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A B S T R A C T

The electric properties of a model fast-ion electrolyte glass (100-x)SiS2 – xNa2S are investigated by means of 
classical molecular dynamics simulations. These materials are promising candidates for battery applications and 
the conductivity is thought to be essentially driven by the concentration of Na charge carriers. We first set up a 
Buckingham-Coulomb type potential able to describe the atomic structure and experimental structure functions 
(structure factor) in an improved fashion with respect to previous reported force fields. A systematic investi
gation of properties with modifier content Na2S (50 %≤ x ≤80 %) leads to an unexpected result, that is, a near 
constant behavior of the conductivity σ(x) with Na2S increase for various isotherms in the liquid state. The 
analysis indicates that unlike Li-based electrolytes, the diffusivity ratio between network (Si,S) and modifier (Na) 
species is reduced, of about 6–8, and differs substantially with the corresponding lithium counterpart for which 
the same ratio is about 100. This leads to a contribution to conductivity dominated by (Si,S) atoms for the sodium 
system. While the concentration of network species in the range 66 %≤ x ≤80 % decreases, no dramatic increase 
in Na diffusivity is obtained, and the emergence of molecular Na2S in the structure at large modifier content also 
induces profound structural changes. Unlike Lithium glassy electrolytes, the design of Na-based batteries must, 
therefore, take into account the contribution of the network species.

1. Introduction

At a time when modern human activity has an ever-increasing de
mand for energy, and the technological progress that has enabled it to 
flourish has also made it dependent on highly polluting fossil fuels, the 
disruption of biodiversity and climate should prompt us to reconsider 
the direction of technological innovation. Electrical energy generated by 
non‑carbon energies such as solar, wind, hydro and even nuclear power 
are good alternatives to fossil fuel combustion. As a result, electric en
ergy and the corresponding energy storage technologies using next- 
generation batteries will play an essential role in the advent of this 
sustainable future. Despite the current success of the Li-ion battery 
technology, the carbon footprint during manufacture, the instability of 
its flammable liquid electrolyte, and the dependence on lithium re
sources are leading us to look for greener and safer technologies [1,2]. 
All-solid-state batteries using sodium represent, therefore, a promising 
alternative. However, to make it attractive, a number of conditions need 
to be met, such as good ionic conductivity within the electrolyte as well 
as high mechanical and chemical stability of the electrode/electrolyte 

interface [3]. Recent studies [4–6] and careful reviews have emphasized 
the strategies for the development of Na-based electrolytes, and the 
problems that need to be solved in order to optimize materials for 
improved batteries.

In this respect, amorphous or glassy electrolytes [7] are seen as 
promising candidates to reach efficiency criteria for battery applications 
due to the possibility of combining a nearly infinite number of compo
nents in the base materials, enabling the continuous improvement of 
crucial properties such as ionic conduction or mechanical properties. 
More precisely, the increased polarization of sulfur with respect to ox
ygen makes sulfide glasses [8] attractive, and these display a significant 
level of conductivity in highly depolymerized materials, e.g. 10− 3 

Ω− 1cm− 1 in 3Li2S – P2S5 glasses [9–12]. Among such sulfides, the Na2S – 
SiS2 system containing a network former (SiS2) and a modifier (Na2S) 
displays a more reduced level of conductivity [8] (2× 10− 6 Ω− 1 cm− 1) 
compared to its lithium counterpart [13] (10− 4 Ω− 1 cm− 1). In the pre
sent system, the effect of the alkali sulfide is similar to the one 
encountered in oxides and in all modified glasses using a network former 
(GeO2, P2S5, B2O3, …), i.e. the modifier (Na2S) will disrupt the base 
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network made of SiS2 tetrahedra linked by corners and edges [14], and 
will lead to a global depolymerization of the base network structure by 
the conversion of bridging sulfur (BS, i.e. sulfur atoms connecting two 
tetrahedra) into so-called “non-bridging” sulfur (NBS) close to which 
alkali ions are present. A convenient way to quantify this conversion 
builds on the so-called Qn speciation which enumerates the number n of 
bridging sulfur (BS) atoms among a given SiS4/2 tetrahedron. At elevated 
modifier composition which leads to the most elevated conductivities, 
the structure is thought to be made of a majority of isolated tetrahedra 
Na4SiS4 corresponding to possible 100 % so-called Q0 species where the 
superscript indicates the number of BS atoms.

In order to improve the conductivity level of such Na-based sulfide 
glasses [15,16], a straightforward way is to modify the composition x of 
xNa2S – (1-x)SiS2 glasses in order to increase the amount of charge 
carriers (Na). This strategy is often applied albeit limited by the glass- 
forming domain (GFD) of the considered system. New synthesis tech
niques (e.g. ball-milling) can eventually extend the GFD, and produce 
glass compositions with significantly higher amounts of certain ele
ments. For instance, it is now possible to obtain glasses with up to 80 % 
modifier such as 80Na2S–20Ga2S3 [17]. It is, therefore, tempting to 
investigate the properties of such highly depolymerized glasses.

