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Studied by Neutron Diffraction and Supported by First-Principles
Simulations

Mohammad Kassem,! Tinehinane Bounazef,! Daniele Fontanari,® Anton Sokolov,! Maria Bokova,!
Alex C. Hannon,? and Eugene Bychkov*1

1 Laboratoire de Physico-Chimie de ’Atmosphere, Université du Littoral Cote d’Opale, 59140 Dunkerque,
France

2 ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, 0X11 0QX, U.K.

ABSTRACT: Sodium conducting sulfide glasses are promising materials for new generation of
solid-state batteries. Deep insight into the glass structure is required to ensure a functional
design and tailoring of vitreous alloys for energy applications. Using pulsed neutron diffraction
supported by first-principles molecular dynamics, we show a structural diversity of Na;S-As,S3
sodium thioarsenate glasses, consisting of long corner-sharing (CS) pyramidal chains CS-
(AsSSZ/Z)k, small As,S, rings, p+q < 11, mixed corner- and edge-sharing oligomers, edge-
sharing (ES) dimers ES-As;S4, isolated (ISO) pyramids ISO-AsSs, entirely or partially connected
by sodium species. Polysulfide S-S bridges and structural units with homopolar As-As bonds
complete the glass structure, basically different from structural motifs predicted by the
equilibrium phase diagram. In contrast to superionic silver and sodium sulfide glasses,
characterized by a significant population of isolated sulfur species Siso, 0.20 < Siso/Stor < 0.28, that
is, sulfur connected only to mobile cations M* with a usual stoichiometry M/Sis, = 2, poorly
conducting NazS-As>S; alloys exhibit a modest Sis, fraction of 6.2 %.
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1. INTRODUCTION

Crystalline and glassy Na* conducting sulfide electrolytes appear to be promising materials for
all-solid-state rechargeable batteries in large-scale stationary energy storage applications.!->
Recent interest in superionic sodium conductors was focused on specific crystal structures
consisting of 3D tunnels for fast ion migration over an open space around lattice-forming
polyhedra, that is, PS4 or SbS; tetrahedra with additional cationic vacancies.68 On the other
hand, functional properties of sodium sulfide vitreous alloys are strongly dependent on the short
and intermediate range order in the glass network, providing the structural basis of preferential
conduction pathways and delivering the high ionic mobility crucial for the battery performance.
A long-standing mystery exists between glasses and crystals of identical chemical composition
when the vitreous counterparts usually exhibit the higher ionic conductivity.210 This
observation suggests differences in structural motifs for glasses and crystals, the latter are
simply given by the phase diagram and crystal structure. Sodium thioarsenate binaries NaS-
As;S3 belong to useful model systems to unravel this mystery since the two known ternary
crystalline compositions, monoclinic NaAsS;!! and cubic NazAsS312 are congruently melting
compounds!3 with contrasting network topology in addition to characteristic binary end-
members, layered monoclinic orpiment!4 and/or triclinic anorpiment,!> As,Ss, and face-centered
cubic NazS.16 The 2D-layers of the both As;S3 polymorphs consist of 12-membered rings AseSe.
Monoclinic metathioarsenate NaAsS; is built-up by corner-sharing pyramidal chains (CS-
AsSS;/2)«, held together by sodium cations, while in cubic orthothioarsenate Na3AsS3z the sodium
species are connecting isolated pyramids AsSs, Figure S1 in Supporting Information. A simple
analogy with the equilibrium phase diagram would suggest a mixture of rings and chains for

(NazS)x(As2S3)1x glasses at x < 0.5. Nevertheless, using time-of-flight neutron diffraction over a
4msin@

large range of the scattering vectors Q = < 40 A1, where 20 is the scattering angle and 1

the neutron wavelength, supported by first-principles molecular dynamics, we will show a
structural and chemical diversity of sodium thioarsenate glasses at x < 0.3, not expected by a
simple model.

