, however, only about half
that of the M = P case.

3.3. Effect of stoichiometry deviations on phase stability

For Nag.,Sn,P;_,S;, stoichiometries from 1.80 < x < 2.11
were reported experimentally in the structure type of
Na;;Sn,PS;,,***” but it remained unclear whether these refined
compositions from XRD data represent an uncertainty in the
experimental structure determination or a real homogeneity
range. To clarify the energetic effects of stoichiometry devia-
tions, we optimized structures for a wide range of compositions
around the stable stoichiometric quaternary phases.

To build the trial structures of Nao,,Sn,P; ,S;, and
Nag.,Sn,Sb;_,S1, at 1.75 < x < 2 we consecutively substituted
Sn to P (Sb) atoms in our two lowest energy configurations
of Na;;Sn,PS;, and Na;;Sn,SbS;,: in order to generate
Na 87551 .575P1.125512 (Na10.875511 .5755b1.125512) we start from
choosing a random Sn atom, substitute it by P (Sb) and then we
replace one random Na atom by a vacancy. We optimized the
distinct configurations. In the process of this optimisation, the
displacement of atoms was typically small and the replaced
atoms essentially remained close to their initial sites. Once
the lowest energy configuration for Na;gg;55N1 g75P1.125512
(Nay0.87551n1.8755b1.125512) was identified by the above procedure,
it served as the starting point for generating Na; g 75503 75P1.55512
(Na30.755n1 755b1 25512), where again we replaced a further Sn by P
(Sb) and another Na atoms by a vacancy. In the lowest energy
configurations the new vacancies consistently appeared on Na2 or

This journal is © The Royal Society of Chemistry 2020
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Na3 sites only. When starting from the lowest energy NSPS
configuration with 8 Na2 vacancies, the lowest energy configu-
rations for both Nayg g755n; 575M1.125812 and Nayg755n1 75M1 25512
contain the additional vacancies consistently on Na3 sites; when
starting from the configuration with 4 Na2 and 4 Na3 vacancies
the lowest energy configurations for lower x values had the extra
vacancy on Naz2 sites.

The structures of Nag,,Sn,P;_,S;, and Nag,,Sn,Sb;_,S;,
with 2 < x < 2.25 were constructed likewise progressively
from the two lowest energy configurations of Na;;Sn,MS;,
(M = P, Sb) via replacing of P (Sb) atoms to Sn and adding Na
atoms. In the first step we substitute a random P (Sb) by Sn and
fill a random vacancy to identify the lowest energy configura-
tions of the corresponding Naj; 1255N5.125Mo.g75512. Note that
the lowest energy configuration of Na;;Sn,PS;, and
Nay;5n,SbS;, contained vacancies in Na2 (32g) sites only, so
the added Na for higher values of x were inevitably placed on
Na2 sites as well. When starting from the second-lowest energy
configuration containing 4 vacancies each on the Na2 and Na3
sites, therefore Na could be added to these two site types only.

The lowest energy configuration for Na;; 155505.125M0 875512
contained vacancies on Na2 (32g) sites only (so Na can only be
added to the Na2 site). When adding Na to the alternative NSPS
configuration containing also Na3 vacancies, the lowest energy
configuration kept the same number of Na2 vacancies filling up
the Na3 site, but was more than 1 meV per atom higher in
energy than Na;; 155N, .125Mo.g75512 containing vacancies on
Na2 only. Then we tried substitutions of an additional P (Sb)
atom by Sn followed by placing a Na atom on one of the vacant
Na sites in order to create the Na;; 555N, 5Mj 7551, configura-
tions as visualized in Fig. 4. Each sample was geometry
optimized.

One Sn substituted
by one Sb.
A vacancy appears.

Nay.8755N; 875501 12551,

Nayg755n; 755b; 555,

Na,,Sn,SbhS,,

Na,SnS,
slab appears
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It appears noteworthy that the lowest energy configuration
of Nay1 55505 »55b¢ 75512 (0.43 meV per atom above the hull) was
obtained when both substituted Sn atoms were close to each
other and adjacent Na vacancies were filled by Na* to maintain
local electroneutrality. This effectively creates a small “epitaxial”
slab of Na,SnS, within Na,; 5551, »55bg 75515 (¢f Fig. 4). In contrast
to the case of M = P (1.31 meV per atom above the hull), where the
substituted Sn atoms in our lowest energy configuration appeared
far from each other.