The present study focuses on ultra-depolymerized networks using 
atomic scale simulations in order to link aspects of structure with dy
namic and electrical properties by focusing on the effect of composition 
on xNa2S-(1-x)SiS2 studied from x=50 % to x = 80 %. The choice is 
motivated by the fact that the physical properties of such glasses at such 
high modifier content have been rarely studied. Unexpectedly, we find 
that for x ≥50 % the increase of conductivity with composition x is 
weak. The reason comes from a too small diffusivity difference ΔD be
tween Na and the network species, which all contribute to the conduc
tivity. This situation is at variance with Li-based glasses where such 
difference ΔD is at least one order of magnitude larger, and makes the 
conductivity contribution of Li dominant. The result has broader con
sequences as it suggests that, unlike for Li-based all solid state batteries 
(ASSB), the design of future Na-based ASSB must also consider the 
crucial role of the network species.

2. Simulation details

2.1. General framework

Classical molecular dynamics (MD) simulations were conducted in 
NVT ensemble on N=3000 particle glassy systems containing various 
concentrations of network modifier Na2S. The starting configuration 
was obtained from a previous converged configuration of 50Li2S–50SiS2 
[18] where the Li atoms were substituted by Na atoms, and the size of 
the simulation box adjusted in order to meet the experimental [19] glass 
density of 0.0430 Å− 3. The equations of motion were integrated using 
the Verlet algorithm with a time step of 1 fs. The system was maintained 
at 2000 K for 100 ps, followed by a quench at a cooling rate of 1 K/ps to 
300 K in NVT ensemble using a Nosé-Hoover thermostat. Finally, sta
tistical analyses of the glasses were carried out in the NVT ensemble over 
10 ns.

To model xNa2S-(1-x)SiS2 glasses, we used the Buckingham potential 
which includes a short-range repulsive interaction, a Coulomb interac
tion, and a long-range attractive dispersive interaction: 

Vij(r) = Aijexp
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− r
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ρij
)
+

qiqj

4πε0r
−

Cij
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where r is interatomic distance, Aij, ρij, and Cij are parameters, qi are the 
charges (in e units), and ε0 is the permittivity of vacuum. i and j refer to 
the type of two distinct atoms.

In order to fix the parameters of Eq. (1), using various amorphous 
structures obtained after a melt-quench procedure from molecular dy
namics simulations, we minimize a goodness-of-fit (Wright) parameter 

[20] that builds on a direct comparison between the experimental [21] 
and the simulated data. 
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The fit stops as RX becomes lower than a certain value that we have 
fixed to 0.005, which is a typical value for concluding reproductions of 
structure factors [22]. In order to reproduce correctly the region at low 
momentum transfer, it is necessary to incorporate a three-body inter
action that applies specifically to the triplet Si-S-Si involving a bridging 
sulfur (BS) atom 

V3(θ) = kb(θ − θ0)
2
, (3) 

and only active beyond a certain cut-off value (2.7 Å) corresponding to 
the minimum of the Si–S pair correlation function [21]. The inclusion 
of such a 3-body term that constrains the angular excursion around the 
BS atom within the network has been shown to be important [23,24] in 
corresponding oxides in order to reproduce a certain number of features 
among which, the first sharp diffraction peak observed at low mo
mentum transfer k in the structure factor S(k). In sulfide glasses, the 
addition of the interaction in Eq. (3) becomes even more critical because 
sulfide networks exhibit both corner-sharing (CS) and edge-sharing (ES) 
polyhedral connections having a distinct average angle around a BS 
atom. These mixed connections create a bimodal bond angle distribution 
such as Ge-S-Ge in e.g. GeS2 network formers [25,26], and cannot be 
reproduced from an interaction restricted to the single two-body inter
action of Eq. (1).

3. Results

3.1. Validation of the force-field

We first verify that the parametrized force-field is able to reproduce 
measured structure functions from X-ray scattering measurements. 
Fig. 1 represents the calculated (red) X-ray weighted structure factor 
SX(k) (panel a) and pair correlation function g(r) (panel b) that are 
compared to experimental data [21] (black).

One obviously acknowledges a substantial improvement with respect 
to results from previous molecular molecular dynamics simulations 
[21,27] (magenta and orange curves) in both the real and reciprocal 
space. It is important to stress that the present parametrized force-field 
now captures all important features of the experimental structure factor 
SX(k), i.e. the principal peaks measured at 2.5 Å− 1, and 4 Å− 1 but also 
the first sharp diffraction peak measured [21] at 1.13 Å− 1. Our results 
are at variance with the previous MD simulations which contained 
obvious flaws such as i) an obvious shift to large k in the first principal 
peak position, ii) a poor reproduction of all the other peaks and iii) a 
phase-lag at large momentum transfer indicative of possible a spurious 
short-range order in real space. The calculation of the corresponding 
Wright parameter (Eq. (2)) provides some quantitative information on 
the level of agreement since we find RX=0.0052 when we compare Scalc 

and Sexp in the range 0.6 Å− 1 ≤ k ≤12.0 Å− 1 for the present force-field. 
The two previous force fields lead to RX=0.0115 [27] and 0.0460 [21], 
respectively.

