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ABSTRACT: Fast-ion conductors are critical to the development of solid-state batteries.
The effects of mechanochemical synthesis that lead to increased ionic conductivity in
an archetypical sodium-ion conductor Na,PS, are not fully understood. We present here
a comprehensive analysis based on diffraction (Bragg and pair distribution function),
spectroscopy (impedance, Raman, NMR and INS) and ab-initio simulations aimed at
elucidating the synthesis-property relationships in Na;PS,. We consolidate previously
reported interpretations regarding the local structure of ball-milled samples,
underlining the sodium disorder and showing that a local tetragonal framework more
accurately describes the structure than the originally proposed cubic one. Through
variable-pressure impedance spectroscopy measurements, we report for the first time
the activation volume for Na* migration in Na;PS,, which is ~30% higher for the ball-
milled samples. Moreover, we show that the effect of ball-milling on increasing the ionic
conductivity of Na;PS, to ~10* S/cm can be reproduced by applying external pressure on
a sample from conventional high temperature ceramic synthesis. We conclude that the
key effects of mechanochemical synthesis on the properties of solid electrolytes can be

analyzed and understood in terms of pressure, strain and activation volume.




INTRODUCTION
Na;PS, is an archetypical Na* ion conductor in the thiophosphate family, and of

particular interest for the development of sodium solid-state batteries (SSBs). A tetragonal
phase at room temperature (o, P42,c) and a closely related cubic phase at T>250 °C (B,
143m) have been described in earlier studies * and we recently reported the existence of a
third polymorph (y, Fddd) with plastic crystal characteristics 2. Na;PS, synthesized through
conventional high temperature solid-state routes typically exhibits ionic conductivities of
the order of 105 S/cm, which is somewhat low for SSB applications 3. A resurgence of
interest in Na;PS, had been induced by Hayashi et al. who showed that the
mechanochemical synthesis route (i.e. ball-milling) can lead to increased room
temperature ionic conductivities of the order of 104 S/cm, which allowed its integration
into laboratory-scale SSB prototypes 4°. They proposed that this effect was due to the

stabilization of the cubic B-phase as a result of ball-milling.

There is a discrepancy in the literature regarding the exact average structure 3-Na;PS,,
with three different models proposed from the analysis of x-ray diffractograms 7. The
difference between these models pertains to the Na position(s) which have been described
either by a fully occupied 6b site 7, a 25% occupied 24f site ® or a combination of partially
occupied 6b and 12d sites 9. Considering the structure as an ionic-molecular crystal of Na*
and PS,3, it can be described as a body-centered arrangement of the PS3” anions (corners
and center of the cell) in which all six-coordinated “interstitial” sites (centers of faces and
edges) are occupied by Na* (similarly to the intermetallic AuSb;%). In this view, the latter
“interstitial” sites for Na* are described by the 6b position of the 143m space group. The 12d
and 24f sites then bridge the 6b sites and their partial occupation can be interpreted as a
sign of the Na* diffusivity in the structure, tracing the diffusion pathways which are parallel
to the lattice vectors a, b and ¢ (Figure 1). The 12d site in particular is located at the midpoint

between stable 6b sites and is considered the “transition” site in the diffusion pathway®".
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Figure 1: Distribution of Na*in 3-Na;PS, (143m). PS> moieties represented by purple tetrahedra
and proposed Na* positions represented by spheres colored according to their respective Wyckoff
site.
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Nevertheless, the original hypothesis of the crystal structure (o vs. 8) decisively affecting
ion conduction 45 has recently been challenged both experimentally and computationally:
ab initio molecular dynamics simulations show similar diffusivity for Na* in both phases *-
1 and pair distribution function (PDF) analyses reveal an identical local structure regardless
of the sample preparation method 7. We note that Hayashi et al. described the material in
their related patent as “contain[ing] tetragonal Na;PS,”4. Recent studies have also
demonstrated tetragonal samples with conductivities up to 103 S/cm through quenching

and/or annealing of ball-milled samples 7.

The conductivity-enhancing effect of mechanochemistry is quite reproducible in Na;PS,
16 and similar observations have been reported for several mechanically soft solid-
electrolytes (e.g. Li;PS,,7 LiBH,4,®® Ag;PS, 9, Na,Sn.PSe,,?° and LiYCls*'). However, the effect
of mechanochemistry to produce highly conducting solid electrolytes remains poorly
understood. Multiple hypotheses have been proposed including atomic-scale changes in
crystal structure and/or in point defect concentrations, microstructural effects (such as
grain boundaries), as well as mesostructural parameters such as particle size/shape and
associated surface effects '®2>23. Both simulations and experiments show that introducing
sodium ion defects through aliovalent doping can decisively enhance ion-transport in

Na;PS, 93:2473°. Through novel atomistic simulations, the effect of grain boundaries on ion
4



conduction in 3-Na;PS, has recently been examined 3, showing that ion transport is not
significantly affected by grain boundaries in this material in contrast to sodium phosphate

analogues.

Ball-milling synthesis consists in carrying out chemical reactions by application of
mechanical force (mechanochemistry) in the form of collisions between the accelerated
milling media (balls) and reagents. In contrast to high temperature ceramic synthesis
where the energy input is thermal, in mechanochemical approaches the energy input is
mechanical, i.e., pressure. Once an exothermic reaction is mechanically activated, the heat
generated can sustain the reaction (in which case it can be termed a mechanically-induced
self-sustaining reaction, MSR 3234). The continually applied mechanical input can have
side-effects on the resulting products, such as the reduction of particle- and crystallite- size
as well as the accumulation of micro- and macro-strain. Despite the wide-spread use of
ball-milling for the synthesis of soft solid electrolytes for batteries, the effects of particle
size and strain on relevant functional properties have hardly been the subject of detailed

investigation.

In this study, we explored the hypothesis of “mechanical” effects being the origin of the
anomalously high conductivity of ball-milled Na;PS, and related systems. We use this
generic umbrella term to include effects arising from the application of mechanical

pressure (including mechanochemical synthesis) and capture the following features:

(a) Micro- and macrostrain on the local- and average scales, respectively, which can
dramatically affect the volume available for Na* diffusion and correlate with the
activation volumes measured by pressure-dependent conductivity measurements.

(b) Effective interparticle contact which determines ionic percolation through solid
electrolyte particles in a macroscopic pellet and can severely affect the measured
ionic conductivity.

(c) Possible pressure-induced structural phase transitions.



