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We investigate the role of an alkali additive in order to understand the effect of structure on the dynamic
and electric properties of amorphous electrolytes that can be used in future all solid-state batteries. Targeted
glasses are 0.6Li,S-0.4SiS, and a “doped” 0.42Li,S-0.28SiS,-0.3Lil ternary which is known to display interesting
conductivity levels (107> Q! em~!). We first set up a force field for the ternary system, and build on a recent
potential [Phys. Rev. B 107, 214205 (2023)] which is able to describe appropriately lithium thiosilicates.

Results indicate an increased depolymerization of the thiosilicate network structure upon Lil addition that
is visible in the tetrahedral Si speciation which alters stress distribution and free volume in the glass. The
calculated diffusivities reveal that network dynamics is substantially increased upon Lil addition, manifests by
a breakdown of the channel dynamics of Li motion, and contributes to the overall conductivity.

1. Introduction

The Li-ion technology has emerged in order to provide solutions to
worldwide ever-increasing demand on energy and power density bat-
teries which are in use in portable electronics such as laptop computers,
smartphones or electric scooters. Central to this development is also
the growing need of fast ion conducting batteries for the transition
towards electric vehicle [1,2]. A major roadblock is the thread of
safety hazard because of the presence of flammable polymeric liquid
electrolytes and the possibility of having shortcuts initiated by dendritic
Li growth between the electrodes [3]. Alternative and safe solutions
have, therefore, to be imagined. In order to improve of the component’s
safety, solid electrolytes have now received growing interest, and amor-
phous or glassy electrolytes [4] are now also considered as promising
possibilities. The use of a solid state electrolyte now also opens the
perspective to use Li metal electrodes instead of Li oxide based ones
such as the popular LiCoO,, and this should also increase the power
density of the batteries.

Unlike crystalline polymorphs, glasses have also the advantage of
being easily recyclable, and are easy to produce [5]; they display
rather good thermal and mechanical stability, and as the number of
possible compositions is infinite, a continuous improvement of the
batteries’ performances can be imagined with the use of targeted multi-
component systems. In this context, sulfides have received considerable
attention due to the increased polarizability of sulfur, and measured
conductivity can be as much as ¢ ~10~> Q~! em™! [6] which makes
them attractive for solid state batteries.
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An interesting means to increase the ionic conduction is to bring in
an additive which can represent up to 50% of the glass composition.
In sulfides, these have usually been alkali halides such as Lil and
their addition into modified sulfur-based glasses has led to conductivity
levels up to 2 x 1072 Q! em™! for e.g. P,S;-SiS,-Li,S-Lil [7,8]. Such
measurements are rather old but have displayed promising levels of
conduction at room temperature: Li,S-B,S;-Lil (1073 Q! ecm~! [9]),
Li,S-(Ge,Si)S,-Lil (0.8 x 10~ Q! em~! [10]), 45Lil-37Li,S-18P,Ss
(1073 @' em™! [11]). Among the possible lithium halides, it seems
that one has 6; > op, > o, [12] so that the addition of Lil has
been almost systematically preferred when attempting to increase the
conductivity level. Not much further increase in ionic conduction has
been achieved since then, the main drawback being the rather poor
glass-forming tendency of such multi-component alloys which need the
use of extremely high quenching rates, typically 10° K/s [13], or a
direct liquid nitrogen quench [7]. Recently, mechanical ball milling
techniques have emerged and these have permitted to considerably
extend glass-forming ranges of chalcogenides [14]. It is, therefore,
tempting to reconsider such doped glasses from atomic scale models
in order to establish and substantiate structure-property relationships,
as e.g. performed on a parent system (Li,S-P,Ss-Lil [15]).

Here, we focus on two glassy systems using molecular dynamics
simulations: a “reference” 0.6Li,S-0.4SiS, (LS) composition and a mod-
ified 0.7(0.6Li,S-0.4SiS,)-0.3Lil = 0.42Li,S-0.28SiS,-0.3LiI (LSI). The
interest in this kind of ternary system is motivated by the fact that
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alkali additives such as Lil or LiCl usually lead to an increase of the
ionic conductivity by increasing the number of charge carriers, and the
aforementioned LSI glass is, in fact, known to display an important level
of ionic conduction (2.0 x 1073 Q! em™! [7,16]) that is substantially
increased with respect to the LS counterpart (0.5 x 107> Q! em™! [7,
16-18]). The glass-forming range of the SiS,-Li,S-Lil ternary has been
studied along a select number of compositional joins [12], i.e. (1-
x)(0.4SiS,-0.6Li, S)-xLil and (1-x)(0.5SiS,-0.5Li,S)-xLil but results [16]
focused essentially on electrical properties and only a limited number of
structural properties were obtained from infrared and nuclear magnetic
resonance spectroscopy [12] but real space properties such as those
accessed from scattering experiments (X-ray or neutron) or from atomic
simulations are still lacking. To this end, we use a recently devel-
oped classical force-field that has been established for the crystalline
(Li,SiS;) and amorphous phases of the Li,S-SiS, system [19]. It is able
to correctly reproduce the structural properties of the glass (experi-
mental structure functions such as structure factor and pair correlation
functions [18,20]), and the crystal properties [21,22] (cell lengths,
densities at zero pressure), together with other different properties.
We extend the potential to account for the Lil additive by adding a
fractional iodine charge, and a strongly repulsive interaction at short
distances that is determined from related crystalline phases such as Lil
and Sil,.

