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Abstract: The atomistic mechanisms of
Li* ion mobility/conductivity in
Li;_,PS¢_.I, argyrodites are explored
from both experimental and theoretical
viewpoints. Ionic conductivity in the
title compound is associated with a
solid-solid phase transition, which was
characterised by low-temperature dif-
ferential scanning calorimetry, "Li and
ZIINMR investigations, impedance
measurements and molecular dynamics
simulations. The NMR signals of both

2 K. The activation energy to ionic con-
ductivity was assessed from both impe-
dance spectroscopy and molecular dy-
namics simulations. The latter revealed
that a series of interstitial sites become
accessible to the Li™ ions, whilst the re-
maining ions stay at their respective
sites in the argyrodite lattice. The inter-
stitial positions each correspond to the
centres of tetrahedra of S/I atoms, and
differ only in terms of their common
corners, edges, or faces with adjacent

PS, tetrahedra. From connectivity anal-
yses and free-energy rankings, a specif-
ic tetrahedron is identified as the key
restriction to ionic conductivity, and is
clearly differentiated from local mobili-
ty, which follows a different mechanism
with much lower activation energy. In-
terpolation of the lattice parameters as
derived from X-ray diffraction experi-
ments indicates a homogeneity range
for Li, PS¢ I, with 0.97<x<1.00.
Within this range, molecular dynamics

isotopes are dominated by anisotropic
interactions at low temperatures. A sig-
nificant narrowing of the NMR signal
indicates a motional averaging of the
anisotropic interactions above 177+

Introduction

The peculiar structure of argyrodites is widely assumed to
account for their high ionic conductivity.'* This is well es-
tablished for Ag- and Cu-argyrodites, but the recently dis-
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simulations predict Li* conductivity at
ambient conditions to vary considera-
bly.

ionic mo-

covered Li-argyrodites also exhibit high ionic mobility."
The latter class of compounds, that is, Li;PS¢ and LisPSsX
(X=Cl, Br, I) is of particular interest for application in lithi-
um ion batteries.
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The crystal structure of cubic HT-Li;,PS (high-tempera-
ture Li;PS;) may be characterised topologically by a tetrahe-
dral close packing formed by the S atoms.*” 136 tetrahedral
holes are present in the unit cell. Four belong to PS, tetrahe-
dra, and the remaining 132 S, tetrahedra per unit cell are
only about 21% occupied by off-centred Li* ions. In
Li¢gPS;I, one of the three crystallographically independent S
atoms is substituted by an I" ion. The tetrahedral close
packing gives rise to a variety of interstitial positions, all cor-
responding to tetrahedra which differ essentially in terms of
common corners, edges, or faces with adjacent PS, tetrahe-
dra. For better classification, some of us recently introduced
a systematic nomenclature of the interstitial positions
(Table 1).°?’ Depending on the different accessibilities to the
interstitial sites, the Lit ions may experience short-range
motions within confined regions, or long-range translational
motions at macroscopic length scales. Only the latter phe-
nomenon allows ionic conductivity.

For a detailed characterisation of Li* mobility/conductivi-
ty in this complex framework, we shall make use of a combi-
nation of experimental and atomistic simulation approaches.
Whereas the atomistic mechanisms of Li* ion conductivity
are explored from molecular dynamics (MD) simulations,
the theoretical models are confirmed from experimental evi-
dence. For this purpose, solid-state NMR measurements
offer direct insights into the short-range mobility of the Lit
ions as a function of temperature. On the other hand, elec-
trochemical impedance spectroscopy yields the conductivity
data of the bulk material, as well as the activation energy of
the Li* ion conduction.

Results

Sample characterisation: Two samples of LisPS;I obtained
from solid-state synthesis® were proved to be single-phase
material throughout the X-ray powder diffraction investiga-
tions. The lattice parameters of both samples, a=10.1440(2)
and a=10.1422(2) A, are not in agreement within the three-
fold standard deviation, indicating the existence of a homo-
geneity range for LigPSsI corresponding to the formulation
Li,_PS,_.I..

