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Abstract

Chalcogenide glasses in the Na>S—-GeS>—Ga>Ss pseudo-ternary system were synthesized
using a combination route of melt quenching and mechanical milling methods. Firstly, a
glass rich in germanium (90GeS>-10Ga,S3) is synthesized by melt-quenching synthesis
in silica tube sealed under vacuum. This glass is used as a precursor for the second step
of mechanochemistry to explore the Na,S—GeS,—Ga»Ssz pseudo ternary system. By using
this synthesis route, the glass forming ability is improved as the vitreous domain is
enlarged, especially for Na and Ga rich compositions. The so-obtained amorphous
powders are characterized by Raman spectroscopy, differential scanning calorimetry, X-

ray total scattering and pair distribution function (PDF) analysis. The evolution of the



Raman features observed are reproduced using density functional theory calculations.
Impedance spectroscopy was performed to determine the conductivity of the new glasses.
The addition of germanium sulfide in the Na2S—Ga>Sz pseudo binary enables to increase
the conductivity of one order of magnitude. Best room-temperature ionic conductivity

measured by impedance spectroscopy is reached at 1.8 x 10° S.cm™.
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1. Introduction

Sulfide-based glasses and glass-ceramics are well acknowledged for their high ionic
conductivities compared to their oxide counterparts.? Furthermore, their machinability
and wide compositional flexibility provide advantages to optimize the conductivity
properties.®* Used as solid-state electrolytes, chalcogenide glasses are considered a
promising solution for a next-generation battery due to their simple structure and
enhanced safety.>® Although most current studies on solid-state batteries are based on
lithium because of its high specific capacity, problems with lithium dendrite growth and
the polysulfide shuttle effect make sodium-ion batteries stand out as a dark horse.”® As
the Na atom is heavier and larger than the Li atom, the gravimetric and volumetric energy
densities of Na-ion batteries are not expected to exceed those of Li analogues.'® However,
this would not be considered a critical issue in large-scale industrial production, where

battery cost and durability are the most important considerations.!!?



Various sulfide-based sodium solid electrolytes have been reported, such as the NasPSs

glass-ceramic, which exhibits high conductivity at room temperature (2.0-4.6 x 10*

S.cm™) as well as a wide electrochemical window (5 V).13 Although numerous studies
have been carried out on Na,S-based system,*41" very few focus on the Na,S—-GeSy—
GazSs pseudo-ternary, particularly obtained from mechanical milling. Yao et al. reported
X [Naz2S]-(100-x) [0.9GeS>—0.1Ga>Ss] glass compositions obtained by melt-quenching
technique, which used 90[GeS;]-10[Ga,Ss] as the basic glass former.'®1° The difference
in mole fraction between GeS; and GaSs in the glass former is due to the difficulty of
obtaining Ga-rich glasses using conventional melt-quenching synthesis. Gallium has a

low reactivity with chalcogen elements during synthesis.

Mechanochemistry is a means of exploring chalcogenide glass compositions that cannot
be obtained by the standard melt-quenching technique. For example, the Ga,S3z content
has been increase up to 80 mol% in the Na;S—Ga,Ss pseudo-binary.?® The constant
collision between the powder and the milling utensil (beads, pot) produces mechanical
stress, triggering the accumulation of structural defects such as cation site disorder 2?2
or shearing and tearing, which ultimately lead to distortion of the geometric
coordination. In addition, mechanochemistry is an energy-efficient alternative method
to the conventional synthesis of chalcogenide glasses in silica tubes sealed under vacuum.
In recent years, the usage of mechanical ball milling to obtain solid state electrolytes and
cathode materials has been booming due to the requirements of lower synthesis

temperatures and increased production on an industrial scale.?*

In this work, the strategy of using 50[GeS2]-50[Ga.Ss] as the basic glass former was
chosen to study the impact of Ga>Sz on the glass forming ability and properties of the

resulting material. NaxS is added to study the x [Na>S]-(100-x) [0.5GeS,—0.5Ga>S3]
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pseudo ternary. A hybrid synthesis route was chosen, using conventional melt-quenching
technique and mechanochemistry. After complete amorphization of the powders, the
thermal and structural properties of powdered glasses were investigated. Finally, the

evolution of the ionic conductivity as a function of sample composition is discussed.

2. Materials and methods
2.1 Materials

The 90[GeS2]-10[Ga.S3] glass was firstly prepared as a precursor by melt-quenching
method. 15 g of stoichiometric proportions of germanium (Umicore, 5N), gallium (Neyco,
99.99%), and sulfur (Strem Chemical Inc., 6N) were added as starting materials. Solids
were then melted and homogenized at 840 °C for 14 h in a silica tube sealed under vacuum.

