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Abstract
NaGaS2 is a newly discovered compound, that have already shown great promise for a variety
of applications due to its layered structure and ion exchange properties. In this work, crystalline
NaGaS2 has been synthesized by an alternative method to what has been previously published,
namely by mechanochemistry, either by a direct one-step process, or by a two-step process. In
the one-step process, crystalline NaGaS2 is directly formed by milling sodium sulfide Na2S and
gallium (III) sulfide Ga2S3. However, an amorphous material is present in majority together
with the crystalline phase. In the two-step process, amorphous NaGaS2 is firstly obtained by
mechanical milling, and then heated above its glass transition temperature to obtain a glassceramic mainly composed of crystalline NaGaS2. For the two-step process, changes of the local
atomic-level structure in amorphous NaGaS2 and after crystallization were analyzed by highfield solid-state nuclear magnetic resonance (NMR) spectroscopy as well as by X-ray total
scattering and pair distribution function (PDF) analysis. Based on quantitative analysis on the
23

Na NMR spectra, modifying the annealing treatment can promote the formation of the

crystalline phase up to a molar fraction of 83.8 %.

2

Introduction
Crystallization in glasses gathers a wide interest in the materials science community at all
length scales, from the formation of homogeneously distributed nanosized crystals to reinforce
mechanical properties 1 to the full crystallization for dense transparent ceramics 2, for example.
Glasses can also be precursors for new crystalline phases. In that prospect, metastable
superionic phases have been discovered or stabilized at room temperature from glassy
precursors. Two examples are particularly relevant: (i) crystallization of high-temperature cubic
Na3PS4 crystals 3 or (ii) stabilization of metastable Li7P3S11 4 from amorphous precursors. In
both cases, conventional solid-state synthesis fails to obtain these phases. Because of their high
ionic conductivities and their mechanically soft properties, sulfide-based materials are
promising as solid-state electrolytes for all solid-state batteries.5 Research for superionic
sodium conductors in the scope of the development of Na-ion solid state batteries foster many
studies on these compounds, such as the Na2S·X pseudo-binaries and Na2S·X·Y pseudoternaries, with X = P2S5, GeS2, or SiS2 and Y = Ga2S3, NaCl, or SnS2.3,6–10
In this work, we focus on the 50 Na2S · 50 Ga2S3 composition, or NaGaS2, an overlooked
compound until two years ago when its synthesis and its structure were reported for the first
time by two different groups.11,12 Adhikaly et al. and Klepov et al. synthesized NaGaS2 crystals
using polysulfides flux method, from Ga and Na2S4, or Ga, S and Na2S, respectively, in silica
tube sealed under vacuum and heated at 750 or 650 °C.

11,12

Crystals were then washed to

remove the excess of flux, in dimethylformamide or water. NaGaS2 is sensitive to moisture as
water easily inserts in the interlayer space. However, this process is reversible and an additional
step of drying is mandatory to dry NaGaS2 if washed with water. Based on structural refinement
against single crystal X-ray diffraction (XRD) data, NaGaS2 was found to crystallize in the C2/c
space group according to a TlGaSe2 structure type. The structure is based on Ga4S10 units
connected by a bridging S atom, resulting in a layered topology. The Ga4S10 units are composed
of two pairs of Ga2S7 connected through sharing corners. Na+ ions are located in the valley
formed by the Ga4S10 units, in prisms with triangular basis linked via their base to form chains.
One prism on two is facing another prism of the upper plane, turned of 90 °. There are therefore
two inequivalent sites for Na.
Although the reported ionic conductivity measured for NaGaS2 is not high enough for a
candidate for solid-state electrolyte (2.88 × 10−7 S.cm−1 at room temperature),11 a wide variety
of applications could benefit from its combination of properties. Thanks to its trapping
properties of water molecules, NaGaS2 was tested as an adsorbent of water with a selectivity
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toward small alcohol molecules.11 Furthermore, its ion exchange properties and exfoliation
possibilities are particularly interesting for the exploration of new two-dimensional (2D)
sulfide-based materials.12 NaGaS2 has a wide transparency in the infrared (IR) range (0.31 to
13.30 μm) and birefringence properties that can be modified by different cation substitutions.13
An other polymorph of NaGaS2 was also predicted, and could be a candidate for high-power
laser frequency conversion.14
The synthesis method of NaGaS2 reported so far in the literature is a bottleneck for the
development of this compound on a larger scale, due to the use of silica tubes and the danger
risen by vapors with high sulfur content. As an alternative to solid-state and high temperature
synthesis, mechanochemical synthesis gathers a growing interest for several reasons.15 It is a
simple, rapid, no-waste, and energy efficient method. It also offers the possibilities to synthesize
materials without solvent or gas and to obtain materials that usually require high temperatures.
In the case of glasses, mechanochemical milling can enlarge the amorphous domain compared
to the one obtained by conventional melt-quenching technique.16
Different crystalline compounds have been obtained after annealing the corresponding
stoichiometric mechanical milled glass in the Na2S · P2S5 binary (Na2P2S6, Na3PS4).3,17 In this
work, we investigate if the same synthesis strategy could be applied for NaGaS2, as amorphous
x [Na2S] · (100−x) [Ga2S3] compounds were obtained through ball milling in our previous work
with Na2S content ranging from x = 20 to 80.16 We report new methods for synthesizing NaGaS2
glass-ceramic either indirectly through the crystallization of amorphous NaGaS2 obtained by
mechanical milling or directly at room temperature by mechanochemistry synthesis, depending
on the milling conditions. In addition, the local environments of Ga and Na atoms in the glass
ceramic and the amorphous compound are investigated by high-field solid-state nuclear
magnetic resonance (NMR) spectroscopy and X-ray pair distribution function (PDF). The NMR
experimental data obtained on crystalline NaGaS2 are interpreted thanks to the assistance of
quantum chemistry calculations.

