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A B S T R A C T   

Sodium chalcogenide compounds, glassy and crystalline, are promising materials for a number of potential 
applications in non-linear optics (NLO), photovoltaic, and energy conversion and storage. This work deals with 
the study of the newly synthesized glasses in the Na2Se–As2Se3 chalcogenide system as well as the corresponding 
ternary crystals, NaAsSe2 and Na3AsSe3. We examine the glass-forming domain in the pseudo-binary system 
using melt-quenching and mechanical milling techniques. We also analyse the macroscopic and electrical 
properties of the glasses in comparison with their crystalline counterparts, and the annealed glasses yielding 
glassy/crystalline alloys.   

1. Introduction 

Glassy and crystalline sodium ternary chalcogenide materials appear 
to be promising for a large number of applications. They are receiving 
increased attention as infrared second-order nonlinear optical (NLO) 
materials, e.g. NaGa3Se5, Na2In4SSe6, NaIn3Se, NaGaIn2Se5 [1,2]. The 
3D polyanionic network, build of 12 kinds of GaSe4 tetrahedra in 
NaGa3Se5, represents a new NLO functional motif [1]. NaInS2-xSex 
compounds (x = 0.5, 1.0, 1.5) are potentially useful as optoelectronic 
materials under visible light exposure [3]. The sodium bismuth dichal-
cogenides NaBiS2 and NaBiSe2 show properties of interest for applica-
tions in energy conversion [4]. In addition, first-principles calculations 
show that the two compounds can be promising candidates of combining 
both functions of non-volatile memories and efficient manipulation of 
signals [5]. Ternary chalcogenide materials are also of interest for both 
photovoltaic and thermoelectric applications [6–9]. This includes 
compounds of the form NaAX2 (A = As, Sb, and Te; X = S, Se, and Te) 
[10]. The direct band gaps found in MAsQ2 (M = Li, Na; Q = S, Se) can 
be tuned by proper substitution of the alkali metals and chalcogens to lie 
in the spectral range that is optimal for photovoltaic applications [11]. 

Another important application for glassy and crystalline sodium 
materials is energy storage. Active development of solid-state batteries, 

especially those utilizing sodium electrolytes instead of lithium, is 
necessary to achieve high-capacity energy storage for both portable 
electronics and large stationary applications [12–17]. This is due to the 
cost-effectiveness and significantly higher abundance of sodium 
compared to lithium, making it a promising alternative. Research in this 
area has increased significantly as a result of the discovery of cubic 
Na3PS4, which, when crystallized from the glassy state, shows 
room-temperature ionic conductivity σ298 of 0.2 mS cm− 1 [18]. The 
substitution of sulphur, in the Na3PS4 crystal, with selenium leads to 
σ298 ≈ 1.16 mS cm− 1 [19]. Other superionic sodium chalcogenides 
(Na10SnP2S12, Na3SbS4, Na11Sn2SbS12, Na11Sn2SbSe12, Na11Sn2PS12, 
etc.) were also reported [20–24]. Additionally, sodium-containing 
chalcogenide glasses have been documented in the literature, 
including Na2Se–Ga2Se3-GeSe2, Na2Se–P2Se5, Na3PS4–NaI, Na2S-GeS2, 
Na2S–As2S3, etc. [25–29]. 

In this study, the two different synthesis techniques, melt-quenching 
and mechanical milling, were used to explore the glass-forming region of 
the Na2Se–As2Se3 system. Furthermore, the investigation encompassed 
an analysis of the macroscopic, thermal, morphological and electric 
properties to fully comprehend the impact of sodium selenide Na2Se 
addition on the g-As2Se3 host network. Given that rapid ion-conducting 
glasses has been successfully obtained for silver-based selenide 
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compounds such as AgxAsSe1.5 [30] and Ag2Se–As2Se3 [31], the host 
glass g-As2Se3 holds promise as a viable candidate for producing fast-ion 
conducting glasses that incorporate sodium. Our primary goal in con-
ducting this research is to replicate the approach utilized for silver 
compounds to achieve sodium superionic glasses. We note that crystal-
line Na2Se, insulator for transferring electrons, adopts a Fluorite struc-
ture and undergoes crystallization within the cubic Fm3m space group 
[32,33]. Additionally, we have synthesized and characterised the 
NaAsSe2 crystal and, whenever feasible, we made comparisons between 
the properties of the glasses and the ternary Na–As–Se crystalline 
counterparts, i.e., NaAsSe2 and Na3AsSe3. 

2. Experimental section 

2.1. Glass synthesis 

Bulk (Na2Se)x(As2Se3)1-x alloys, 0.0 ≤ x ≤ 0.4, were synthesized 
using the conventional melt quenching method. High-purity elements 
Na (Sigma-Aldrich, 99.9%), Se (Sigma-Aldrich, 99.999%) and previ-
ously synthesized glassy As2Se3 are mixed in appropriate proportions. 
The 1 g batches were placed in vitreous carbon crucibles in evacuated 
silica ampoules (8 mm ID/10 mm OD) that are then sealed under vac-
uum (10− 6 mbar). The ampoules were heated in a furnace (heating rate 
1 ◦C/min), kept at 750 ◦C for 24 h and finally cooled down and quenched 
in ice-cold water at 600− 650 ◦C depending on x. 