Results indicate that the addition of (Lil) into a Li,S-SiS, solid
electrolyte glass contributes to various effects in terms of structure with
an obvious increased (entire) depolymerization and the replacement
of certain sulfur by iodine atoms in the first coordination shell of
silicon. The dynamics suggests an increased motion for the network
species (i.e. Si and S) in the modified liquids that we interpret from
the increased depolymerization of the structure which also leads to a
vanishing of the channel dynamics observed in the “reference” system.
This results in an increased contribution of Si and S atoms to the
overall conductivity. The doping is, furthermore, accompanied by a
substantial increase of free volume that will facilitate conduction and
by an evolution of local stresses whose spatial fluctuations tend to re-
duce. These numerical results highlight the importance of doping which
is known to contribute to the presence of additional charge carriers.
Atomic simulations provide here a detailed picture in which additives
act also in a more complex or subtle way in terms of structure-property
relationships.

2. Simulation details
2.1. Preparing glassy systems

The considered systems are made of 3000 atoms (Fig. 1). The initial
configurations have been obtained from a starting Li,SiS; one [19] and
atoms have been randomly selected and replaced in order to fulfill the
desired stoichiometry, i.e. one has N;; = 1200, Ng; = 400 and Ng =
1400 for the reference LS system, and N;; = 1266, Ng; = 312, Ng =
1088 and N; = 334 for the doped (LSI) one. The starting density of
both systems has been taken as p, = 0.051 A=3 = 1.82 g cm™3 [18]
corresponding to L = 38.87 A.

Classical molecular dynamics simulations with a parametrized
Buckingham-type potential (see below) has been used, together with a
Verlet algorithm with 1 fs time step for the integration of the equations
of motion in NPT (for the quench) or NVT Ensemble (for the analysis):

Cj 44
Vi =A; exp<—r/pij> - r—;j + —

dzeyr’ M
where r is interatomic distance, 4;;, p;;, and C;; are parameters, g; are
the charges (in e units), and ¢, is the permittivity of vacuum. i and
j refer to the type of two distinct atoms. After an initial run at high
temperature (2000 K) and zero pressure over 100 ps in order to loose
the memory of the unphysical initial configurations, the liquids have
been quenched with cooling rate 1 K/ps to room temperature (300 K)
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Fig. 1. Snapshot of the doped glass 0.42Li,S-0.28SiS,-0.3Lil (LSI). Blue and green
atoms are iodine and lithium, respectively. The thiosilicate network structure is
represented by red and yellow.

in NPT at zero pressure. Such configurations have then be heated back
in NVT at different target temperatures used for the analysis of the
dynamics in the liquid state. Statistical analysis have been performed
over 1 ns. The resulting density at 300 K for the reference LS system
is close to the experimental one [18] as we found p, = 1.83 g cm3.
For the LSI compound, we are not aware of any measured density for
this particular composition but acknowledge the fact that the glass at
zero pressure obtained after the quench has a density of p, = 1.83 g
cm~3 that is very close to the one obtained for the reference system and
typical of other modified multi-component thiosilicates [23] but some-
what larger than densities measured for parent (chlorine) compositions,
(1-x)[0.5SiS,-0.5Li,S]-xLiCl (1.45-1.55 g cm~3 [24]).

2.2. Setting up the additional potential parameters

In order to take into account the presence of Lil, there is need to
parametrize four additional interactions: Si-I, S-I, I-I, and Li-I. Since
qr; = 0.6e [19], we used ¢q; = —0.6e together with parameters fitted to
recover the structural properties of the elementary cell of crystalline
Lil (cubic Fm-3m, a = 6.00 A [25,26]), and Sil, (cubic Pa-3, a =
11.99 A [27]). We are not aware of any S-I compounds which are
known to be unstable at ambient conditions, and exist only as other
chalcohalides under the form of complex cations [28]. Since the S-I
bond distance in such compounds and related salts is of the order
of 2.30-2.40 A [28,29], i.e. similar to Si-I, we will assume Vg;(r) =
Vsir(r).

We fit empirically such crystal structure data within the general
utility lattice program (GULP) and zero forces [30,31], in conjunction
with a relaxation technique and a vibrational eigenmode calculation
that permits to select among fitted parameters those which lead to
stable crystalline structures at ambient temperature. Within this fitting
procedure, one minimizes a weight function F,

M 2
F= Z [Ccalc(k) - Cab:(k)] (2)
k=1

with M observables C,, (k) being the atomic coordinates of the crys-
talline elementary cells with zero forces. The fitting procedure, i.e., the
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Table 1

Buckingham parameters of Eq. (1) that describe crystalline Lil and Sil,, and are used in
addition to (S,Li,Si) pairs obtained for SiS,-Li,S glasses. As for the latter pair potential
[19], we used qg = —2¢4i = —2.4e, ¢q;; = 0.6, and for the LSI we used 4, = —0.6e.