2. Experimental
Mechanochemical milling was done using a planetary ball mill Pulverisette 7 (Fritsch).
Ga2S3 was firstly synthesized according to our previous report.18 In short, 8 g of stoichiometric
mixture of gallium (Neyco, 99.99 %) and sulfur (Strem Chemical Inc., 99.999 %) was ball
milled during 4 hours at 400 rpm in a tungsten carbide (WC) vessel (internal volume of 45 mL)
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with 10 WC balls (diameter 10 mm). Glass and crystalline NaGaS2 were obtained either directly
by mechanochemical milling (one-step process), or followed by an optional thermal treatment
(two-step process). Ga2S3 and Na2S (Alfa Aesar, 95% purity) were hand ground in an agate
mortar in a molar ratio of 1:1 and placed into two different types of vessel, zirconia (ZrO2) or
tungsten carbide (WC). The powders were milled following two different procedures
summarized in Table 1. All processes were performed in a dry N2 atmosphere. Procedure 1 was
chosen to maximize the stressing energy to obtain an amorphous powder in a limited time, while
procedure 2 was selected to get a milder milling procedure.
Table 1: Milling conditions of procedures 1 and 2 using ZrO2 and WC vessels, respectively.

Procedure 1

Materials (bowls
and balls)
ZrO2

Diameter
(mm)
4

Milling speed
(rpm)
600

Procedure 2

WC

10

400

5

Balls to powder
mass ratio
20:1

8

10:1

Powder mass (g)

Samples resulting from milling procedures 1 and 2 will be referred as NaGaS2-Zr-Xh and
NaGaS2-WC-Xh, respectively. X corresponds to the milling time in hour. Characteristic
temperatures including glass transition temperature (Tg) and crystallization onset temperature
(Tx) are identified based on differential scanning calorimetry (DSC) curves. For the two-step
process, an annealing treatment was performed on powders, compressed under 1.5 t and under
vacuum using a conventional uniaxial cold press to obtain a 1 to 1.5 mm thick pellet with a 10
mm diameter. The glass pellets were then heated in a silica tube sealed under vacuum and
different temperatures and annealing times were tested: at about Tg + 40 °C (335 °C) for 24 h
and Tx + 35 °C (440 °C) for 1.5 h or 24 h.
A DSC Q20Thermal Analysis was used to characterize the thermal properties of the
synthesized materials. Measurements were performed from room temperature up to 500 °C with
a heating rate of 10 °C/min on samples sealed under nitrogen in aluminum crucible.
Conventional XRD measurements were performed on powders after different milling times
to follow amorphization and reaction processes on samples protected from air by a Kapton
(polyimide) window. Note that two different suppliers provide the Kapton windows and their
diffraction halos differ (see Fig. S1 in Supporting Information (SI)). They were recorded in the
5‑90° 2θ range with a 0.0261° step size and a counting time of 400 s/step using a PANalytical
X’Pert Pro diffractometer (Bragg-Brentano geometry, Cu-source, Ni-filter, 𝐾𝛼̅ radiation, 40 kV,
40 mA, PIXcel 1D detector). XRD data on the powder obtain by the two-step process were
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recorded on powdered samples protected from air by a polycarbonate dome, which allows a
better airtightness.
The glass-ceramic obtained by heating NaGaS2-Zr-9h at Tx+35 °C for 1.5 h as well as the
glass NaGaS2-Zr-9h were analyzed by X-ray total scattering in silica glass capillaries with 0.3
mm diameter, using a Bruker AXS D8 Advance diffractometer (Debye-Scherrer geometry, 𝐾𝛼̅
Mo-radiation selected by a focusing multilayer mirror, 50 kV, 40 mA, LynxEye HE detector).
For the glass-ceramic sample, Le Bail profile refinement using the FullProf program19 was
carried out up to 70° 2θ using the Thompson-Cox-Hastings pseudo-Voigt profile function20 and
the Bérar and Baldinozzi asymmetry correction21. For both samples, PDF data were extracted
from those Mo X-ray total scattering data collected up to 155° 2θ (corresponding to
instrumental Qmax = 17.3 Å-1, where Q is the magnitude of the scattering vector (Q = (4πsinθ)/λ),
according to a similar procedure as the one described below.
Total X-ray scattering data were also collected at higher enery at the X-ray diffraction
platform of IMPMC (UMR CNRS 7590, Paris, France) on Panalytical Empyrean 2-circle
diffractometer equipped with a silver X-ray tube and a photo-multiplier detector, in θ - θ
transmission geometry. Measurements with Ag 𝐾𝛼̅ radiation up to 2θ =146° allowed to obtain
an instrumental Qmax = 21.7 A-1. To minimise the statistical noise level at high Q values (due
to the low form factor at high angle), the exposure time used for 2° < 2θ < 50° (25 s per 0.2°
step) was doubled for 50° < 2θ < 90° and quadrupled for 90° < 2θ < 148°. The same data
collection strategy was used for both sample and empty capillary measurements to substract the
contribution of the capillary from the signal.
The PDF G(r) gives the probability of finding a pair of atoms separated by a distance r. It is
experimentally obtained from the sine Fourier transform of the scattering function S(Q)

22,23

as

shown in the following equation:
𝐺(𝑟) =

2
𝜋

𝑄𝑚𝑎𝑥

∫𝑄

𝑚𝑖𝑛

𝑄[𝑆(𝑄) − 1] sin(𝑄𝑟)𝑑𝑄.