Using a powerful combination of diffraction (Bragg and PDF), spectroscopic
(impedance, Raman, inelastic neutron and nuclear magnetic resonance) and ab initio
simulation techniques, we show that the main difference imparted on Nas;PS, by
mechanochemistry is a distinct accumulated strain both at the local and average scales.
This strain affects the dependence of the ionic conductivity on the applied pressure as
quantified by a higher activation volume. Finally, we demonstrate that a key component to
the conductivity increase ascribed to mechanochemistry, is due to a mesostructural
consolidation effect, increasing the effective interparticle contact area, which can be
reproduced by a simple application of external pressure on a conventional high-

temperature-synthesized sample.

RESULTS AND DISCUSSION

In the majority of our study we compare two samples: a ground-state tetragonal
a-Na;PS, prepared by high-temperature solid-state synthesis (HT-tet-NasPS,;) and a
metastable cubic 3-Na;PS, prepared by ball-milling (BM-cub-Na;PS,). Inspired by previous
work?’> we also synthesized an “intermediate” sample prepared by rapid high temperature
annealing of a ball-milled sample, also resulting in tetragonal long-range symmetry
(BM-tet-Na;PS,); which we invoke in certain parts of this paper. In agreement with
previous studies, the ball-milled samples exhibit significantly higher room-temperature
ionic conductivity (BM-tet and BM-cub, ~10%S/cm) 475 compared to the high-

temperature-synthesized material (HT-tet, ~105 S/cm) *711215,

Micro-, average- and local structures of HT- and BM-Na;PS,. Synchrotron x-ray and
neutron diffractograms confirm the purity of the products and the crystal structures can
be accurately refined (Figs. S1-S3) using starting models of Jansen and Henseler® for the
tetragonal o-phase and of Krauskopf et al. 7 for the cubic B-phase, respectively. The two
phases are very closely related, with the phase transition involving the convergence of the
lattice parameters, a slight orientational tilt of the PS> tetrahedra and slight displacements
of Na* to the middle of the edges and faces of the cubic cell. The close group-subgroup

relationship between the two polymorphs 35 (Table S4) is evident in the diffractograms
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(Figure 2), which exhibit very similar features with characteristic merging and extinction

of peaks from the tetragonal to the cubic phase.

From careful analysis of the x-ray Bragg diffractograms we aimed at extracting
microstructural parameters of the sample powders. Finite crystallite size and micro-strain
both cause peak broadening, which can be differentiated and quantified by analyzing the
peak shapes (Lorentzian vs. Gaussian) and widths as a function of the scattering vector (i.e.
20). The associated Williamson-Hall plot is given in SI Figure S4 Here, crystallite size refers
to the average distance between coherent crystallographic domains in the powder, and

micro-strain refers to variation in the lattice parameters between such individual domains.
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Figure 2 [Double Column]: Sections of the synchrotron x-ray (a) and neutron (b) diffractograms
of the Na;PS, samples with associated Rietveld refinements. d and ¢ are the isotropic crystallite
size and average microstrain, respectively, extracted from analysis of the peak shapes of the x-ray
datasets. Both panels compare the same g-range.

Figure 1 shows distinct peak broadening going from HT-tet to BM-tet to BM-cub, which
we quantified as both a decrease in crystallite size and an increase in micro-strain. The
HT-tet sample shows a large crystallite size of ~200 nm with negligible average micro-strain

of ~0.1%, while the analysis of the BM-cub sample results in a minimal grain size of ~25 nm



with significant micro-strain of ~0.25%. These microstructural differences can be attributed
to the different synthesis routes: high-temperature annealing results in grain growth and
strain release, while high-energy ball-milling subjects the sample to sizable mechanical
forces and frequent impact, resulting in crystallite fracture and strain accumulation. It is
interesting to note that the “intermediate” sample BM-tet exhibits a larger crystallite size
(~100 nm) but rather high micro-strain (~0.2%, similar to BM-cub). We conclude here that
the rapid 20-minute annealing of the ball-milled sample leads to some grain-growth but is
not sufficient to significantly relieve the micro-strain induced by ball-milling. We
attempted to corroborate these results by transmission electron microscopy but were
impeded by the well-known instability of thiophosphates under the high electron doses

required.

In addition, the observed micro-strain seems to also be associated with compressive
macro-strain, i.e., a shrinkage of the average lattice volume observable from diffraction
peak positions. An inspection of the superimposed PDFs of the samples (Figures S5) and
their refinements (Figs S6-S8, extracted by total scattering experiments, is consistent with
the Bragg diffractograms: the two tetragonal samples (HT-tet, BM-tet, indexed in P42;c)
largely coincide; while the BM-cub (indexed in I43m) shows distinct deviations and shifts
to lower interatomic correlation distance, which indicates the shrinkage of the cell. From
refinements of the Bragg and PDF datasets, the lattice volume decreases from 171.9 (172.7)
to 1717 (172.3) to 169.9 (170.7) A3 per formula unit from HT-tet- to BM-tet- to
BM-cub-Na;PS,, respectively. We note that volume variations could be indicative of
variations in the mobile defect concentrations as Na vacancies are expected to cause local
contraction of the lattice. We conclude that the mechanical energy input during the ball-
milling synthesis reduces the particle and crystallite size of the resulting powder as well as

imparts a micro- and macro-strain on the structure of the resulting crystal.

In order to explain the stabilization of the average cubic structure after ball-milling, we
have investigated the relative phase stability of the o- and B-polymorphs as a function of

pressure using density functional theory (DFT) calculations. Consistent with experimental
8



observation, the cubic B-polymorph has a higher formation energy and smaller equilibrium
volume (Figure Sg and Table Su) than the tetragonal a-phase in the absence of applied
pressure. Using the DFT-calculated values for energy (E), volume (V) and pressure (P) we
calculated the enthalpy of formation (H=E+PV) for each polymorph as the applied pressure
is varied. As the pressure increases, the lattice parameters of the tetragonal phase converge
to the same value and the absolute enthalpy difference between the two polymorphs
decreases, indicating a stabilization of the cubic polymorph (Figure 3). The enthalpy
difference approaches zero in the range 10 - 15 GPa and as such a pressure-induced phase
transition from tetragonal to cubic is predicted in this pressure range. We conclude that
the stabilization of the cubic B-polymorph for the BM-cub sample can be understood as a
result of the strain imparted on the sample during the mechanochemical synthesis. In-situ
variable-pressure diffraction experiments are scheduled to experimentally confirm this

computationally-predicted pressure-induced phase transition of Na;PS,.
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Figure 3 {single column]: Variation of the calculated lattice parameters of a-Na;PS, (green
and orange) and the difference in enthalpy (in violet) between a- and 3-Na;PS, as a function of
pressure.