The planetary micro-mill Pulverisette 7 premium line (Fritsch 
GmbH, Germany) was used to prepare the mechanically-milled MM- 
(Na2Se)0.4(As2Se3)0.6 sample. The previously prepared crystalline x =
0.40 composition (obtained by melt quenching) was milled under argon 
atmosphere in a 45 ml zirconia jar using ZrO2 grinding balls (18 balls 
with 10 mm in diameter) at a maximum speed of 550 rounds per minute 
(rpm). 

2.2. Crystal synthesis 

The thermal synthesis procedure was used in the synthesis of crystals 
that exist in the Na–As–Se system, i.e., NaAsSe2 and Na3AsSe3. For the 
NaAsSe2 (25 at.% Na), the compounds Na, Se and As2Se3 were intro-
duced to an evacuated silica tube in a ratio 2:1:1, heated to 750 ◦C and 
homogenized for 24h before slowly cooled down to room temperature 
during 8 h, Fig. S1 in supporting information. The same compounds 
were used in the synthesis of the Na3AsSe3 composition (42.87 at.% Na). 
The mixture, prepared using the ratio was 3:1.5:2, was heated slowly to 

600 ◦C, homogenized at this temperature before being cooled down to 
440 ◦C and annealed at this temperature for 3 days and then brought 
down to room temperature. The diffraction pattern acquired does not 
correspond to that of a pure Na3AsSe3 crystal. Therefore, throughout the 
article, we will base our discussion on existing literature data whenever 
this composition is involved. 

2.3. XRD experiments 

Amorphous and crystalline nature of the alloys was determined from 
X-ray diffraction experiments (XRD). A Bruker D8 Advance diffractom-
eter, equipped with a copper anticathode emitting Kα radiation, a Lin-
xEye detector, a goniometer θ/θ and a rotating sample holder, was used 
for this purpose. Measurements of scattering intensities were conducted 
by setting the 2θ angular range between 10◦ and 80◦ with a step-size of 
0.02◦ and a count time of 2 s per step. 

2.4. Density measurement 

The density d values were obtained, using a Sartorius YDK 01-OD 
density kit at room temperature, for 0.5− 1.5 g samples. To this end, a 
hydrostatic method using toluene as immersion fluid and germanium 
(5.323 g cm− 3) as reference was employed. 

2.5. Scanning electron microscopy (SEM) experiments 

SEM analysis was performed using a JEOL JSM-7100F thermal field 
emission scanning electron microscope equipped with EDX Bruker 
QUANTAX 800 spectrometers. 

2.6. DSC measurements 

Using the TA Instruments Q200 thermal analyser, Differential scan-
ning calorimetry (DSC) experiments were conducted to determine the 
characteristic temperatures of glass, i.e., the glass transition Tg, the 
crystallization Tx and the melting Tm temperatures. The hermitically 
sealed aluminium pan containing 5− 10 mg sample was heated at a rate 
of 10 ◦C per minute, under dry nitrogen atmosphere, in the range 
20–450 ◦C. To determine the average glass transition temperature, three 
measurements were typically conducted for each composition. 

2.7. Electrical conductivity measurements 

The Hewlett Packard 4339B high resistance meter was employed to 
evaluate the direct current dc electrical conductivity of the obtained 
glassy and crystalline samples in the Na–As–Se system. The measure-
ment were performed, using an applied voltage of 100 V, from room 
temperature to a nearly glass transition (Tg – 20 ◦C). Silicon carbide 
powder (9.3 μ grain size) was used to produce rectangular plates (4–6 
mm2 area and 0.8–1.4 mm thickness) from the as-prepared samples. For 
the MM and crystalline samples, a Jasco 25 tons motorized press was 
used to prepare disc pellets with a diameter of 13 mm and a thickness of 
0.8–1.1 mm. For both sample forms, gold was sputtered on the two 
opposite sides as electrodes. The electrical conductivity was calculated 
from the sample resistance R and the geometrical factor L/A (where L 
represents the thickness of the sample and A denotes the area of gold 
contact). 

3. Results and discussion section 

3.1. Na2Se–As2Se3 system: glass-forming domain 

XRD patterns of the bulk (Na2Se)x(As2Se3)1-x alloys, 0.0 ≤ x ≤ 0.4, 
prepared by melt quenching synthesis method, are presented in Fig. 1. 
The vitreous domain in this system is rather limited with xmax = 0.3. The 
broad diffraction bands, Fig. 1(a), are an indicative of the glassy state of 

Fig. 1. (a) X-ray diffraction pattern for the x = 0.10, 0.20 and 0.30 glass 
compositions in the (Na2Se)x(As2Se3)1-x system. (b) Diffraction pattern for the x 
= 0.40 composition exhibit Bragg peaks corresponding to the orthorhombic 
NaAsSe2, space group Pbca [34]. 
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the compositions x = 0.1, 0.2 and 0.3. For the synthesized compositions 
at x > 0.3, Bragg peaks appear. Fig. 1(b) shows that the XRD pattern of 
the as-prepared sample x = 0.4 is characteristic of the orthorhombic 
phase NaAsSe2, space group Pbca [34]. 