Indeed, the syntheses with reactant concentrations corre-
sponding to x=0.90 and x=1.20 lead to multiphase samples,

showing Li,S and Lil as impurities. The lattice parameters
of the Li;_,PS; I, major phase could be determined as
10.138(1) and 10.145(1) A for nominal compositions corre-
sponding to x=0.90 and for x=1.20, respectively. On the
other hand, the lattice parameters from single-crystal X-ray
diffraction experiments of HT-Li,PS, (metastable under am-
bient conditions) and Li,PSsI are a=9.932(1) and a=
10.145(2) A, respectively.*” The latter value is in excellent
agreement with the results of X-ray powder diffraction for
the two-phase sample with the smallest amount of Li. Thus,
the Li-deficient batches lead to practically stoichiometric
Li,_ PS¢ I, with x=1.00, whereas the Li-rich batch is inter-
preted as the lower limit of the homogeneity range. The
latter is deduced as x=0.97 by means of linear interpolation
of the lattice parameters from single-crystal X-ray diffrac-
tion experiments. For the present study, single-phase powder
samples corresponding to an x value of 0.99 (DSC and
NMR measurements), as well as x~1 (impedance spectros-
copy), were used.

On the basis of differential scanning calorimetry (DSC)
experiments, a solid-solid transition was observed at 177+
2 K (Figure 1). This is in good agreement with previously
published results from X-ray and neutron diffraction experi-
ments, describing the high-temperature (HTM) and low-

temperature modifications (LTM) of Li, PS¢ I, with x
~1.50

NMR spectroscopy: To obtain detailed atomistic insights
into the mobility of the Li* ions, a combination of tempera-
ture-dependent NMR spectroscopic experiments, impedance
measurements, and molecular dynamics simulations was ap-
plied. Recent ’Li NMR experiments on Li,_,PS,_,I, with x
~1 showed a two-step motional narrowing of the NMR sig-
nals.*' This was interpreted as a rigid lattice below
170 K, and a non-restricted motional process above 250 K.
In the range between 170 <T7T<250 K an intermediate mo-
tional process is assumed. Dipole-dipole coupling was iden-
tified as the dominant mechanism for the line broadening of
the ’Li NMR signals.

Our 'Li NMR experiments agree in principle with this in-
vestigation, but additional evidence for quadrupole coupling
was observed from satellite transitions below 175K
(Figure 2, top). This is in agreement with the monoclinic
crystal structure model of the LTM, with six crystallographi-

Table 1. Systematic nomenclature of the interstitial positions derived from a crystal chemical analysis of the 136 tetrahedral holes formed by the S atoms

in the unit cell of Li;PS¢ in accordance with references [5,6].

Tetrahedron Wyckoff notation neighbourhood description
type of tetrahedron centre
(special: type 5a)
0 4b (P) blocked by P atoms forming rigid PS, tetrahedra
1 16¢ common faces with PS, tetrahedra
2 48h common edges with PS, tetrahedra
3 4d four common corners (no common edge) with PS, tetrahedra
4 16e three common corners with PS, tetrahedra
5 48h two common corners, two common faces with PS, tetrahedra
Sa 24g trigonal planar position located in the centre of the common face of two type 5 tetrahedra
8348 —— www.chemeurj.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 83478354
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Figure 1. Dynamic scanning calorimetry measurements of Li; PS¢ I,
with x=0.99 performed at various cooling/heating rates. The two signals
connected with the solid—solid phase transformation are labelled with
Arabic numerals in the cooling curves and with Roman numerals in the
heating curves, respectively. From extrapolation of the cooling/heating

rates to 0 Kmin ', the critical temperature of the phase transformation is
assessed as 177+2 K.

cally independent Li positions of low symmetry.’ The two-
step motional averaging is therefore related to the phase
transition from the HTM to the LTM, and an averaging of
the dipole—dipole coupling above 175 K. Moreover, the tran-
sition temperature is in accordance with the DSC measure-
ments.

A closer inspection of the crystal structure shows that 1™
ions are located at positions of cubic symmetry, which are
12-fold coordinated by Li™ ions. According to X-ray diffrac-
tion experiments each of these 12 Li™ ions predominantly
occupy one of three different sites (type 5a, 2xtype 5) re-
sulting in I--Li distances of 3.59, 3.02, and 4.17 A, respec-
tively.”! Thus, locally, a non-cubic environment of I~ can be
expected. Due to the high nuclear quadrupole moment of
—71.0 fm? of iodine," "I NMR is very sensitive to devia-
tions from cubic symmetry in the environment. For this
reason, temperature-dependent 'YINMR experiments
appear particularly well suited to investigating the motional
processes expected for the Lit ions. Motions of large ampli-
tude are unattainable for the other atoms P, S, and I due to
their atomic size.