Once Fourier transformed, the spurious effects observed at large k in 
the previous simulations [21,27] manifest in Fig. 1b by an incorrect 
second- and third-shell correlation of neighbors supposed to be found 
experimentally [21] at 2.89 Å and 3.50 Å. Conversely, the present force 
field (Eq. (1)) is able to reproduce all features of the pair correlation 
function g(r), and these essentially contain a first principal peak at 2.13 
Å (experimentally [21] 2.14 Å) arising from the tetrahedra apex Si–S, a 
secondary peak at 2.91 Å (experimentally 2.88 Å) related mostly to 
Na–S correlations, and finally a third peak at 3.47 Å (experimentally 
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3.47 Å) which is due to multiple contributions (the S–S tetrahedral 
edge, Na–Na and Si–Na). All simulated peak characteristics are now 
obviously reproduced, i.e. amplitudes, positions and widths with minor 
discrepancies so that the present force-field represents a clear and un
ambiguous improvement with respect to previous simulation efforts. In 
addition (see below), the resulting structure is found to contain both 
corner-sharing (CS) and edge-sharing (ES) tetrahedral motifs, and this 
structural feature represents another important improvement with 
respect to the previous MD studies [21,27].

3.2. Diffusivity and conductivity of NS melts

In order to calculate dynamic and electric properties, we focus on the 
mean square displacement (msd, Fig. 2) of the atoms in melts at different 
temperatures, which is defined from the positions rj(t) at time t 

〈
r2
k (t)

〉
=

〈
1
Nk

∑Nk

j=1

⃒
⃒rj(t) − rj(0)

⃒
⃒2
〉

(4) 

where the sum is taken over all atoms of type k (k=Si,S,Na). The self- 
diffusion Dk constant in the long-time limit is then defined from the 
Einstein equation: 

Dk =
1
6

lim
t→∞

d
〈
r2
k(t)

〉

dt
. (5) 

Diffusivity results of the NS melt now appear in Fig. 3, and follow an 
Arrhenius behavior D∝exp[ − EA/kBT] for all species with activation 
energies EA found to be 0.43(9), 0.64(7) and 0.60(0) eV for Na, S and Si, 
respectively. Here the semi-log representation as a function of inverse 
temperature obviously reveals a dynamics of activated (Arrhenius) type. 
These values EA are somewhat higher than those previously determined 
(e.g. 0.25(8) eV for Na [27] to be compared with our 0.43(9) eV) but the 
latter might be altered by the wrong structural properties as discussed 
above. The present calculated activation energy for Na diffusion is 
highly consistent with the one determined by Thomas et al. at lower 
temperatures from 22Na tracer diffusion experiments [28] on a slightly 
different composition (56Na2S – 44SiS2). Here, the measured Na acti
vation energy EA was found to be 0.44(0) eV, i.e. identical to our 
calculated EA=0.43(9). The force-field (Eq. (1)), thus, appears to be 
extremely reliable as it describes correctly both the structure (Fig. 1) and 
the dynamics (Fig. 3). For obvious numerical limitations, we are not able 
to explore numerically the diffusivity in the same temperature range as 
Thomas et al. [28] because of the onset of glassy behavior that limits the 
motion of the particles at low temperature within the computer time
scale, and does not permit to obtain the diffusive regime at ambient 
conditions. This is clearly visible from the 300 K msd profile (Fig. 2, red 
curve) which displays the usual cage-like motion (here at msd= 0.5 Å2 

between 0.5 and 20 ps) prior to a reduced dynamics at long times (10 
ns).

In the present sodium system, the diffusivity difference ΔD between 
the modifier (Na) and the network species (Si,S) is smaller than in the 
corresponding lithium counterpart [15] as we calculated at e.g. T=1000 
K, DNa=3.54× 10− 5 cm2.s− 1 and for the network (N) species DN =

4.49–5.62× 10− 6 cm2.s− 1, i.e. a ratio DNa/DN = 7. This ratio is sub
stantially smaller as we found DLi/DN = 100 in the Li-based electrolyte 
at the same temperature [15], and indicative of an obvious decoupling 