Atom i Atom j Ay (eV) pij (A)
I I 14472451.0 0.161
1 Li 213890.0 0.190
I Si 7096.5 0.263
I S 7096.5 0.263
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Fig. 2. Partial pair correlation functions of 28SiS,-42Li,S-30Lil glasses, presented in
termes of network species (a), Li-related species (b) and iodine-related species (c).
Broken lines correspond to results for 40SiS,-60Li,S.

variation of the potential parameters so as to get the positions with zero
forces, stops when the energy gradient becomes lower than a certain
value (typically 0.01 a.u.). In the GULP procedure, this strategy can be
refined by requesting that with a set of parameters (4;;, p;; and C;;)
the determined 3N vibrational eigenmodes (phonons) of the structure
(i.e. the eigenvalues of the dynamical matrix [32]) are all positive.
This ensures that second derivatives of V;; with respect to the atoms in
Cartesian space (i.e., the force constant matrix) are positive and lead to
stable vibrations. The lowest three modes are zero at the center of the
Brillouin zone (I" point), and these correspond to the pure translation
of the crystal lattice, identified with the acoustic branch.

We kept the determined Li-Li interactions [19] of the Li,SiS; glass,
and maintained for simplicity all coefficients C;; to zero, as for most
of these parameters in Li,SiS;. Using this strategy, parameters for the
iodine related interactions could be determined and are displayed in
Table 1, to be used for the present SiS,-Li,S-Lil system.
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Fig. 3. Calculated neutron pair correlation function g(r) (a) and structure factor S(k)
(b) of LS (red) and LSI glasses (black). The circles are digitized data from neutron
scattering experiments [18]. Data sets have been shifted for a clearer presentation.

3. Results

In the forthcoming, we provide the structural properties of such
glasses and describe how the addition of Lil induces changes in trans-
port and electrical properties.

3.1. Structure

Fig. 2 displays the partial pair correlation functions for LS (broken
lines) and LSI (solid lines). Their neutron weighted combination leads
to the total pair g(r) displayed in Fig. 3a which is compared to data
from neutron scattering of LS glasses [18]. Here we have used bg =
2.847 fm, bg; = 4.149 fm, b;; = —1.90 fm and b; = 5.28 fm as coherent
neutron scattering lengths. Results indicate that the main experimental
features in real space and reciprocal space are obtained for the present
system. It is found, indeed, that the main peak at 2.1 Aanda secondary
principal peak at 3.5 A are recovered from the simulations for the LS
system (Fig. 3a), and reproduced in terms of intensity and position.
Corresponding data for the ternary have not been reported in the
literature, but the simulation suggests that upon Lil addition, the main
peak reduces in intensity, together with a shift to larger distances
(3.6 A) for the secondary peak, the evolution being associated with an
increased contribution of the S-S partial (Fig. 2a) and the presence of
a typical distance involved in S-I correlations (Fig. 2c¢). The dominant
motif continues to be tetrahedral Si with a Si-S bond length at 2.1 A
(Fig. 2a) similar to the LS reference system. The same conclusion can
be drawn for the other network-forming partials, i.e. S-S (dg_g =
3.53 A) and Si-Si (d sisi =4.14 A), and this highlights the fact that the
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tetrahedral character of the network is preserved with the apex formed
by the Si-S bond and the edge by the S-S one. This is, indeed, confirmed
by the obtained value of the tetrahedral ratio 6 = dg_g/dg,;_g [33] that
is here equal to 0.610, i.e. very close to the value \/7 = 0.612 found
for a regular tetrahedron, as in other chalcogenides [34]. Noteworthy
is the fact that the addition of Lil induces in the S-S correlation a
secondary peak at ~4.5 A that is now well separated (with respect to
the reference LS), and related to the presence of dominant Q° units (see
below). Finally, one acknowledges the absence of possible polysulfide
S-S chain fragments which appear as defects in sulfide electrolytes
and act as trapping sites for alkali ions while also leading in select
cases to preferential pathways for ionic conduction [35]. Here, we
note that no typical pre-peak is detected in the simulated S-S pair
correlation functions (Fig. 2a). This typical pre-peak is present in GeS,
network formers [36] at the distance of 2.22 A [371, and also in sodium
thiogermanates [38]. The present simulations, thus, suggest that in both
investigated thiosilicate glasses, such features are absent.

A comparison of the obtained simulations in reciprocal space also
permits to assess the validity of the force field for LS systems (Fig. 3b)
by comparing with the measured structure factor S(k) from digitized
neutron scattering experimental data [18]. While the simulations of
the LS glass replicate all experimental peaks, the first peak displays an
obvious reduced intensity but a near correct position (1.3 A~1), while
all other positions and intensities of the principal peaks at 2.1 A~1,
3.9 Al and 6.5 Al are reproduced. This indicates that most of
the MRO elements of the structure are accurately described. With Lil
addition, some longer correlating distances must appear as a typical
peak builds up in the small k region.