The I NMR wide-line experiments show a narrow signal
at high temperature, which continuously broadens with de-
creasing temperature (Figure 2, bottom). The line shape can
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Figure 2. 'Li (top) and '”I NMR signals (bottom) of Li,_PS,_,I, with x=
0.99 as a function of temperature.

be described by a Lorentzian between 525 and 180 K. An
Arrhenius plot of the full width at half maximum (FWHM)
indicates a thermally activated process with an activation
energy of 0.040 eV (Figure 3). Such temperature-dependent
broadening of the '’ NMR signal can be related to various
coupling mechanisms, for example, homo- and heteronuclear
dipole—dipole coupling, second-order quadrupole coupling,
anisotropic chemical shielding, and distributions of shifts.
Anisotropic chemical shielding can be ruled out by the Lor-
entzian line shape of the NMR signal. According to calcula-
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Figure 3. Arrhenius plots of FWHM and T, from I NMR investigations.

FWHMs from measurement (o) and estimates (@) based on the 7, ex-

periments, and 7, values measured in the HTM (A) and LTM (a) of
Li;_PS,_,I,. The straight lines indicate the Arrhenius fits to the data.

tions of the second moments (M,) using the van Vleck for-
mula,®!? dipole—dipole coupling can be disregarded as the
relevant mechanism of the line broadening (Table 2). The
rigid lattice value of M, is far too small to explain the line

Table 2. Homo- and heteronuclear second moments (M,): the calcula-
tions are based on the model of the crystal structure described in refer-
ence [5]. Lila, Lilb, and Li2 represent the Li sites with distances to the
coupling I~ ion of 4.17 (type 5), 3.02 (type 5), and 3.59 A (type 5a), re-
spectively. The contribution of '”I-"S coupling can be neglected due to
the natural abundance of only 0.76 % of **S. A Gaussian line shape has to
be assumed to calculate of the full width at half maximum (FWHM=
V8 xIn2 x M,) because the corresponding expression is not defined for
a Lorentzian.["?!

M, [10° HZ?] FWHM [kHz]
27 3p 0.007 0.20
2 7Lila 0217 1.10
2L 7Lilb 1.229 261
2Li2 0.466 1.61
"Li2-"Li2 1.445 2.83

width of the "I NMR signals at low temperatures in the
HTM. Temperature-dependent MAS experiments removing
the dipole—dipole coupling cause almost no reduction of the
NMR signal width, in agreement with the results of the M,
calculations (Figure 4, inset). Furthermore, they eliminate
second-order quadrupole coupling as a relevant mechanism.
The rotational sidebands of the MAS signals are a finger-
print of first-order quadrupole coupling and prove a viola-
tion of cubic symmetry for the local environment of the
iodine positions (Figure 4). Measurements at lower magnetic
field also show that a distribution of signal shifts is not the
relevant mechanism of the line broadening (Figure 4, inset).
These findings provide strong evidence that relaxation pro-
cesses dominate the broadening of the '*’I NMR signals.
Since spin-lattice relaxation is very sensitive to motional
processes,* ! temperature-dependent measurements of the
spin-lattice relaxation times (7;) were performed (Figure 3).
The temperature-dependent behaviour of 7, indicates a
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Figure 4. "’ NMR MAS signals of Li,_,PS;_.I, with x=0.99 as a function
of temperature at 11.74 T. Inset: Comparison of static NMR signals in
different magnetic fields at ambient temperature (top) and static and
MAS NMR signals at 323 K (bottom). Both comparisons are presented
on ppm scale to suppress the influence of the magnetic field on the shift
interactions.