Fig. 1. Calculated (red) X-ray weighted structure factor SX(k) (a) and pair 
correlation function g(r) (b) of 50Na2S – 50SiS2, compared to experimental data 
from Dive et al. [21] (black, duplicated) and to results from previous force- 
fields from Dive et al. [21] (orange) and Sørensen et al. [27] (magenta). Note 
that the total experimental g(r) (not reported in Ref. 21) has been obtained from 
a Fourier transform of the experimental SX(k). The Wright parameter RX is 
indicated and has been calculated in the range 0.6 Å− 1 ≤ k ≤12.0 Å− 1. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 2. Na mean square displacement 
〈
r2
Na(t)

〉
for different isotherms in NS 

melts: 2000 K (blue), 1750 K, 1500 K, 1250 K, 1000 K, 500 K and 300 K (red). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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between the alkali and the network dynamics in Li thiosilicates. In the 
sodium glass, this “small” difference ΔD between DNa and DN will have 
profound consequences on the conductivity behavior, as discussed 
below.

The conductivity (σ) as a function of temperature T can be obtained 
from the Green-Kubo Eq. [29]: 

σ(T) = lim
t→∞

Ne2

6tVkBT
∑

i,j
zizj

〈
[ri(t) − ri(0) ]

[
rj(t) − rj(0)

] 〉
(6) 

where V is the volume of the simulation box, e is the elementary charge, 
zi and zj are the fractional charges of ions i and j of the interaction po
tential (Table 1), respectively. Here ri(t) is the position of atom i, and the 
brackets denote ensemble averages. The calculated conductivity σ(T)
(Eq. (6)) for the NS melts is displayed in Fig. 3b (green symbols) and 
compared to different experimental measurements in the glass 

[21,28,30] and to a previously [27] calculated σ(T) from a slightly 
different force-field. As for the diffusivity, we note that the calculated 
σ(T) behavior in the liquid state is compatible with these experimental 
measurements performed at 103/T >2.5 since the trend at high tem
perature eventually extrapolates to the data at low temperature. Both 
sets display an obvious Arrhenius with activation energies found to be 
0.38(0) eV and 0.27(4) eV for experiment and simulation, respectively. 
These differences might be the signature of a so-called Arrhenius 
crossover in the glass transition region (here Tg=545 K for the NS glass 
[8]), which reflects the fact that, similarly to other glass-forming elec
trolytes [31–35], conductivity is enhanced once the underlying network 
softens with the reduction of viscosity, and might eventually lead to 
conductivity jumps.

In order to have more details on the role of the different species, we 
split the total σ(T) into contributions from the Na ions, and from the 
network (N) species (Si,S), i.e. one focuses on different contributions σk 
(k=Na, N): 

σk =
e2

VkBT
z2

kDk(T) (7) 

where Dk is the self-diffusion constant of the species k determined by Eq. 
(5), and zk are the fractional charges (Table 1). Here we note (Fig. 3b) 
that the overall conductivity is dominated by the network species (Si,S, 
red circles) up to high temperature, and at the lowest investigated 
temperature (750 K) the ratio between network and ion conttribution 
σN/σNa is of about 2.7. This situation is at variance with the one 
encountered in the lithium counterpart [15] where the important 
diffusivity difference between Li and N species leads e.g. to σN/σLi =

0.12 at 900 K, i.e. σLi dominates the conductivity of the lithium thio
silicates. These features highlight the role of structure, and also the role 
of the size of the alkali modifier on the overall behavior of electric 
properties.

3.3. Diffusivity and conductivity of highly depolymzerized networks

Having validated both the structure and the dynamics of the Buck
ingham force-field (Eq. (1)) with respect to experiments for the single 
composition x=50 %, we now investigate the electric properties in the 
very limit of the glass-forming domain which is known [8,36] to be of 
about 66–70 %. Thanks to a new technique building on a mechanical 
synthesis route (ball milling), the GFD can now be extended to about 75 
% modifier as in recent studies in e.g. lithium thiophosphates [37]. 
Importantly, it should be stressed that the stoichiometry of the network 
former fixes a theoretical limit to network depolymerization that is 
entirely achieved once the base polytopes (e.g. the SiS4 tetrahedra in the 
present case) are entirely disconnected from the rest of the network. In 
the present alkali thiosilicates, this limit is reached at 66 % modifier 
which corresponds to an "ideal" network made of isolated (M = Li,Na) 
M4SiS4 tetrahedra (so-called Q0 units [13]) containing no longer BS 
atoms.