The second major outcome is that iodine enters into the first co-
ordination shell of Silicon as it sometimes happen for Group IV chal-
cohalides [39]. Here, although the first Si-I correlating distance is
found at r ~2.72 A, i.e. slightly larger than the Si-S bond distance, at
the minimum of gg,¢ (3.0 A) the evaluation of the running Si-based
coordination numbers n(r) shows that the Si-S coordination number
reduces (Fig. 4) from ng;,_g = 4.0 in the reference LS glass (broken
curve) to 3.3 for the LSI one, i.e. slightly larger than what might be
expected if all iodine atoms would take part in the first coordination
shell (ng;_¢ = 3.0). Although this scenario might be possible on stoi-
chiometry grounds since N; and N, are similar (334 and 312 atoms,
respectively), we have calculated that at the cut-off distance (3.0 A),
the population of Si atoms is made of ~75% tetrahedra having four
Si-S bonds and 25% Si having three Si-S and one Si-I bond. This
leads to a global coordination number ng;_g slightly larger than three
in LSI. The residual iodine atoms which do not participate in the Si
first coordination shell remain in the vicinity of Li atoms as suggested
from the principal peak observed at a somewhat larger distance than
the Si-S one in the corresponding Li-I partial (Fig. 2c). These iodine
based correlations furthermore indicate that Li-I bondings are present
in the glass, unlike in corresponding thiophosphates [15] since the
corresponding Li-I distance (3.06 f\) is found to be much shorter than
in these glasses (6.0 1°\). This underscores the fact that the effect of
additional “free” lithium cations able to depolymerize the starting LS
network might be reduced. Similarly, there is no preferential short
bond distance of the I-I bond distance which would indicate a possible
iodine clustering. Instead, one acknowledges a long distance correlation
(5.5 A) between the diluted I~ ions in the glassy network.

Finally, the Li-related partials (Fig. 2b) suggest that the bonding
distances remain nearly unchanged between the reference LS and the
doped LSI, and one finds d;; ¢ = 2.49 A, d;,_;;, = 3.10 A (2.94 A in
the reference system), and dg,_;; = 3.92 A.

An addition analysis of the structure uses the 0" terminology which
represents the population of Si tetrahedra having » bridging sulfur (BS),
i.e. sulfur atoms connecting two tetrahedra between them. The base
network (silica or SiS,) is made of 100% Q* units, whereas highly
depolymerized glasses usually display a near 100% fraction of Q° units
represented by “isolated” Li,SiS, tetrahedra. Such Q" populations can
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Fig. 4. Calculated Si partial coordination numbers n;;(r) as a function of correlating
distance in LS (broken line) and LSI (solid lines). The vertical broken curve corresponds
to the minimum of the Si-S partial pair correlation function.

Table 2
Calculated fraction of Q" distribution (in %)) in LS and LSI glasses, and compared to
other compositions in the Li,S-SiS, system [19] and to models from the literature.

0! [o} 0’ [o} Q°
LSI 6.4 93.1
LS 10.7 26.8 42.0 20.5
Li,SiS; [19] 5.8 20.7 35.4 30.6 7.5
Topological model LS [40] 0.1 0.1 0.1 99.6
Ideal chemical model 100.0

be measured by solid state nuclear magnetic resonance (*°Si NMR [13,
41,42]). In thiosilicates, and in contrast with alkali silicates [43], the
difficulty of establishing such populations arises from the small number
of reference crystalline phases (Li,SiS; and Li,SiS,) in comparison with
corresponding oxides, and small chemical shift anisotropies which do
not permit to completely distinguish between various Q" species. As a
result, the addition of Li,S into SiS, leads only to small variations in the
29Si chemical shift [44] so that the Q" distribution with composition or
temperature is almost unknown in thiosilicates.

The calculated Q" distribution of the LS and LSI glasses reveals a
profound change upon Lil addition (Table 2) with a nearly complete
depolymerized structure for LSI, whereas the LS reference glass con-
tains fractions of various Q" tetrahedra, except Q*. It is important to
note that for LSI the notion of Si tetrahedra is not fully compatible
with the one used in the literature [43] since some of the tetrahedra
in LSI contain some Si-I bonds. Here, the Q" species in LSI glasses
are enumerated according to the number of Si-X-Li correlations around
a central Si atom, irrespective of the nature of the non-bridging X
(X=S,I). For the reference LS system and when one compares with
the 50Li,S-50SiS, (Li,SiS; [19]), we note a substantial increase of Q'
and Q° units, as it should be. The additional Li ions lead, indeed,
to more and more non-bridging sulfur atoms having in their vicinity
a Li ion. These statistics are rather different from those proposed in
idealized models for which the statistics is essentially 100% Q'. The
LSI glass is found to display an obvious increased depolymerization
with a near network containing ~100% Q° species and some Q!-Q!
dimers. This is consistent with the fact that for the LSI composition
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Fig. 5. Calculated mean-square displacement at different target temperatures of Li (a), S (b) and I (¢) atoms in LSI liquids, and Li (d), S (e) and Si(f) LS liquids. Red and blue
curves correspond to the 1500 K and 700 K isotherms, respectively. Black curves correspond to the intermediate temperatures (1300 K, 1100 K and 900 K).