Next, we utilized Rietveld-type refinements of our diffraction data to probe the precise

Na-ion distribution in BM-cub-Na;PS,. Variations in the possible sodium positions (see



Figure 1) yield small differences of the peak intensities of Bragg diffractograms, which is
why we complemented this analysis with total scattering. On this basis, we have attempted
numerous fits of our three diffractograms of BM-cub-Na;PS, (x-ray Bragg, neutron Bragg
and x-ray total scattering) in inverse- and direct-space (Rietveld and PDF, respectively) in
the cubic I43m framework in an effort to resolve the controversy. The results are tabulated
in Table Si2 and rationalized below. We find that the majority of Na scattering density is
centered around the 6b site, but appears to be non-spherical, probably owing to the
directionality of Na* conduction through the lattice. Splitting the 6b site into a partially
filled 24f site (with x close to 0.5) helps to better capture this anisotropy as does fitting
anisotropic (ellipsoidal) thermal displacement parameters. Neither inverse- nor direct-
space analysis reveal signs of significant occupation of the 12d “transition” site alone or in
partial occupation, in agreement with the conclusions of Krauskopf et al. 7? The model that
best reconciles all diffraction data sets is one with a 25%-occupied 24f site (x = 0.05) with
anisotropic displacement parameters. This is in good agreement with the interpretation of
Nishimura et al. for a f-Na;PS, sample measured at 600 K 8, and indicative of directional

mobility of Na*in this structure.
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Figure 4 [Double Column]. (a) Highlight of the weak unindexed “tetragonal” peaks in the Bragg
diffractogram of BM-cub-Na;PS, (b) Comparison of the PDF fits of BM-cub-Na;PS, using cubic
and tetragonal average symmetry with visualizations of the resulting structural models.
Refinements performed for a symmetry-confined, single-unit-cell in the range 4-20 A.

In contrast to their interpretation from x-ray Bragg diffraction 45, Hayashi et al,,
following their seminal report on the mechanochemical synthesis of “cubic” Na;PS,, filed
an associated patent describing the material as “containing tetragonal Na;PS,” 4, without,
however, further substantiation of that description. A close inspection of the synchrotron
x-ray diffractogram of BM-cub-Na;PS, (Figure 4a) reveals weak, broad peaks, unindexed by
the cubic 143m space group of B-NasPS,, but which correspond well to the expected peaks

for the tetragonal P42,c space group of a-NasPS, for a=c. In particular, the (102), (212),

11



(203), (322) and (104) families of peaks of P42,c are observable. These peaks are only
observable in a primitive cell and would not be indexed in a body-centered tetragonal space
group, e.g. [42m as proposed recently 35. We are not the first to measure this; practically
every diffractogram of ball-milled “cubic” Na;PS, reported in the literature features these
reflections 4536679.114-1630 However, this observation has never been adequately explained:
it is unclear whether these reflections originate from a secondary tetragonal phase, are
indicative of a tetragonal average structure or whether they originate from ordering of the

main phase.

Recently, Krauskopf et al. remarked that the local structure of the BM-cub sample is
better described by an average tetragonal model, highlighting a discrepancy between
average and local structures observable by Bragg- and total scattering diffraction
experiments 7. Our symmetry-confined PDF analysis of a single-unit-cell, shown in Figure
4b, confirms this observation : the refinement of the local structure of the BM-cub sample
from PDF analysis in the P42, c tetragonal space group (Rw=0.116) results in a much better
fit of the data compared to those for the cubic 143m space group (Table S5, Ryw>0.167) for
the range 4-20 A (see comment regarding the exclusion of first neighbors in the Methods
section). We note that in both cases the anisotropy of the Na* density around the Na

position is evident from the PDF fits (structure visualizations in Figure 4b).
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Spectroscopy analysis of local structures. Vibrational spectroscopy experiments were
performed to probe the local structure of the Na;PS, samples further. The measured Raman
spectra of the three Na;PS, samples (Figure 5a) reveal no differences between the samples,
(apart from a distinct fluorescence of the BM-cubic sample which lies outside the scope of
this study). At room temperature, the spectra are dominated by the four internal normal
modes of the thiophosphate tetrahedral polyanions as indexed in Figure 5a (vi~412, v,~214,
v3~535, v4~280 cm™). A distinct splitting of the normal modes is observed, especially in the
asymmetric stretching and bending modes, v; and v,, respectively. This degeneracy is
indicative of deviations from the ideal tetrahedral (Tq) symmetry of the PS,3 moiety and
can correlate to the point group symmetry of the phosphorus site in the crystal structure.
Indeed, in the cubic 143m description, the phosphorus occupies the 2a Wyckoff position
with -43m (Tq) point group symmetry; while, in the tetragonal P-42,c description, the
phosphorus occupies the 2a Wyckoff with point group symmetry -4. In other words, the
vibrations of the PS> in the tetragonal space-group are slightly distorted due to the

absence of the ideal Tq point symmetry.

To further rationalize this observation, we simulated the vibrational
frequencies/energies for the two polymorphs using DFT, as shown in Figure 5b. The
calculations indicate that there should be significant differences between the a- (P42;c)
and B- (I143m) polymorphs in agreement with our experimental observations. If the local
structure of the BM-cub sample were truly cubic, singlet peaks should be observed at 535
and 280 cm?, associated to the v; and v, modes, respectively, and the symmetric P-S
stretching mode (v,) at 412 cm™ should be appreciably shifted, neither of which is the case.
In all spectra, we observe invariantly the splitting of the PS,3 normal modes indicating the
same non-cubic local structure for all samples, including the BM-cub one. These
observations are consistent with the PDF interpretation and also in agreement with all

reported Raman spectra for ball-milled Na;PS, samples in the literature **37.
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Figure 5 [Single Column]. Phonon spectra of the Na3PS4 samples. (a) Raman spectra measured
at room temperature. (b) DFT-calculated vibrational frequencies/energies based on the published
a- and B- structural models (P42,c and I43m, respectively). (c) Phonon spectra, in terms of
generalized density of states (GDOS) extracted from inelastic neutron scattering measurements at
room temperature. The x-scales in all panels are matched (E = hcv).

Vibrational modes below 200 cm™ (~25 meV) are not fundamental but pertain to
interactions of the anionic and cationic lattices. Presumably, owing to the high mobility of
Na* in Na;PS,, these modes are broadened and not observable in the Raman spectra at
room temperature. However, such modes are well observed in the generalized phonon

density of states (GDOS) extracted from inelastic neutron scattering measurements (INS,

14



Figure 5c¢). This is because the INS-measured GDOS involves a weighting of the scattering
ions with their scattering power. A distinct broadening of the low energy modes in the
GDOS is observed for the ball-milled sample, which can be attributed to the dynamical
signature of local mobility and disorder incurred by mechanochemical synthesis. Further,
the mode around 65-70 meV of the GDOS, corresponding to the v; assymetric P-S stretch
seems to be more separated in the BM-sample and the peak at ~50 meV corresponding to
the v, symmetric P-S stretch is significantly dampened. These observations relate to the
observed microstrain and high thermal displacement parameters for P and S evidenced by
diffraction (Tables S1-S3) and could be interpreted to indicate further local deviations of

the PS3" units from ideality.