The convex hulls for Nag,,Sn,P;_,S;, and Nag,;,Sn,Sb;_,S;,
based on our calculations using PBE potentials are shown in
Fig. 5. These calculations clarify that both Nay,,Sn,P;_,S;, and
Nag.,Sn,Sb;_,S;, are stable against decomposition into the
ternary phases throughout the tested composition ranges. For
Nag.,Sn,P;_,S;, the chosen composition range 1.75 < x < 2.25
indicates a continuous destabilisation of the phases with
increasing deviation from the structurally stable composition
Nag,,Sn,P;_,S,,. For Nag,,Sn,Sb;_,S,, this trend is not so
obvious over the same composition range and especially the
lowest energy configuration with x = 1.75 exhibited an energy of
only 0.16 meV per atom above the hull (¢f. Fig. 5(b)). Therefore,
we extended the studied composition range for the Sb com-
pounds to 1.625 < x < 2.375. Our results clarify that all
nonstoichiometric compositions around the stoichiometric
Na;1Sn,MS;, phase are slightly metastable against the decom-
position into the stoichiometric quaternary phase with x = 2
and Na;PS, (NasSbS,) for x < 2 or Na,SnS, for x > 2. However,
the LGPS-like phases Na;(,SnP,S;, and Na;,SnSb,S;, (x = 1) are
metastable with a significantly higher decomposition energy
than the compositions closer to x = 2. When comparing the
LGPS-like phases with M = P and M = Sb, the latter has a
somewhat lower energy and might be easier to synthesize.

One Sb substituted
by one Sn.
A vacancy disappears.

Nay; 1255N;.1255P0 875512

Nay; 55N, 25Sbg 755,

Fig. 4 Schematic representation of derivation of the Nag,,Sn,Sbz_,S1> structures with x = 1.75, 1.875, 2.125 and x = 2.25. Blue (brown) tetrahedra
represent SnS4 (SbS4), green spheres occupied Na sites. Na vacancies are marked in red. For Najj 255N, 25Sbg 75512 the lowest energy structure contains a

slab of NasSnS, composition marked in blue.
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Fig. 5 The convex hulls for (a) Nag,,SnyP3z_,Sipatx =0, x=1,175 < x < 2.25and x = 3as well as (b) Nag,,Sn,Sbz_,S;patx =0,x=1,1.625 < x < 2.375

and x = 3.

The moderate increase in energy with increasing x as well as
the observed possibility for intergrowth of Na,SnS,-like layers
or clusters within Nag.,Sn,Sb; ,S12 for x > 2.25 (¢f Fig. 4)
might explain the experimental observation by Heo et al. of
apparently single phase products throughout the composition
range 2 < x < 2.94.*" The fact that the highest conductivity in
the Nag:,Sn,Sb;_,S;, system has so far been observed for
x =2.25 might indicate that the existence of slabs with different
Na (and hence vacancy) concentrations within the phase is
slightly favourable for the overall ionic conductivity. The fact
that such an intergrowth of Nag.,Sn,P; ,S;, with NazPS,-like
slabs is not observed in our simulations conversely explains why
the experimentally noted homogeneity range for Nag.,Sn,P;_,S1,
is narrower and more symmetrical around x = 2. On the other
hand, our results suggest that it should also be possible to extend
the homogeneity range further to values of x slightly below 2 for
both compounds, which has not yet been confirmed experi-
mentally for M = Sb.

The density of states of the samples Na;;Sn,PS;, and
Na;;Sn,SbS;, is shown in Fig. 6 based (like the preceding
literature data) on DFT data using the PBE functional. It should
be noted that these are known to underestimate the real
bandgap and should thus be only taken as a rough orientation
point and for comparison among chemically similar structures
studied with the same functional. The band gap found for
Na;;Sn,PS;, is 1.95 eV, which is large enough to provide a
satisfactory dominance of ionic conductivity over electronic
conductivity in order to use the compounds as solid electro-
lytes. The band gap is slightly larger than the 1.80 eV reported
previously by Liu et al. for their rather unstable configuration,*®
which may be attributed to the difference in the Na ion
distributions of the two structures. For Na;;Sn,SbS,, the band
gap is 2.0 eV.