Table 3
Calculated diffusivities (in 10~> cm? s7!) of LS and LSI liquids at different temperatures.
See also Fig. 6.

System 1500 K 1300 K 1100 K 900 K 700 K
LSI Dg 3.682(1) 2.249(7) 1.566(2) 0.766(4) 0.311(1)
Dg; 2.841(7) 1.676(4) 1.194(3) 0.578(0) 0.191(2)
D;; 27.0410 20.031(7) 14.316(2) 9.015(9) 4.329(7)
D, 9.234(1) 5.582(6) 3.855(1) 1.709(5) 0.541(2)
LS Dy 0.078(2) 0.031(1) 0.016(4) 0.019(1)
Dg; 0.096(6) 0.046(5) 0.018(1) 0.009(7)
Dy, 5.363(1) 3.442(7) 1.961(0) 0.881(7) 0.309(4)

(0.42Li,S-0.28SiS,-0.30LI), the Li:Si atomic ratio is 4.07:1 which must
promote the presence of four non-bridging atoms around Si, i.e. n =
0. The complete depolymerization of the LS glass by the additive is
also detected from the near vanishing of the first correlating Si-Si
distance (4.0 f\) in the associated pair correlation function (Fig. 2a)
which reduces to a small peak at 4.25 A that corresponds to the Si-Si
distance of the Q'-Q! dimers.

The picture that emerges is that the addition of LiI leads to various
effects in terms of structure. The Lil additive partially dissociate into
the LS base network and contributes to the replacement of certain sulfur
atoms in the first coordination shell of Si that also leads to changes in
the Q" distribution and the pair correlation functions.

4. Diffusivity and conductivity
Our main interest is to determine whether the addition of Lil

induces an increase in conductivity, and to relate this increase to some
structural features driven by composition.

4.1. Diffusivity

To this end, we first investigate the dynamics of the corresponding
liquids by focusing on the mean square displacement (msd) of the

atoms, defined from the positions r;(?) at time ¢

N
2 =<L () —r.(0 2>
(ry @) ngllr,o r;0)]

where the sum is taken over all atoms of type k (k = Si,S,LiI).
Corresponding mean square displacements are provided in Fig. 5. These
display the usual behavior, that is, at short times a ballistic regime
sets in and behaves as (ri (1)) « 12, whereas at long time the diffusive
regime manifests by (ri(t)) « t. We note that the msd of the Li ions is
much larger which provides a direct indication that the atomic motion
is obviously decoupled between alkali ions and the network species
(S,Si). With decreasing temperature, the onset of the diffusive regime
appears at increasingly longer times. The self-diffusion D, constant in
the long-time limit is defined from the Einstein equation:

TR (GO
Dy = 6 tl—lglo dr
Note that even for T = 700 K, we can safely determine the Li and
I diffusivities as the different (ri(t)) display a well-defined diffusive
regime that sets in for  >100 ps to 1 ns (Fig. 5). The behavior of the
network species appears to be more contrasted (Fig. 5b, e, f) and for
the binary LS liquids a clear plateau behavior sets in that extends up
to the largest simulation time (1 ns). Here, the particles are obviously
trapped in a cage-like motion. Diffusivity results now appear in Fig. 6
in an Arrhenius representation for both LS and LSI liquids (See also
Table 3). We are not aware of any tracer diffusion measurements for the
present thiosilicate systems but the obtained values are compatible with
those measured in similar modified sulfide glasses [45-47]. Both LS and
LSI liquids obviously do not follow the same dynamics, and while the
reference LS systems leads to an obvious limited motion for the network
species (S, Si, open symbols, broken lines) and a decoupling of Li and
(Si,S) dynamics with differences in diffusivity by a factor of about 50,
this is not the case for the LSI. Here, although one acknowledges a
dominant motion for Li and I, all diffusivities are found to be nearly
of the same order of magnitude, e.g. at 900 K one finds 9.01(5) cm?

s~ and 0.57(9) cm? s~! for Li and Si, respectively. The origin of a

3)

C)
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Fig. 6. Calculated diffusivity in LSI (filled symbols) and LS (open symbols): Li (green),
S (orange), Si (red), I (blue).

Table 4
Activation energies E, (in eV) of diffusivities and conductivity in LSI and LS liquids.
Comparison with experimental data from Pradel and Ribes [17].

Dy, Dg Dy, D, c Oexp
LSI 0.25 0.31 0.32 0.28 0.18 0.27 [17]
LS 0.35 0.64 0.61 0.28 0.25 [17]

similar diffusivity for all species in LSI liquids is related to the fact that
the corresponding network is depolymerized in an increased fashion
with respect to the reference LS liquid as quantified by the number of
bridging sulfur atoms in the network (Table 2). This is in line with the
general accepted picture that at fixed temperature diffusivity increases
with network depolymerization or with an increasing number of non-
bridging atoms [48]. Diffusivity is of activated (Arrhenius) type that is
already evidenced by the representation (semi-log in 1/T), and corre-
sponding activation energies E, are given in Table 4. These highlight
the reduced barriers for Li motion in LSI (0.25 eV) with respect to
the reference LS system (0.35 eV), the network species leading to a
diffusivity activation energies that are somewhat larger.