The local environment of Na and P atoms can be further elucidated through MAS-NMR
spectroscopy. The 3Na spectra in Figure 6a show that the sodium ion environments in HT-
tet- and BM-tet samples have similar sodium local environments with a distinct
quadrupolar lineshape, which can be fit using the same quadrupolar NMR parameters with
varying line broadening. The fit of the HT-tet spectrum yields two signals with diso = 1.8
and 0.9 ppm, Cq = 2.3(1) and 1.7(1) MHz, # =0 and 0.44, respectively (Figure 6b). While Cq
values are as in line with previous measurements?%, there is some uncertainty in the fitting
of diso and 7. Similar fits were performed on spectra obtained at two additional field
strengths (9.4 & 16.4 T in addition to 1.8 T shown here) for HT-tet and show good
agreement for the same quadrupolar parameters (Fig. Sio and Table S13). The less distinct
features of the BM-tet spectrum are consistent with a greater distribution of quadrupolar
environments, as expected from a more disordered sample (smaller crystallite size, higher

microstrain, and a distribution of local environments).

The spectrum of BM-cub-Na;PS, contains a more symmetrical and narrower resonance
with a chemical shift close to the center of mass of the other two spectra. This is consistent
with motional averaging and higher Na-ion mobility: Yu et al.” have shown that at lower
temperatures a quadrupolar lineshape is still visible for the cubic phase and a transition to

a more Gaussian lineshape occurs between 293398 K or 313353 K for static or MAS-NMR
15



respectively. The narrower lineshape observed here at lower temperatures is ascribed to a
combination of higher mobility and the higher magnetic field strengths used here, i.e. not
9.4 T but 1.8 T. The latter results in smaller second-order quadrupolar broadening and
thus the onset spectral narrowing occurs at lower hop frequencies.

)

-20

b)

-20

HT-tet
N83PS4

—r T T 1 °© T
95 90 85 80
*'P 5 (ppm)
Figure 6 [Single Column]: Room-temperature MAS-NMR spectra of the Na;PS, samples. (a) Na
spectra exhibiting lower quadrupolar broadening and more symmetrical resonance with ball-
milling (b) example fit of the 3Na spectrum for HT-tet sample indicating two Na environments. (c)
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3'P spectra of the Na;PS, samples exhibiting higher broadening of the main PS/} peak at ~ 86 ppm
with ball-milling.

The characteristic 3'P signal for the PS,3" anion at ~86 ppm shows moderate (BM-tet) or
significant (BM-cub) broadening for the ball-milled samples compared to the HT-tet-
Na;PS, sample (Figure 6c), which is consistent with the local disorder and the extensive
strain evident from the preceding analysis. The significant broadening for the BM-cub
sample indicates much higher disorder and a distribution of local environments causing a
wider range of chemical shifts. In order to definitively distinguish between static or
dynamic disorder additional variable temperature NMR would be required. The small
signal around 84 ppm has previously been assigned to glassy PS,3 (& PS;0°)*° and there are
many possible impurities with a lower shift e.g., various glassy and crystalline phases in the
Na,S-P.S; system could cause the resonances of the PS,3 anions to be shifted to lower
frequencies than the Na;PS, end member (in analogy to studies in the Li,S-P.Ss system3®).
Surprisingly, the shift is constant for both tetragonal phases, while the signal shifts to
~83 ppm for the cubic phase suggesting the possibility that peak originates from a defect
within the Na;PS, and is thus affected by the processing conditions. The higher frequency
shoulder is tentatively assigned to connected PS,-tetrahedra, e.g. P,S;# as similar
resonances have been observed in Li,S-P.Ss glasses3. P,S,# units could result, e.g. from S*
vacancies in Na;PS,.

The combination of thorough diffraction and spectroscopy analyses on HT- and BM-
Na;PS, converges to the following comparative observations: they possess (i) the same
tetragonal local structure (PDF, Raman) irrespective of the synthesis method and (ii) a
distinct disorder induced by ball-milling which can be quantified with significantly higher
displacement parameters for all atoms (Bragg diffraction, PDF) and which leads to the
observation of a more symmetric average structure (Bragg diffraction, NMR). Additionally,
the data suggests a rotational disorder of the PS> units (NMR, INS), which are likely

statistically distributed in a static manner.
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Variable pressure ionic conductivity and activation volumes. The variation of
conductivity with applied pressure is of significant interest from both a fundamental and a
practical point of view. Practically, it is widely recognized that applying pressure plays a
key role on the electrochemical “cycling” of solid-state batteries and most successful lab-
scale proofs-of-concept utilize custom made setups to effectively measure and control
pressure 44, More fundamentally, pressure as a thermodynamic variable can affect the ion
dynamics of materials which, in turn, dictate functional properties such as ionic
conductivity. In analogy to the activation energy for ion conduction, E,, which describes
the evolution of ionic conductivity with temperature through an Arrhenius relation (eq. 1),
a characteristic activation volume for conduction, V,, can describe the evolution of ionic
conductivity with pressure 472, The two activation parameters E, and V, are linked in that

the activation volume describes the evolution of activation energy with pressure (eq. 2):

01n(oT)
E, = kB(W)P (D
dE, a1
v, =2 g1 E -2 )

where kg is the Boltzmann constant, and f is the material compressibility (the inverse of
the bulk modulus). The derivation of eq. (2) from transition state theory is shown in the
Supporting Information (egs. S3-Si4). Activation volumes are typically reported in
cm3/mol, but can be converted to A3 through the Avogadro constant to be directly
compared with crystallographic volumes. Reported data of activation volumes of inorganic,
cation conductors in the literature are summarized in Table 1. Evidently, there is a distinct
lack of such data, especially in recent studies dealing with high-performance,

room-temperature Li* and Na* conductors aimed at SSB applications.
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Table 1: Values of activation volume for cation conduction in inorganic solid electrolytes in the
literature.