To investigate the morphology of the obtained as-prepared melt- 
quenched samples, we conducted a scanning electron microscopy (SEM) 

of the four samples x = 0.10, 0.20, 0.30 and 0.40 in the (Na2Se)x(-
As2Se3)1-x alloys, Fig. 2. The morphology is quite different from one 
composition to another. Fig. 2(a) shows that the surface is mostly ho-
mogeneous for the x = 0.10 composition despite some evident roughness 
and porosity. The x = 0.20 composition exhibits distinctive nano-
structure features (Fig. 2(b)), comprising nano-rods approximately 500 

Fig. 2. (a) SEM images of the three glass compositions in the (Na2Se)x(As2Se3)1-x system, i.e., (a) x = 0.10, (b) x = 0.20, (c) x = 0.30 and (d) the crystalline x = 0.40 
composition. 

Fig. 3. (a) X-ray diffraction patterns for the x = 0.40 composition obtained by melt quenching in silica tubes and mechanical milling at 450 rmp for 50 h. (b) XRD 
spectra of the MM-(Na2Se)0.4(As2Se3)0.6 sample at different mechanical-milling conditions. 
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nm in length, alongside a considerably larger quantity of nanospheres 
measuring just a few nanometers in size. This characterization is further 
evident in Fig. S2, which displays SEM images of this composition at 
different magnifications, i.e., × 12000 and × 20000. The surface 
morphology of the x = 0.30 sample displays easily discernible droplet- 
like macrostructures of various sizes, from 1 μm or less up to 4–6 μm, 
Fig. 2(c) and Fig. S3 (supporting information). This indicates that the 
compositions at x ≥ 0.2 are phase-separated. The morphology of the 
crystalline x = 0.40 composition is largely different; structures of 

various shapes and sizes are observed, Fig. 2(d). 
Using the mechanical milling (MM) technique, we have tried to 

expand the vitreous domain further, and the results are presented in 
Fig. 3. XRD patterns of the MM-(Na2Se)0.4(As2Se3)0.6 sample are 
significantly dependent on the utilized mechanical-milling conditions. 
The milling of the as-prepared x = 0.4 sample, at a speed of 420 and 450 
round per minute (rpm) for a duration of 50 h (50 h), lead to the 
disappearance of the majority of the peaks of the orthorhombic NaAsSe2 
phase. Only two narrow intense peaks persist and are reminiscent of the 
orthorhombic phase, Fig. 3(b) (magenta and dark yellow curves). No 
further changes were seen when the milling duration was increased 
beyond 50 h at these two conditions. The two peaks disappear 
completely when an extra milling condition (550 rpm) is added to the 
previous one at 450 rpm for 50 h. Two different duration periods for 20 
and 40 h were employed (black and green curves), Fig. 3(b). The XRD 
patterns contained a halo indicating the formation of the amorphous 
phase, but two newly emerged undefined peaks with low intensity 
appear. The vitreous phase represents the major part of the MM- 
(Na2Se)0.4(As2Se3)0.6 sample and hence is classified as glass ceramic. 

Fig. 4(a) displays a SEM micrograph for the powdered glass-ceramic 
MM-(Na2Se)0.4(As2Se3)0.6 composition. Morphologies of different forms 
are present. This includes micro− and nano− sized particles as well as 
nanometer diameter fibers that are several micrometers long. Also, the 
morphology and element distribution of the MM-(Na2Se)0.4(As2Se3)0.6 
sample was analysed using EDX. It is found that the sodium, arsenic and 
selenium constituent elements are uniformly scattered all over the MM- 
glass ceramic, Fig. 4(b)–(d). 

Fig. 4. (a) SEM image of the MM-(Na2Se)0.4(As2Se3)0.6 sample after the milling duration of 90 h and (b–d) energy-dispersive X-ray spectroscopy (EDX) element 
mapping of Na(red), As (green), and Se (blue), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 1 
Density (d), mean atomic volume (Va), and glass packing density (ρ) of the 
(Na2Se)x(As2Se3)1-x samples with 0.0 ≤ x ≤ 0.4.  

Na2Se content (x) d (g cm− 3) Va (cm3 mol− 1) ρ 

0.00 4.61 (3) 16.77 (11) 0.712 (4) 
0.05 4.59 (2) 16.62 (7) 0.711 (3) 
0.10 4.56 (1) 16.46 (4) 0.711 (1) 
0.15 4.51 (1) 16.37 (5) 0.707 (2) 
0.20 4.46 (2) 16.31 (7) 0.702 (3) 
0.25 4.39 (1) 16.23 (3) 0.697 (2) 
0.30 4.32 (1) 16.21 (4) 0.689 (2) 
0.35a 4.25 (6) 16.12 (23) 0.683 (9) 
0.40a 4.18 (4) 16.04 (15) 0.677 (6) 
Na–As–Se crystals 
NaAsSe2 (this work) 3.92 (9) 16.31 (37) 0.645 (14) 
NaAsSe2 [36] 4.04 15.83 0.664 
Na3AsSe3 [37] 3.61 15.07 0.631 