3.4. Effect of stoichiometry deviations on phase stability

We performed AIMD simulations of Na;;Sn,PS;, and Na;;Sn,SbS;,
with canonical ensembles at 100, 300, 500, 600, 800, 1000, 1200 and
1400 K over 80 ps. Details of the AIMD method can be found in the
ESLT Typical trajectories of Na' ion diffusion in NSPS are sketched
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Fig. 6 Density of states of Naj;Sn,PS;2 and Nag1SnoSbSy,.

in Fig. 7. In most cases they involve jumps between the
(Na2),(Na3),Na6 clusters of vacancy-rich sites and the inter-
connecting matrix sites (Nal, Na4, Na5) with lower vacancy
concentration.

Fig. 8 shows the temperature dependence of the average
occupancy of the different Na sites during the simulation over
the temperature range 300 K to 1200 K. At 1400 K the automatic
assignment of Na atoms to their sites became less reliable,
while at 100 K the number of observed hops was small; so these
data are not included. The occupancies of Na2 and Na3 sites
remain in the range 0.8-0.9 with a more significant decrease
only above 800 K, while the occupancies of Na1, Na4 and Na5
sites are in the range 0.93-0.98. Na6 site is very rarely occupied.
More details of the Na rearrangement become obvious when we
investigate the distribution of Na between isolated vacancy-rich
(Na2)4(Na3),Na6 clusters and the interconnecting vacancy-
poor matrix sites Nal, Na4 and Na5. As seen from the insets
in Fig. 8 there seems to be a phase transition at T &~ 500-600 K.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Variation of the site occupancy factors of the different Na sites in
Nay1SnaPSio (top) or Nay;SnySbSy, (bottom) over the temperature range
300 K to 1200 K. The respective insets display the same data as number of
Na on the two groups of sites, i.e. the Na2—Na3—-Nab site cluster and the
Nal-Na4-Na5 group of interconnecting sites.

The occupancies of both site types for lower temperatures
approach each other, which may be interpreted as an entropic
effect. For temperatures >600 K, the already lower occupancy
of the (Na2),(Na3),Na6 cluster sites slightly decreases further
with increasing temperature, while the occupancy of the

This journal is © The Royal Society of Chemistry 2020
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already highly occupied matrix sites Nal, Na4, and Na5
increases further with rising temperature. This must be due to a
change in the relative site enthalpies as also seen from the onset
of Na6 occupancy. In contrast, for M = Sb the equilibration of site
occupancies with increasing temperature continues up to about
1000 K and the Na6 occupancy remains somewhat lower.

In line with the previous DFT studies, but differing from the
experimental diffraction data, we find that the Na6 site remains
unoccupied in the stable state near room temperature. We note
that a significant occupancy sets in with the apparent phase
transition in the overall Na site distribution revealed in Fig. 8.
Up to 1200 K the occupancy then gradually rises to 0.196 for
M = P (and further to ca. 0.33 for T = 1400 K), while for M = Sb a
significant Na6 occupancy sets in only at T > 800 K and reaches
only 0.14 at 1200 K.

When comparing the characteristics of the Na sites, it
should be noted that all the equilibrium sites Na1 to Na5 have
a 6-fold coordination, while the “interstitial’’ Na6 site corre-
sponds to a less favourable 8-fold coordination. Bond valence
site energy calculations suggest that Na6 corresponds to a
shallow cluster of local site energy minima depending on the
occupancy of the surrounding Na2 and Na3 sites so that the Na
configuration should rather be described as 6 + 2. The “cluster”
sites Na2 and Na3 with the lower occupancy near room
temperature are those sites where the nearest high-valent
cation is P°" while the matrix sites Nal, Na4 and Na5 have
Sn** as their nearest high-valent cation neighbour. Hence, it
may be assumed that local electroneutrality is the main driving
force for the observed differences in occupancy between the two
groups of equilibrium sites at low temperatures.

As sketched in Fig. 9 the orientation of the PS, and SnS,
tetrahedra in NSPS remains essentially unchanged up to 500 K.
Above 500 K the PS, tetrahedra become rotationally disordered,
while the SnS, tetrahedra remain orientationally ordered up to
1000 K. Hence, it may be concluded that the phase transition
visible in the Na site occupancy trends in Fig. 8 is correlated to
the rotational disorder of the PS, groups: the rotations tend to
favour a higher occupancy of the Na2-Na3-Na6 site clusters.
In our simulations of Na;;Sn,SbS;, a reorientation of the larger
SbS, sets in only around 1000 K.