Temperature Activation Volume

Compound C) (cm?/mol) Ref.
RbAg,I; 18 -0.32 42
Ag,SBr 30 -1.2 3
Ag-SI 30 -2.3 3
Li-B-ALO; 23 -0.7 45
Na-B-ALO, 23 ~o 4546
K-B-ALO; 23 13 45
a-Agl 382 0.9 47
LiBH 220 4.6 L
4

8
Lio.95Cao.02sBH, 220 3.2 4
LiosLao.5,TiO5 35t021 1.6 to 1.7 49
o-Li.SO, 650 0.51 %
Li16—2xznx(GeO4)4 27 0.26, 058 2
(x=1,2)
Li3+xGexV1—xO4 27 6.00, 4.34, 4.00 42,51
(x=0.25, 0.6, 0.72)"
NairZrSixPs O 300 3.0t01.6 =
(x =1.8-2.3)
Na,SbS (RT) 1.20 * 0.08 44 %%

39D,
BM-cub-Na,PS, 23 2.33 £0.04 this work
HT-tet-Na,PS 23 1.78 £ 0.02 this work
3E04

*these materials did not show a monotonic behavior with increasing pressure and the activation volume listed
refers to the “low pressure” regime; see cited references.
**extracted in this work from literature data, see Figure S13 and Table S16

The activation volume is often physically interpreted as a volume change of the material
required for ion motion 453 and can be considered as the difference between the volume

needed for ion migration (Vi) and the free volume already available in the structure (Vy):

Va:Vm_Vf(B)
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This interpretation is elegantly demonstrated in the example of the beta aluminas 4>
(Table 1). For Na-B-AlLO; the activation volume is ~o, indicating facile Na* conduction
through 2D channels in between the alumina planes (Vm=Vy). For the larger K* and Rb*, the
activation volume increases because the alumina planes need to expand to allow the larger
alkali ions to migrate (Vm>Vs). On the other hand, in Li-B-Al,O;, the smaller Li* is
coordinated more strongly and closer to one of the planes rather than in between. Hence,
in order for Li* to get to the migration pathway the planes need to contract, giving rise to
a negative activation volume (Vm<Vi). In the framework of this interpretation, the
activation volume is characteristic of the migration mechanism. The example of the beta
aluminas also demonstrates that a lower activation volume is not always desirable. Even
with a negative activation volume, Li-B-Al.O; shows a much lower ionic conductivity
compared to Na-B-ALO; 4. Nevertheless, negative activation volume seems to be a
characteristic of the superionic Ag* conductors RbAg,ls, Ag;SI and Ag;SBr 43. In that sense,
the activation volume should be interpreted in the framework of the specific structure and
migration mechanism.

In order to determine the activation volume for Na;PS,, we performed impedance
spectroscopy measurements on pelletized samples as a function of in-situ applied pressure
within a uniaxial hydraulic press. Similar to variable-temperature experiments, these
measurements lead to a significant evolution of the electrical response, as shown in Figure
7a and 7b for the HT-tet and BM-cub samples. From the impedance spectra we extract the
ionic conductivity of the samples (Figure 7c) through equivalent circuit fitting. Two critical
observations emerge, which can be used to clarify the synthesis-property relationships of
Na;PS,:

(i) The HT- and BM-synthesized samples differ decisively in their evolution of ionic
conductivity with applied pressure, as precisely quantified with activation volumes.

(ii) In contrast to their initially lower conductivity, the HT-tet samples exhibit the same
order of magnitude of ionic conductivity as the BM samples (10 S/cm) upon pressure

application.
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Figure 7 [Single Column]: In-situ variable-pressure impedance spectroscopy experiments.
Spectra collected in the direction of pressure release as a function of applied uniaxial pressure in
Nyquist coordinates and associated equivalent circuit fits of the HT-tet-Na;PS, (a) and
BM-cub-Na;PS, (b) samples. (c) Variation of ionic conductivity with pressure for BM-cub- and
HT-tet-Na;PS, quantified by their respective activation volumes.
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The impedance spectra of the BM-cub-Na;PS, sample can be described with a single
diffusion process (1 semicircle in Fig. 7a). The extracted capacitance using the Brug
relationship 54 is in the order of 107 F and clearly identifies the origin of this conductivity
as intragrain ion migration. In contrast, the spectra of the HT-tet-Na;PS, sample can be
better described by two diffusion processes (2 semicircles in Fig. 7b). The two yield
significantly different wmax by ~1 order of magnitude but their extracted capacitances are in
the same order of magnitude (10™ F). It is unclear at this point if the two can be ascribed
to intra- and inter-grain diffusion processes, respectively. We note however, that the
respective evolution of the resistances of the two processes show approximately the same
evolution with pressure (i.e. activation volume). As such we use their sum in their following
analysis to represent the total conductivity of HT-tet-Na;PS,.

In all cases and noticeably, after initial pressing, the conductivity of Na;PS, samples was
shown to monotonically decrease with increasing pressure. The evolution of conductivity

can be well described with a constant negative slope between the logarithm of conductivity

dln(o)
ap

and pressure (. )r as shown in Figure 7c. A distinct difference in slope is observable

between the BM-cub- and HT-tet-Na;PS, samples: the conductivity of the ball-milled
sample is more sensitive to the applied pressure. Following equation (2), the observed slope
in Figure 7c was corrected using the compressibility of Na;PS, to derive the activation
volume. It should be noted that the compressibility of a macroscopic object (pellet) is
dependent on its microstructure and especially on the presence of porosity. Unfortunately,
our experimental setup did not allow for the in-situ quantification of the density of each
sample; however, cold pressing (HT or BM) Na;PS, routinely results in >95%-dense self-
standing pellets after application of moderate pressures (~300 MPa). As such, in the
following analysis, we have assumed that the samples exhibit full densification in the in-situ
configuration and as such the same bulk modulus B = 25 GPa (i.e. B = 0.04 GPa™), which is
an average among our calculations and literature values 55758 (Table S14). We note that if
densification of the Na;PS, powders was still taking place, the exhibited slopes in Figure 7¢

should deviate from linearity, and the capacitances derived from fitting the impedance
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spectra (Fig S12) would significantly evolve, neither of which is the case. Under this
reasonable assumption, the compressibility correction accounts for <10% of the observed
variation of ionic conductivity with pressure (Table Si5 and Figure S11). We conclude that
the activation volume for Na* conduction in the BM sample (2.33 cm3/mol = 3.87 A3) is
significantly larger (by ~30%) than that of the HT sample (1.78 cm3/mol = 2.97 A3).