4.2. Loss of channel dynamics

The nature of the dynamics between LS and LSI is also governed
by Li-Li correlations. By building on the analysis performed by Meyer
et al. [49], one finds that the Li-Li partial structure factor S;,;;(k)
(Fig. 8) exhibits a well-defined pre-peak at k ~1.05 A-1 in LS but
not in LSI. The existence of this pre-peak is the signature that some
ordering of Li ions takes place and involves a typical length scale [50]
of 7.7/kpp ~7-8 A since the position r of the peak in real space is
related to the position k of the corresponding peak in Fourier space
by using the relation kr ~7.7, which identifies the location of the first
maximum of the spherical Bessel function jj(kr).

The existence of a typical pre-peak in alkali-alkali correlations in
Fourier space is a typical feature observed in modified silicates [51,52]
and also in certain thiosilicates [53], and is linked with the presence of
preferential pathways for ion motion, termed in the literature as “chan-
nels” [54-57], and measured from quasi-elastic neutron scattering
experiments [49,58]. Indeed, such alkali-rich regions with a character-
istic length scale of ~7 A are found within a nearly frozen (thio)silica
matrix, and result from the depolymerization of the structure [59]
with alkali clustering emerging that lead to the percolation of alkali
channels [60] for ~20% Na,O in binary sodium silicate glasses [57].
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Fig. 7. (a) Calculated conductivity o(T) in LS (open boxes) and LSI (filled boxes)
together with low temperature experimental data: LS (open circles [17]) and LSI (red
boxes [17]; green circle [16] blue box [8]). The glass transition of LSI [17] is indicated.
Calculated contribution of different structures to conductivity in LSI (b) and LS (c)
liquids: total (black, same as panel a), ¢, contribution from iodine atoms (blue), ¢;;
contribution from lithium atoms (green), and o, contribution from the network (Si,S)
atoms (red, Eq. (7).

In the present thiosilicates, the LS behavior (Fig. 8) is very close
to the one found recently at a somewhat different Li content [53].
Here a pre-peak was found at ~1.0 A at various temperatures in the
50SiS,-50Li,S. Conversely, no pre-peak is found in the LSI system
which is an obvious indication that the channel dynamics is lost. An
inspection of accumulated atomic snapshots (Fig. 8) permits to visualize
the difference in atomic motion between both systems. In LS liquids, an
obvious channel dynamics is acknowledged which manifests by well-
separated regions of the simulation box for the motion of Li and the
network species. This results from the polymerized network structure
that is still maintained by some remaining BS atoms, i.e. the presence
of Q? species (Table 2). On the opposite, the Li motion in LSI is possible
inside the entire simulation box as the (Si,S) structure is made only of
isolated Q° species and a limited number of pyrothiosilicate fragments
(Q"). As a result the typical correlating distance associated with the
channel dynamics has vanished in S;,;;(k) of LSI (Fig. 8). Another
consequence is that the Li-Li correlating distance in real space found at
3.01 A (Fig. 2b) in LS is reduced with respect to LSI (3.57 A) as more
free space is available in the latter.

4.3. Conductivity

The conductivity (¢) as a function of temperature T can be obtained
from the Nernst-Einstein equation [61]:

2
o(T) = lim N

lim W Z zizj<[ri(t) — 5, O)]r; (1) — r,-(0)1> )

where V is the volume of the simulation box, e is the elementary
charge, z; and z; are the fractional charges of ions i and j of the
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Fig. 8. Calculated Li-Li correlations .S;,;;(k) in reciprocal space for LS (red) and LSI
(black) systems. The arrow indicates the presence of a first sharp diffraction peak. The
two atomic snapshots represent a slice (5 A thickness) of LS and LSI liquids (900 K)
representing accumulated frames of Li atoms over 100 ps with a frame frequency of
1 ps.