Uncertainties in the last digit(s) of the parameter are given in parentheses. 
a Glassy/crystalline samples. 
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3.2. Na2Se–As2Se3 system: density, mean atomic volume and packing 
density 

The measured density (d) and the calculated mean atomic volume 
(Va) and the packing density (ρ) values of the glassy, glassy-crystalline 

and crystal samples obtained in the Na2Se–As2Se3 system are listed in 
Table 1 and plotted in Fig. 5. The Va values were calculated using 
equation (1) where ci is the atomic fraction of the element i, Mi the 

Fig. 5. (a) Density, (b) mean atomic volume and (c) glass/crystal packing 
density of the (Na2Se)x(As2Se3)1-x alloys plotted as a function of the sodium 
selenide content. The crystalline data of c-As2Se3 [35], c-NaAsSe2 [36], 
c-Na3AsSe3 [37] and c-Na2Se [38] are also plotted. 

Table 2 
The characteristic temperatures and glass-forming criteria in the (Na2Se)x(-
As2Se3)1-x samples: glass transition Tg, crystallization temperatures Tx, melting 
temperatures Tm, the parameterΔT = Tx1 – Tg, and Hruby criterion Hr = (Tx1 – 
Tg)/(Tm1 – Tx1).  

Na2Se 
content (x) 

Tg (◦C) 
(±3) 

Tx (◦C) (±3) Tm (◦C) 
(±3) 

ΔT (◦C) 
(±3) 

Hr 

Tx1 Tx2 Tx3 Tm1 Tm1 

0.00 178 357 – – 382 – 179 7.16 
0.05 161 310 – – 352 375 149 3.54 
0.10 152 275 283 – 357 365 123 1.50 
0.15 150 250 277 – 354 – 100 0.96 
0.20 149 245 275 – 357 – 96 0.85 
0.25 148 211 266 – 358 379 63 0.42 
0.30 147 185 227 264 357 395 38 0.22 
0.35a 146 176 224 264 357 415 30 0.16 
0.40a – 172 270 288 352 428 – – 

Uncertainties in the last digit(s) of the parameter are given in parentheses. 
a Glassy/crystalline samples. 

Table 3 
Conductivity parameters of glasses and crystals in the Na2Se–As2Se3 system: the 
room-temperature conductivity σ298, the activation energy Eσ, and the pre- 
exponential factor σ0.  

Composition  σ298 (S 
cm− 1) 

Eσ (eV) σ0 (S cm− 1 

K) 

(Na2Se)x(As2Se3)1-x glasses and glassy/crystalline alloys 

x [Na] (at. 
%) 

rNa− Na 

(Å)    

0.00 0.00 – 1.58 ×
10− 13 

1.038 
(58) 

2.8 × 105 

0.05 2.04 13.72 9.91 ×
10− 13 

0.967 (7) 6.3 × 106 

0.10 4.16 10.78 3.62 ×
10− 12 

0.936 (5) 7.1 × 106 

0.15 6.38 9.33 8.31 ×
10− 12 

0.918 (6) 7.9 × 106 

0.20 8.69 8.41 1.14 ×
10− 11 

0.910 (5) 8.1 × 106 

0.25 11.11 7.74 1.27 ×
10− 11 

0.903 (5) 6.8 × 106 

0.30 13.63 7.22 1.25 ×
10− 11 

0.883 (4) 3.2 × 106 

0.35a 16.27 6.79 6.64 ×
10− 12 

0.846 
(13) 

3.9 × 105 

0.40a 19.04 6.44 9.14 ×
10− 12 

0.842 (8) 4.7 × 105 

MM-sample 19.04 6.44 4.08 ×
10− 8 

0.442 
(18) 

3.6 × 102 

Na–As–Se crystals 
NaAsSe2 25 5.91 4.31 ×

10− 15 
1.11 (1) 2.5 × 104 

NaAsSe2 

[50] 
25 5.85 7.22 ×

10− 15 
1.30 – 

Na3AsSe3 

[50] 
42.87 4.81 9.15 ×

10− 15 
1.10 – 

Uncertainties in the last digit(s) of the parameter are given in parentheses. 
a Glassy/crystalline samples. 

Fig. 6. DSC curves of the (Na2Se)x(As2Se3)1-x glasses, 0.0 ≤ x ≤ 0.3 and MM- 
(Na2Se)0.4(As2Se3)0.6 sample. 
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atomic mass, NA the Avogadro constant and d is the density. Equation (2) 
was utilized to calculate the values of ρ, defined as the ratio between V0

a 
and Va; V0

a is the average atomic volume of the sample constituents that 
is calculated using composition stoichiometry and the Shannon covalent 
radii ri (equation (3)). 

Va =

∑
iCiMi

dNA
(1)  

ρ=V0
a

Va
(2)  

Fig. 7. (a) Glass transition Tg, (b) first crystallization peak Tx1, (c) empirical parameter ΔT and (d) Hruby criterion Hr of the (Na2Se)x(As2Se3)1-x samples, 0.0≤ x ≤
0.4. The lines are drawn as guide for the eyes. 