The glass melt was quenched in water at room temperature for several seconds.

A series of compositions was synthesized in the pseudo ternary x [Na2S]—(100-x)
[0.5GeS,-0.5Ga>Sz] with x from 10 to 75 mol% (Table 1). They are obtained by
mechano-chemical milling using a planetary mill (Fritsch, Pulverisette 7). 5 g of
combination of NazS (Alfa Aesar, 95% purity), 90[GeS2]-10[Ga.S3] glass and GazSs
(synthesized according to our previous work 2°) are added proportionally into a zirconia
bowl with ZrO- balls (diameter 3 mm, beads/powder mass ratio = 20/1). Every hour the
bowl was opened, and materials were ground manually for the purpose of obtaining
homogenous powders. The ball milling synthesis was conducted at a rotation speed of
600 rpm until total amorphization. Every step of the process is carefully controlled under
a dry N2 atmosphere. The samples are labeled in the rest of the article xNa, x being the

molar content in Na>S. Compositions investigated can be found in Table 1.



The amorphous powders were pressed into 10 mm diameter pellets under vacuum at a

pressure of 2 tons for the Raman and impedance spectroscopies characterizations.
2.2 Thermal analyses

Powdered glass samples were weighted and sealed in hermetic aluminum pans in N2
atmosphere. Glass transition temperature (Tg) and crystallization onset temperature (Tx)
of all samples were characterized with a differential scanning calorimeter (DSC Q20
Thermal Analysis). All experiments were carried from 25 °C up to 530 °C with a heating

rate of 10 °C. min,
2.3 X-ray diffraction analyses

X-ray diffraction (XRD) patterns of amorphous and crystalline samples were measured
at room temperature using a PANalytical X pert Pro-diffractometer (Bragg—Brentano
geometry, Cu-source, Ni-filter, Ko radiation, 40 kV, 40 mA, PIXcel 1D detector). The
patterns were recorded in the 5-85° 20 range with a step size of 0.0261°. A polyimide

thin film was used during preparation to protect samples from air.
2.4 Raman spectroscopy

Raman scattering spectra of glass powder pellets were collected at room temperature
under 532 nm laser excitation with a spectrometer coupled to a microscope and confocal
aperture (HREvo-LabRam spectrometer, Horiba). To avoid photoinduced phenomena,
optical density filters have been selected to reduce the laser power focused on the samples
to few mW. To protect the samples from air, powder pellets were placed in aluminum
pans covered by microscope glass slide using epoxy resin as glue to ensure air tightness.
The Raman measurements were performed on a surface area of 60x60 pm? on a hundred

points (1 second, 5 acquisitions) for each composition. The homogeneity of the Raman
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spectrum over the whole area was checked for each sample and an average spectrum

representative of the glass sample was considered and plotted.
2.5 Synchrotron X-ray total scattering/Pair Distribution function analysis

Synchrotron X-ray total scattering experiments were performed at room temperature on
the XPDF 115-1 at Diamond synchrotron, using a radiation wavelenght of 0.16169 A
selected from a superconducting wiggler X-ray source by a bent Laue monochromator
followed by a multi-layer mirror. The calibration and the wavelength determination was
done using a silicon powder (NIST standard reference material 640d). Samples were
loaded in sealed borosilicate glass capillaries with a diameter of 1 mm. Two frames of
600 s were collected for each sample in a high flux transmission mode using a large area
detector (43.2x43.2 cm, PerkinElmer XRD 4343C) and then summed up to obtain a less
noisy data set. An empty capillary was also measured to perform the background
subtraction. The corresponding pair distribution function was calculated using PDFgetX3

W|th Qmax = 2555 A-lIZG

2.6 Conductivity measurements

Electrical conductivity measurements were performed with the help of Autolab
workstation (PSTAT302N with FRA32M and ECD module) in a temperature range from
283 to 363 K with a frequency varying from 1 MHz down to 1Hz and a signal amplitude
of 100 mV. To fulfill the impedance measurement, the as-prepared glass pellets were
coated with Au thin layers on both sides. The coating was carried out using a low vacuum
coater (EM ACE200; Leica Microsystems) which was installed in a N2 filled glove box.

Following one of the recommendations of Ohno et al.,?” we carried out a series of



measurement on one of the composition synthesized in this work, 50Na, with 5 different
pellet thicknesses, ranging from 0.6 to 1.87 mm. We found that conductivity for the same
composition can vary from a factor 1.3 at room temperature to 3.2 at 90 °C. The thickness
of the pellets used for impedance spectroscopy was therefore set at around 0.9 mm for

sample comparison.