2. MATERIALS AND METHODS

2.1. Synthesis. Glassy sodium thioarsenates, (Na;S).(As253)1.x, 0.0 < x < 0.3, were obtained by
direct synthesis of metallic sodium (Sigma-Aldrich, 99.9 %), sulfur pellets (Alfa Aesar, 99.999 %)
and previously synthesized glassy arsenic sulfide placed in vitreous carbon crucibles in
evacuated silica tubes (Figure S2 in Supporting information). The maximum synthesis
temperature was 1150 K. The melts have homogenized at that temperature for 48-72h before
quenching in water. The preparation procedures have been carried out in a glove box with
controlled humidity. Other information related to temperature regimes and synthesis details
can be found elsewhere.17-19

2.2. Neutron Diffraction Measurements. The synthesized sodium thioarsenate glasses were
measured using time-of-flight neutron diffraction at the ISIS spallation neutron source
(Rutherford Appleton Laboratory, UK). The GEM diffractometer?® was used for these
measurements at room temperature in vacuum-tight vanadium containers to avoid hydrogen
contamination from atmospheric moisture. No impurity hydrogen signal was detected. The
neutron diffraction data were corrected?! for background and container scattering, multiple
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scattering, self-attenuation, and inelasticity (Placzek) effects using the GUDRUN program?? to
obtain the total neutron structure factor Sy(@Q). A vanadium-niobium rod was also measured
and used for data normalization.

2.3. First-Principles Simulations. Modeling of the neutron diffraction data was carried out
using the Born-Oppenheimer molecular dynamics with the CP2K package.23 The generalized
gradient approximation and the PBEsol2425 or PBEO hybrid?2627 exchange-correlation functionals
have been used. The employed first-principle molecular dynamics (FPMD) technique was
similar to that used in previously published reports on chalcogenide glass systems.2829 The
initial atomic configurations for glassy (NazS)o3(As2S3)o.7 were created and optimized using the
RMC_POT++ code3031 against the derived neutron structure factor of the sodium thioarsenate
glass to obtain a good agreement with experimental data. The size of the cubic simulation box at
room temperature, containing 440 atoms (60 Na, 140 As, and 240 S), was chosen to match the
experimental number density. Further optimization has been carried using density functional
theory (DFT), adopting for each atom involved the molecularly optimized correlation consistent
polarized triple-zeta valence basis set TZVP3233 along with the Goedecker-Teter-Hutter (GTH)
type pseudo-potentials.3* The FPMD simulations after DFT optimization at 0 K were started at
300 K. In order to deal with a canonical NVT ensemble, a Nosé-Hoover353¢ chain of length 3 has
been employed as a thermostat. The PBEsol or PBEO systems were heated above the glass
transition temperature at 425 K up to 600 K using 100 K steps for 7 to 16 ps each. At 600 K, the
systems were equilibrated for 20-23 ps and cooled down to 300 K using the same temperature
steps and similar simulation time. Final equilibration and data collection at 300 K was done for
19-25 ps. The connectivity and ring statistics were analyzed using the R.I.N.G.S.37 and modified
connectivity38 codes. For analysis of voids and cavities, the pyMolDyn3? program was used.
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3. RESULTS AND DISCUSSION

3.1. Reciprocal Q-Space. The derived neutron structure factors Sy(Q) for (NazS)x(As2S3)1-x
glasses are shown in Figure 1. As expected, the first sharp diffraction peak (FSDP) at Q, = 1.23
A1 decreases with x; this is a typical behavior for alkali and d1® (Ag, Cu) cation-containing
chalcogenide glasses.#043 The principle peak (PP) at Q; ~ 2.4 A increases in amplitude and
shifts to lower scattering vectors Q while the second principle peak (PP2) at Q, ~ 3.9 A1 also
shifts to lower Q decreasing the amplitude with x (Figure S3 in Supporting information). The
high-Q oscillations, Q = 8 A1, remain essentially invariant.
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Figure 1. Neutron structure factors Sy (Q) for Figure 2. Compositional dependence of the first
(NazS)x(As2S3)1-x glasses, 0 < x <0.3: (a) alow-Q sharp diffraction peak: (a) isolated FSDPs, (b) the
part of the Sy (@), (b) the entire diffraction data position @y, and (c) the FSDP amplitude as a
with Qpax = 30 A1 function of x.

The FSDP was isolated using previously reported procedures*445 and shown in Figure 2(a). The
observed monotonic shift, dQ,/dx = —0.077 A1, Figure 2(b), is markedly slower than that for PP
and PP2, 9Q,/0x ~ 3Q,/dx = —0.562+0.1 A1, Figure S3 (Supporting information), emphasizing a
specific role of the FSDP in reflecting the intermediate range ordering of the As:Ss glassy host, in
particular, a certain expansion and fragmentation. The last phenomenon is evidenced by a
strongly decreasing glass transition temperature T, (x), Figure S4 in Supporting information,
also a typical trend in metal-containing chalcogenide glasses. The increasing PP amplitude is
often associated with the enhanced packing density in a glass*¢ and repeatedly observed in high
pressure studies.?7% Glassy (NazS)x(As2S3)1« exhibit a monotonic increase of the number
density from 0.03902 atoms A3 (x = 0) to 0.04036 (x = 0.3), coherent with the above
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observation, despite the apparent expansion of the glasses on the local and intermediate range
scale, reflected by the negative derivatives dQ;/0x.