Fig. 4 displays the behavior of Na and network species (Si,S) 

Fig. 3. a) Calculated diffusion coefficient D in NS melts as a function of inverse 
temperature, compared to data from 22Na tracer experiments in 56Na2S – 
44SiS2 of Thomas et al. [28], and to MD simulations using a different force-field 
[27]. b) Calculated conductivity (green symbols) in NS melts as a function of 
inverse temperature, compared to experimental data measured in the glassy 
state from Ribes et al. [30], Dive et al. [21], and Thomas et al. [28], and to MD 
data from Sørensen et al. [27]. Note that the set of data of Thomas et al. cor
responds to a 56Na2S – 44SiS2 composition, as in panel a. The contribution of 
the network (Si,S, open red circles) to the conductivity is separated from the 
one due to sodium (black open circles). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

Table 1 
Buckingham parameters of Eq. (1) that describe xNa2S – (1-x)SiS2 glasses (x ∈
{0.5, 0.6, 0.66, 0.7, 0.75, 0.8, 1.0}). Charges have been taken as qSi=zSie=2.4e, 
qS=zS= − 1.2e and qNa=0.6e. The interactions between Si–Si and Si–Na are 
assumed to be purely Coulombic for the sake of simplicity. For the three-body 
interactions, we used kb=1.5 and θ0=60◦.

Atom i Atom j Aij (eV) ρij (Å) Cij (eV− 1.Å− 6)

S S 42,800 0.284 30
S Si 164,000 0.178 80
S Na 833,000 0.182 70
Si Si – – –
Si Na – – –
Na Na 13,000 0.3 300
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diffusivities for different isotherms as a function of modifier content. As 
for the 50:50 compound, the dynamics between the Na ions and the 
network species is somehow decoupled but, again, with a difference that 
is substantially smaller than for the Li counterpart [15,38]. Noteworthy 
is the fact that with increasing Na content, one does not acknowledge an 
increase of diffusivity and this underscores the fact that the effect of 
depolymerization on the dynamics is weak, i.e. between the 50:50 and 
the 80:20 compound, there is only a slight increase of Dk for the network 
species and a near constant value for DNa which is found to be of the 
order of 3.0× 10− 5 cm2.s− 1 at 1000 K (Fig. 4a). We rule out possible 
effects of glass transition temperature (Tg) dependence with modifier 
content x since it has been reported that this dependence is small, i.e. of 
about [8] 270oC between x=50 % and 60 %, and 247oC for x = 66 % 
[19]. In addition, the temperature evolution between the two end 
compositions (50 and 80 %) appears to be rather small (Fig. 5) and this is 
highlighted in an Arrhenius representation where a small decrease in Na 
diffusivity is acknowledged at the lowest temperature for the 80:20 

composition. A corresponding Arrhenius fit using D∝exp[ − EA/kBT]
shows that the activation energy for diffusion EA increases from 0.43(8) 
eV to 0.48(2) eV from x=50 % to 80 %, also indicative for a reduced 
dynamics at elevated modifier content.

The respective evolution of network dynamics versus alkali dy
namics is detected in the inset of Fig. 5 which represents the ratio be
tween network and Na diffusivity DN/DNa. For all temperatures, this 
ratio is found to increase, i.e. the diffusion of the network species in
creases faster than DNa with modifier content, as already reflected in 
Fig. 4b, and this underscores the fact that the depolymerization induces 
an increased dynamics for the network species. The situation is, again, at 
variance with the Li counterpart for which the corresponding ratio 
DN/DLi is found to decrease [15,38] with x, i.e. the contribution of the 
network which is already small in the 50:50 lithium thiosilicates be
comes even smaller at large modifier content.

Fig. 4. Calculated diffusivity Dk(T) in x Na2S – (1-x)SiS2 melts for different isotherms for Na (a) and network species (S,Si) (b). Error bars are of the size of 
the symbols.

Fig. 5. Calculated diffusivity Dk(T) in 50Na2S – 50SiS2 (black) and 80Na2S – 
20SiS2 (red) with Arrhenius fits (solid and broken lines). The inset shows the Na 
versus network species diffusivity ratio DN/DNa as a function of modifier con
centration x Na2S for the different considered isotherms. For comparison, the 
ratio DN/DLi is represented (filled squares) for 50Li2S – 50SiS2 [38] and 60Li2S 
– 40SiS2 [15]. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 6. Calculated system conductivity σ(T) as a function of modifier concen
tration x Na2S in xNa2S – (1-x)SiS2 melts for different isotherms.
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Similarly, Fig. 6 now represents the calculated conductivity of melts 
with different temperatures as a function of modifier concentration x. 
Importantly, we remark again that σ(T) remains almost constant over 
the entire concentration domain or that, at least, there is no significant 
evolution with Na2S.

4. Discussion

The evolution of the electric properties is linked with a profound 
alteration of the network structure. For the NS glass, it is well known 
that the short-range connectivity is realized by corner- (CS) and edge- 
sharing (ES) SiS4/2 tetrahedral connections. These are usually revealed 
from 29Si Nuclear Magnetic Resonance (NMR), and results [8,36,39] for 
a series of alkali modified thiosilicates glasses have shown that the 
fraction of ES units decreases continuously with modifier content. For a 
50:50 ratio (i.e. Na2SiS3 or Li2SiS3), the proportion of edge-sharing 
tetrahedra is about 23 % [36,39] and this indicates that the glass 
structure maintains a partial chain-like structure with the base tetra
hedra SiS4/2 being connected both by edges and corners.