In the Na;PS, structure, ion hops occur between the stable lattice sites (6b in the 143m
description of Fig. 1) parallel to the cell edges 35 as exemplified in Figure 8 for a jump along
the a-direction ([100]). Between each pair of lattice sites, a four-coordinated site acts as the
metastable transition site for ion migration (12d in the 143m description of Fig. 1). In
Na;PS,, stable lattice sites feature an average Na-S bond length of ~2.86 A corresponding
closely to the average Na'V-S bond of 2.84 A tabulated by Shannon . In contrast, the
average Na-S distance at the transition state is significantly shorter (~2.65 A). In order for
ion hops to occur, the bottleneck separating the stable site from the transition state needs
to expand to allow the Na ions to transverse it and the observable activation volume can be
interpreted as a measure this necessary expansion to allow for ion migration. Applied
pressure acts against this necessary expansion increasing the activation energy by V.-P (eq.

2) and thus reducing the ionic conductivity.
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Figure 8 [single column]: Schematic representation of the ion-hopping topology in Na;PS,
parallel to [100] with associated energy landscape. The transition site (bottleneck) needs to
expand to allow for Na* hops between the lattice sites. Applied pressure acts against this
expansion by increasing the activation energy for migration, as indicated by the dotted lines.

The significant difference in activation volume between BM-cub-Na;PS, and
HT-tet-Na;PS, can be rationalized on the basis of variations in the available volume for
conduction (Vrin eq. 3). The distinct macro- and micro- strain observable from diffraction
leads to decreased available volume for Na* to migrate in the structure. The 0.55 cm3/mol
(0.9o A3) difference in activation volume from the variable-pressure impedance
measurements can be interpreted as this decrease in available volume for ion conduction
owing to the strain incurred by the mechanochemical synthesis method.

It is also interesting to compare our results for the activation volume of Na;PS, with
results for isostructural compounds. Using the recently reported datasets of Wang et al. for
variable-pressure- diffraction and impedance spectroscopy 44, we derive a bulk modulus of
46 GPa and an activation volume of 1.20 cm3/mol for Na;SbS, (SI Figure S13 and Table S16).

This activation volume is ~25% lower than that of HT-tet-Na;PS,. For two isostructural
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materials exhibiting the same conduction mechanism, such as Na;PS, and Na;SbS,, the
molar volume of migration, Vi, can be assumed approximately equal. Substitution of Sb in
the Na;PS, structure causes the unit cell volume to expand by ~9% (from ~170 to ~
185 A3/f.u.). Simultaneously, the volume occupied by the SbS,> moieties is only ~2% larger
than that of the PS3"; meaning that the substitution creates significantly more free volume,
Vi, accessible by Na* for diffusion. This interpretation is qualitatively consistent with a
lower activation volume for Na;SbS,, whose lattice would have to expand to a smaller
degree to allow Na* diffusion compared to Na;PS,. Similarly, we expect the larger,

isostructural Na;PSe, 63 and Na;SbSe, 6%+ to present even lower activation volumes.

Figure ga compares the impedance spectra of the HT-tet-Na;PS, sample before and after
the variable pressure experiments, showing a ~ten-fold increase in ionic conductivity.
Before the variable-pressure experiments, the pellet of NasPS, (prepared at ~625 MPa)
exhibited a conductivity of ~10%5S/cm, typical for a high-temperature synthesized
sampler7®215 - A second resistive component is observable (second semicircle in the
Nyquist plot) exhibiting a capacitance in the 10 nF range, which we associate with ion
transfer between particles. After the variable-pressure experiments, the electrical signal
significantly changes, exhibiting a single ion-transport phenomenon attributable to
intragrain diffusion and severely decreased resistance. Similar observations of increased
conductivity upon pressing were found from recent variable-pressure conductivity
measurements on the isostructural Na;SbS, 44. These observations are analogous to
variations of measured ionic conductivity as a function of pellet preparation which has been
reported for several solid electrolytes %577, including ball-milled Na;PS, 5. We attribute this
to extrinsic effects on macroscopic ionic percolation through the consolidation of the
pellet, improving particle-particle and pellet-electrode contact. Figure gb schematically
demonstrates this effect: when a solid electrolyte powder is pressed into a pellet, limited
particle-particle contact can severely reduce the effective area available for ion transport

(Aionic); forcing all ions to pass through limited mesostructural bottlenecks. In addition,
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tortuosity (t) is introduced, increasing the effective distance that ions have to transverse
between electrodes. Both of the above effects lead to a significant reduction of the
observable ionic conductivity. We underline the difference between the proposed
consolidation mechanism and “densification”, which would refer to significant change in
porosity and the overall density of the pellet. In our view, densification cannot explain the
experimental observations since pellets of Na;PS, prepared under the conditions used here
present a >95% compactness already before the variable pressure experiments. On the
contrary, the increase of particle contact by consolidation can take place without

appreciable change in the overall density of the pellet.
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Figure 9 [Double Column]. (a) Comparison of the ambient pressure impedance spectra of HT-
tet-Na;PS, and BM-cub-Na3PS4 before and after the variable-pressure experiment in Nyquist
coordinates. Data normalized by sample dimensions. (b) Schematic representation of mesoscopic
consolidation leading to higher observable conductivity after pressing. Blue rectangles indicate
solid electrolyte particles and red lines indicate paths of least resistance for conducting ions.

Furthermore, we highlight that such an effect of consolidation was not evident for the
BM-Na;PS, sample. We hypothesize that the significantly smaller particle size of the ball-
milled sample allows for its facile densification and thus much easier access to the full
potential of the material in terms of macroscopic ionic conductivity. This effect alone can
account for the majority of the observed differences in the literature between HT- and

BM-synthesized samples, which have been previously ascribed to introduction of mobile
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defects. Nevertheless, the fact that the ball-milled samples are still slightly more
conducting (despite their higher activation volume) means that the defect introducing
nature of ball-milling cannot be discarded as a parallel influence on the ion transport.
Through our observations on NasPS,, our study highlights some limitations of the
current commonplace approaches to probing the performance of solid electrolytes. In
particular, impedance spectroscopy on pelletized samples largely depends on the
procedure of pellet preparation and the conductivities measured should not necessarily
reflect the intrinsic behavior of the material on the atomic scale. Impedance spectroscopy
experiments performed at low temperatures % and/or on single-crystals %7° can
distinguish or eliminate the microstructural effects, respectively, thus revealing the “real”
intrinsic ion-transport at the atomic scale. Furthermore, we hope to inspire further
variable-pressure work to elucidate the effect of common fabrication procedures, relevant
to solid-state battery applications. For example, variable-pressure impedance spectroscopy
can elucidate the atomistic ion-conduction mechanisms through determination of
activation volumes and can lead to identification of processing side-effects, allowing in turn
the unlocking of the performance of solid electrolytes, as we have demonstrated here for

Na,;PS,.