The same transition is seen from an analysis of the van Hove
correlation functions in the AIMD trajectories for Na;;Sn,PS;,.
An overview of the time- and temperature dependent correla-
tion function curves is shown in the ESI,{ Fig. S1 and S2. Fig. 9
reveals that the temperature-dependence of the first peak in the
self-part of the van Hove correlation function Gg over a fixed
period (here 80 ps) may be taken as the order parameter for the
orientational order-transition. The of the self-part of the van
Hove correlation function represents the probability density
function for an atom that is at the origin at the zero point of the
time scale to be at a certain distance r a time interval ¢ later.
Hence the area A, under the first peak near r = 0 refers to the
fraction atoms that continue to vibrate around an unchanged
equilibrium position and the decrease of the peak intensity
represents the fraction of atoms that leave their site (here by the
tetrahedral rotations seen in Fig. 9). For the S atoms of SnS,
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Fig. 9 Effect of temperature on the tetrahedral orientation in Na;;Sn,PSy5.
Top row: Structure models at the end of the 80 ps AIMD simulations for
three selected temperatures. Up to 500 K the orientation of the PS4 and
SnS,4 remains essentially unchanged over the runtime of the AIMD simula-
tions, while at 800 K the brown PS, tetrahedra become rotationally
disordered, whereas the orientation of the grey SnS4 remains unchanged.
Bottom: Area A, under the first peak (r < 1.8 A) of the self-part of the van
Hove correlation function Gs (S, 80 ps) at a given temperature over the
80 ps runtime of the AIMD simulations relative to the area at T = 300 K.
Open squares refer to S atoms of SnS,; groups and clarify that the
orientation of the SnS,; remains unchanged up to at least 1000 K. The
filled red diamonds refer to S atoms of PS, groups and reveal an orienta-
tional order—disorder phase transition. The broken red line represents a fit
to the data according to the function A,e(T > To) = 1 — const. x (T — Tp)°>.

groups we therefrom find that the orientation of the SnS,
remains unchanged up to at least 1000 K, while the fraction
of PS, groups in unchanged orientation rapidly drops at
elevated temperatures. The data can be least-squares fitted
according to the function

Awe(T > Ty) =1 — const. x (T — Ty)%? (1)

expected for a second order rotational order-disorder phase
transition with a transition temperature T, ~ 586 K.

We also analysed the number of effective jumps leading to
diffusion differentiating hops that persist over more than one
time step from the otherwise dominating local forward-back-
ward jumps. (i.e. jumps where Na ion hops to another site and
in the next hop returns to its initial site). If we eliminate these
forward-backward hops that do not contribute to long-
range diffusion, the simulation showed that diffusion occurs
with almost equal rate in all three dimensions at all studied
temperatures, involving all the occupied sites (see Table 2 and
Fig. S3 in the ESI¥).
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Table 2 Number of jumps observed between distinct Na sites over 80 ps
AIMD simulation runs for Nay;Sn,PS;,. Numbers in the top row exclude
immediate forward—backward jumps, numbers in italics in the bottom row
number represent the full number of jumps

100K 300K 500K 600K 800K 1000K 1200K
Nal-Na2 0 3 26 29 103 177 376
0 7 66 83 232 406 885
Na2-Nal O 3 30 32 101 178 374
0 7 71 86 231 408 883
Na2-Na4 O 0 12 18 52 100 182
0 2 27 34 112 235 446
Na4-Na2 O 0 13 18 54 104 175
0 2 28 34 115 239 440
Na2-Na5 O 2 19 22 50 82 170
0 6 45 53 117 184 389
Na5-Na2 O 1 19 22 50 78 177
0 5 45 53 117 179 396
Na3-Na4 0 2 12 38 50 97 191
2 4 38 100 115 222 445
Na4-Na3 0 2 15 38 49 90 199
2 4 41 100 114 215 452
Na3-Na5 O 4 30 44 52 100 194
2 13 82 113 126 245 417
Na5-Na3 0 6 34 44 53 106 190
2 15 86 113 127 252 413
Na2-Na6 O 0 0 0 15 66 169
0 0 2 2 45 158 384
Na6-Na2 — — 0 0 12 66 172
2 2 42 158 387
Na3-Na6 O 0 0 4 25 84
0 0 0 3 12 56 197
Na6-Na3 — — 0 0 7 25 79
0 3 15 56 192