4.1. Breakdown of ES connectivity

In Fig. 7 we represent the S–S (a) and Si–Si (b) partial pair corre
lation functions for the different investigated compositions. Of special 
interest is the presence of prepeaks in both gSS(r) and gSiSi(r) in the region 
3.0–3.2 Å which signals the existence of ES structures as such motifs 
induce specific correlating distances [25,26,40]. The principal peak at 
3.53 Å in the Si–Si pair correlation function (panel b) corresponds to 
distances between Si centers of CS tetrahedra, whereas the one at 3.03 Å 

is the Si–Si correlating distance involved in ES motifs. With increasing 
Na2S content, the amplitude of such peaks reduces and signals a global 
breakdown of ES structures, consistently with experiments, that is 
induced by the reduction of tetrahedra connectivity and the increase of 
NBS atoms. A convenient way to quantify the depolymerization is to 
enumerate Si tetrahedra having n BS atoms (or 4− n NBS atoms) which is 
also known in the literature as the Qn speciation [8]. Fig. 8 provides such 
an enumeration for the different considered glasses. Noteworthy is the 
fact that the 50Na2S – 50SiS2 system contains a majority of Q2 species 
which is consistent with the Na:Si stoichiometric ratio of 2:1, and this 
allows to have Q2–Q2 ES dimers. The ideal chemically ordered model 
[41] leads to 100 % Q2. With the growing proportion of Q1 and Q0 units 
upon Na2S addition, ES tetrahedra become impossible as two BS atoms 
are needed to form ES connections so that their corresponding amount 
will decrease, consistently with the reduction of the principal peak at 
3.03 Å in gSiSi with growing modifier content x.

The trend of the different Qn species appears to be rather consistent 
with the overall observation of highly depolymerized network glasses 
such as the present system or the archetypal alkali silicates [42], i.e. 
while the base SiS2 network is made of 100 % Q4 species in ES or CS 
connection, at 50 % modifier there is a distribution of possible tetra
hedra, ranging from Q3 (theoretically dominant at 33 % modifier) to Q2 

(dominant at 50 %), Q1 (dominant at 60 %) and Q0 (dominant at 66 %). 
The present calculated distribution and the trend with composition are 
globally compatible with a recent estimate from NMR, albeit our sta
tistics does not fully reproduce the experimental results [36] which 
consisted also in the presence of possible dimeric groupings containing a 
Si–Si homopolar bond (Na6Si2S6). With increasing x, the global con
nectivity reduces as displayed in the inset (Fig. 8) which represents the 
average tetrahedral connectivity 〈n〉 defined by: 

〈n〉 =
∑

n
npn (8) 

where pn is the calculated probability of finding a Qn species.
The other partial of interest (Fig. 7a) represents sulfur‑sulfur corre

lations with increasing Na2S content. Here, we notice a prepeak at 3.1 Å 
which is the signature of a small number of homopolar S–S bonds which 
are also detected in other modified sulfide glasses [43]. The pair cor
relation function is dominated by a principal peak at 3.5 Å which cor
responds to the distance involved in the edge of the SiS4/2 tetrahedra, 
and which is weakly sensitive to composition. Upon Na2S addition, one 
acknowledges the emergence of a secondary peak at r;4.5 Å which 

Fig. 7. Calculated pair correlation function gSS(r) (a) and gSiSi(r) (b) in glassy 
(300K) xNa2S – (1-x)SiS2 for different modifier content x: 50 (red), 60, 66, 70, 
75, 80 (blue). The gray zone in panel (a) corresponds to gSS(r) of pure Na2S 
(x=100 %). In panel b, the structural motifs (ES and CS) are associated with the 
principal peaks. Arrows indicate the peak evolution with increasing x. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 8. Calculated population of Qn species as a function of modifier in xNa2S – 
(1-x)SiS2 glasses. The black curve corresponds to Q4 species. The inset repre
sents the average number of BS atoms 〈n〉.
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corresponds to the growing presence of isolated Na2S molecules. As a 
matter of fact, an investigation of pure glassy Na2S (gray zone) indicates 
that the corresponding function gSS(r) has, indeed, a prominent peak at 
the same distance which corresponds to correlations between the sulfur 
centers of Na2S molecules. For x=100 %, the typical principal associated 
with the edges of the SiS4/2 is, of course, absent.

The vanishing of ES tetrahedra with growing x can be also inferred 
from associated bond angle distributions (BAD, Fig. 9) which display a 
bimodal structure typical of chalcogenide networks having both CS and 
ES connections [25,26]. Here (Fig. 9a), we acknowledge for the NS glass 
(red curve) two major contributions in the Si-S-Si BAD centred at 88◦

and 108◦ which can be identified with ES and CS tetrahedra, respec
tively. The same holds for the S-Si-S BAD (Fig. 9b) which is dominated 
by the intra-tetrahedral angle at arccos( − 1/3)=109◦. With the addition 
of modifier, the ES contribution obviously vanish and, thus, also indicate 
a breakdown of such motifs.