(Eq. 1)

PDFgetX3 was used to process the experimental powder diffraction intensities to generate the
G(r).24 Calculations of PDFs using the NaGaS2 structural published model were done with
PDFgui.25
Scanning Electron Microscopy (SEM) images were obtained on a JEOL JSM-IT 300
microscope using an acceleration voltage of 15 kV.
23

Na and 71Ga NMR spectra were acquired at a static magnetic field B0 = 18.8 T on a Bruker

BioSpin Avance NEO NMR spectrometer. These two quadrupolar nuclei with a nuclear
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ground-state spin I = 3/2 NMR spectra have moderate gyromagnetic ratio, γ(23Na)/γ(1H)  0.265
and γ(71Ga)/γ(1H)  0.306, and moderate electric quadrupole moment, eQ, with Q = 10.4 fm2
for 23Na and 10.7 fm2 for 71Ga.26 Furthermore, the natural abundance of 23Na and 71Ga nuclei
are 100 and 39.89 %, respectively. To prevent contact with moisture, the NaGaS2 samples were
packed into the rotors inside an argon-filled glovebox. The rotors were spun at a magic-angle
spinning (MAS) frequency, νR = 20 kHz. All the NMR spectra, except those shown in Fig. S8,
were acquired at around 320 K. For the 1D 23Na MAS NMR spectra in Fig. S8 acquired at the
temperature ranging from 220 to 350 K, the temperature of the sample was regulated using
BCU II device. The temperature inside the rotor was calibrated using the

207

Pb chemical shift

of lead nitrate.27
The spectrum at 320 K were acquired using a 3.2 mm double-resonance HX Bruker probe.
Quantitative one-dimensional (1D)

23

Na and

71

Ga NMR spectra were acquired using Bloch-

decay experiment with a pulse length of 1.0 and 0.85 s, respectively, and a radiofrequency (rf)
field strength of 62 and 78 kHz, respectively, corresponding to flip angles of 45° for the pulses
selective of the central transition (CT). 28 These 1D 23Na and 71Ga spectra result from averaging
few hundreds transients with recycle delays of 0.5 to 1 s and were processed without
apodization. Their baseline was corrected using cubic splines. Furthermore, two-dimensional
(2D) 23Na and 71Ga triple-quantum MAS (3QMAS) spectra were acquired using hypercomplex
States-TPPI procedure and the z-filter pulse sequence.29 Excitation and reconversion pulses
lasted p = 6.5 and 2 s with an rf field amplitude ν1 = 98 kHz for 23Na and p = 9.5 and 2.5 s
with ν1 = 78 kHz for 71Ga, whereas the pulse selective of the CT lasted p = 6.5 s with ν1 = 18
kHz for 23Na and p = 32 s with ν1 = 4 kHz for 71Ga. The 23Na 3QMAS spectrum resulted from
averaging 24 transients for each of 120 t1 increments with t1 = 50 s and a recycle delay of 1
s, corresponding to a total experimental time of 1 h 35 min, whereas the 71Ga 3QMAS spectrum
resulted from averaging 1152 transients for each of 60 t1 increments with t1 = 50 s and a
recycle delay of 0.5 s, corresponding to total experimental time of 2 h 30 to 10 h. The 2D 23Na
and

71

Ga 3QMAS spectra were processed without apodization.

23

Na variable temperature

measurements were recorded with similar setup and parameters (pulse length 1 μs, rf field ~
80 kHz, recycling delay 1 s, MAS rate 20 kHz) except for the use of a 1.6 mm HX PhoenixNMR
probe. The 1H isotropic chemical shifts were referenced to tetramethylsilane (TMS) using the
signal of CH2 group of adamantane at 1.85 ppm as a secondary reference.

23

Na and

71

Ga

chemical shifts were indirectly referenced using the previously published relative NMR
frequencies.26
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The quantitative 1D

23

Na MAS NMR spectra, including both the CT and the satellite

transitions (STs), along with the 2D

23

Na 3QMAS spectra without shearing were simulated

simultaneously using ssNake software.30 The 1D and 2D spectra were simulated by employing
the same distribution of isotropic chemical shift with an average value (δiso) and a Gaussian
full-width at half maximum (FWHM) (WG) as well as the same parameters for the quadrupolar
coupling interaction, including the quadrupolar coupling constant (CQ) and the asymmetry
parameter of the electric field gradient tensor (Q), and identical Lorentzian FWHM (WL) of
the CT. Additional simulation parameters included (i) Lorentzian FWHM, distinct from WL, for
the STs of the 1D MAS NMR spectra and the triple-quantum transitions detected along the
indirect F1 dimension of the 2D 3QMAS spectra as well as (ii) integrated intensities of the
signals, which differ between 1D MAS and 2D 3QMAS spectra since the excitation of triplequantum coherences depends on the CQ value. The integrated intensities of the different signals
used to simulate the quantitative 1D 23Na NMR spectra were employed to calculate the fractions
of the different Na sites. The 2D 71Ga 3QMAS spectrum of NaGaS2 glass-ceramics prepared at
Tx + 35 °C was also simulated using ssNake software.
NMR parameters were computed for the NaGaS2 crystalline phase, characterized by
Adhikary et al.11 Calculations were performed within the Gauge Including Projected
Augmented Wave formalism