Fig. 8. (a) Direct current conductivity (σdc) plotted as a function of 1000/T for the (Na2Se)x(As2Se3)1-x samples obtained by melt-quenching, 0.0 ≤ x ≤ 0.4. (b) σdc for 
the crystalline compound NaAsSe2, the crystalline x = 0.4 composition, i.e., c-(Na2Se)0.4(As2Se3) 0.6 and the MM-(Na2Se)0.4(As2Se3)0.6. The solid lines represent the 
least-square fit of the data of equation (4). 
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V0
a =

∑

i
ci

4π
3

r3
i (3) 

The density variations as a function of the sodium selenide molar 
content x are shown in. 

Fig. 5(a). The density decreases steadily with increasing x. In the 
vitreous domain at x ≤ 0.3, the glass densities are in the range 
4.61− 4.32 g cm− 3. This is anticipated considering that the density of the 
crystalline c− Na2Se (dNa2Se = 2.62 g cm− 3 [35]) is lower than that of the 
glassy g− As2Se3 matrix (dg-As2Se3 = 4.61 g cm− 3) or crystalline c− As2Se3 
(dc-As2Se3 = 4.75(g cm− 3 [35]). We note that even the crystallization of 
the compositions x = 0.35 and x = 0.4 does not alter this tendency. Also, 
this tendency persists for the two known Na–As–Se crystal compounds, i. 
e., NaAsSe2 (dNaAsSe2 = 3.92 (this work) and dNaAsSe2 = 4.04 [36]) and 
Na3AsSe3 (dNa3AsSe3 = 3.61 [37]), Table 1. The extrapolation to x = 1 
gives for hypothetical glassy g− Na2Se a density value similar to that of 
c− Na2Se, Fig. 5(a). 

The composition dependence, as a function of sodium selenide, of 
both Va and ρ, is shown in Fig. 5(b) and (c), respectively. The Va curve 
decreases gradually from 16.77 ± 0.11 cm3 mol− 1 (x = 0.0) to 16.04 ±
0.15 cm3 mol− 1 (x = 0.3) and its extrapolation to a hypothetical 
g− Na2Se at x = 1 hints for a denser packing of the later compared to 
cubic c− Na2Se. The glass packing density is constant up to x = 0.1 and 
decreases gradually thereafter (at x > 0.1) suggesting a less compact g- 
As2Se3 network structure with increasing x. However, despite such 
decrease, the glass compounds still present higher packing density 
values compared to the crystal compounds, Fig. 5(c). This might be 
related to lower sodium coordination number NNa− Se and shorter rNa− Se 

interatomic distances in glasses compared to NaAsSe2 (NNa− Se = 6, 
rNa− Se = 2.98− 3.18 Å) [36], Na3AsSe3 (NNa− Se = 6, rNa− Se = 2.99− 3.33 
Å) [37] and cubic c− Na2Se (NNa− Se = 4, rNa− Se = 2.93 Å) [38]. Also, the 
selenium coordination number varies for the crystals (NSe− Na = 8 for 
Na2Se, NSe− X (X=Na+As) = 7 for Na3AsSe3 (SeNa6As pentagonal bi-
pyramids), and NSe− X (X=Na+As) = 4 and 5 for NaAsSe2 (SeNa2As2 tetra-
hedra and Se Na4As pyramids)) [36–38]. High-energy X-ray diffraction 
and neutron scattering experiments are planned to reveal the structure 
of glassy compositions. 

3.3. Na2Se–As2Se3 system: characteristic temperatures 

The glass transition Tg, crystallization Tx1, Tx2 and Tx3 and melting 
Tm1 and Tm2 temperatures for the Na2Se–As2Se3 system are summarized 
in Table 2. The ΔT parameter and the Hruby criterion Hr were used to 
evaluate the stability of the glasses system against crystallization. In this 
regard, ΔT = Tx1 – Tg and Hr = (Tx1 – Tg)/(Tm1 – Tx1) where Tx1 and Tm1 
corresponds to the first crystallization and melting peaks, respectively. 
The calculated values are also reported in Table 2. 

Fig. 6 shows a typical DSC curves of the (Na2Se)x(As2Se3)1-x com-
positions, x = 0.0, 0.1, 0.2, 0.3 and 0.4. All the glassy compositions, i.e., 
0.0 ≤ x ≤ 0.3, present a single glass transition temperature. The ex-
pected second Tg, corresponding to the phase-separated sodium-rich 
glasses at x ≥ 0.2, was absent even if the phase-separation was clearly 
evident from SEM. The exothermic crystallization and endothermic 
melting features can also be seen for all the DSC curves. Fig. 7(a) traces 
the glass transition evolution as a function of the sodium selenide con-
tent x. The decrease in Tg values is evident, but the rate of decrease 
varies. For x ≤ 0.1 glasses, Tg experiences a significant drop of approx-
imately 26 ◦C, going from 178 ◦C (x = 0.0) to 152 ◦C (x = 0.1). On the 
other hand, at x > 0.1, Tg is quasi-invariant and the change is roughly 
4 ◦C. The reduction of Tg values in glasses is often linked to the pro-
gressive depolymerisation of the matrix network that involves the for-
mation of non-bridging Se atoms. Similar outcomes have been observed 
in other systems when metal (Ag, Na) halides or selenides were incor-
porated, e.g. (AgI)x(As2Se3)1-x [39], (Ag2Se)x(Ga2Se3)0.1(GeSe2)1-x [40] 
and (Na2Se)x(Ga2Se3)1-x(GeSe2)0.75 [41]. 