The electronic conductivity of glass pellets was measured using potentiostatic
chronoamperometry. A constant potential difference (100 mV) was applied to a
steel/glass pellet/sodium cell. The resulting current measured after stabilization is due to

the electron motion.

2.7 Density functional calculations

Density Functional Theory (DFT) calculations were performed using ORCA suite of
programs.?®2° All the molecular models were fully optimized using the B3LYP
functional.*® The Kohn-Sham orbitals were expanded on the TZVPP Gaussian basis set.%
The resulting optimized atomic structures were used to simulate harmonic Raman spectra

by computing analytically the polarizability (Polar 1 and NumFreq flags).

3. Results and discussion
3.1 Glass-forming properties

Mechanical milling tests were first carried out to obtain the targeted glass compositions
from elemental germanium. However, characteristic reflections of crystalline Ge were

observed on XRD pattern even after extended milling time (10 h) and, more importantly,



their intensity did not decrease with additional milling time. Furthermore, the chosen
basic glass former, 50[GeS2]-50[Ga2Sz], cannot be obtained by the conventional melt-
quenching technique due to the low reactivity of Ga. A hybrid synthesis route was
therefore applied: a 90[GeS,]-10[Ga.Ss] binary glass precursor was first synthesized by
the conventional melt quenching process. Then, stoichiometric proportions of
commercial Na>S and Ga»Ss, synthetized by our care, were added to the glass precursor
to achieve the targeted compositions of x [Na>S]—-(100-x) [0.5GeS,—0.5Ga»S3] and the

mixture was mechanically milled.

The reaction process is monitored by powder XRD analysis at different milling times, as
shown for the sample 70Na in Fig.1a. The disappearance of any crystalline phases peaks
indicates complete amorphization. XRD patterns of samples 10Na to 75Na just after
complete amorphization are plotted in Fig.1b. It is visible that the milling time leading to
total amorphization varies from 4 to 20 h. No direct relationship is observed between
milling time to achieve amorphization and Na content, as observed in the x [Na>S] —(100-
X) [GazSs] pseudo binary.?® However, as a general trend, milling time is higher for the
sample with the highest Na content. This was also observed in the Li>S-Ga»S3-GeS;
pseudo ternary.3? To probe the Na content limit of the amorphous domain along the x
[Na2S] —(100-x) [0.5GeS>—0.5Ga,Ss] line, the composition with x = 80 was synthesized.
In this case, applying an extended milling time does not result in complete amorphization,
since peaks of a residual crystalline phase, corresponding to Na>S (space group Fm-3m,
JCPDS No. 03-0933), are still detected and their intensities do not change. Comparing
the milling time of mechanosynthesis using 90[GeS,]-10[GazSs] glass as precursor with
that of pure mechanical milling, there is a significant reduction in time, between 63 and

96 %. 32 This indicates that using a combination of melt-quenching and ball-milling as a



synthesis route can significantly improve efficiency due to the difficult amorphization of

Ge during mechanical milling.
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Figure 1. (a) XRD patterns of sample 70[Na>S]-30[0.5GeS,—0.5Ga»Ss3] (70Na) as a function of
milling time (from bottom to top). (b) XRD patterns of samples x [Na;S] —(100-x) [0.5GeS,—
0.5Ga;Ss] prepared by ball milling and after reaching amorphization. The milling duration to
reach amorphization is mentioned after the sample references. The broad shoulder peak at around
20 ° 2-theta that exists in all sample is due to the polyimide thin film.

3.2 Raman spectroscopy

The milling synthesis method is likely to generate more defects than parent glasses
obtained by classical melting-quenching method and could induce deviation from a
chemically ordered network model. Thus, to compare the local structure of glass powders
by means of a relevant spectroscopy method, Raman scattering spectra were collected for

the different chemical compositions (Fig. 2a).
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Figure 2. (a) Raman spectra of glass powders in the x [NazS]- (100-x) [0.5GeS>—0.5Ga;Ss]
system, the Na,S content increases from bottom to top. Key signals related with vibrations of 0-
NBS and 4-NBS, Ge(Ga) —-Ge(Ga) bonds and a-Ga,S3 are marked with dotted lines. (b) Schematic
view of [GeS.z] or [GaSa] tetrahedra, with O to 4 non-bridging sulfur (NBS), Ge or Ga atoms
are in blue, S atoms in yellow and Na ions in grey.