31,32

as implemented in the CASTEP program, version 20.33 We

used the PBE exchange and correlation functionals,34 on-the-fly generated ultrasoft
pseudopotentials, an expansion of the plane-wave basis sets up to an energy cutoff of 900 eV,
and a sampling of the Brillouin zone up to 10108 k-points grid. Tests concerning the
convergence of NMR parameters with respect to energy cutoff and k-point sampling are
reported in the Tables S1 and S2 in SI.
The GIPAW calculations give access to the absolute magnetic shielding tensors (𝜎). The
diagonalization of the symmetric part of these tensors allows to determine their eigenvalues.
Using the Haeberlen convention, 35 the three eigenvalues can be ordered such as |𝜎𝑧𝑧 − 𝜎𝑖𝑠𝑜| ≥
|𝜎𝑥𝑥 − 𝜎𝑖𝑠𝑜| ≥ |𝜎𝑦𝑦 − 𝜎𝑖𝑠𝑜|, and the NMR parameters including the isotropic magnetic
shielding, σiso, the anisotropic magnetic shielding, σaniso, and the asymmetry parameter of the
shielding tensor, ηCS, can be deduced from σ tensor:
σiso =

1
(σxx
3

+ σyy + σzz) ; σaniso = σzz − σiso ; ηCS =

σyy− σxx
σaniso

(Eq.2)

Isotropic chemical shift may subsequently be evaluated using the relation: δiso = σref − σiso
where, 𝜎𝑟𝑒𝑓, can be deduced from a GIPAW calculation on a reference compound.
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For quadrupolar nuclei, the electric field gradient (efg) tensor, denoted 𝑉, can be obtained
from an ab initio calculation. In its diagonal form, it gives access to three eigenvalues that can
be ordered according to the convention: |𝑉𝑧𝑧| ≥ |𝑉𝑥𝑥| ≥ |𝑉𝑦𝑦|, from which, the quadrupolar
interaction is frequently described using CQ and Q parameters:
𝐶𝑄 =

𝑒𝑄𝑉𝑧𝑧
ℎ

; 𝜂𝑄 =

𝑉𝑥𝑥− 𝑉𝑦𝑦
𝑉𝑧𝑧

.

(Eq.3)

where eQ is the nuclear electric quadrupole moment and h the Planck constant.

3. Results and discussion
Glass and glass-ceramic formation
The reaction during milling is followed by XRD measurements acquired on the powder after
different milling times. Fig. 1a shows the copper-source XRD patterns of the starting mixture
of Ga2S3 and Na2S, and milled for different times using procedure 1 in ZrO2 bowls (see
Table 1). The diffraction halo between 15 and 25° 2θ is due to the Kapton window used to
protect the sample from air (see Fig. S1 in SI). Na2S main peaks are no longer detected after
only 3 hours of milling, whereas Ga2S3 main reflections (100), (002) and (110) indexed using
the P63mc space group of β-Ga2S3 are detected up to 6 h of milling. This difference may stem
from the faster amorphization of Na2S compared to Ga2S3. From 3 h, an additional peak is
detected at approximately 26.5° 2θ. It does not correspond to Ga2S3 or Na2S, and is attributed
to the main peak of NaGaS2 according to the work of Klepov et al. and Adhikary et al.11,12 After
9 h of milling, the synthesized sample (NaGaS2-Zr-9h) exhibits diffraction halos characteristic
of amorphous materials. Tg and Tx temperatures of NaGaS2-Zr-9h are determined based on DSC
analysis (Fig. 1b). They are about 293 °C and 403 °C (± 5 °C), respectively, in good agreement
with the literature.16 SEM analysis on NaGaS2-Zr-9h reveal that the powder is composed of
aggregates of submicron particles (Fig. 1c).
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Figure 1: (a) From bottom to top, powder Cu-XRD diagrams of the mixture 50 mol.% Ga2S3 and 50
mol.% Na2S before milling (0 h) and milled for different times (3, 6, and 9 h) in ZrO2 vessels (procedure
1). Miller indexes correspond to the Ga2S3 crystal phase (P63mc space group).18,36 Peak indexed with a
triangle is attributed to crystalline NaGaS2.11,12 (b) DSC curve of NaGaS2-Zr-9h powdered glass. (c)
SEM image of NaGaS2-Zr-9h powdered glass.

Chalcogenide glasses are considered stable against crystallization if the difference of
temperature ΔT between Tx and Tg is higher than 100 °C. ΔT of amorphous NaGaS2 is around
100 °C, as glasses along the binary Na2S·P2S5.37 A pellet of NaGaS2-Zr-9h amorphous powder
was heated at about Tg + 40 °C (335 °C) for 24 h, a typical annealing treatment to obtain
chalcogenide glass-ceramics.1 Fig. 2a shows the Cu-XRD pattern of the resulting material
(diagram in the middle, in black). NaGaS2 is detected as the only crystalline phase. The
diffraction halo at 18° 2θ is due to the polycarbonate dome (see Fig. S1 in SI). No clear
difference in the morphology of the particles is observed by SEM before and after
crystallization (see Figs. 1c and 2c). When the sample is exposed to air, the structure is greatly
affected as water is absorbed in the interlayer space leading to a very clear change of the
diffraction pattern. Notably, the 1st Bragg peak is shifted drastically towards lower angles (see
top diagram in green in Fig. 2a), as expected owing to the fact the monohydrate sample has a
larger c parameter by more than 4 Å than the anhydrous one.11
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Figure 2: (a) (bottom to top) calculated diffraction pattern of crystalline NaGaS2 from the structural
model of Adhikary et al.11 (blue), powder Cu-XRD patterns of the NaGaS2 glass-ceramic obtained by
heating NaGaS2-Zr-9h at Tg + 40 °C for 24 h (middle, in black) and after exposure to air (green). (b)
Schematic representation of the NaGaS2 crystal structure. Na, Ga and S atoms are represented in dark
blue, light blue and green, respectively. (c) SEM image of the NaGaS2-Zr-9h sample heated at Tg + 40 °C
for 24 h.