thermally activated motional process with an activation
energy of 0.043 eV, in remarkable agreement with the acti-
vation energy determined from the FWHM of the signals
(Figure 3). Both 7, and the line width of the signals are
hence most probably driven by the same motional process.
To estimate the influence of T on the signal width by life-
time broadening, FWHM=~1/(27;) can be used
(Figure 3).) The deviation of the FWHM obtained by this
approximation and the temperature-dependent '’ NMR ex-
periments is probably due to spin—spin relaxation and/or de-
tails of the motional process. The increase of T; with tem-
perature proves that the motion is fast in comparison with
the timescale of the NMR experiments. The correlation
time (z.), for example, the time between two jumps, is short-
er than 10~®s and decreases with increasing temperature in
the HTM. The 7| measured in magnetic fields of 11.74 and
7.05 T are equal within the experimental error. Thus, shift
anisotropies can be ruled out as the origin of the spin-lattice
relaxation."”! Considering the small dipole-dipole couplings,
quadrupole coupling has to be taken into account for the re-
laxation process.

Further "I NMR experiments show a sudden dramatic
change of the line shape below 180 K (Figure 2, bottom).
This is caused by quadrupole coupling, in agreement with
the change of the crystal structure to lower symmetry as de-
termined by neutron diffraction experiments.®! The width of
the signals increases with decreasing temperature (Figure 2,
bottom). Lifetime broadening cannot account for this obser-
vation, as T; increases by an order of magnitude with the
transition into the LTM (Figure 3). As a more reasonable
explanation we suggest an influence of quadrupole coupling.

Chem. Eur. J. 2010, 16, 8347 -8354
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A more detailed analysis of the temperature dependence of
the signal would call for I NMR experiments in combina-
tion with line shape analysis. Temperature ranges in which
the atomic motion is entirely frozen are especially suited for
this purpose. The spectroscopic coupling parameters of
NMR line shape analysis have to be compared with the re-
sults of quantum mechanical calculations to analyse the in-
teractions. However, this is not within the scope of the pres-
ent work, and will be the subject of future study.

The spin-lattice relaxation times increase with decreasing
temperature (Figure 3). The activation energy of 0.059 eV
for a thermally-activated motional process originates from
the Arrhenius plot being larger than for the HTM. Striking-
ly, the activation energies for both phases are similar, hint-
ing at similar motional processes. This issue will be discussed
in more detail within the interpretation of the molecular dy-
namics results.

Impedance spectroscopy: Direct evidence of ionic conduc-
tivity and precise experimental conductivity values are ob-
tained from impedance spectroscopy of polycrystalline
Li,_PS, I, with x ~ 1 (Figure 5). The capacity of the impe-
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Figure 5. Nyquist diagram of the impedance spectrum of Li, PS¢ I, (x
~1) at ambient temperature, and the corresponding Arrhenius plot in
the temperature range between 298 and 248 K (inset).

dance signal of ~10"' F, corresponding to dielectric con-
stants of about 50, clearly indicates bulk processes. Hence,
grain boundary conductivity is of minor importance. At
room temperature the conductivity was derived as 3.6x
107Scm™'. In the measured temperature range between
298 and 248 K, the activation energy was found to be
0.32 eV (for the corresponding Arrhenius plot see Figure 5,
inset). A detailed description of the conductivity measure-
ments will be given elsewhere; here we emphasise the domi-
nance of bulk conductivity for the polycrystalline sample.
This is an important justification for the use of a relatively
simple model for performing the molecular dynamics simu-
lations, that is, a small super-cell mimicking a bulk single
crystal. Though slight errors may be expected from fully ig-
noring interface effects, periodic boundaries, and the use of

Chem. Eur. J. 2010, 16, 8347 -8354
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empirical force fields, the MD simulations should provide a
reasonable agreement with the measured activation energy.