3.2. Correlation Functions in r-Space. The neutron total correlation functions Ty(r) obtained
through the usual Fourier transform

Tn(r) = 4mpor + = [ QISx(Q) — 1]sin QrM(Q)dQ, &)

using the Lorch5° window function M(Q), where p, is the number density and Q. = 30 A1, are
shown in Figure 3.

5

o

N
o

-
(&)

-
o

(6]
Neutron Total Correlation Function T (r)

Neutron Total Correlation Function T (r)

(Na,S) (As,S,)

1-x
1 I 1 | 1 | 1 | 1
0 2 4 6 8 10

r(A)

Figure 3. Neutron total correlation function Ty (r) Figure 4. Typical fitting examples of Ty(r) for (a) x
for (NazS)x(As2S3)1x glasses, 0 < x <0.3: (a) alow-r =0.3, and (b) x = 0.1 glasses. The S-S, As-S, As-As
part of the Ty (7), (b) the entire total correlation and Na-S NN correlations are highlighted in yellow,
functions. green, violet and light red, respectively.

The intense peak at 2.27 A, corresponding to As-S nearest neighbors (NN), decreases with x
following the stoichiometric relations, that is, the decreasing fraction of glassy As,Ss. Instead, an
emerging new feature appears and grows at ~2.8 A, related to Na-S NN contacts, as observed in
crystalline sodium thioarsenates!12 and sodium sulfide glasses*2. The As-S NN correlations are
clearly shifted to higher r, Figure 3(a), producing network expansion on the local level. The
second neighbor peak at ~3.4 A also shifts to higher r and broadens with increasing x. More
importantly, the empty inter-pyramidal space in As;S; glassy host, reflected by a minimum at 4
A, is filling up with increasing sodium content, implying a higher packing density. The
intermediate range structure of g-As;Ss, characterized by distant correlations at 5.3 A (a center-
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center inter-pyramidal distance) and a broad feature at 6.5 A, disappears progressively with x
becoming nearly flat for glassy (NazS)o3(As2S3)o.7.

Direct Ty (r) fitting using Gaussians confirms the trigonal arsenic coordination, 2.86 < Nyg_g <
2.91, and suggests a tetrahedral sodium environment, 3.7 < Ny,_s < 4.0. We should however
note that fitting with symmetric functions does not necessarily exclude asymmetric coordination
patterns for sodium and larger number of more distant nearest neighbors. Typical fittings are
shown in Figure 4 taking glassy (NazS)o.1(As2S3)o9 and (NazS)o3(As2S3)o7 as an example. The
fitting results are summarized in Table 1.

A close inspection of Ty(r) reveals that a three-peak fitting (As-S and Na-S NNs, and a second
neighbor peak) is insufficient for both g-As;S3 and (NazS)x(As2S3)1x. A weak peak at ~2.08 A and
a distinct feature at 2.5 A are particularly assumed, reflecting the presence of S-S and As-As
homopolar bonds, also confirmed by S-S and As-As stretching frequencies in Raman spectra at
470-490 and =230 cm, respectively (see Refs. [49,51,52] and Figure S5 in Supporting

Nas—aAs _ Ns—s
Nps-s+Nas—as  Ns—astNs—s

information). The observed chemical disorder y = is weak and hardly

dependent on x, 0.02 < y <0.04, Table 1.

Table 1. Interatomic Distances r;; and Local Coordination Numbers N;; of Nearest Neighbors in
NazS-As:2Ss3 Glasses

Frlzitzison rs_s (A) Ns_s Tas—s (A) Nas-s Tas—as (B)  Nag_as TNas (A) NNa-s
0 2.04 0.03 2.264 2.90 2.54 0.05 - -
0.1 a) a) 2.285 2.86 2.52 0.11 2.77 4.0
0.2 2.08 0.04 2.285 2.90 2.51 0.05 2.82 3.9
0.3 2.10 0.10 2.287 291 2.50 0.08 2.84 3.7

a) the S-S nearest neighbor peak is too weak to be quantified reliably

3.3. First-Principles Molecular Dynamics. First-principles molecular dynamics (FPMD) using
the generalized gradient approximation (GGA) with PBE or PBEsol functionals usually gives
overestimated interatomic distances for chalcogenides and pnictides.535¢ Modeling of
(Na2S)o.3(As2S3)o7 is not an exception to the rule.