The experimental powder pattern acquired differs significantly from the calculated one
(bottom diagram in Fig. 2a, in blue) according to Klepov et al.12 and Adhikary et al.11 singlecrystal structural models, insofar as several calculated peaks are not observed. Possibilities to
perform a Rietveld refinement are then extremely limited. Stacking faults in this structure can
be quite extensive due to layered structure (Fig. 2b), which can greatly affect the intensity and
broadening of some reflections leading to apparent observed extinctions. FAULTS program
was used to simulate the effect of stacking faults on the XRD pattern.38 The analysis in detail
can be found in SI (Figs S2, S3 and S4) with the definition of the considered layers. A simple
and intuitive stacking fault is a (¼, ¼, 0) in-plane displacement between two layers. The
calculated XRD patterns with various occurrence rate of stacking faults considered are in good
agreement with the experimental pattern (Fig. S4). A detailed analysis with FAULTS is in
progress to perform a Rietveld refinement, considering other possible stacking faults.
Additional annealing treatments on NaGaS2-Zr-9h were tested, from 1.5 h up to 24 h at Tx +
35 °C (see Fig. S5 in SI). They do not result in a better crystallinity of NaGaS2, and the stacking
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faults observed after 24 h at 335 °C remains predominant. Furthermore, the remaining amount
of amorphous phase after the thermal treatment duration cannot be evaluated by XRD since
Rietveld refinements are not possible at this stage.
Nevertheless, profile refinement using the Le Bail method without structural constraints was
carried out. Fig. 3 presents the example of NaGaS2-Zr-9h heated at Tx+35 °C during 1.5 h, using
the Mo-XRD pattern acquired in a Debye Scherrer geometry (see experimental section)
allowing to minimize preferential orientation. The refined lattice parameters using C2/c space
group (a = 10.2144(3) Å, b = 10.2333(3) Å, c = 13.5368(3) Å and β = 101.054(2)) are in good
agreement with those reported in the literature.11 Using the instrumental resolution function,
the Scherrer formula gives a global average apparent size of diffracting crystallites around
295 Å.

Figure 3: Powder Mo-XRD pattern of the NaGaS2 glass-ceramic obtained by heating NaGaS2-Zr-9h
at Tg + 40 °C for 24 h (black circles) and calculated profile by the Le Bail refinement method (χ2 = 1.60,
Rwp = 7.30%, Rp = 8.47%) (red line). The difference is drawn in blue, green bars show the Bragg
reflections for NaGaS2.

In-situ high temperature Cu-XRD measurements were carried out under a nitrogen flow on
the NaGaS2-Zr-9h amorphous powder (see experimental details in SI and Fig. S6). The powder
remains amorphous until 300 °C and NaGaS2 starts to crystallize at 400 °C. This composition
is then stable under nitrogen and can be simply heated under a controlled atmosphere instead
of using evacuated sealed quartz tube. However, the crystallization temperature of NaGaS2 in
the in-situ XRD experiment under nitrogen is higher than the one in evacuated sealed silica tube
(335 °C).
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To remove the second step of annealing, we investigated the possibility of synthesizing
crystalline NaGaS2 in one step, directly by mechanochemistry. Indeed, using procedure 1,
NaGaS2 is barely detected during milling with the coexistence of the precursor Ga2S3.
Additional milling time does not promote the formation of crystalline NaGaS2 but results in an
amorphization of the powder (see Fig. 1a). To explore the possibility of obtaining NaGaS2
directly by ball-milling, a milder procedure using WC material was used (procedure 2 in
Table 1). Fig. 4 shows the Cu-XRD diagrams acquired on the powder after different milling
times according to procedure 2. NaGaS2 spontaneously appears as in procedure 1 after only 3 h
of milling, with un-reacted Ga2S3. After 9 h of milling, Ga2S3 has almost completely reacted
and NaGaS2 is the only crystalline phase detected. However, the sample remains poorly
crystallized, characterized by low intensity and large full width at half-maximum of diffraction
peaks. A large amount of amorphous material is also clearly present in the sample. Additional
milling time does not improve the crystallinity but rather prolongs the amorphization process
as the pattern of NaGaS2-WC-15h lacks any crystallization peak. Obtaining crystalline NaGaS2
directly by mechanical milling greatly simplify the synthetic route as it is a one step process.
However, further optimization of the milling conditions is required to improve the crystallinity
of the sample.

Figure 4: From bottom to top, powder Cu-XRD diagrams of the mixture 50 mol.% Ga2S3 and 50 mol.%
Na2S before milling (0 h) and milled for different times (3, 6, 9 and 15 h) in WC vessels (procedure 2).
Peaks indexed with a triangle is attributed to crystalline NaGaS2.11,12

These two new synthesis routes for NaGaS2 (in one step by mechanical milling or in two
steps by heating a mechanical milled glass) offers significant advantages compared to the state
of the art. First of all, for annealing at Tg + 40 °C (335 °C), the synthesis temperature is lowered
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by about 48% and 55% compared to the works of Klepov et al. and Adhikary et al.,
respectively.11,12 Furthermore, it is a solvent-free route, providing a material without hydration
problem and requiring no additional step of drying. Lastly, a large quantity of material can be
synthesized this way, and do not necessarily require the use of silica tubes. Compared to other
materials synthesized by a similar synthesis pathway (amorphization by ball-milling followed
by thermal annealing at crystallization temperature), the milling time for NaGaS2, 9 h, is
significantly reduced, whereas for example, 20 h were necessary for Na3PS4,3 Na2P2S617 or
Li7P3S114. The drawback of this synthesis routes is that crystalline NaGaS2 is obtained as a
powder. For optical applications, an additional step of shaping is required by using hightemperature isostatic pressure under vacuum, for instance.