Given the composition of the amorphous materials studied, X [Na2S] — (100-x) [0.5GeS,—
0.5Ga,S3], we can start the description of the Raman spectra by considering the
germanium sulfide-based system to which a high proportion of Ga,Sz is incorporated.
This has a significant impact on the glass structure because the system will be deficient
in sulfur and will therefore influences the vibrational modes of the lattice compared to
that of GeS,. The Ge-S glass system is known to be mainly formed by [GeSa42] tetrahedra
linked by their corners and partly by edges in the case of stoichiometric glass GeS»
forming a three-dimensional network structure.® In a free tetrahedral AB4 molecule, there

are two bond-stretching modes, the symmetric stretching mode v1 (A1, symmetry) only

active in Raman, expected at 342 cm™ and the asymmetric stretching mode vs (Fa,
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symmetry) at 388 cm™, which dominates the IR spectrum but is also active in Raman. In
addition to the two bond-stretching modes, there are the two bond-bending modes, a v
mode of E symmetry at 114 cm™ which is only Raman active, and v4 mode (F2 symmetry)
at 147 cm™ which is both IR and Raman active. For sulfur deficient glasses, germanium
atoms can be linked by Ge-Ge homopolar bonds forming GeSsxGex (x=1, 2, 3 or 4) or
S3Ge-GeSs ethane-like structural units appearing usually at 258 cm. Considering the
system Ge-Ga-S, the glass network is constituted of [GeSas2] and [GaSa2] tetrahedra
linked by corners and edges.33" In the glass matrix considered, the introduction of a high
proportion of Ga,Ss with a Ga/[Ge+Ga] ratio of 2/3 will create a high proportion of
[GaS.2/4] entities compared to [GeS24]. As previously mentioned, this glass material will
be a sulfur-deficient glass compared to stoichiometric GeS> glass. This sulfur deficiency
can be expected to be compensated for by M-M bonds in this amorphous matrix, or by
S% anion with a coordination number of 3.3

The spectrum of the sample with the lowest sodium concentration can be described in a
first approach on the basis of a 50GeS,-50Ga,S3 glass matrix. The most intense peak at
about 347 cm™? is associated to the symmetric stretching mode of vi(A1)[GeSaz]
tetrahedra which are corner-shared (CS). The presence of edge-shared [GeSa4/2] tetrahedra
is revealed by their signatures at 372 cm™, although controversial, this assignment is
reasonable and associated with medium-range order. The proportion in such Ge-based
matrix is often proposed in the range of 10-20% for edge-shared (ES) compare to (CS)
depending on composition.®” Since Ge and Ga have nearly the same atomic masses and
close binding energies, the vibration modes associated with these two types of tetrahedra
(Td) [GaSzi4] and [GeS2/4] will be relatively close causing a widening of vibrational bands

or an appearance of shoulders not very discernible. The symmetric vibration mode
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vi(A1)[GaSza4] Td is proposed to occur at 350 cm™.3°36:3940 The shoulder situated at 385-
390 cm? corresponds to the asymmetric stretching mode vs(F2) of the [GeSar2] Td of weak
intensity and vibration mode related to [GaSz4] Td linked by their edge.®® The large band
at 405 cm* was also associated to vs(F2) asymmetric stretching mode of the [GeSa2] Td
1 and can be also associated to [GaSa/;] Td. The vibration mode of SsGe-S-GeSs units
involving [GeSa/] tetrahedra linked by their corner appear around 425 cm™,*! but was
also proposed at 405 cm™,*8 while those involving [GeSas2] ES were proposed to appear
at higher wavenumber.3® Similar vibration modes S3Ga-S-Ga(Ge)Ss involving two
[GaSa;] tetrahedra or hybrid units composed of [GeSa/2] and [GaSas2] can be expected in
these energy range.***? Finally, the vibrational modes corresponding to (S)s-Ge-Ge-(S)s
and (S)3-Ge(Ga)-Ga-(S)z structural units including ethane-like units are observed around
258 and 269 cm™, respectively.3®3*% Insofar as some S atoms would present a three
coordination by linking three structural units of type [Ga(Ge)S4/], the Raman signature
could not be clearly discerned among the other vibrational bands.

With the continuous addition of NazS into 50Ga>S3:-50GeS; glass matrix, the Raman
spectrum display three new peaks at around 320 cm™, 365 cm™, and 389 cm™ and
shoulders 411 cm™ and 440 cm™. The aforementioned peaks are observed in the N,S-
[0.1Ga2S3-0.9GeS:] (N = Li, Na, K, Cs), Li2S-GeS», KoS-GeSz, Cs:S-GeS», Ag2S-GeSy,
and CdS-Ga,S3-GeS; based glasses. 324445 They can be attributed to vibration modes
associated with [GaS4] and [GeS4] tetrahedra with different amounts of non-bridging
sulfur (NBS). The structure of NaS(Ge/Ga)Sss2, (NaS)2(Ge/Ga)Sz2s2, (NaS)s(Ge/Ga)Su2
and (NaS)a(Ge/Ga) which corresponds to [(Ge/Ga)Sas] tetrahedron basic unit with one,
two, three and four NBS, respectively, are shown in Fig. 2b. The peak at 320 cm™ appears

first with increasing NaS content, while the vibrational bands associated with
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[Ga(Ge)Sa4r2] Td linked by their corners or edges around 347 cm™ (which correspond to
0-NBS) are less and less discernible. Although clearly visible in samples up to x=60, the
origin of this peak at 320 cm™ in the Raman spectra is not clear from the literature. This
peak could be associated with the formation of 1-NBS and 2-NBS, but these entities are

generally proposed in the literature at 440 cm™ and 411 cm™, respectively.