interaction potential, respectively. Here r;(r) is the position of atom
i, and the brackets () denote ensemble averages. We note that cross
(distinct) correlations (i # j) between the motions of the different
atoms are negligible compared to self contributions so that only di-
agonal contributions (i = j) contribute. Corresponding data for o(T)
(Eq. (5)) are represented in Fig. 7a in the liquid state where the
simulated liquids can be safely equilibrated, and eventually compared
to experimental measurements for LSI [8,16,17] and LS [17]. We first
note that, as in experiments, LSI systems display a larger level of
conduction when compared to LS and this highlights the usefulness
of additives such as Lil (or LiCl) in these thiosilicate glasses in order
to increase o. Here it is found close to the glass transition (700 K)
6 =1287 Q! em™! and 293 Q! em™! for LS and LSI, respectively.
The data calculated in the liquid state, furthermore, appear to be
compatible with those measured in the glass at 10%/T >2.5 since the
trends of the low- (experimental) and high-temperature (theoretical)
can eventually connect together in the glass transition region. Both
display obviously an Arrhenius behavior whose activation energies are
provided in Table 4. Of particular interest is the fact that the fitted
LSI activation energies from the simulations (0.18 eV) are lower than
in LS (0.28 eV), in contrast with the measurements in the glassy state
(0.25 eV versus 0.25 eV [17]). While the reduction of the simulated
activation energies are compatible with the increased conductivity level
in LSI, one should however keep in mind that there might be a so-called
Arrhenius crossover in the glass transition region (here T, = 306 °C for
LSI [17]), which reflects the fact that, similarly to other glass-forming
electrolytes [62-66], conductivity is enhanced once the underlying
network softens with the reduction of viscosity. This might not only
lead to conductivity jumps of the order of 4o = 10-10°Q~! em™! at T,,
followed by a possible departure from Arrhenius behavior but will also
manifest by differences (experimental versus simulation) in activation
energies E, such as those displayed in Table 4. In fact, for a glass the
rearrangement of Si-S bonds as the primary component of structural
relaxation is essentially at rest. In such a virtually static matrix, ionic
conductivity involves minor structural modification and is decoupled
from the primary network relaxation, showing Arrhenius behavior with
a given E,. As temperature approaches the glass transition range,
the primary relaxation is activated, leading to a complex temperature
dependence present in the liquid, and possibly to a different E .
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The detail of conductivity contributions reveals some interesting
differences between LS and LSI (Figs. 7b and c). Here one splits Eq. (5)
into contributions arising from the Li ions, from the network species
(N), and from iodine anions, i.e. one focuses on different contributions
o, (k=Li, I, N):

C DT (6
%= yigr v
where D, is the self-diffusion constant of the species k. We can fur-
thermore compute the conductivity component of the network species
(Si,S) given by:

&2

oN = WBT' [DSI(T) + DS(T)] (2]

In LS systems, the calculated conductivity results mainly from the Li
ions (Fig. 7c) which contribute to about 75% to the total conductivity,
the contribution of the network species being limited albeit increasing
with temperature, as usually observed in high temperature liquids [56].
Conversely, the LSI liquid exhibits a substantial increase of ¢ as already
acknowledged (Fig. 7a). While the Li contribution is not really different
between both systems, this increase results essentially now from an
important network contribution (Si,S) that is even dominant at high
temperature in LSI. We can, thus, conclude that the obtained conductiv-
ity increase with doping results from an growing contribution of (Si,S)
motions in LSI that is favored by the increased depolymerization of the
network.

5. Discussion

We now provide some additional physical behavior from the atomic
scale description and analysis, and target the lowest temperature con-
sidered for the dynamics, i.e. T = 700 K.

5.1. Free-volume increase

It is well-known that the increase of voids facilitates the motion of
diffusing particles. An inspection of the free volume using a Voronoi
tessellation permits to reveal profound differences once Lil is added into
the network. The occupied volume can be determined for each particle
from a Voronoi cell can is defined from the region of space closer to a
given atom than any other particle. This is mathematically defined by
requesting that for a given metric space (M, d) and a discrete set of
atomic positions {s,, s,, ... }C M, the Voronoi cell of an atom fulfills

V(sj))={x € M| d(x,s;) <d(x,s;)} Vi#j (8)

Resulting distributions of the occupied volume V; (i = Si,S,Li,I,
Voronoi cell) are displayed in Fig. 9 for the doped glass (solid curves)
together with the reference LS system (shaded distributions). Li and
iodine atoms obviously occupy the largest volume due to their non-
directional interactions, and for the doped systems such distributions
are broad and centered at ¥, = 30 and 35 A3, respectively. This
indicates that both Li and I ions occupy essentially large volumes, in
contrast with the network species. The bimodal distribution obtained
for the Si species arises from the presence of two possible environments,
i.e. a regular Si tetrahedra having either four sulfur atoms as neighbors,
or tetrahedra containing a Si-I bond, at a somewhat larger distance
2.8 i\, see Fig. 2¢). These lead to two different Voronoi volumes. As
expected, for the reference glass, the Si distribution reduces to a sharp
one at V; ~15 A3 since there are 100% SiS, /> tetrahedra. Given the
difference in density between both systems, it is instructive to rescale
Fig. 9 with respect to p, (Fig. 10), and the effect of LiI doping clearly
signals that the volume occupied by sulfur atoms reduces with Lil
addition as a shift from an average p,V; ~1.0 to 0.84 is acknowledged.
This might leave more free space for carrier motion. We also calculate
the free volume left for the Li motion which is nothing else then
the system volume V' minus the volume occupied by the network
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Fig. 9. Normalized Voronoi distribution for the various species involved at 700 K: Si
(a), S (b), Li (¢), and iodine (d). Solid curves correspond to the doped LSI system,
whereas the shaded distributions correspond to the reference LS system.
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Fig. 10. Rescaled Voronoi distribution with respect to system density p, for S (orange,
a), Li (green, b), and iodine (blue, b). Solid curves correspond to the doped system,
whereas the shaded distributions correspond to the reference system. Here we have
used p, = 0.051(3) A% and p, = 0.035(5) A-3 for LS and LSI respectively, which
corresponds to the calculated values at zero pressure and 300 K (see above).

species (Si,S) and the iodine. The fraction of available free volume
for ion motion can, indeed, be precisely calculated from the Voronoi
distribution and is equal to 41.02% in the LS glass, i.e. close to the
fraction calculated for a similar sulfide [38] (49,1% in 2Na,S-GeS,). For
the iodine system LSI, the fraction is equal to 53.4%, i.e. a substantial
increase of free space is found and permits an enhanced ionic motion
that is linked with the breakdown of the Li channels found in LS liquids.