Local structure and quantification of the amount of crystalline phase
NMR spectroscopy was used to probe local environments of Na and Ga atoms and to
quantify the amount of amorphous phase in the glass-ceramic obtained with one-step (NaGaS2WC-9h) and two-step (NaGaS2-Zr-9h annealed at Tg + 40 °C for 24 h, and at Tx + 35 °C for 1.5
h or 24 h) methods as it cannot be determined by Rietveld refinement (see above). Furthermore,
this technique was also employed to compare the effect of annealing treatment.
The quantitative 1D 23Na MAS NMR spectra of the investigated samples are displayed on
Fig. 5. The spectrum of NaGaS2-Zr-9h only exhibit a broad signal, which indicates a
distribution in local 23Na environments, typical of an amorphous material, in agreement with
the XRD pattern shown in Fig. 1a. On the contrary, the spectrum of NaGaS2-WC-9h exhibits
an additional narrow signal near −1 ppm assigned to NaGaS2 crystalline phase in agreement
with the XRD pattern of Fig. 4. Nevertheless, based on the integrated intensities of the
simulated spectrum, we can estimate that the sample is made of 88% of glass phase and only
12% of crystalline phase. Hence, the one-step procedure produces mainly an amorphous phase,
even if the crystalline phase is present.
As seen in Fig. 5b, the spectrum of NaGaS2 glass-ceramic sample prepared by annealing of
NaGaS2-Zr-9h at about Tg + 40 °C for 24 h exhibits broad signals with δiso = 11.2 and 4.9 ppm
assigned to amorphous NaGaS2 (see Table 2). The two narrow peaks at δiso = −0.3 and −1.3
ppm are assigned to the Na2 and Na1 sites of NaGaS2 crystalline phase represented in the crystal
structure in Figs. S3 and S7 in SI, based on the DFT calculation of 23Na NMR parameters shown
in Table S1.11,12 The Na1 signal, which is more shielded than Na2, is subject to smaller
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quadrupolar interaction since it faces another Na1 atom (see Fig. S7) and hence, occupies a
more symmetrical local environment. The signals of the two Na sites are better resolved in the
2D

23

Na 3QMAS spectrum shown in Fig. 5c. The simulation of the quantitative 1D

23

Na

spectrum of NaGaS2 glass-ceramic sample annealed at about Tg + 40 °C for 24 h indicates that
this sample contain 47.5% of crystalline phase and 41.1% of glass phase (see Table 2). The
remaining integrated intensity (11.4%) is produced mainly by broad signals with isotropic
chemical shifts close to the crystalline phase, which could stem from defects of the crystalline
phase, such as stacking faults or grain boundaries, or unidentified impurities.
The GIPAW calculations indicate a difference between the chemical shielding values of the
two Na sites of the NaGaS2 phase that is never below 3.1 ppm (500 eV - 554 grid), instead
of 1 ppm in the spectrum acquired at 320 K. For the costliest calculations (900 eV - 10108
grid), the difference stabilizes and tops to 3.6 ppm. For the sake of completeness, an additional
calculation has been performed by optimizing the atomic positions while keeping the NaGaS 2
cell parameters fixed. Such relaxation process does not lead to a reduction of the difference
between the chemical shield values but to a small increase of 0.5 ppm. It seems therefore that
our calculations performed at 0 K, cannot reproduce the experimental difference obtained at
temperature close to room temperature.
We recorded the quantitative 1D

23

Na MAS NMR spectra of NaGaS2 glass-ceramics

annealed at about Tg + 40 °C for 24 h at temperature ranging from 220 to 350 K (see Fig. S8a
in SI). We observe a narrowing of 23Na signal of the amorphous phase at higher temperature in
the sample prepared at Tg + 40 °C for 24 h. It indicates an increased mobility of Na+ cations at
higher temperature in the glass (see Fig. S8a). Furthermore, the difference between the
resonance frequencies of the two

23

Na sites of NaGaS2 crystalline phase decreases at higher

temperature since the motions of the Na+ cations average out the difference in the local
environment of the two Na sites (see Fig. S8b). The signals of

23

Na sites of NaGaS2 crystal

overlap above 310 K. At 220 K, the difference between the two 23Na sites of NaGaS2 crystalline
phase is about 1.9 ppm. We can expect that at lower temperature, the difference in 23Na isotropic
chemical shift will increase further and reach value close to 3.6 ppm calculated by DFT at 0 K.
Annealing at Tx + 35 °C for 1.5 h reduces the fraction of the amorphous phase (see Fig. 5a)
since the signals of the glass at 11 and 5 ppm are no longer visible. According to the simulation
of the spectrum in Fig. S9, the signals of NaGaS2 crystalline phase amount to 83.8% of the total
integrated intensity of the 23Na spectrum (see Table 2). Note that the simulation of 23Na signal
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of NaGaS2 crystalline phase required three contributions for that sample. The central peak at
−0.9 ppm stems from the crystallites at the highest temperatures, for which the 23Na signals of
the two Na sites overlap (see Fig. S8), whereas the external signals (at −0.3 and −1.3 ppm) arise
from the crystallites at lower temperatures. Hence, these three signals betrays a distribution of
temperature inside the rotor.39 The central signal was not detected for the sample annealed at
Tg + 40 °C for 24 h because of the slightly difference dependence of

23

Na spectra between

samples annealed at different temperatures (compare the spectra acquired at 310 K in Fig. S8b
and c).
The 1D 23Na NMR spectrum of the glass-ceramics annealed at Tx + 35 °C during 1.5 and
24 h are almost identical (see Fig. 5a). Prolonged annealing only slightly broadens the foot of
the peak. Such a broadening may stem an increased amount of defects for prolonged annealing
treatment. The fraction of the NaGaS2 crystalline phase remains larger than 80%. The 1D 23Na
NMR spectra of this sample at temperature ranging from 220 to 350 K are displayed in Fig.
S8c. As already observed for the glass-ceramics annealed at Tg + 40 °C, the two 23Na signals
overlap at high temperature.