With increasing NazS content, the peak at 365 cm™, attributed to 4-NBS according to the
literature, begins to amplify to eventually dominate the Raman spectrum. As a result, with
increasing Na»S content, the basic units of the Ga(Ge)-S tetrahedron gradually change
from one non-bridging sulfur (NBS) to four NBS. The shoulder at 389 cm™ is generally
associated with 3-NBS according to the literature, but it could also be linked to the
S3Ge(Ga)-S-Ge(Ga)S3 vibrational modes of tetrahedral units linked by corners or edges
forming dimers or small clusters surrounded by Na'. Indeed, the addition of Na,S
disconnects the sulfur bridges, and modify the medium range lattice and ultimately
decrease the stability of the glass. For the samples 70Na and 75Na, the signal of 0-NBS
is almost not detected. It should be noted that for samples 20Na, 40Na and 75Na, a low
intensity signal assigned to o-Ga,Ss at 231 cm™ is detected, due to the presence of

impurity.

To help us with the interpretation of the different features discussed above, DFT
calculations were performed. We have generated toys models based of one [(Ge/Ga)S4]
tetrahedron. The resulting singly bonded sulfur atoms were neutralized by adding
hydrogen-like atoms with masses of germanium or gallium on a corner-sharing position.
It should be noted that the resulting cluster is neutral for germanium, i.e. Ge(SH)as, while
not for gallium, i.e. [Ga(SH)4]". These two models are thus composed of doubly bonded

sulfur atoms, and thus correspond to 0-NBS. x-NBS models have been created by
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replacing x hydrogen atoms by x sodium atoms (with x =1, 2, 3 and 4). The resulting
optimized structures are shown in Fig. 3a. for Ge(S[H1-xNax])a. It evidences a systematic
displacement of the sodium atoms away from the corner-sharing position, i.e. towards an
edge or a face of the tetrahedron. Fig. 3b shows the Raman spectra simulations deduced

from these optimized models for germanium.

The Raman spectra have been estimated after the application of a filter consisting to (i)
isolate the vibrational modes of the five atoms constituting the tetrahedron (Ge or Ga, and
4 S) and (ii) select only the modes corresponding to forces larger than 0.2 a.u. In the case,
of Ge clusters (Fig. 3b), the overall experimental features, reported in Fig. 2, are nicely
reproduced. In particular, a symmetric stretching mode is simulated at 358 cm™ for 0-
NBS compared to 347 cm for the experimental one, and is shifted towards lower wave
numbers (335 and 329 cm™ for 1-NBS and 2-NBS, respectively), and then to higher wave
numbers (337 and 362 cm™ for 3-NBS and 4-NBS, respectively). The evolution of the
symmetrical elongation vibration mode vi, as a function of NaxS content and non-
bridging S formation, supports the hypothesis that 1-NBS and 2-NBS have a lower
wavenumber signature and could thus explain the band appearance at 320 cm™. The 4-
NBS vibration mode does indeed appear to be at a higher wavenumber than 0-NBS, while
the association of 3-NBS is more delicate relying solely on DFT calculation. In contrast,
the Raman simulations corresponding to the Ga clusters are altered. Indeed, while Ge
clusters are neutral, Ga clusters have a net charge of minus one. Such a residual charge
may influence the calculation of the polarizability and thus the Raman intensities. We
cannot clearly link them to experimentally observed Raman vibration modes. Another

approach needs to be developed for Ga entities.
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Figure 3: (a) Schematic representation of the optimized geometries of the Ge(S[HixNay])a
clusters (with x =0, 1, 2, 3 and 4). Similar geometries have been obtained for Ga[(S[H1xNax])4]
clusters. (b) DFT simulated Raman spectra of the Ge(S[H1.xNax])4 clusters. For Ge clusters, the
Raman intensities have been normalized to the most intense peak of the related 0-NBS spectrum.