4.2. Emergence of the Na2S phase

As mentioned earlier, with such extremely elevated concentrations 
of modifier, one is beyond the theoretical limit of having an entire Q0 

structure expected at 66 % modifier, i.e. a network that is made of iso
lated Si tetrahedra. The precise account from the atomic scale trajec
tories is slightly different as we found a probability of 50.0, 37.5 and 
11.0 % for Q0, Q1 and Q2 species, respectively (Fig. 8), and similarly to 
various other MD studies [16,44] which also highlight the fact that there 
is a continuous conversion Qn→Qn− 1 with growing x. Upon additional 
modifier content however, a Na2S liquid or glass phase is supposed to 
emerge as detected from atomic snapshots (Fig. 10) which highlight the 
presence of isolated Si tetrahedra with a lot of sulfur and sodium atoms 
signaling the presence of Na2S molecules.

The progressive emergence of correlations between Na2S species is 
barely visible at the 50:50 composition in the Na–Na pair correlation 
function gNaNa(r) (Fig. 11) but secondary peaks emerge beyond the first 
coordination shell with increasing x, i.e. we detect at r = 5.5 Å a dis
tance whose amplitude grows with Na composition, and which appears 
to be typical of pure Na2S (gray area).

As crystalline Na2S is in a cubic symmetry [45,46], for ultra- 
depolymerized glasses, we find short range features related to the 
crystalline order with typical angular contributions at 80–90◦ and 
150–180◦ in the Na-S-Na and S-Na-S bond angle distributions (Fig. 12). 
For the former (panel a), such contributions grow significantly as we 
move from 50Na2S – 50SiS2 to 80Na2S – 20SiS2.

4.3. Evidence for Na channel collapse

The addition of Na atoms in the highly depolymerized systems, 
furthermore, leads to a vanishing of the channel dynamics that is typical 
of low modified oxides and sulfides. In the latter, the ion motion results 
in preferential pathways [47,48], and these are evidenced both from 
simulations [49–52] and from quasi-elastic neutron scattering experi
ments [53,54]. In the latter, a pre-peak is observed in the partial Na–Na 
structure factor SNaNa(k) at low momentum transfer kPP=0.9 Å− 1. This 
underscores the possibility of having sodium-rich regions with a char
acteristic length scale [55] of ≃7 Å embedded in a nearly frozen silica 
matrix with different compositions. These percolating channels appear 
with the Na clustering induced by the breakage of the inter-tetrahedral 

Fig. 9. Calculated bond angle distribution Si-S-Si (a) and S-Si-S (b) in glassy 
(300 K) xNa2S – (1-x)SiS2 for different modifier content x: 50 (red), 60, 66, 70, 
75, 80 (blue). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 10. Atomic snapshot of a slab (thickness 6 Å) in a 300 K 80Na2S – 20SiS2 

glass made of Si (red), S (yellow) and Na (blue). Isolated sulfur atoms indicate 
the presence of Na2S molecules. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Calculated pair correlation function gNaNa(r) in glassy (300 K) xNa2S – 
(1-x)SiS2 for different modifier content x: 50 (red), 60, 66, 70, 75, 80 (blue). 
The gray zone corresponds to gNaNa(r) of pure Na2S (x=100 %). Arrows indicate 
the peak evolution with increasing x. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)
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bond angle [56] and are already present at low modifier content [52]. 
While these effects are rather well documented in the archetypal alkali 
silicates, recently the possibility of such channels has been evidenced in 
sulfide glasses as well [15,27].

Here, we find a similar feature with a clear and obvious signature of a 
pre-peak FSDP in the Na–Na partial structure factor (Fig. 13a) that is 
observable at kFSDP ≃1.0 Å− 1 for the NS system. The existence of this pre- 
peak is the signature [53] that some ordering of Na ions takes place in 
the NS glass, and involves a typical length scale [55] of 7.7/kFSDP ≃7–8 Å 
that is found to slightly shift to lower distance (higher k) with increasing 
modifier content. Interestingly, the intensity of the FSDP decreases 
dramatically as one moves from 50Na2S – 50SiS2 to 20Na2S – 80SiS2 and 
for x ≥75 % the FSDP is barely visible. An estimate of its intensity IFSDP, 
furthermore, indicates a linear decrease down to zero for x=80 % 
(Fig. 13b).