Figure 5: (a) Quantitative 1D 23Na MAS NMR spectra showing CTs of NaGaS2-Zr-9h (blue), NaGaS2WC-9h (black), glass-ceramics obtained by annealing of NaGaS2-Zr-9h at about Tg + 40 °C for 24 h
(green), and at Tx + 35 °C for 1.5 h (red) or 24 h (purple). (b-d) Experimental and simulated (b,d)
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quantitative 1D

23

Na MAS and (c) 2D

23

Na 3QMAS NMR spectrum without shearing of NaGaS2

annealed at (b,c) Tg + 40 °C for 24 h and (d) Tx + 35 °C for 24 h. The experimental 1D NMR spectra in
panels b and d are identical to those shown in panel a. Their main best-fit parameters are given in Table
2. This figure only displays the CTs. The experimental and simulated full 1D MAS

23

Na spectra of

NaGaS2 annealed at Tg + 40 °C and Tx + 35 °C for 24 h are shown in Fig. S10 along with the 2D 23Na
3QMAS NMR spectrum of NaGaS2 annealed at Tx + 35 °C for 24 h. The spectra were acquired at around
320 K.

Table 2: Main parameters of the most intense signals used to simulate 23Na NMR spectra (Figs. 5, S9
and S10) of NaGaS2 glass-ceramics prepared at Tg + 40 °C for 24 h, Tx + 35 °C for 1.5 h and 24 h. The
23

Na signals of NaGaS2 prepared at Tg + 40 °C for 24 h and Tx + 35 °C for 24 h were simulated using

quadrupolar lineshapes with unique CQ and Q values for each 23Na site.
Sample

Na site

δiso

CQ /MHz

Q

WL /Hz

WG /ppm

Fraction /%a

Fraction attributed to
crystalline NaGaS2 /% b

/ppm
-

11.2

2.1

0.1

127

14.0

14.9

/

Tg + 40 °C

-

4.9

1.5

0.1

108

6.2

26.2

/

for 24 h

Na2

−0.3

0.7

0.25

58

1.1

27.4

Na1

−1.3

0.4

0.75

56

0.7

20.1

Na2

−0.3

0.7

0.25

109

0.5

28.0

Na1,2

−0.9

0.5

1.0

58

0.4

35.3

Na1

−1.3

0.4

0.75

77

0.5

20.5

Na2

−0.3

0.7

0.25

99

0.8

31.5

Na1,2

−1.0

0.3

0.5

73

0.4

30.0

Na1

−1.3

0.4

0.75

48

0.6

18.8

Tx + 35 °C
for 1.5 h

Tx + 35 °C
for 24 h
a

47.5

83.8

80.3

Fraction of the signal integrated intensity for the 1D NMR spectra. b Calculated as the sum of the fractions of

23

Na signals with δiso = −0.3, −1.0 and −1.3 ppm.

Fig. 6a presents the quantitative 1D 71Ga MAS NMR spectra of NaGaS2-Zr-9h before and after
annealing. In agreement with its 23Na NMR data, the signal of NaGaS2 glass is still detected in
the spectrum of the sample annealed at Tg + 40 °C for 24 h. Conversely, both samples annealed
at Tx + 35 °C only exhibit the narrow signal of NaGaS2 crystalline phase. The 2D 71Ga 3QMAS
spectrum of NaGaS2 annealed at Tx + 35 °C for 24 h can be simulated by considering two 71Ga
sites with close δiso and CQ values (Table 3), ascribed to the two Ga crystallographic sites of
NaGaS2 crystalline phase, in agreement with the DFT calculation (Table S2). Nevertheless, the
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experimental and calculated NMR parameters of these two crystallographically inequivalent
sites are too close to allow an unambiguous assignment. Whereas 23Na and 71Ga isotopes have
similar electric quadrupolar moments, the latter are subject to larger quadrupolar interaction
because they are bonded to sulfur atoms.

Figure 6: (a) Quantitative 1D

71

Ga MAS NMR spectra of NaGaS2-Zr-9h before (blue) and after

annealing at about Tg + 40 °C for 24 h (green), and at Tx + 35 °C for 1.5 h (red) or 24 h (purple). (b) 2D
71

Ga 3QMAS spectrum of NaGaS2 prepared at Tx + 35 °C for 24 h.

Table 3: Main parameters used to simulate 2D 71Ga 3QMAS spectrum (shown in Fig. 6b) of NaGaS2Zr-9h annealed at Tx + 35 °C for 24 h. The 71Ga signals were simulated using quadrupolar lineshapes
with unique CQ and Q values for each 71Ga site.
Q

δiso /ppm

CQ /MHz

318.8

2.82

0.5

224

1.17

50

318.1

2.77

0.6

224

1.06

50

WL /Hz

WG /ppm

Fraction /%

Amorphous versus crystalline structure
To identify the structural modifications between amorphous and crystalline NaGaS2 phases,
X-ray total scattering measurements were performed using two different energies on the
NaGaS2-Zr-9h glass, and one of the NaGaS2 glass-ceramic obtained with the two-step process.
Following the NMR analysis, the NaGaS2-Zr-9h heated at Tx + 35 °C for 1.5 h glass-ceramic
was selected because it contains the larger amount of phase attributed to crystalline NaGaS 2.
The experimental PDFs using Ag radiation (allowing to reach a higher Qmax value so leading in
principle to the most accurate PDF data) are extracted and represented in Fig. 7. We also
acquired complementary total scattering data using Mo radiation, and the experimental detail
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and PDF can be found in SI, Figs. S11 and S12. The observed PDFs extracted from both
experiments are in good adequacy. In the medium range order, above 10 Å, the oscillations of
the PDF of the amorphous sample are dominated by termination ripples. A closer look on the
short-range order below 7 Å of the amorphous sample highlights both similarities and
differences with the glass-ceramic sample (Fig. 8). To attribute interatomic distances, the global
PDF of NaGaS2 based on the reported structure of Adhikari et al.11 as well as partial PDFs were
calculated (see Fig. S13 in SI)