3.3 Pair Distribution Function Analysis

Synchrotron X-ray total scattering measurements were performed to probe the local
structure of the obtained glasses. Experimental PDFs are extracted and represented in
Fig. 4 for samples 30Na and 50Na. The observed PDFs are overall similar to the one

obtained on NaGasS; glass (using a laboratory X-ray diffractometer, Ag Kq radiation)
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from our previous work on the pseudo binary x[Na2S]-(100-x)[GazSs] without Ge,*
although much less noisy and slightly better resolved in r (by 0.04 A for the first PDF
peak) owing to the use of a dedicated PDF synchrotron beamline. In the medium range
order above 10 A, no distinct peaks are observed, typical of amorphous materials (Fig.
4a). A closer look at the short-range order below 7 A (Fig. 4b) reveals the present of two
main peaks, at about 2.25 A and 3.64 A. The only crystalline composition existing in the
pseudo ternary Na»S-Ga S3-GeS; is NaxGa>GeSs, corresponding to x = 100/3 in the
notation x [Na2S]—(100-x) [0.5GeS,—0.5Ga,Ss].*” This composition is used as a reference

to interpret the experimental PDFs obtained on glasses 30Na and 50Na.

Ga and Ge are located in Tq environment in Na2Ga.GeSs, with Ga-S and Ge-S distances
ranging from 2.24 t0 2.28 A and from 2.22 to 2.24 A, respectively. The first peak observed
in the PDF is then attributed to (Ga/Ge)-S distances, as in NaGaS; glass.*® A clear
difference of intensity is observed for this PDF peak between the 30Na and 50Na samples
(see Fig. 4b), feature reproduced in the RDF (Radial Distribution Function) function
derived from G (r), the PDF function. The integrated intensity of the RDF peak at r =
2.26 A is estimated to decrease by 18% from x = 30 to x = 50. The peak width being
the same in both cases (0.21 A), this peak area decrease could be tentatively interpreted
as a decrease of coordination number in sulfur around Ga or Ge atoms upon rising x, the
NazS content. The second peak is attributed to S-S distances within [GaS4] and [GeS4]
tetrahedra, and to Ga-Ge, Ga-Ga or Ge-Ge distances between two tetrahedra connected

by edges or corners.
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Figure 4. (a) X-ray PDFs of the 30 [Na,S]- 70 [0.5GeS,—0.5Ga,Ss] (30Na, green) and the 50
[NazS]- 50 [0.5GeS,-0.5Ga,S3] (50Na, black) glass powders. (b) Short range region of the PDFs
up to 7 A.

3.4 Thermal properties

The typical temperatures Tq and Tx of the amorphous samples are investigated and
gathered in Table 1. A typical DSC measure, corresponding to 70Na after 16 h of milling
is also shown in Fig. 5a. Both Ty and Tx show a rapid decrease with increasing NaxS
content (Fig. 5b). This is due to the constant collapse of the mid-range network into local
short-range network. The T4 and Ty stabilize when NaxS content reaches the limit of the
glass forming region. From the previous Raman result, the glass structure is filled mainly
by 4-NBS in samples 70Na and 75Na. Tq reported for glasses using [0.1Ga>S3-0.9GeS;]

as a basic glass former in the literature is 20 to 120 °C lower than Tq reported in this study

17



using [0.5Ga,S3-0.5GeS>] and the difference between the two system decreases with
increasing Na,S content 8, This suggests that the addition of Ga,Ss leads to a more

efficient interconnection in the glassy network and GazSz acts as a glass former.

The value of AT (Table 1), which is equals to the difference between Tx and Ty, is critical
to assess the thermal stability of glasses. In practice, a glass is considered thermally stable
when AT is above 100 °C. AT firstly shows an upward trend, reaching a maximum of
122 °C for sample 40Na (Fig. 5¢). But AT starts to decrease with increasing alkali content
in the glass system until reaching the minimum of 33 °C for sample 75Na. This behavior
is in line with expectations, as other Ge-Ga-S based glassy systems have shown a similar
trend, including previous work on GeS,—Ga;Ss—NaX systems (with X = Cl or 1) *¢, GeS,—
GaySs—CsCl or Csl system 84 and lithium analogue GeS;—Ga,Ss—LiCl . This can be
explained by the fact that the constant addition of alkalis to the glass system results in the
continuous rupture of Ga (Ge)-S—(Ge) Ga bonds and the formation of Ga (Ge)-S—Na

bonds instead, ultimately leading to the degradation of glass network connectivity.

Table. 1 Summary of samples studied with sample references, composition in mol%, Tg, Tx, AT (=Tx-Tg)
in °C, and AE, in kd.mol. The conductivity of sample 10Na was too low to be measured with accuracy.