Molecular dynamics simulations: To explore the atomistic
mechanisms of ionic mobility and conductivity in Li argyro-
dites, molecular dynamics simulations were employed for a
series of Li;_,PSs_.I, single-crystal models. For x=0.00, the
model comprises of 256 S*~ ions located on Wyckoff posi-
tion 4a (F43m). According to single-crystal investigations of
the cubic HTM of Li, PS¢ I, with x~1, a (randomly
chosen) total of 16, 32, ..., 256 of the above-mentioned S*~
ions are replaced by I, whilst removing the same number
of Lit ions from the model, to mimic x=1/16, 2/16, ..., 1.
To cancel any bias concerning the initial distribution of Li™*
ions, all models were annealed at 1000 K before sampling
the data. From the corresponding set of 17 independent sim-
ulation runs, ionic mobility/conductivity was explored for a
hypothetical series of Li,_,PS,_ I, (0<x<1) single-crystal
models. Each system was pre-equilibrated by energy minimi-
sation runs to obtain ordered arrangements of the Lit ions
according to relaxed structures. Ionic mobility was then ex-
plored from a series of 0.5 ns runs, during which the temper-
ature was increased in steps of 25 K. Within the limited
timescales accessible to molecular dynamics simulations, this
procedure allows a qualitative pre-screening of ionic mobili-
ty as a function of temperature." Li* mobility was found to
occur as a two-step process. At low temperature the Lit
ions fluctuate around the minimum energy configuration,
which reflects a trigonal planar coordination by S*~ ions and
the adjacent interstitial sites (type 5a and types 5, respec-
tively). The latter are constituted by the centres of the two
S./S;1 tetrahedra, the common face of which represents the
trigonal coordination constellation. In the simulation runs
performed at 250 K or below, the Li* ions were found to
move over distances of up to 1.5 A, yet remain confined to
the two S,/S;I tetrahedra embedding the Li position at 0 K
(here 1.5 A refers to the maximum displacement observed
in the course of thermal motion; crystal structure refine-
ments indicated the displacement of the two type 5 sites as
only 1.15 A). Although this may be considered as local mo-
bility, Li* conductivity requires larger displacements and
hence the occupation of a variety of interstitial sites to allow
ion migration throughout the unit cell.

The first evidence of such ionic displacements was ob-
served in the molecular dynamics runs at 275 K. However,
the overall conductivity is still too low to allow quantitative
analyses on the basis of the short time sketches of 0.5 ns. On
a qualitative basis, we can nevertheless state the existence of
two stages of Li* movements, that is, local mobility at low
temperature, and real conductivity over unrestricted length
scales at high temperature. Generally, the quantitative anal-
ysis of ionic conductivity by molecular dynamics simulations
is complicated by the limited timescales. On the basis of the
few nanosecond runs accessible within reasonable computa-
tional demands, a considerable degree of heating is required
to boost the number of Li* displacement events. We there-
fore performed additional long-term simulations of 1, 5 and

— 8351
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15 ns at temperatures of 750, 600 and 500 K, respectively.
This allowed an Arrhenius plot to be made and the evalua-
tion of Li* conductivity to be carried out within reasonable
error margins (Figure 6). From this the activation energy

24 T T 7 T
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conductivity / x10# Sem!
- —_ —_ - N
[N » [ o N [
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Li7 xpsﬁ xIx

activation energy / eV

0.27 s L ' !
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Figure 6. Top: Conductivity of Li,_ PS¢_,I, single-crystal models (4x4x4
super-cells) calculated from 15 ns molecular dynamics simulation runs at
1 atm and 500 K. The best conductivity is observed for Li;_PS,_,I, with
0.75<x<0.95. Bottom: Activation barriers as derived from Arrhenius
plots of the conductivity of Li,_PS,_.I, modelled as solid solutions for
the whole range 0<x<1. The Arrhenius fits refer to conductivity data
sampled from molecular dynamics simulations at 500 (15), 600 (5), and
750 K (1 ns), and are related to error margins of about 10 %.

was estimated to be about 0.3 eV, which is in excellent
agreement with the impedance spectroscopy measurements.
The optimal conductivity is observed for Li;_ PS¢ I, with
0.75<x<0.95. The Arrhenius plot allows extrapolation of
the ionic conductivity to ambient temperature, which was
assessed as about 3.0x10°Scm™' for Li, PS, I, with
0.75<x<0.95. Although this hypothetical composition is,
unfortunately, elusive to solid-state synthesis, our calcula-
tions nevertheless underline the importance of deviations
from stoichiometric Li;_,PS,_.I, with x=1.00 in boosting Li*
conductivity. Within the estimated homogeneity range of
0.97 <x<1.00, Li* conductivity at room temperature, as ex-
trapolated from our molecular dynamics simulations, varies

8352 ——
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between 2.0-1.5 x 107 Scm ™!, respectively. As the activation
energies are assessed at an accuracy of about 10 %, the con-
ductivity values extrapolated from 500 to 300 K should be
considered only as rough estimates.