11

. As described in the introduction, NaGaS2 is composed of

Ga4S10 structural units (represented in Fig. 8), built from four corner shared GaS4 tetrahedra.
The first peak (A) on both PDF located at about 2.26-2.27 Å is attributed to Ga-S distances
within GaS4 tetrahedra. The next peak observed in the calculated PDF (see Fig. S13)
corresponds to Na-S distances, ranging from 2.86 to 3.07 Å. However, this peak is absent from
both the observed PDFs (Fig. 8). Furthermore, at about 5.1 Å, the Na related peaks (Na-Na,
Na-S and Na-Ga distances) are also absent in both samples. This cannot be due to the lower
atomic form factor of Na compared to Ga as it is clearly detected in the calculated PDFs. It can
be explained by a broadening of the peak due to Na disorder, and/or a decreased intensity due
to a decrease of coordination number of Na compared to the crystalline model published. The
second intense peak observed in the glass-ceramic can be attributed to two main contributions,
Ga-Ga distances (B) (3.58-3.64 Å) and S-S distances (C) within each tetrahedra (3.61 to 3.76
Å) in Ga4S10 units. In this r-region for the glass, the half-height width of the peak is larger than
the one for the glass-ceramic, and a splitting is observed involving a shoulder on the right. It
indicates a wider distribution of Ga-Ga and S-S distances than in the crystal, and therefore a
distortion of the [Ga4S10] units or an incomplete connection of the GaS4 tetrahedra to build
[Ga4S10] units. The impact of the value of Qmax was tested to check the accuracy of this observed
splitting (Fig. S14). The splitting is affected when the value of Qmax is modified, but the shoulder
on the right remains present.
The third and fourth peaks observed in the glass-ceramic are attributed to Ga-S distances at
4.29-4.38 Å (D) and 5.57-5.65 Å (E), respectively, located in the Ga4S10 tetrahedral structural
units. They are represented in Fig. 8. These features are absent or at very low intensity in the
PDF of the amorphous sample, indicating that this structural unit in the glass is incomplete.
Based on these analyses, the presence of edge sharing tetrahedra units in the glass and the glassceramics cannot be excluded locally.
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Figure 7: Comparison of observed X-ray PDFs (from data using Ag radiation) of the NaGaS2-Zr-9h
amorphous sample (red) and the NaGaS2 glass-ceramic from the two-step process (annealed at Tx + 35
°C for 1.5 h) (black).

Figure 8: (Top) Observed PDFs (from data using Ag radiation) up to 7 Å of the NaGaS2-Zr-9h
amorphous sample (red) and the NaGaS2 glass-ceramic from the two-step process annealed at Tx + 35
°C for 1.5 h (black). The dotted lines correspond to Ga and S related distances based on published
reference for NaGaS2.11 The shaded gray area corresponds to Na related distances.11 (Bottom) Ga4S10
structural units displaying distances A, B, C, D and E represented for only one Ga atom and/or one GaS4
tetrahedron for clarity.
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Conclusion
Crystalline NaGaS2 was obtained either directly by mechanochemistry in a one-step process,
or after a thermal treatment on a mechanically synthesized glass in a two-step process. Le Bail
refinement for the crystallized sample obtained with the two-step process shows good
agreement with the reported unit cell of NaGaS2. Crystallite sizes of 30 nm are proposed for the
Tx + 35 °C sample according to the analysis of the XRD peak widths. However, possibility to
perform Rietveld refinement is limited by the extensive stacking faults observed, whose
diffraction features have been however qualitatively reproduced. Local environments in
NaGaS2 glass and glass-ceramics were characterized using laboratory X-ray PDF analysis at
two different energies, and 23Na and 71Ga solid-state NMR spectroscopy. At short range, both
glass and glass-ceramic are composed of GaS4 tetrahedra. The PDF of the glass-ceramic is as a
whole coherent with the reported crystalline structure compatible with the presence of Ga4S10
structural units composed of corner shared GaS4 tetrahedra, with the nuance that the Na-related
PDF-peaks appear as heavily overdamped. The glass exhibits a wider distribution of Ga-Ga and
S-S distances than the crystal. Molecular dynamics calculations are on-going to get a clearer
picture of the structure of NaGaS2 glass. The annealing treatment at higher temperature (Tx +
35 °C) on amorphous NaGaS2 yields to a material mainly composed of crystalline NaGaS2.
The synthesis strategy already applied for the Na2S-P2S5 system

17,37

to obtain crystalline

phases can therefore also be applied to the Na2S-Ga2S3 binary. This work can certainly be
extended to other compositions in the binary, already discovered such as Na3GaS3,40,41
Na5GaS4,42 or new phases. Other compositions are being studied, to rationalize the structure of
amorphous and crystalline compounds of equal stoichiometry, a key step to improve the ionic
conductivity in these systems.
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NaGaS2 has been synthesized by an alternative method to what has been previously published,
namely by mechanochemistry, either by a direct one-step process, or by a two-step process. In
the one-step process, crystalline NaGaS2 is directly formed by milling sodium sulfide Na2S and
gallium (III) sulfide Ga2S3. In the two-step process, amorphous NaGaS2 is firstly obtained by
mechanical milling, and then annealed to obtain a glass-ceramic mainly composed of crystalline
NaGaS2.