3.3.1. Comparison with Experiment and Partial Correlation Functions. The derived GGA/PBEsol
neutron structure factor SY° (Q) reveals a systematic shift of medium- and high-Q oscillations to
lower scattering vectors compared to experimental data, Figure 5, leading to larger distances in
r-space, Figure S6 in Supporting information. The use of the hybrid exchange-correlation
functional PBEQ combining the exact Hartree-Fock and DFT solutions2627 significantly improves
the agreement both at high and low @Q, similar to another hybrid B3LYP.53 There are still some
differences in the FSDP and PP shape, however, they are small and presumably related to
insufficient size of the simulation box, 22.17 A, for a fully adequate description of the
intermediate-range order in a real glass. Similar behavior is often observed in FPMD modeling
of glasses working with small boxes5> because of heavy simulation costs.
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Figure 5. (a) Experimental neutron structure Figure 6. Derived FPMD GGA/PBEO partial pair-
factor Sy(Q) —1 and (b) interference function distribution functions g;;(r) for Na-As (violet), Na-
Q[Sn(Q) — 1] for glassy (Na2S)o3(As2S3)o7 (circles) Na (dark blue), Na-S (red), S-S (orange), As-As
and derived SN'°(Q) related functions using GGA  (purple), and As-S (green) atomic pairs.
with PBEsol (magenta) and PBEO (dark blue)
functionals.

The GGA/PBEQ partial structure factors §;;(Q) are given in Figure S7 (Supporting information).
Similar to glassy As;S3,5657 we note that the origin of the FSDP comes from As-As and to some
extent from As-S correlations. The principal peaks of the Na-Na and Na-As partials are
responsible for emerging asymmetry of the experimental PP in the vicinity of 1.8 A1, Figure 1(a).
We should also note a distinct low-Q peak at 0.7 A1 in Sy,na(Q) reflecting some intermediate
range ordering of sodium cations.

The full set of GGA/PBEO partials g;;(r) is shown in Figure 6. As expected, the As-S correlations
are predominant in the experimental 2.28 A peak, while their Na-S counterparts represent the
main component of the 2.8 A peak, Figure 3(a). The S-S and As-As real-space partials exhibit
first-neighbor correlations at 2.07 and 2.48 A, respectively, indicating a chemical disorder y in
glassy (NazS)o3(As:S3)o7. The derived y-value, yMP = 0.06, is slightly higher than the
experimental result, y = 0.04+0.01, Table 1.

3.3.2. Arsenic, Terminal Sulfur and Sodium Coordination. The partial coordination numbers for
arsenic, sulfur and sodium are given in Figures 7 and 8. The trigonal arsenic coordination is
clearly dominant; 98.4 % of As species have three sulfur and/or arsenic nearest neighbors,
determined using the cutoff distance of 2.62 A, corresponding to a sharp minimum at the partial
pair-distribution function g,ss(r), Figure 6. The fraction of dissimilar (S) and alike (As) NNs for
the central arsenic atom is shown in the inset in the form of As(S3.»Asm) statistics. The AsS3
pyramids (m = 0) appear to be the majority entities (80 %); the observed chemical disorder is
reflected by 19 % of pyramidal units with As-As homopolar bond (m = 1).
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Figure 7. Partial coordination numbers for (a) Figure 8. (a) Partial correlation function Ty,s(7)

arsenic, Nys_x, and (b) sulfur, Ng_x, where X = As
or S, integrated using the cutoff distance of 2.62 A,
corresponding to a sharp minimum at gass(7). The
insets show the NN distributions for central atoms
in trigonal (As) or two-fold (S) local coordination
as the fraction of alike atoms m for As, As(S3-mAsm)
and S, S(As2-mSm).

with two different cutoffs: 3.07 A, related to the
maximum Na-S distance in monoclinic NaAsSz, and
3.67 A, corresponding to a flat minimum at gy,s(r);
the numbers indicate the Ny,_g value for each
cutoff; and (b) distribution of partial coordination
numbers for sodium, determined using the cutoff
distance of 3.35 A. See text for further details.