The close agreement of the activation energies to the Li
conductivity as obtained from impedance measurements and
molecular dynamics simulations provides strong support for
our simulation models. The latter are particularly suitable
for elaborating the atomistic mechanisms, which are indeed
hard to assess from experimental information. A detailed
characterisation of Li* conductivity may be based on an
analysis of the occupation ratios of the different interstitial
sites. From Boltzmann statistics we calculated the individual
free energy levels of each interstitial type as denoted in
Table 3. Apart from the difference in potential energy this
also covers the increase in entropy, and, through extrapola-
tion to lower temperature, also comparison to the experi-
ments. The different interstitial sites are illustrated in
Figure 7.

Table 3. Free enthalpies of Li sites in LigPSsI and Li,PS¢ as derived from
15 ns molecular dynamics runs at 500 K and 1 atm.
LigPS,I

free enthalpy

Li,PS,

Tetrahedron type free enthalpy

(Wyckoff position) [eV] [eV]
type 5a (24g) and type 5 (48h) 0.0 0.0

type 4 (16¢) 0.14 0.24
type 3 (4d) 0.39 0.22
type 2 (48h) 027 032

type 1 (16e) unoccupied unoccupied

Apart from the usual lattice vibrations, the fastest motion-
al process of Li* dislocation is observed as local fluctuations
around the type 5a positions. Indeed, the barrier to type Sa—
type 5 fluctuations is too low to clearly discriminate individ-
ual sites from MD simulations at 500 K or above. However,
the NMR experiments provide insights into such Li disloca-
tion processes. Based on the relaxation times observed by
NMR we suggest that the obtained signals arise from the
type Sa—type 5 fluctuations. Thus, the activation energy of
0.040 eV determined by NMR experiments is assigned to
this process. It is worth noting that these fluctuations only
account for local mobility, and seem to persist in the LTM,
as a similar activation energy is observed below 177 K. We
conclude that the type Sa-type 5 fluctuations are active in
both the LTM and the HTM, albeit within different local en-
vironments that account for the different shapes of the
NMR signals, and only slightly different activation energies.
Whereas this hypotheses is in contrast to the full ordering
derived from neutron diffraction experiments at 170 K,
molecular dynamics simulations performed at 125 K indeed
show type Sa—type 5 fluctuations, although at drastically re-
duced occurrence. We expect the envisaged low-temperature
NMR experiments, combined with quantum calculation of
the NMR coupling parameters, to shed more light on this
issue.

Chem. Eur. J. 2010, 16, 8347 -8354
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Figure 7. Illustration of the Li;PS, unit cell including interstitial Li sites
as denoted in Table 3. The most frequently observed constellation is rep-
resented by Li™ ions fluctuating through the triangular coordination be-
tween the two adjacent type 5 tetrahedra (green). Ionic mobility is con-
sidered as Li* jumps between adjacent interstitial sites, that is, type 5, 4,
3, and 2 tetrahedra, whereas the type 1 tetrahedra remain unoccupied.
Top: Connectivity map of adjacent interstitial Li sites (distance <2 A)
excluding the type 2 tetrahedra (pale red). In this picture, ionic mobility
would be limited to short-range fluctuations within small regions.
Bottom: Full conductivity throughout the whole crystal requires Li™ mi-
gration through type 5, type 4, and type 2 interstitial sites. The latter re-
flect the restriction of the migration process and account for the activa-
tion barrier of ionic conductivity in Li;PS, as well as LigPS;I. The ener-
getically unfavourable type 3 interstitials (dark blue) are connected in
both pictures, despite not being of crucial relevance to ionic conductivity.
Indeed, type 5-type 3-type 5 pathways may alternatively be replaced by
type 5-type 4-type 5 pathways. The high-temperature molecular dynam-
ics simulations indicate the latter route as the more active (refer also to
Table 3).