5.2. Effect of atomic stresses

The link between stressed regions in the glass and ion motion has
been recently emphasized [67]. Here we examine such a relationship by
using the notion of “stress per atom” proposed by Thompson et al. [68]
which builds on an atomic scale calculation of stress X; via the virial
approach. Previous investigations have used this local approach to
quantify the extent of local instabilities in the glass structure [67,69].
One should remind that this stage that the virial has only a rigorous
meaning once it is statistically averaged over an ensemble of particles,
that is, once such a calculation is performed e.g. for the whole system
leading to the system stress (or pressure) over the system volume. This
framework provides an interesting means for the analysis of the local
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Filled red circles correspond to Si atoms having a Si-I bond.

state of stress, compression (Z; <0) or tension (Z;> 0), experienced by
each atom.

In Fig. 11, we represent such stress distributions for all species of the
LS and LSI glasses. A certain number features clearly appear. Although
the entire systems are at zero pressure, we find that Si and S atoms
are systematically under tension and compression, respectively. While
in the LS glass, the stress distribution for Si is centered at ¢ ~700 GPa,
the LSI leads to a bimodal distribution which is the signature of the
presence of two Si environments, pure SiS,, tetrahedra and Si tetra-
hedra containing a Si-I bond. The former induces the larger stresses
(X ~900 GPa, Fig. 11a) which underscores a tendency to Si-S bond
compression that is balanced by a tendency for the S sulfur atoms to
stretch the S-Li bonds (Fig. 11b). Interestingly, the Li and I atoms have
a rather reduced stress distribution, close to zero, which means that
the addition of an additive will not promote tensile and compressive
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zones in the glass but will instead tend to reduce such zones. The
stress variability can be quantified by the variance v} = (Z2) -(Z;)?
where one has, in principle, (X;) ~0 as the overall system pressure
is at zero. A computation of such a variance indicates, indeed, that
one has vy = 43.2 + 0.5 GPa and vy = 44.8 + 0.7 GPa for LSI and
LS, respectively. Thus, one can conclude that fluctuations in the glass
are slightly reduced in the doped system, with ion dynamics possibly
promoted by the absence of compressive or tensile stress barriers.

In order to establish a final correlation, we represent the individual
mean-square displacements |r () —1; (0)|? for each atom as a function
of its corresponding stress (Fig. 12) which highlight the fact that mobile
particle are those with zero stress and small size. Here one furthermore
notes that the doping induces a reduction of tensile stresses around Li
as the distribution A(ZX) is found to shift to higher pressures from LS
(Fig. 12b) to LSI (Fig. 12a) which has an obvious average zero stress in
LSI.

6. Summary and conclusion

Here we have investigated the effect of an additive on the structural,
dynamic and electric properties of thiosilicate glasses. A reference
0.6Li,S-0.4SiS, system and a doped 0.42Li,S-0.28SiS,-0.3Lil system
containing lithium iodide have been described from molecular dynam-
ics simulations. The interest in such ternaries is driven by the important
conductivity level which makes such alloys attractive for solid state
battery applications. Previous attempts to describe such important
systems for fast ion conductors trace back to the early 1990’s, and
were essentially arising from experimental studies [7,8,16]. In order
to describe these glasses at the atomic scale, there has been need to
establish a force-field for the classical molecular dynamics simulations
and this has been performed by adding extra iodine related interactions
to the initial lithium thiosilicate potential [19].

Results highlight the fact that Lil mostly dissolves in the glass
structure, leading to extra lithium charge carriers, while also inducing
the presence of Si-I in the first coordination shell of silicon. Such
charge carriers, furthermore, contribute to an additional disruption
of the reference LS glass as the Q" speciation evolves significantly
upon Lil addition from a broad Q" distribution to a nearly 100% QY,
together with a small presence of Q'-Q! dimers. The dynamics of both
liquids appear to be very different, driven by the possible vanishing
of the channel-like dynamics in LS, and reveals a near decoupling of
atomic motion between Li and network species in LS, while diffusivities
differences are less than of one order of magnitude in the doped liquids.
This induces a more important contribution to conductivity so that both
Li and (Si,S) contribute almost equally to ¢ in 0.42Li,S-0.28SiS,-0.3Lil.
As the local stresses involved by Li and I are close to zero, the addition
of Lil leads to reduction of the stress fluctuations in the structure. Other
interesting ternary doped thiosilicates might be considered in the future
along the same scheme, such as Li,S-SiS,-LiCl since such glasses seem
to also be promising candidates [8] for solid state batteries.
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