CONCLUSION

We have enhanced our current understanding of the effect of mechanochemistry on the
structural and ion transport properties of Na;PS, through the combined use of diffraction
(Bragg and PDF), spectroscopic (impedance, Raman, INS and NMR) and ab initio
simulations. We find that ball-milling imparts micro- and macro strain on the material.
The local tetragonal structural motif remains unchanged but, the average structure is
pseudo-cubic, with disorder introduced in the Na-ion distribution. The stabilization of the
cubic polymorph can be understood as a pressure-induced phase transition. Three parallel

effects of the mechanochemical synthesis on ion transport at multiple scales are identified:
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(i) Due to the mechanical pressure that acts on the solid electrolyte during the harsh
mechanochemical conditions, significant strain is imparted on the material; this strain
increases the activation volume, hindering ion transport.

(ii) The repeated impacts during the mechanochemical synthesis decrease the particle
size of the resulting powder, facilitating its consolidation into highly ion-conducting
pellets.

(iii) Mobile sodium defects are introduced into the Na;PS,, enhancing ion transport.

While effect (i) hinders ion transport, effects (ii) and (iii) enhance it significantly,
leading to an overall increase in ionic conductivity. Indeed, we show that the effect of ball-
milling on increasing the ionic conductivity of Na;PS, to ~10 S/cm can be reproduced by
applying external pressure on a sample from high temperature synthesis.

These results are of importance to the battery community, in which the effects of
pressure and (micro-)mechanics on performance have not been fully explored. Indeed, this
study aims to inspire further work using variable-pressure diffraction and variable-pressure

impedance spectroscopy on solid electrolyte materials.

METHODS

Synthesis. Three samples were considered in this work, following the work of Krauskopf et al. 7

and denoted in the same way. The reagents used were the binaries Na,S and P.S; (Sigma-Aldrich)

utilized as received.

HT-tetragonal Na;PS, was synthesized by a solid-state synthesis route as first reported by Jansen
and Henseler'. Stoichiometric ratios of the reagents were intimately mixed first in a mortar pestle
and then in a ball-mill jar (typically 5g of precursors with 25 10-mm ZrO, balls in an 8o ml ZrO, jar,
milled for 12 h at 500 rpm). The resulting powder was pelletized and placed in carbon-coated quartz
tubes. The carbon-coating of the tubes was achieved by acetone pyrolysis and subsequent annealing
at 1000 °C for 12 h under Ar. The quartz tubes were then flame-sealed under vacuum (~10 mbar)
and placed in a furnace for reaction. The temperature of the furnace was slowly increased to 500 °C

at1°C/min, held for 20 h and naturally cooled to room temperature.
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BM-cubic Na;PS, was synthesized by a mechanochemical route as first reported by Hayashi et
al.*. Stoichiometric ratios of the reagents were intimately mixed in a mortar and pestle and placed in
an 8o ml ZrO, ball-milling jar along with 60 g of 3-mm ZrO, balls. The jars were placed in a planetary
ball-mill (Pulverisette 7 Premium, Fritsch) and milled for 12h at 500 rpm (144 cycles of 5 minutes of
milling followed by 15-minute breaks to dissipate heat). After the milling treatment the resulting

powder was subjected to a heat treatment at 260 °C under vacuum in a vacuum oven (Biichi).

BM-tetragonal Na;PS, was synthesized by a combination of the above methods as first reported
by Krauskopf et al.”: a BM-cubic sample was pelletized and sealed in a quartz tube and then placed

in an oven preheated to 500 °C for 20 minutes for a rapid thermal annealing.

In all cases, the products after synthesis were milled by pestle and mortar into fine powders for

further analysis. All handling was performed in Ar-filled gloveboxes.

Bragg diffraction. X-ray powder diffraction experiments were performed at the MSPD beamline
™72 of the ALBA synchrotron in Barcelona, Spain. Samples were flame-sealed under Ar in
1-mm-diameter quartz capillaries. Diffractograms were collected at room temperature, in
transmission geometry, using a position-sensitive MYTHEN detector and a wavelength of 0.8262 A,
selected using a Si 1 reflection double crystal monochromator. A well-crystallized Na,Ca;ALF,,
powder was also measured as standard to extract the instrument resolution and allow for the

quantitative analysis of the peak broadening in the Na;PS, samples.

Neutron powder diffraction experiments were performed at the D2B beamline of the Institut
Laue-Langevin (ILL) in Grenoble, France. Samples (~2 g) were sealed in cylindrical vanadium
containers using indium wire. Diffractograms were collected at room temperature, in transmission
geometry, using 128 3He counting tubes and a wavelength of 1.594 A selected using the (335)

reflection of Ge[115] monochromators.

The analysis of the Bragg diffraction data was performed using the programs in the Fullprof
software suite”. The background was described as a linear interpolation between manually selected
points. Le Bail fits were performed to describe the sample broadening using the Thompson-Cox-
Hastings pseudo-Voigt function 7 (convoluted with the instrumental resolution in the case of
x-rays). The apparent crystallite size and apparent microstrain were extracted from the x-ray datasets

in accordance with the Scherrer-7> and Stokes-Wilson’® relations, respectively, as implemented in
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Fullprof?. In subsequent Rietveld analyses, occupancies were fixed to the Na;PS, stoichiometry and

atomic positions and displacement parameters were fitted.

Maximum entropy method (MEM) calculations were performed using Dysnomia”. Structure

visualizations produced using VESTA.

Pair distribution function analysis. X-ray powder total scattering diffraction experiments were
performed at the 11-ID-B beamline of the Advanced Photon Source at Argonne National Laboratory
using high energy x-rays (A = 0.21130 A) for high values of momentum transfer (Q = 24.5 A*). Samples
were flame-sealed under Ar in quartz capillaries. One dimensional diffraction data were obtained by
integrating the raw 2D total scattering data in Fitz2D. Pair distribution functions (PDFs) were
extracted from the background- and Compton scattering-corrected data following Fourier transform
using PDFgetX27°.

The analysis of the PDFs was performed using the PDFfit2 engine as implemented in PDFgui?.
Structural refinements were limited to single unit cells (no supercells) and constrained by the space
group symmetry observed in Bragg diffraction (P42, ¢ or [43m). In agreement with the observation
of Krauskopf et al.7, the range 1.5 - 4 A in the PDFs, which corresponds to the first neighbors P-S,
Na-S and S-S, cannot be well-described with the same peak shape as the remaining PDF and was
omitted from the refinements. This is probably related to the strong covalent character of the PS>
moiety, in contrast with the ionic interactions at higher r. The following parameters were refined in
this order: (1) scale factor, (2) lattice parameters, (3) atomic positions, (4) thermal displacement
parameters. For fits of the whole PDF (4-70 A) the instrumental resolution parameters Qgamp and

Qbroad Were also refined individually at the end of the refinement process.