As the Na2Se content increases, the weak crystallization peak Tx1 (x 

Fig. 9. (a) Room-temperature conductivity σ298, (b) Activation energy Eσ 
plotted as a function of sodium selenide fraction for glass samples (dark blue 
circles), crystalline samples (magenta triangles), mechanical-milling MM- 
(Na2Se)0.4(As2Se3)0.6 (dark green diamond) and the crystals NaAsSe2, 
Na3AsSe3, and Na2Se (orange squares). The Na2Se data were taken from 
Ref. [32]. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 10. X-ray diffraction patterns for the x = 0.20 glassy composition annealed 
at 275 ◦C for 5 h and 15 h. 
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= 0.0) becomes more pronounced and shifts to a lower temperature, 
Fig. 7(b). Two distinct crystallization peaks (Tx1 and Tx2) are observed 
for the x = 0.1 composition and they become increasingly separated 
with increasing x. Furthermore, a third crystallization peak (Tx3) 
emerges at x = 0.3. Consequently, the introduction of sodium selenide 
reduces the resistance of the g-As2Se3 host matrix toward crystallization. 
The decreasing glass-forming ability is confirmed by the decrease in the 
values of criterions ΔT and Hr. The plots depicting the curves for ΔT and 
Hr are found in Fig. 7(c) and (d), respectively. 

3.4. Na2Se–As2Se3 system: electrical conductivity of glasses and crystals 

Fig. 8 portrays the correlation between the temperature and the total 
direct current conductivity (σdc) of Na2Se–As2Se3 glassy and crystalline 
samples for different Na2Se fractions (x). Fig. 8(a) shows the results 
related to the melt-quenched glasses of (Na2Se)x(As2Se3)1-x, ranging 
from x = 0.0 to x = 0.3, as well as the crystalline composition with x =
0.4. 

In Fig. 8(b), the results for the crystalline orthorhombic compound 
NaAsSe2, the mechanically milled glass-ceramic MM- 
(Na2Se)0.4(As2Se3)0.6 sample, and the c-(Na2Se)0.4(As2Se3)0.6 are dis-
played. It was observed that hysteresis, which can occur in some cases 
when examining the total electrical conductivity during heating and 
cooling cycles, was absent. The conductivity of different samples ad-
heres to the Arrhenius law, as shown in equation (4). 

σ =
σ0

T
exp

(

−
Ea

kT

)

(4)  

where σ0 is the conductivity pre-exponential factor, Ea the activation 
energy, k the Boltzmann constant and T the temperature. The room 
temperature conductivity σ298, σ0 and Ea were calculated from a least- 
square fit of the data to Eq. (4). The results are summarized in Table 3 
and shown in Fig. 9. 

The composition dependence of the conductivity parameters for 
Na2Se–As2Se3 glasses and crystalline compounds are shown in Fig. 9. 

The room-temperature conductivity for the melt-quenched (Na2Se)x(-
As2Se3)1-x samples, 0.0 ≤ x ≤ 0.4, increases by about 2 order of 
magnitude from 1.5 × 10− 13 S cm− 1 (x = 0.0) to 1.2 × 10− 11 S cm− 1 (x 
= 0.3), Fig. 9(a). The (Na2Se)0.25(As2Se3)0.75 glass sample has the 
maximum room-temperature conductivity, 1.27 × 10− 11 S cm− 1. 

However, we note that the conductivity trend is not monotonic. Two 
different domains are clearly observed. In the first domain, 0.0 ≤ x ≤ 0.2 
(≤8.6 at.% Na), the conductivity increase is dependent on the Na2Se 
content. This is no longer valid for the second domain, 0.2 ≤ x ≤ 0.4 (8.6 
≤ [Na] ≤ 19.0 at.%). An apparent saturation of conductivity at high 
sodium content appears and the room-temperature conductivity is 
quasi-invariant even for the crystallized sample, i.e. for x = 0.35 and 0.4. 
Moreover, the activation energy show an overall decrease from 1.038 eV 
(x = 0.0) to 0.842 eV (x = 0.4), Fig. 9(b). Surprisingly, the glass-ceramic 
MM-(Na2Se)0.4(As2Se3)0.6 sample shows much higher conductivity 
value, σ298 = 4.08 × 10− 8 S cm− 1. Compared to the crystalline x = 0.4 
composition, the conductivity increases by an astonishing four order of 
magnitude, Fig. 9(a), and this increase is accompanied by the lowest 
activation energy recorded for this system, Ea = 0.44 eV, Fig. 9(b). In 
comparison to the homogenous glasses in the Na2Se–P2Se5 [42] (refer to 
Fig. S4), similar conductivity values are evident for x ≤ 0.1. However, a 
departure from this trend becomes apparent when the sodium selenide 
content reaches x ≥ 0.2, rendering the glasses in the Na2Se–As2Se3 
system electrically inert. This prompts the hypothesis that this inactivity 
might be connected to the inhomogeneity of bulk glasses at x ≥ 0.2 as 
revealed from SEM. The nature of phase-separation in glasses, its exis-
tence or absence is of importance for conductivity parameters. Let’s 
take, as an example, the silver thioarsenate glasses, (Ag2S)x(As2S3)1-x, 
where 0.0 ≤ x ≤ 0.65; the glasses are phase separated for the compo-
sitions 0.1 ≤ x ≤ 0.4 (i.e. for Ag content comprised between ~4 and 
~20 at.%) [43]. An abrupt increase in conductivity (σ) spanning 4 to 5 
orders of magnitude is observed at ~7 at.% Ag [44]. This phenomenon 
occurs when silver-rich phase, initially embedded within the silver-poor 
phase, transitions into the dominant phase for silver concentrations 
exceeding 7 at.% and assumes the role of governing silver diffusion [45]. 