These features clearly suggest that in highly depolymerized systems, 
the Na channels vanish with the overall reduction of the network con
nectivity ensuring structural regions dominated by the (Si,S) connected 
species. As a result, one expects the nature of the dynamics to evolve 
from a dynamics within channels for x = 50 % with a certain lengthscale 
to a spatially unconstrained diffusion at x = 80 % typical of high tem
perature melts when the FSDP is absent. A recent inspection of atomic 
snapshots [15] has shown that the degree of network polymerization 
impacts the localization of the Na motion. At “low” x, the latter occurs 
within regions limited by the presence of a partially remaining (Si,S) 
network, whereas for a complete depolymerization, the Na motion 
almost extends to the entire simulation box so that the ion paths result 
from series of independent random segments as for Brownian motion 
which underscores the stochastic nature of the Na motion.

4.4. Li versus Na

It is instructive to compare two isochemical compounds having the 
same amount of modifier content. In Fig. 14b we represent the calcu
lated conductivity σ for the 60Na2S-40SiS2 that we compare with the 
corresponding lithium compound [38] (Fig. 14a).

Both panels summarize what we have inferred above from the 
diffusivity difference ΔD between the alkali ion and the network- 
forming species (inset of Fig. 5). In the lithium compound, the con
ductivity is essentially controlled by the Li ions, the contribution of the 
network species being a factor 5 smaller for all considered temperatures, 
including for the lowest considered temperature (103/T = 1.4, i.e. 

T=700 K). Conversely, given the rather limited diffusivity difference ΔD 
in the Na-glass, we find that σ is essentially controlled by the (Si,S) 
atoms. If we discard still possible effects due the different (Li and Na) 
force-fields, our results indicates that any project of the electrolyte 
conductivity enhancement in these materials must target the network 
properties, and their underlying dynamics. While we are not aware of a 
similar conclusion reported in the literature, a reasonable conjecture is 
that the present results might also apply to isochemical systems such as 
Na2S-GeS2 which are known to display the same structural evolution 
upon modifier increase [16], and lead to similar conductivities [30]. 
Simulation work on this topic is in progress, including a comparison 
between alkali thiophosphates. In order to increase σ, an interesting 
perspective in this context might build on molecular flexibility which 
has been found to boost ionic conduction [57]. The reduction of the 
network connectivity in certain glasses drives, indeed, a rigid to flexible 
transition [58] that brings into the glass flexible (or floppy) modes 
which reduce the energy barriers for local deformations that are then 
able to enhance the ion mobility [59]. Recently, the link between ri
gidity and conductivity has been cast in a more rigorous approach [60] 
which has shown that molecular flexibility promotes the occurrence of 
flexible modes and topological degrees of freedom in the network 
structure. These lead to a substantial increase of conductivity in the 
flexible phase of glasses [61]. It suggests that molecular flexibility can 
serve as an efficient way for conductivity enhancement in all solid-state 
batteries using Na-based amorphous electrolytes.

Fig. 12. Calculated bond angle distribution Na-S-Na (a) and S-Na-S in glassy 
(300 K) xNa2S – (1-x)SiS2 for different modifier content x: 50 (red), 60, 66, 70, 
75, 80 (blue). The gray zone corresponds to the bond angle distribution of pure 
Na2S (x=100 %). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Fig. 13. (a) Calculated partial Na–Na structure factor SNaNa(k) at 300 K for the 
different investigated systems. The arrow indicates the FSDP region. (b) In
tensity of the FSDP as a function of modifier content.
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5. Summary and conclusion

Here we have investigated the dynamic and electric behavior of 
highly depolymerized glassy and liquid networks having a large amount 
of modifier content. Prior to the investigation, we have established a 
force-field able to describe correctly the structure of glassy 50Na2S – 
50SiS2 (NS) in real and reciprocal space, and this effort represents a clear 
step forward with respect to previous attempts [21,27]. The sodium 
thiosilicates have become increasingly attractive because of their 
possible use in fast ion batteries and because of the availability of so
dium. In such ultra-depolymerized xNa2S – (1-x)SiS2 networks, we find 
that for x ≥50 % the increase of conductivity with modifier content is 
weak, and results from a too small diffusivity difference between the Na 
ion and the network species. This clearly contrasts with Li-based glasses 
whose electric properties are dominated by the very mobile Li ions. 
Given these results, the design of all solid state batteries using Na-based 
glassy electrolytes must therefore seriously consider the role of the 
network species.

The sodium thiosilicates represent a very interesting base material 
that can be used for further alloying with either other network formers 
(GeS2 or P2S5, the mixed former effect) or other alkali modifiers (Li2S, 
the mixed alkali effect) in the search for a continuous improvement of 
ion conduction. Our results clearly indicate a highly depolymerized 
network that is predominantly tetrahedral in character with the salient 
phenomeneology already encountered in archetypal modified (thio)sil
icate glasses, here a base network disruption (SiS2) upon Na addition 
that leads to the growing presence of non-bridging sulfur having in its 
vicinity Na atoms, a Qn population that ultimately is dominated by 
n=0 at elevated modifier content (80 % Na2S), and by the growing Na2S 
phase.
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