As shown in Fig. 10, the typical hops at low temperatures,
where the PS, tetrahedra remain orientationally ordered,
involve exchanges between the vacancy-rich cluster sites Na2
or Na3, and the nearly fully occupied interconnecting matrix
sites Nal, Na4 or Na5. The number of these hops grows at a
slower rate above 500 K, while at the same temperature the
number of rearrangements via Na6 within the vacancy-rich site
cluster (Na2),(Na3),Na6 quickly catches up.

While at temperatures far above 500 K the PS, reorientation
should be dynamic allowing for the paddle-wheel mechanism,>
where as proposed by Zhang et al.** it is assumed that the Na™ are
propelled by the rotating PS,, our new finding of the intermediate
temperature phase transition means that we have to expect the
actual orientational distribution to be locked in at room tempera-
ture and thus to depend on the thermal history of the sample.
Different states of frozen-in disorder as a consequence of different
thermal histories of the samples might (along with undetected
stoichiometry variations) thus be the main reason for the signi-
ficant differences in the reported migration barriers and conduc-
tivities for NSPS from different laboratories. This also entails that
at any remaining rotational disorder at room temperature can
enhance the Na* ionic motion only according to the percolation
model, by opening up lower migration barrier pathways without a
dynamic coupling between Na' ion and PS, group motion.

In terms of local mobility, Na on Na6 are clearly the most
mobile ions at all temperatures. Na6 can hardly be considered a
site at low temperatures (at 500-600 K the average residence

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Temperature dependences of the site-specific hop frequencies
in AIMD simulations of Na;;Sn,PS;,. Hops are classified into hops from the
(Na2)4(Na3),Nab site cluster to the interconnecting “matrix sites” Nal,
Na4 or Na5 (magenta open squares), vice versa (blue filled diamonds), or
intra-cluster rearrangements within the vacancy-rich (Na2)4(Na3),Na6
cluster (red triangles). The broken vertical line marks the onset of PS4
rotational disorder above 500 K.

time of a Na6 is only about 80 fs), while at higher temperatures
the mobility of Na ions on the Na6 site decreases to about
5 times the one of Na3 at 1200 K (emphasizing again that the
changes in occupancy correspond to an enthalpic effect). While
the Na6 ions become less mobile with increasing temperature,
the Na ions on all the other sites show a normal thermally
activated behaviour rendering the ions more mobile with
increasing temperature. The activation energy for the mobility
increase is 0.30-0.31 eV for the ‘““cluster sites” Na2 and Na3,
while the corresponding values for the interconnecting
“matrix sites” Nal, Na4 and Na5 range from 0.24 eV to 0.27 eV.
These minor differences in local mobility lead to a transition
from ions on the matrix site Na5 to ions on the cluster site Na3
being the most mobile ion with increasing temperature (when
excluding Na6).

For the PS,-ordered low-temperature phase the minute
number of occupied Na6 sites means that there will be no
significant influence of Na6 on the long-range diffusion pro-
cess. We see no signs that, as speculated by Ramos et al.>° act as
a “parking” spot for Na to increase the vacancy population
along the major diffusion channels. Once the PS, groups are
orientationally disordered (in a static or dynamic way), this
leads as mentioned above to a decrease in the occupancy of the
cluster sites Na2 and Na3. As the Na6 site can only be occupied
if out of the neighbouring 4 Na2 and 2 Na3 sites two are vacant,
the Na6 occupancy is for T > 500 K linearly related to the
average number of vacancies per (Na2),(Na3), environment
(¢f Fig. S4 in the ESIT). A snapshot of a configuration where
the Naé site is occupied at 800 K is presented in Fig. 11. In this
case, the Na6 site does participate in ionic diffusion via
connecting neighbouring Na2 and Na3 sites.