In contrast to local mobility, Li* conductivity requires
long-range ionic displacements. The latter may be interpret-
ed in terms of subsequent jumps between adjacent S,/S;I tet-
rahedra, as illustrated for LigPSsI by Figure 7, using a “con-
nectivity map” in which nearby interstitial sites are connect-
ed by a line. Whereas all interstitial sites but type 2 are con-
sidered in Figure 7 (top), all putative interstitials are con-
nected in Figure 7 (bottom). On the basis of the first
connectivity map only short-range LiT movements are al-
lowed. To provide full connectivity of the interstitial sites
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throughout the unit cell, it is imperative to also occupy posi-
tions of larger free energy level (0.27 eV). We hence suggest
ionic conductivity to be confined by two barriers, of which
the lower arises from the occupation of the Wyckoff posi-
tion 16e (type 4) tetrahedra (0.14 eV), and the principal bar-
rier is due to the Wyckoff position 484 (type 2) tetrahedra.
Indeed, the latter energy level of 0.27 eV agrees well with
the activation energies derived from the MD simulations, as
well as the Arrhenius plots of the ionic conductivity ob-
tained experimentally.

Conclusion

Li* ion mobility and conductivity in Li;_,PS¢_,I, argyrodites
have been explored from combined experimental and mo-
lecular dynamics simulation approaches. On the basis of
DSC experiments and solid-state NMR spectroscopy, ionic
conductivity in Li;_,PS,_,I, argyrodites has been found to
occur through a solid—solid phase transition at 177+2 K.
Ionic mobility is observed even at low temperature, though
below 177 K the displacement of Li* is confined to about
1.5 A. This “local mobility” reflects fluctuations around the
minimum energy configuration, which are given by trigonal
planar coordinated sites (type 5a). For larger displacements
the Li* ions must pass beyond the two S;I tetrahedra, the
common face of which constitutes the trigonal coordination.
Hence, for Li* conductivity a series of interstitial sites must
be reached. These sites are disfavoured by 0.14 and 0.27 eV,
respectively. Both interstitial sites are essential to form a
connective Li* pathway throughout the unit cell, and the
configuration of higher energy accounts for the activation
barrier to ionic conductivity.

Thus, the solid-state NMR measurements are closely con-
nected to local mobility confined to about +0.75 A fluctua-
tions around the trigonal planar coordinated sites, which is
related to an activation barrier of only about 0.04 eV. This
process is now suggested to occur in both phases, that is,
above and below 177 K, although within different local envi-
ronments. These change for the LTM —HTM transition, and
provide an indirect signature of Li* conductivity in terms of
a narrowing of the NMR line shape. On the other hand, the
impedance spectroscopy measurements reveal conductivity
directly, and along the same lines reveal the blocking to
long-range Li* dislocation. Both experimental findings may
be rationalised within a comprehensive picture of the atom-
istic mechanisms, as derived from MD simulations.

Experimental Section

Lattice parameters determination: X-ray diffraction was performed on
two powder samples of nominal composition LisPSsI from different
batches using a Huber Gunier G670 diffractometer with Cuy,, radiation
(2=1.540598 A, internal standard LaB,, a=4.15692 A). The lattice pa-
rameters were determined using the WinCSD-2000 program package!'!
with the same set of 28 reflections for both samples and 13 for LaBg.
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DSC measurements: Low-temperature differential scanning calorimetry
(DSC) measurements were performed using a Netzsch DSC 204 heat-
flux differential calorimeter equipped with a thermocouple E tempera-
ture sensor. The powdered sample (17 mg) was pressed into a pill in a
glove box and transferred to an aluminium pan which was hermetically
closed. A blank run with an empty aluminium pan was subtracted from
the raw data. Temperature calibration was performed by a one-point cali-
bration with n-hexane.

NMR spectroscopy: 'Li and I NMR spectroscopy investigations were
carried out with a Bruker AVANCE and a Tecmag Apollo spectrometer,
with magnetic fields of 11.74 and 7.05 T. The corresponding frequencies
of 'Li and "I at 11.74 T are 194.373 MHz and 100.071 MHz, respectively.
The frequency corresponding to 'I in the low magnetic field is
60.026 MHz. The "Li and '”I NMR signals are referred to saturated solu-
tions of LiCl and KI in D,O, respectively. All experiments were per-
formed on powder samples of randomly oriented crystallites. The sample
was enclosed in a sealed glass ampoule for wide line experiments at
11.74 T. Magic angle spinning (MAS) experiments in both magnetic
fields were carried out in 4.0 mm ZrO, rotors using Bruker double reso-
nance probes. Wide line measurements at 7.05 T were also performed
with this configuration.