The sulfur local coordination is Ng_x = 1.75, where X = As or S. We note that Ng_x is the partial
coordination number, related only to S-As or S-S atomic pairs. The two-fold sulfur coordination
is predominant (74.8 %). The population of terminal sulfur S(t), Ns_as = 1, is by a factor of 3
smaller, 23.6 %, and almost corresponds to the expected value of 25 %, following a simple
stoichiometric relation Na,S + As,S3 = 2AsS(t)S(b)y, + 2Na*, where S(b) corresponds to

bridging sulfur, Ng_,¢ = 2.

Calculating the sodium local coordination is less straightforward since the gy,5(7) partial pair-
distribution function has a long tail at high r without a well-defined minimum, Figure 6. Figure
8(a) reveals several approaches. (1) Taking the maximum Na-S interatomic distance in
monoclinic NaAsS;, rysos = 3.07 A,11 as a cutoff, the Na-S coordination number appears to be
Nya—s = 3.80. (2) A direct fitting of Ty,s(r) with three Gaussians reproduces well the
asymmetric shape of the partial Na-S correlation function below 4 A, assuming the first two
peaks at 2.79 and 3.00 A represent the Na-S NN contacts, while the third one at 3.65 A is related
to the second neighbors. The dashed yellow line in Figure 8(a) shows the sum of the two NN
contributions and yields Ny,_s = 4.55. (3) Finally, a conservative approach, taking a shallow
minimum in gy,s(7) at 3.67A as a cutoff, results in Ny,_g = 5.78 (the integrated area highlighted

in magenta). Resuming these three scenarios, one can conclude:
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- the average Na-S coordination number (Ny,_g) is below six;

- some distant Na-S contacts, 3.1 < rya,_s S 3.7 A, seem to be the second neighbor
correlations similar to Na-As and Na-Na atomic pairs, which exhibit a non-negligible
population over the indicated r-range, Figure 6;

- the best estimate of the average Na-S NN coordination is 4.5 < (Ny,_s) < 5.5.

A wide distribution of the local Na-S coordination numbers, corresponding to the cutoff distance
of 3.35 A and (Ny,_s) = 5, is shown in Figure 8(b). We note a nearly symmetric distribution
centered at Ny,_s = 5 and two comparable fractions of 4- and 6-fold coordinated sodium.

3.3.3. Angular Distributions. The selected bond angle distributions B(8) are summarized in
Figure 9. The S-As-S angle distribution is almost symmetric, centered at 97.8°. The geometry of
AsS; pyramidal units is similar to that in monoclinic As,;S3;!* and NaAsS,!! evidenced by
respective B(fsass). In contrast, the pyramidal connectivity, reflected by B(8assas), is variable
showing three major contributions at 89°, 101° and 120°, highlighted in Figure 9(b) in different
colors. The crystalline As,Ss; and NaAsS; pyramidal connectivity, also shown in Figure 9(b), only
partially reproduces that in glassy (NazS)o3(As2S3)o7. The high-angle contribution, (Gssas) =
120°, is missing in crystals.
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Figure 9. Selected bond angle distributions B(8) for glassy (NazS)o.3(As2S3)o.7: (a) S-As-S, (b) As-S-As, (c)
S-Na-S, and (d) Na-S-Na. The crystal data for monoclinic As2S3,1* monoclinic NaAsSz,!! and cubic Na3AsS312
are also shown. The fitting results for B(0pssas), B(Osnas), and B(Onasna) are highlighted in different
colors (see text for further details).

The sodium-related B(0sn,s) and B(Onasna) distributions are spread over a large angular range,
30° < Ognas < 180° and 50° < Oyasna < 180°, respectively, both in glassy (NazS)o.3(As2S3)o7 and
crystalline sodium thioarsenates. Basically, the geometry of Na-S polyhedra in the glass is
reminiscent of that in monoclinic NaAsS;!! and cubic Na3AsS3,12 Figure 9(c). However, a weak
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contribution at low angles, (fsnas) = 41°, and a significant broad component at high-6, (snas) =
134+2°, highlighted in light blue, Figure 9(c), are observed only for glassy (NazS)o.3(As2S3)o.7. The
connectivity of Na-S polyhedra is rather similar to that in monoclinic NaAsS; but also only
partially. A broad contribution at medium Na-S-Na angles, (Onasna) = 11742°, highlighted in
cyan in Figure 9(d), is missing in crystals.