AIMD simulations allow us to estimate activation energy Ex
as well as absolute values of the Na" diffusion coefficient

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Snapshot of a configuration with an occupied Na6 site (blue
sphere). Occupying the Naé6 site is only possible, if two of the 6 neighbouring
sites (4 Na2 or 2 Na3) sites are vacant. Red spheres indicate these vacancies
(here 1 on Na2 and 1 on a Na3 site).

or ionic conductivity ¢ in Na;;Sn,PS;, and Na;;Sn,SbS;,.
Fig. 10 combines the Arrhenius plots derived from our AIMD
simulations and compares them to other AIMD and empirical
MD simulations in literature as well as the available experi-
mental conductivity data. Despite the wide variety of reported
activation energies, it can be seen from the top graph of Fig. 12
that the extrapolation from our high temperature AIMD simu-
lations nearly perfectly matches the experimental data from our
previous work*® and the inset suggests that activation energies
E, (from polynomial fits to the available experimental and
AIMD data) exhibit a notable temperature dependence with a
minimum close to the supposed phase transition temperature.
Experimental data for the temperature range around room
temperature suggest that the activation energy tends to
decrease with increasing temperature, while high temperature
AIMD data suggest that in the orientationally disordered high
temperature phase the activation energy increases again with
increasing temperature. While the uncertainty of the under-
lying polynomial fits is inevitably high, the consistent trend
from nearly all the available studies sheds new light on the
nature of ion transport in these phases. The unusually low
activation energy found in ref. 45 might thus point to a
quenched sample that retains the characteristics of the dis-
ordered high temperature phase down to room temperature
(see also next section).

As seen from the bottom graph of Fig. 12 we find, in
accordance with experimental findings,?® that the conductivity
of Na;;Sn,SbS;, is slightly lower than that of Na;;Sn,PS;, at
all elevated temperatures and statistically undistinguishable
from the rather imprecise room temperature results. Again,
the AIMD simulations closely match the earlier study by Zhang
et al®® for their narrower temperature range. Our results
suggest that the change in activation energy for ion transport
in Na;;Sn,SbS;, occurs only around 1000 K, making less likely
that frozen-in SbS, disorder would be relevant for the transport
around room temperature.
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Fig. 12 Top: Arrhenius plot of AIMD-determined Na* diffusion coefficients
for Nay;Sn,PSy» (filled red diamonds) results from this work are compared to
data from literature AIMD, empirical molecular dynamics simulations and
experimental conductivity data. For the conversion of ionic conductivities a
moderate degree of correlation with a Haven ratio of 0.5 has been assumed.
The inset indicates the activation energies, Ex, derived from polynomial fits
to the data in the main graph. Bottom: Arrhenius plot of AIMD-determined
Na* diffusion coefficients for NaySn,SbS;, (dark blue squares) compared to
AIMD (light blue) and experimental literature data (turquoise) as well as
(in grey) selected data for Naj;SnyPSs,.

3.5. Migration paths in PS,-disordered NSPS

Our bond valence site energy (BVSE) approach® is a simple
empirical way to estimate Na' migration pathways in solid
electrolytes. Here we employ the approach to analyse the
migration pathways in local structure models from DFT-
generated relaxed local structure models with different Na
vacancy distributions as well as PS, tetrahedral reorientations
that have been generated by ‘“quenching”, ie. geometry-
optimization from the results of the AIMD simulations at
different temperatures. Examples of structure models and
resulting energy landscape for the mobile Na® are given in
the ESL.¥

Fig. 13 shows the effect of the PS, orientational disorder on
the migration barriers in Na,;Sn,PS;, as estimated using the
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Fig. 13 Comparison of BVSE-predicted migration barriers for three-
dimensionally percolating Na* ion migration pathways in NSPS. Squares
indicate DFT structure models generated from the AIMD simulation
trajectories at different temperatures (open blue squares refer to models
from AIMD runs at T < 600 K or static energy minimizations; filled red
squares to structure models derived from the outcome of high tempera-
ture AIMD simulations at T > 600 K, where the literature for the PS4
orientational disorder sets in). Filled triangles indicate migration barriers
derived by the same approach from the spatially averaged crystal structure
models available in the literature.*>4%