Fig. 11. Conductivity results of the x = 0.2 sample before (green colour) and after annealing at a temperature of 275 ◦C for two different durations: 5 h (orange 
colour) and 15 h (wine colour) and scanning electron microscope (SEM) micrographs for the annealed composition. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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Indeed, the structural motifs in homogeneous (Ag2S)x(As2S3)1-x glasses, 
where x ≥ 0.4, are related to Ag2S–As2S3 crystalline counterparts in 
AgAsS2 (x = 0.5) and Ag3AsS3 (x = 0.75). A significant difference be-
tween the two families, i.e., homogeneous and phase-separated, resides 
in the absence of silver-poor crystalline compounds in Ag2S–As2S3 sys-
tem. Consequently, we can formulate a hypothesis that the lack of 
Ag-poor crystals (due to their thermodynamic instability), within a 
specific system, accounts for an extensive composition range of 
phase-separated glasses consisting of silver-poor and silver-rich glassy 
phases. Likewise, it can be postulated that the absence of sodium-poor 
crystalline compounds in Na2Se–As2Se3 system contributes to the 
phase separation observed within the composition range of 0.1 ≤ x ≤
0.3. Furthermore, the absence of electrical activity might be linked to 
the prevalence of sodium-poor phases within the structural framework 
of the glass. The substantial increase in conductivity by four orders of 
magnitude observed in the MM-(Na2Se)0.4(As2Se3)0.6 sample is indica-
tive of a shift in change in the structural motifs governing the sodium 
diffusion. Notably, the conductivity value of this glass-ceramic matches 
that of Na2Se–P2Se5, i.e., the x = 0.4 homogenous composition with 
same sodium selenide content (as shown in Fig. S4). This observation 
potentially implies that the mechanically-milled sample is either ho-
mogenous in nature or influenced to a certain extent by a sodium-rich 
phase. The pre-exponential value obtained for the mechanically-milled 
sample indicates the presence of a distinct sodium diffusion mecha-
nism, as depicted in Fig. S5. Comparatively, the pre-exponential factor 

σ0 for the glass-ceramic MM-(Na2Se)0.4(As2Se3)0.6 sample is approxi-
mately 3.5 orders of magnitude lower than that observed in the 
melt-quenched Na2Se–As2Se3 samples. For the latter, the σ0 values 
remain notably invariant, falling within the range of ~105 ≤ σ0(x) ≤
~106 S cm− 1 K. This constant pre-exponential factor is frequently noted 
in ion-conducting sulfide glasses, even across a wide composition range 
[46–48] and has been attributed to the contrasting trends in composi-
tion, i.e., the effective jump distance l(x), decreasing with x, the cation 
content C(x), increasing with x, the attempt frequency ν0(x) and the 

entropic term exp[ΔS(x)/k] giving σ0(x) ∝ l(x)2ν0(x)C(x)exp
(

ΔS(x)
k

)
≈

const [49]. 
Fig. 9(a) also shows that the ternary crystals, NaAsSe2 (x = 0.5) and 

Na3AsSe3 (x = 0.75), are electronic insulators (σ298 ≈ 10− 15 S cm− 1). 
The room-temperature conductivity σ298 of the NaAsSe2 crystal (this 
work) is comparable to that reported in Ref. [50] after being recalcu-
lated to room temperature, Table 3. The room-temperature conductivity 
σ298 increases with sodium selenide content, σNaAsSe2 < σNa3AsSe3 <

σNa2Se. However, compared to Na2Se–As2Se3 alloys, σ298 values of the 
crystals are lower by approximately 2–3 orders of magnitude depending 
on the composition. Meanwhile, the activation energy for the crystals 
decreases from 1.3 eV (x = 0.5) to 0.75 eV (x = 1.0). 

3.5. Effect of crystallization on properties 

To investigate the impact of crystallization process on the structure 
and properties of the glass samples, we carried out thermal treatments 
on the x = 0.2 glassy composition at 275 ◦C using a conventional oven. 
Fig. 10 shows that the 5-h heating duration lead to the appearance of 
multiple Bragg peaks that were primarily associated with the ortho-
rhombic NaAsSe2, space group Pbca, and the AsSe2.5 crystal structure 
[51]. However, the situation became more intricate following the 15-h 
treatment, with the persistence of the AsSe2.5 crystalline phase, the 
disappearance of the previously precipitated NaAsSe2 phase, and ma-
jority of reflections remained unidentified. 