3.3.4. Rings, Chains and Cavities. Glassy As,Ss3 is characterized by a quasi-continuous disordered
network; 97 % of arsenic and sulfur species are connected into a single piece. Sodium
thioarsenate glasses have a fragmented host matrix evidenced by a strongly decreased glass
transition temperature, Figure S4. In glassy (NazS)o3(As2S53)0.7, just two-thirds of As and S form a
single connected fragment, the remaining species are either isolated or building-up small
clusters: pyramidal units AsSs, corner- and edge-sharing oligomeric chains, connected together

by sodium, Figure 10.
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Ring Size

Figure 10. Small As-S fragments forming a dis- Figure 11. (a) 60-atoms long As-S chain consisting
connected As-S subnetwork in g-(NazS)o3(As2Ss)o7:  of corner-sharing pyramidal units CS-AsSs/, where
(a) statistics of small As-S units, and (b) typical n = 1, S(t), or 2, S(b), and (b) the derived ring
examples present in the FPMD simulation box. statistics in glassy (NazS)o:3(As2S53)o.7.

The topology of the connected fragment in (NazS)o3(As2S3)o7, is also different from that in glassy
As3S3. The latter is almost exclusively composed of As,S, rings, where p ~ q and 3 < p+q <
35,4957 while the former represents a mixture of chains (57 %) and rings (43 %). The derived
ring statistics is shown in Figure 11(b) and mostly characterized by small rings, p+q < 11, while
the chains are long and essentially consist of corner-sharing pyramids CS-AsS3;, with terminal

sulfur S(t), n = 1, and bridging sulfur S(b), n = 2, Figure 11(a).
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Figure 12. Cavities in (a) g-As2S3*° and (b) g-(NazS)o:3(As2S3)o7, derived using the pyMolDyn program.3?
The fraction of voids normalized to the simulation box volume has decreased by a factor of 2.4, from 44.1
% to 18.6 %, for the sodium thioarsenate glass.

The enhanced amplitude of the principle peak at Q; ~ 2.4 A1 with increasing sodium content, Fig.
1, suggests higher packing density in sodium thioarsenate glasses, confirmed by macroscopic
number density. Similar conclusion can be drawn calculating the volume of microscopic cavities
in (NazS)o3(As2S3)o7 by pyMolDyn code,3? applying Dirichlet-Voronoi constructions and using
the atomic positions and a cutoff radius of the test particle, 2.6 A in our case. The results, shown
in Figure 12, indicate a significant decrease of the total volume of voids, normalized to the size of
the FPMD simulation box, from 44.1 % in glassy As2S3*° to 18.6 % for glassy sodium
thioarsenate. This trend was observed earlier in silver thioarsenate and thiogermanate
glassess859 and represents a typical behavior for metal chalcogenide glasses.

3.3.5. Isolated Sulfur. A small part of sulfur does not have arsenic nearest neighbors; we will call
them isolated sulfur Sis,. The fraction of isolated sulfur was found to be Siso/Stotal = 6.2 %, and
these species are only bound to sodium, Figure 13. The origin of isolated sulfur in crystalline
ternary and more complex metal sulfides is directly related to stoichiometric relations and
coordination constraints. The cubic lattice of argyrodite AgsGeSs = 4Ag>S-GeS, contains %5 of
isolated sulfur and %3 of sulfur in GeS4 tetrahedra, all connected by silver.5® In glassy silver and
thallium thiogermanates and thioarsenates, the isolated sulfur species appear far below the
expected limits, M,S/GeS; = 2 and M,S/As;S3 = 3, and in substantial concentrations, 0.21 <
Siso/Stot £ 0.28, for x = 45-50 mol.% M,S.61 Likewise, the FPMD modeling of equimolar
(NazS)os5(GeSz)os glasssz has shown the presence of 23.5 % of isolated sulfur. In average, each
isolated sulfur species is connected to two neighboring cations, M/Sis, = 2, and together they
form broad pathways going through the entire simulation box and ensuring high ionic
conductivity, Figure S8 (Supporting Information).6! This characteristic pattern is not yet
reached in glassy (NazS)o3(As2S3)o7. The connectivity analysis of sodium distribution Pyyn,(7)
shows, Figure 13(c), that the average Na-Na separation distance over the entire simulation box
is centered at 4.5 A for more than 70 % of sodium, while the most frequent Na-Na contacts
between Na-Sis, units occur at 6.7 A (> 50 % of the sodium species involved). In other words, the
Na-Siso units are still far away from each other and do not contribute substantially to the Na* ion
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transport, consistent with low sodium conductivity in glassy (Na2S)o3(As2S3)o7, 2 x 10-11 S cm! at
room temperature, Figure S9 (Supporting Information), also characterized by high activation
energy, E, = 0.80+£0.04 eV, compared to (NazS)o.33(GeS2)os7 glasses, 7 x 108 S cm! and 0.54 eV.10
This finding is coherent with significant population of Si, species in glassy sodium
thiogermanatesé? mentioned above.