empirical BVSE pathway approach applied to the relaxed DFT
local structure models. In semi-quantitative agreement with the
data derived from experimental conductivity and AIMD simula-
tions (¢f inset in Fig. 12), the migration barriers show a marked
decrease with the onset of PS, disorder. The structure models
quenched from the high temperature AIMD simulations also
retain a slightly larger unit cell volume (by 0.8-2.6%), but we
found only a weak correlation between the added free volume
and the lowered migration barrier. Applying the same BVSE
approach to the average crystal structures (available from
temperature range 100-373 K only) supports the hypothesis
that most experimental crystal structures retain not only the
more disordered Na distribution but also the lower migration
barriers of the high temperature PS,-disordered phase also
around room temperature. Examples of the quenched config-
urations and the corresponding energy landscapes for the Na
ions are shown in the ESI,{ Fig. S5-S8. As there is no sign of
dynamic PS, reorientations at room temperature, it has to be
expected that in this case the lower experimental activation
energies are due to a “frozen-in” static orientational disorder.

4. Conclusions

In summary, our computer simulations show that anion-
ordered Na,;Sn,PS;, and Na;;Sn,SbS,, are stable against
decomposition into the ternary sulphides. While we found a
previously unreported lowest energy configuration, numerous
distinct local structures for a given Na content have similar
energies. It means that experimentally observed structures
consist of a mixture of Na distributions. Likewise, the lowest
energy configurations of Nag.,Sn,M;_,S;, covering the compo-
sition range 1.75 < x < 2.25 for M = P and the range 1.625 <
x < 2.375 for M = Sb remain close to the convex hull, i.e. a
certain homogeneity range should be experimentally accessible.

This journal is © The Royal Society of Chemistry 2020
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The extremely wide apparent homogeneity range reported for
Sn-rich Nag.,Sn,Sb;_,S;, may, however, rather be due to an
undetected epitaxial intergrowth of Nao.,Sn,Sb; ,S;, with a
closely related phase of Na,SnS,. LGPS-like hypothetical
Na,o,SnP,S;, is rather unstable and probably inaccessible, while
the also metastable LGPS-like Na,;,SnSb,S;, with a considerably
lower dissociation energy might be accessible.

Both Na;;Sn,PS;, and Na;;Sn,SbS;, have DFT band gaps of
1.95-2 eV suitable for use as electrolyte. Our AIMD simulations
confirm that the sodium diffusion in both Na,;Sn,MS;, phases
is nearly isotropic, with a room temperature ionic conductivity
of ca. 3.7 mS cm ™" for the case of M = P. Details of the Na
distribution and ion transport properties will be strongly
affected by an order-disorder phase transition. At tempera-
tures exceeding ca. 580 K the PS, tetrahedra in the stoichio-
metric phases (but not the SnS, or the SbS, tetrahedra)
become orientationally disordered. This will particularly affect
the site energies and occupancies of the Na site cluster
(Na2),(Na3),Na6 surrounded by the reorienting PS, groups.
This onset of orientational disorder is clearly seen form the
van Hove correlation functions for both Na and S atoms
(cf- Fig. 9, Fig. S1 and S2, ESIt), as well as from the reversal
of trends in the temperature dependence of the Na site
distribution (Fig. 8): while in the orientationally ordered low
temperature phase the Na6 site occupancy is negligible, and
the five equilibrium sites are responsible for the isotropic
ionic conductivity, orientational disorder increases the Na6
occupancy. As the Na2 and Na3 site occupancies decrease with
increasing temperature, the central Na6 site of the cluster
becomes more accessible. Once the Na6 becomes accessible,
we find that it also actively participates in the ion transport,
ruling out the proposal by Ramos et al.*° that Na6 should just
act as a ‘“parking spot” for Na. In the contrary, the local
mobility is highest for Na on Naé.

In consequence, the activation energy of for Na-ion conduc-
tion also shows a clear temperature dependence. The activation
energy goes through a minimum just above the transition
temperature (cf inset in Fig. 12). Dynamic disorder in the sense
of the paddle-wheel effect®>*® should exist only above the
transition temperature and might be most effective in lowering
the activation energy for ion migration just above the transition
temperature. For the experimentally more relevant temperature
range around room temperature, it has to be expected that,
depending on the cooling rate (and a likely dependence of the
transition temperature on stoichiometry deviations), different
degrees of orientational disorder of the PS, groups will be
retained in metastable form at room temperature and will alter
the energy landscape for Na ions. This explains not only the
experimentally observed varying Na6 site occupancy but also
the significant spread in reported activation energies in the low
temperature range.
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