The quality of each refinement is quantified by the reliability factor weighted R-value, R,, which

describes the difference between the experimental data (obs) and the fit (calc) each data point:

R - leil W(ri) [Gobs (ri) - Gcalc(ri)]2
v ZEIW(E)Gﬁbs (ri)

with G,y and Gg . being the observed and calculated PDF and w(r;) the weight for each data
point.
NMR spectroscopy. 3Na and 3P MAS-NMR spectra were acquired on a Bruker 500 MHz (11.8

T) magnet with Avance III console using a Bruker 2.5 mm HFX MAS probe, a regular zg/one-pulse
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pulse program with /2 and /4 pulses for 3'P and *Na respectively and a MAS frequency of 25 kHz.
The spectra were externally referenced against solid NaCl (7.21 ppm)® for »Na and NH,H,PO,
powder (0.8 ppm) for 3P. The reference compounds were used for pulse length optimization as
well. TopSpin software was used for raw data handling and spectra were fitted using dmfit software®

and the Q mas % model.

Raman spectroscopy. The samples used for Raman spectroscopy were prepared identically to
the diffraction samples; i.e. flame-sealed under Ar in 1-mm-diameter quartz capillaries. Spectra
were measured using a Renishaw inVia Qontor confocal microscope equipped with a 532 nm laser
excitation source. Spectra were collected in backscattering geometry using a Centrus detector in
the range 15-1280 cm™. Typically, three spectra were recorded and added for a total acquisition time
of 3x60 = 180 s. The incident power of the laser was set to 5 mW focused by a 10x objective to a spot
of about 10 pm on the sample. These parameters were optimized to maximize the signal-over-noise
ratio while avoiding excessive local heating and decomposition of the sample evidenced by

distortion of the spectra.

Inelastic neutron scattering. Samples (~ 2 g) for inelastic neutron scattering (INS)
measurements were lightly compacted into pellets and sealed in 10-mm diameter SiO, ampules
under vacuum (~10 mbar). The ampules were placed in custom made Nb holders and subsequently
in an evacuated furnace environment. Spectra were measured at room temperature using the cold-
neutron, time-of-flight, time-focusing, IN6 spectrometer at the Institut Laue-Langevin (ILL) in
Grenoble, France. An incident wavelength of 5.12 A was used, offering an elastic energy resolution
of ~ 0.1meV, as determined from a standard vanadium sample. The vanadium sample was also used
to calibrate the detectors. The measurements were carried out in the high-resolution, inelastic time
focusing mode. The spectra were collected in the up-scattering, neutron energy-gain mode up to
8o meV in terms of the generalized density of states (GDOS). We note that, in contrast to the
vibrational density of states, the INS-measured GDOS involves a weighting of the scatterers (ions)
with their scattering powers. Data reduction and treatment, including detector efficiency
calibration and background subtraction, were performed using standard ILL tools. Data reduction
included measuring an identical empty SiO, ampule and Nb container under the same experimental
conditions. In the incoherent approximation®?, the Q-averaged, one-phonon ® GDOS, g™ (E), is

related to the measured dynamical structure factor, S(Q, E) from INS by:
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2w (Q)

gWE) =4 =5(Q. E))

Q? 1.1
n(E,T) +5+5

where A is a normalization constant, 2W(Q) is the Debye-Waller factor and n(E, T) is the thermal
occupation factor (Bose-factor correction) equal to [exp(E/ksT)-1]". The + or - signs correspond to

neutron energy loss or gain respectively and the brackets indicate an average over all Q.

Vibrational spectra calculations. The vibrational spectra of Na;PS, were simulated using
density functional theory (DFT) as implemented in the all-electron code CRYSTAl7 #, where the
crystalline wavefunction is expanded as a linear combination of atomic orbitals and further
expanded by a consistent triple-{plus polarization basis-set®®. The total energy during the
geometry relaxation and later in the phonon calculations was converged within ~3.0 x 107 eV and
integrated over a well converged and symmetrized 8x8x8 k-point mesh (i.e., the shrinking factor is
8). The unknown exchange-correlation contribution to the total energy was approximated by the
range-separated hybrid functional proposed by Heyd-Scuseria-Ernzerhof HSEo6 57%. The
truncation of the (infinite) Coulomb and exchange series was set by the tolerances (TOLINTEG):
107,107, 1077, 107 and 107°, while an XXLGRID was used for the integration of the charge density.
Raman frequencies of the two polymorphs were computed at the '-point only, employing the finite
difference method. Thus, the diagonal matrix was developed using a step size of 0.003 A for each

displacement.

Geometry optimization calculations. Ab initio geometry optimization calculations in this
work were carried out using DFT with the Vienna ab initio simulation package (VASP)®. Plane-wave
cut-off energies of 520 were utilized for the geometry optimization calculations. The projector
augmented wave method®® and the PBEsol exchange-correlation functional® were employed for all
calculations. A k-point mesh spacing smaller than 0.05 A” was used for the geometry optimization

calculations.

Impedance spectroscopy. Measurements in temperature were performed on pelletized
samples with carbon electrodes. The synthesized Na;PS, powders were placed between two 6-
mm-diameter graphite paper electrodes (Papyex, Mersen) dried overnight under vacuum at 200 °C.
The carbon-Na;PS,-carbon composite pellets were pressed using a 6-mm-diameter steel mold and
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hydraulic press. The pressure was slowly increased in increments of 0.5 tons up to 2 tons
(corresponding to ~700 MPa). In all cases, this resulted in highly dense pellets of >95 % compacity
with respect to the crystallographic density (2.1 g/cm3). The composite pellets were mounted on an
CESH sample holder (Bio-Logic) and placed in an ITS system (Bio-Logic) allowing temperature
control in the range of -15 to 100 °C. The spectra collected by applying an AC excitation voltage of

50 mV from 10 Hz to 30 MHz using an MTZ-35 impedance analyzer (Bio-Logic).

Measurements in pressure were performed on similar samples pressed in custom-made
10-mm-diameter polycarbonate molds and steel pistons. The samples were pressed in an Ar-filled
glovebox up to 5 tons (~625 MPa) and protected from air exposure using vacuum grease on the
pistons. Typically, ~10oomg of Na;PS, powder was used giving rise to an electrolyte thickness of
~0.6 mm. The ensemble was removed from the glovebox and measurements were performed
“in-situ” using the steel pistons as electrodes while controlling the pressure in the range of o-5 tons
and the same parameters as above. Electrical tape was used to insulate the piston-electrodes from

the hydraulic press.
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