(NaZS)O S(ASZSS)O 74

Entire Box

2 4 6 8 10
Na-Na Separation Distance (A)

Figure 13. Isolated sulfur in glassy (NazS)o.3(As2S3)o.7: (a) the entire FPMD simulation box containing 440
atoms (60 Na, 140 As, 240 S), (b) isolated sulfur species with connected sodium cations, and (c) the
average Na-Na separation distances for the entire box (blue) and Na-Siso connected fragments (red).

3.4. Chemical and Structural Variety in Sodium Thioarsenate Glasses. The FPMD results
indicate that glassy (Na2S)o3(As2S3)os exhibits complicated chemical and structural trends
compared to the expected behavior suggested by the equilibrium phase diagram Na;S-As,S3.13
Two ternary compounds were reported in this system in addition to the binary end members:
monoclinic orpiment/triclinic anorpiment As,S31415 and face-centered cubic Na;S.16 Monoclinic
metathioarsenate NaAsS; (x = 0.5) consists of corner-sharing chains CS-(AsSS;/;)c,!! while
cubic orthothioarsenate NazAsS3 (x = 0.75) is built-up by AsS; pyramids;12 the As-S entities are
connected by sodium. Taking into account the sodium content in glassy (Na2S)o3(As2S3)o07, one
would expect fragmented domains containing As,,S, rings (57 %) and CS-(AsSS,,,) chains with
neighboring Na species (43 %). The simulated network differs both chemically and structurally
from these expectations. First, Na,Sis,c monomers, AsS; pyramids and ES-As;Ss clusters with
connected sodium species appear to be unexpected chemical varieties, absent in the equilibrium
phase diagram for this particular composition or completely. In addition to the expected CS-
(AsSS;/3)k chains or chain fragments, the cross-linking entities, edge-sharing or mixed
edge/corner-sharing oligomers were observed, Figure 10. Finally, the As,S, ring statistics
changes considerably compared to crystalline and glassy As»Ss, unveiling the dominance of small
rings and the absence of 12-fold entities (crystalline As;S3) or large varieties, 14 < p+q < 35
(glassy As2S3), Figure S10 in Supporting information. The observed characteristic features and
unexpected differences are consistent with our Raman study of (Na:S)x(As2S3)i«x glasses
supported by DFT modeling, Figure S11, to be published elsewhere.

In spite of rather low sodium content in glassy (NazS)o3(As2S3)o7, 13.6 at.% Na, the sodium
related partial pair-distribution functions also show unusual trends. To some extent, they are
even reminiscent of sodium-rich orthothioarsenate NazAsS; (x = 0.75, 42.9 at% Na). In
particular, the gnana(7) exhibits a low-r tail between 3.1 < ryana < 3.6 A, Figure 14(c), also
visible in Figure 13(c). The shortest Na-Na correlations in monoclinic NaAsS; (25 at.% Na) occur
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only at 4.0 A, while cubic Na3AsSs reveals short Na-Na contacts at 3.4 A. In other words, sodium
in g-(NazS)o3(As2S3)o7 starts to show a non-random distribution with Na-rich domains. At
higher x, these domains would be connected and yield preferential conduction pathways with
high ionic mobility explaining faster ionic transport in glasses compared to crystalline
counterparts with comparable mobile cation content. The last phenomenon is well known for
vitreous and crystalline ion conductors.%10
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Figure 14. Partial pair-distribution functions in glassy (NazS)o.3(As2S3)o.7 in comparison with crystalline
references: () gass(7), (b) gnas(7), and (c) gnana (7). The data for monoclinic As2S31* and NaAsSz,!! and
cubic Na3AsS312 were calculated from the cif files using the XTAL program.3

A wide distribution of the Na-S second neighbor correlations in glassy (Na2S)o.3(As2S3)o.7, Figure
14(b), mentioned previously in connection to uncertainty in determining the local Na-S NN
coordination number, indicates a fairly disordered nature of Na-S contacts. A strong sodium-
related disorder is also seen for gn.na(7), Figure 14(c). The two Na-S and Na-Na partial
functions do not reveal a clear distinction between different coordination shells opposite to the
crystals, where the first and second Na-S neighbors are well defined, Figure 14(b). In contrast,
the first and second As-S neighbors are definitely distinguishable in glasses despite the inherent
disorder and comparable with those in monoclinic As,S; and NaAsS,, Figure 14(a).