'Li NMR signals were recorded in a low-Q wide line probe (NMR-Ser-
vice, Erfurt, Germany) over a temperature range of 295 to 125 K. The
temperatures were adjusted with a flow of helium gas in a Janis research
supertran-VP cryostat system (Janis Research Company, Wilmington,
MA). Single pulse detection was employed for measurements above
150 K, and an echo sequence with pulses of equal duration of 2.2 us for
experiments at lower temperatures.

Wide-line variable-temperature '“’I NMR signals and spin-lattice relaxa-
tion times (7)) were recorded between 525 and 125 K. The adjustment of
the temperature was implemented by a flow of nitrogen gas. Down to a
temperature of 180 K the wide line ¥’ NMR signals were detected using
a single pulse experiment with high-intensity pulses of 1.5 us duration
and a relaxation delay of 0.5 s. For temperatures below 180 K an echo se-
quence with pulses of equal duration of 1.0 ps and a relaxation delay of
1.0 s was applied. The interpulse time was optimised to 40 ps to avoid dis-
tortions of the line shape of the NMR signal. A saturation pulse se-
quence was applied in the 7| measurements.

Temperature-dependent MAS experiments were carried out with a rota-
tion frequency of 10 kHz. Single pulse experiments with hard pulses of
2.0 us duration were applied. The adjustment of the temperature was
achieved by a flow of nitrogen gas. To account for sample heating under
MAS conditions the temperature was corrected considering the isotropic
27pb shift in solid Pb(NO;),.""! On this basis, a temperature offset of
about 30 K was added to all measurements. '”’I NMR wide line, MAS,
and T; measurements at 7.05 T were performed at ambient temperature.

Impedance spectroscopy: The electrochemical cell was: Li/LiClO, (1m)/
LisPS;I/LiClO, (1m)/Li. Both sides of the isostatically pressed LigPSsI
pellet (p~500 MPa) were covered with porous polypropylene sheets
(Cellguard2400). A drop of liquid electrolyte (1M LiClO, in propylencar-
bonate) was added to this pellet, and then the lithium foil was attached.
The custom-made measuring cell contains two stainless steel cylinders as
terminal electrical contacts, each of them located in one part of a two-
part screwable teflon container. The cell was assembled in a glove box
(0,<0.1 ppm, H,0<0.3 ppm) and the measurements were performed in
a closed-cycle He refrigerator cryostat (Leybold RDK 10-320, compres-
sor unit Leybold RW2, temperature controller Lakeshore 330). Impe-
dance spectra were recorded with a High Frequency Dielectric Analyzer
(Novocontrol) in the frequency range of 10’-1 Hz. The temperature was
varied between ambient temperature (298 K) and 248 K. The obtained
spectra were evaluated using the Zview software package.

Molecular dynamics simulations: The simulation model comprised a 4 x
4 x4 super-cell of Li;,PS¢/LicPSsI, the interactions of which are described

by a combination of Coulomb and Van der Waals potentials.””! Both
compounds may be described in terms of Li*, $*~, I, and (PS,)*~ moiet-
ies, which experience ionic binding. Within the (PS,)*~ tetrahedra, a large
degree of covalent binding implies the use of partial charges, which were
derived as +1.42 and —1.105 for P and S, respectively, using ab initio cal-
culations at the MP2/6-311G** level. For the remaining Li, S and I ions,
charges of +1, —2 and —1 are assumed, respectively. Throughout all sim-
ulations, the PS, tetrahedra were modelled as rigid moieties, the inter-
atomic distances of which were adopted from crystallographic data.”! To
each super-cell configuration, periodic boundary conditions were applied,
and Ewald summation with a real space cut-off of 10 A was used. The
molecular dynamics simulations were performed in the constant-tempera-
ture, constant-pressure (here: pressure set to 1atm) ensemble.”®! For
temperatures up to 1000 K, a simulation time-step of 2 fs was found to
be appropriate.
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