Sample NazS (0.5GeS2-0.5GazSs) Tq (°C) Tx(°C) | AT (°C) AEa
reference | (mMol%o) (mol%) x2°C) x2°C) | (x4°C) (kJ/mol)

10Na 10 90 445 505 60 /

20Na 20 80 450 497 47 44.27 +0.40
25Na 25 75 443 490 47 40.87 £ 0.45
30Na 30 70 410 491 81 44.85 + 0.55
40Na 40 60 348 470 122 49.00+£1.1
50Na 50 50 320 403 83 47.62 +1.25

60Na 60 40 285 352 67 37.28 £0.43
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Figure 5. DSC analysis: (a) DSC trace of sample 70Na. Ty, Tx (b) and AT (=Tx-Tg) (c) of
amorphous x [Na;S]—-(100-x) [0.5GeS,—0.5Ga,Ss] plotted as a function of x (NazS content) in

mol%.
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3.5 Electrical conductivity properties
The electrical conductivity of the samples was determined using a Nyquist plot where the
imaginary part of the complex impedance is plotted against the real part of the complex
impedance on the x-axis.>! Fig. 6 shows an example of a Nyquist plot for samples 40Na,
50Na and 70Na at room temperature. The semicircle in the high- and mid-frequency
region represents the impedance of the sample. At the low-frequency region, the presence
of a polarization tail results from the accumulation of charge carriers (Na*) at the pellet-
electrode interface, and indicates that the electrical conductivity is predominantly ionic.>
Ideally, the spectrum in a Nyquist representation of a pressed powder ionic conductive
should be characterized by two well-resolved semicircles and a polarization tail. The
semicircle at higher frequency corresponds to the ionic transport in the grain, and the
semi-circle at lower frequency corresponds to the grain boundary contribution. However,
bulk and grain boundary contributions cannot be deconvoluted at room temperature and
at 10 °C, as typically observed on such materials.2>?” Therefore, the reported conductivity
values correspond to the total conductivities of the sample and their corresponding

activation barriers.
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Figure 6. Nyquist plot of electrical impedance measurement of amorphous samples 70Na, 50Na,
and 40Na at T = 298 K. The line corresponds to the semicircle fit.

The impedance of the samples was measured by fitting the semicircle, when it can be
measured. For samples with the highest conductivity, the semicircle was not fully
detected due to the upper frequency limitation of our device (1 MHz), and the impedance
was estimated using the intersection of the polarization tail and the x-axis. Conductivity
is therefore underestimated in this case. The conductivities of pressed pellets are not
usually reported with error bars in the literature, as the uncertainty on the measurement
arises from many different factors: from the sample itself (particle size, sample
heterogeneity, pressure applied during shaping, etc) or from the measurement (coating on

the pellets, pressure applied during measurement, impedance analyzer, etc). 2’

Fig. 7a shows the evolution of the conductivity of glass samples from 20Na to 75Na as a
function of reverse temperature. The conductivity of all studied samples is calculated

from the equation below:

(1)
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where o is the conductivity (S.cm™), R is the sample resistance (Ohm), t is the pellet

thickness (cm) and A is the pellet surface (cm?).

As expected, the conductivity increases with the NaS content regardless of the
temperature. The highest room-temperature conductivity, corresponding to sample 75Na,
is reached at ¢ = 1.8 x 10 S.cm™. The highest conductivity, c = 1.0 x 102 S.cm™ is
obtained at 90 °C, for the same sample. For all diagrams obtained at different

temperatures, the temperature (T) dependent ionic conductivity follows an Arrhenius law:

AEa) @

Oo
o(T) = T X exp (— RT

where oo is the pre-exponential factor (S.cm™.K), T is the temperature (K), AEa is the
activation energy (J.mol?), and R is the universal gas constant. AE, are summarized in
Table 1. It is in the same range than other sulfide-based Na* conductors.'® There is no
clear trend between the AEa values and the Na content, although the highest values are

reached for sample 40Na and 50Na.

Fig. 7b shows the Na>S dependence of the ionic conductivity of the glass powders at
room temperature. The ionic conductivity shows a greater increase when the NazS content
goes from x=20 to 30, then the increase slows down as the NazS content enters in the
range of x=40 to 60 and the range of x=70 to 75. The sample 60Na was synthesized twice,
and the Raman spectroscopy and conductivity measurements were well reproduced. As
the previous Raman analysis show, between 20Na and 40Na the structure is going through
the network collapse as the intensity of the signal of 0-NBS is diminishing. This structure
modification process might be the reason why the conductivity increases. The

conductivity increases when Na.S content rises from x=60 to 70 and 75. This can be
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explained by the appearance of the contribution of 4-NBS entities in the 70Na and 75Na

samples, as shown by Raman spectroscopy (Fig. 2).
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Figure 7. (a) Evolution of the temperature-dependent conductivity of cold-pressed glass powders.
(b) Evolution of composition-dependent conductivity of cold-pressed glass powders at 25°C.