A drastic difference in structural disorder between As-S and Na-S subnetworks is also visible in
angular dependences B(6), Figure 9, and local coordination distributions, Figures 7 and 8. First,
the geometry of AsS; pyramidal units in glasses is just a disorder-driven broadening of the
crystalline parameters. In contrast, the Na-S polyhedra exhibit some shapes atypical for crystals,
whose population reaches 38 %, estimated as the fraction of the bond angles centered at Ogy5 =
134° to the total area of the S-Na-S angular envelope, Figure 9(c). Atypical connectivity of AsS3
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pyramids is small, 3.620.4 %, deduced as the fraction of As-S-As angles centered at 120°, Figure
9(b). In opposite, roughly half of the Na-S polyhedral connections do not occur in crystalline
references, Figure 9(d).

The trigonal arsenic coordination is well preserved in both glasses and crystals. The sodium
coordination in crystalline thioarsenates is six;1112 binary Na;S has tetrahedral sodium
environment.'6 The dominant Na-S coordination number in glassy (Na2S)o.3(As2S3)0.7 is Nya—s =
5 (4515 %), tetrahedral (27 %) and octahedral (23 %) sodium species appear to be the minority
entities, Figure 8(b).

Compared to the reported FPMD studies of sodium and lithium sulfide glasses, we note some
common trends and differences. A wide range of characteristic structural motifs was also found
in (NazS)x(P2Ss)1-x glasses, 0.33 < x < 0.75, consisting of 8 entities,5* confirmed independently by
Raman, infrared and 31P MAS NMR spectroscopy.5 On the contrary, the reported crystalline
references, NayP;S¢,66 NasP,Se66 and NazPS.6768 provide only three typical phosphorus
environments; the remaining units observed in glasses appear to be metastable. The isolated
sulfur species Siso were reported in sodium thiogermanate glasses;62 the equimolar composition
(Naz2S)o5(GeSz2)os contains 23.5 % of Sis,, far below the stoichiometric crystal limit of Na,S/GeS; =
2 (x = 0.67). In contrast, a FPMD study of vitreous Li>S-PSs alloysé® shows the appearance of
isolated sulfur only above Li»S/P2Ss = 3 in accordance with crystal data. We are planning to
continue our FPMD modeling on similar sodium thiogallate and thiogermanate systems to obtain
more information for these interesting and practically important glasses.

4. CONCLUSIONS

Pulsed neutron diffraction of sodium thioarsenate glasses Na;S-As;S3 supported by first-
principles simulations using a hybrid GGA/PBEO exchange-correlation functional has shown
multiple characteristic trends:

- fragmentation of a quasi-continuous As;S; glassy host (97 % of connected As and S) into
a fragmented network consisting of small disconnected As-S entities (=% of As and S)
and a large connected subnetwork (the remaining two thirds), built-up by small rings
AspSy, p+q < 11, and long corner-sharing pyramidal chains CS-(ASS3/n)k with bridging
S(b), n = 2, and terminal S(t), n = 1, sulfur species, all connected by neighboring Na
cations; the fragmentation is evidenced macroscopically (a monotonic decrease of the
glass transition temperature) and on the intermediate range scale (a FSDP reduction);

- the dominant trigonal arsenic local coordination remains intact while a wide distribution
of the Na-S nearest neighbors, 3 < Ny,_s < 7, centered at the average sodium
coordination (Ny,_g) = 5, is observed;

- the derived structural motifs are different, both topologically and chemically, from the
expected ones, related to vitreous As;Sz and sodium metathioarsenate NaAsS;, revealing
sodium-rich domains evidenced by the gyana(7) partial function, and also including a
small fraction of binary units Na,Sis, 6.2 % of total sulfur;

- the binary units are still far away from each other, 6-7 A in average, in contrast to
superionic silver sulfide glasses, where preferential conduction pathways are formed by
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directly connected Ag:Siso entities, explaining low ionic conductivity of glassy
(Na2S)o3(As2S3)07, 2 x 10-11 S cm! at room temperature.
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28 Using pulsed neutron diffraction supported by first-principles molecular dynamics, we show a
29 structural diversity of Na,S-As,S; sodium thioarsenate glasses, basically different from structural
30 motifs predicted by the equilibrium phase diagram.
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