Fig. 11 effectively illustrates the impact of thermal treatment on the 
characteristics of precipitated particles of the x = 0.2 composition. The 
SEM image, corresponding to 5-h heating process, exhibits a consistent 
surface texture with the particles being well-defined and evenly 
distributed throughout the image. In contrast, after 15 h, the particles 
seem to lack a clear pattern or organization. They exhibit irregular 
shapes, varying sizes, and a more heterogeneous surface texture. 

The observed structural characteristics significantly influence the 
electrical properties. Compared to the glassy sample, the heating process 
of 5 h adversely affected the room-temperature conductivity σ298 which 
decreased by approximately 2 orders of magnitude from 1.14× 10− 11 S 
cm− 1 to 1.7 × 10− 13 S cm− 1. In contrast, the 15-h treatment process 
resulted in a seven-fold conductivity increase, Fig. 11. 

To facilitate the growth of the NaAsSe2 crystal phase within amor-
phous alloys, the x = 0.2 and x = 0.3 glassy compositions underwent 
annealing treatments using Zirconium-Microwave MESTRA oven. The 
heating durations were 30 min, 1.5 h and 2 h, respectively. Fig. 12(a) 
and 12(b) show the XRD patterns of the various annealed samples. Only 
the x = 0.3 sample, annealed for 2 h, exhibited distinct and well-defined 
Bragg peaks that are characteristic of crystalline NaAsSe2 suggesting a 
composition dependence of crystal growth. SEM studies unveiled, for the 
x = 0.3 composition annealed for 2 h, the presence of wall-like struc-
tures, Fig. 13(b). Additionally, wave-like features containing nanometric 
droplets were observed, and the micrograph at a magnification of ×
12000 provides visual evidence of this observation, Fig. 13(c). 

One also observes, from Fig. 13(a), that the room-temperature con-
ductivity of this annealed sample, σ298 = 6.14 × 10− 12 S cm− 1, is ~ 3 
orders of magnitude higher than that of the crystalline c-NaAsSe2, and is 
only lower by 2 factors compared to the original x = 0.3 glassy 
composition, Table 3. The enhanced conductivity observed in glasses, as 
opposed to crystals, can potentially be explained by the presence of 

Fig. 12. X-ray diffraction patterns for the annealed (a) x = 0.20 and (b) x =
0.30 compositions; The annealing durations were 30 min, 1.5 h and 2 h 
at 275 ◦C. 
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sodium ions dissociated by non-bridging selenide atoms. Evidence to 
those latter is provided by glass-transition decrease. It is widely recog-
nized that when metal oxides or metal chalcogenides, such as Na2Se, are 
introduced into an oxide or chalcogenide network, the interconnected 
network structure is disrupted, leading to the conversion of some 
bridging oxygen or chalcogen atoms into non-bridging species. The 
modest decrease in conductivity, by 2 factors, during the process of 
crystallization implies a slight reduction in the number of free sodium 
ions when the glass structure undergoes rearrangement to facilitate the 
growth of the NaAsSe2 crystal. Similar behaviour was observed upon the 
crystallization of lithium metasilicate glasses, but the decrease in ionic 
conductivity was considerably more notable [52]. 

4. Conclusions 

Bulk glasses were successfully obtained in the (Na2Se)x(As2Se3)1-x 
system, where 0 ≤ x ≤ 0.3, using the melt-quenching technique. For the 
x = 0.4 composition, NaAsSe2 crystallite phase was present. However, 
this phase mostly disappeared when the mechanical milling technique 
was utilized. With continuous Na2Se additions, the density decreases, 
while the molar volume contracts, resulting in a denser glass material 
compared to cubic sodium selenide and other ternary Na–As–Se crystals 
as evidenced from the glass packing density. The glass compositions 
present single glass transition Tg demonstrating their homogeneity 
character despite the contradictory evidence revealed by SEM at x ≥ 0.2. 
The electrical conductivity of Na2Se–As2Se3 alloys exhibits an overall 
increase by two orders of magnitude as x content varies. However, the 
relationship between conductivity and composition is complicated. In 
NaSe-poor glasses, there is a consistent rise in conductivity at room 
temperature. Meanwhile, for glass compositions with x ≥ 0.2, the con-
ductivity parameters remain nearly unchanged, which might be attrib-
uted to the glass inhomogeneity as revealed by SEM analysis. The room- 
temperature conductivities of ternary Na–As–Se crystals are influenced 
by the Na2Se content and are 2–3 orders of magnitude lower when 
compared to Na2Se–As2Se3 alloys. The effects of different thermal 

treatment conditions on the properties of these alloys are also examined. 
Upon annealing, the glassy composition with x = 0.3 undergoes the 
formation of NaAsSe2 crystalline phase, and its σ298 is similar to that of 
the original glass, but three orders of magnitude higher than the original 
crystalline c-NaAsSe2. 
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