A solid electrolyte must have a high ionic conductivity, and low electronic conductivity
in aratio of at least 10%. The electronic contribution ce to the total conductivity of samples
with the highest ionic conductivity (7ONa and 75Na) was measured using potentiostatic

chronoamperometry, and calculated using Eq. 3:

[ Xt 3)
UXA

O =
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where | is the residual current (A), t the pellet thickness (cm), U the voltage (V) and A
the pellet surface area (cm?). A typical measurement is shown in Fig. 8 on sample 70Na.
The calculated value of values of ceare 5.1 x 107 S.cm™ and 3.5 x 10”7 S.cm™ for samples
70Na and 75Na, respectively. They are in the same order of magnitude (107 S.cm™), and
only 10 to 100 times lower than the ionic contribution. Further investigations must be
devoted to investigate the origin of the electronic contribution in such material, and to

decrease it.

0.0044

0.003
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— 0.0024.

0.001 l

0 1000 2000 3000 4000
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Figure 8. Potentiostatic chronoamperometric measurement on sample 70Na.

The room-temperature conductivities of bulk and powdered glasses with similar
composition are summarized from the literature in Table 2. Comparing with samples in
this work, generally the conductivity of bulk glasses is merely 1 to 4 times higher than
that of glass powders which is within expectation. The mechano-synthesized then cold-
pressed pellets show a lower ionic conductivity mainly because of the existing vacant
spaces and grain boundaries between particles which hinder the mobility of cations.
Comparing the mechano-synthesized powders of the binary Na;S—Ga,Ss with this work,

the ternary samples with similar Na>S-content shows an increase up to 12 times higher
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conductivity than that of the binary. Ga/Ge substitution is then an effective way to

optimize the ionic conductivity.

Table. 2. Comparison of room-temperature ionic conductivity of the glass powders in this work
with that of the bulk glass and glass powders reported in the literature.

Our work Literature
NazS GeS2 GazSs Sample c NazS GeSz GazSs Sample c
(mol%) | (mol%) | (mol%) | properties | (S.cm | (mol%) | (mol%) | (mol%) | properties/Ref. | (S.cmr
) ))

40 30 30 Cold- 7.6 x 40 54 6 Bulk glass, 1.8 x
pressed 107 Ref.19 106
pellets

50 25 25 Cold- 1.1x 50 45 5 Bulk glass, 5.1x
pressed 106 Ref.1° 10¢
pellets

60 20 20 Cold- 1.4 x 60 36 4 Bulk glass, 7.1%
pressed 106 Ref.1° 10
pellets

70 15 15 Cold- 1.2 x 70 0 30 Cold-pressed 9.1x
pressed 10° pellet, 107
pellets Ref. 2

75 125 125 Cold- 1.8 x 80 0 20 Cold-pressed 19x
pressed 10 pellet, 10
pellets Ref, 20

4. Conclusion

Powdered glass samples were obtained in the x [Na>S]- (100-x) [0.5GeS,—0.5Ga>S3]
system, with x ranging from 10 to 75. The chosen synthesis route using melt-quenching
method and mechanochemistry enables new glass compositions to be explored,
particularly for Ga- and Na-rich compositions. Raman spectroscopy was used to study
the glass structure as a function of NaxS content. It reveals a steady collapse of Ga(Ge)Sa/2
tetrahedron-based medium-range network with the introduction of Na,S, and the
formation of non-bridging sulfur in the glass network. A feature at 320 cm™ is detected,
which becomes predominant for x=40 and is detected up to x=60. This feature could be
associated with 1-NBS and 2-NBS. DFT calculations performed are consistent with this

hypothesis. PDF analysis reveals that the local structure of the glass is similar to NaGaS:
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glass. lonic conductivities of glass powders are measured. As expected, the ionic
conductivity increases with the addition of Na,S. Moreover, the specific transitions of
dominant structure from 0-NBS to 4-NBS detected by Raman spectroscopy cause the
conductivity surge of glass samples. The highest room-temperature conductivity is
achieved for the sample with x=75 (c = 1.8 x 10 S.cm™ at room temperature), for which
the predominance of 4-NBS entities is detected by Raman spectroscopy. The
conductivities obtained in this work, which are from cold-pressed pellets, are comparable
with that of the bulk glasses using a different glass network reported from the literature.
Consequently, the addition of Ga,Ss does not improved the ionic conductivity of the
samples. However, the addition of GeS> in the Na»S-Ga,Ss glass system improves the

conductivity by one order of magnitude for identical Na,S content.
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