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Mechanical synthesis is a low-cost industrial-compatible technique to fabricate chalcogenide glasses. In
this paper, the mechanical synthesis of the ionic conductive GeS;-GaySs3-LiyS-Lil glass powders by ball
milling is studied. The structure, glass-forming ability, and ionic conductivity are compared with the
reported GeS;-Ga,Ss-LixS-Lil glasses prepared by the melt-quench process. The similarity of the glass
network fabricated by these two techniques is revealed by Raman spectroscopy. As for the conductivity,

about 1/3—1/2 of the conductivity of the bulk glass can be achieved by simply cold-pressing the as-milled
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glass powders into pellets. Evident “room-temperature sintering” is observed in the Li-rich samples,
which plays a key role in achieving high ionic conductivity in the cold-pressed pellets.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Solid-state lithium-sulfur batteries have recently attracted
increasing attention from the researchers [1,2]. With the usage of
solid electrolytes as the ion-conducting medium, the problems of
lithium dendrite growth and the polysulfide shuttle, which lead to
safety and long-term stability issues in conventional lithium-sulfur
batteries, can be avoided [3]. Moreover, a recent estimation study
on the energy density demonstrated that solid-state lithium-sulfur
batteries are expected to be competitive in gravimetric energy
density when compared with state-of-the-art Li-ion batteries [4].
Sulfide solid electrolytes are suitable electrolytes for Li-S batteries
because of their high ionic conductivity and good compatibility
with the cathode materials [5—7]. The feasibility of assembling Li-S
batteries with sulfide electrolytes has been demonstrated by
several studies, such as using Li»S-P,Ss glasses and glass-ceramics
[8], argyrodite LiGP55C1 [9], Li9.54Si1.74P].44S11v7C10'3 []0], Li3P54+n
[11], etc. Recently, by combining the high ionic conductivity of
LijoGeP,S17 and a well-designed cathode nanostructure, Xu et al.
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significantly extended the cycle life of solid-state Li-S batteries and
750 cycles at 1.0 C have been achieved [12].

Ga-Ge-S glasses are of good chemical and thermal stability [13].
By the addition of lithium, this glass system can reach an ionic
conductivity of approximately 10~% S/cm [14]. Therefore, Ga-Ge-S-
Li glasses are expected to be a relatively stable sulfide solid elec-
trolyte. Typically, Ga-Ge-S glasses are prepared by a conventional
melt-quench process, in carbon-coated sealed quartz glass tubes or
in vitreous carbon crucibles sealed in quartz glass tubes [14,15].
These techniques are not quite suitable for large-scale production
due to the consumption of the high-cost quartz glass tubes. Me-
chanical synthesis by ball milling has been demonstrated to be a
quartz-glass-tube-free technique by which to prepare chalcogenide
glasses [16—18]. This technique is more compatible with industrial
production. Moreover, the glasses prepared by mechanical syn-
thesis possess similar structure and properties as those prepared by
the melt-quench process [18]. In this paper, ball milling is applied to
mechanically synthesize GeSy-Ga,S3-Li>S-Lil glasses. The structure
and ionic conductive properties are studied and compared with the
reported GeS;-Ga,S3-LixS-Lil glasses prepared by the melt-quench
process.
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Fig. 1. XRD patterns of the GeS,-Ga,S3-Li,S glass powders in Series A, which are
prepared by mechanical milling. Amorphization duration is noted in the legend. The
broad peak marked by an asterisk is ascribed to a polyimide cover film.

2. Experimental procedures

GeS,-GayS3-LipS-Lil glasses were prepared by the mechanical
milling method. Starting materials, Ge (99,99%, Alfa Aesar), Ga
(99.99%, Alfa Aesar), S (99%, Alfa Aesar), Li»S (99.9%, Alfa Aesar), and
Lil (99.9%, Alfa Aesar) were weighed according to the glass
composition. Then, 8 g starting materials were put into a tungsten
carbide jar with 10 tungsten carbide grinding balls (¢ = 10 mm).
The filling rate, namely the ratio of the volume of the balls and
starting materials to the total volume of the jar, was approximately
2/3. The mechanical milling was conducted at 600 rpm using a
planetary ball mill apparatus (Pulverisette 7, Fritsch GmbH, Ger-
many). All the operations were conducted in an Ar-filled glove box.
Two series of glasses were studied. Series A is only composed of
GeS,, GayS3 and LizS, whose composition is (100-x) (0.8GeS;-
0.2Ga,S3)-xLiZS (in mol%), x = 30, 40, 50 and 60, and are denoted

Fig. 2. Studied glass composition (red dots) with respect to the glass-forming region of
the GeS,-Ga,Ss3-Li,S glass prepared by the melt-quench process (solid line) [15]. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

3L4G1G, 414G1G, 5L4G1G, and 6L4G1G, respectively. Series B has
the composition (50-y) (0.8GeS;-0.2Ga,S3)-(50-y) LiS-2yLil (in
mol%),y = 10, 20, 30 and 40; that is, partially substituting Li,S by Lil
in the sample 5L4G1G. They are denoted 10I5L4G1G, 20I5L4G1G,
30I5L4G1G, and 40I5L4G1G, respectively.

The amorphization process during mechanical milling was
monitored by an X-ray diffractometer using Cu Ko radiation (D8
Advance, Bruker AXS GmbH, Germany). The cross-sectional
morphology of the samples was characterized by a scanning elec-
tron microscope (Zeiss supra 55, Carl Zeiss GmbH, Germany). The
Raman spectra were recorded by a Raman spectrometer (inVia,
Renishaw Inc., UK) with a 532 nm diode-pumped solid-state laser
as the source.

The ionic conductivity was measured using an ac impedance
technique. The impedance spectra (10 Hz-1 MHz) were recorded in
an Ar-filled glove box by a frequency response analyzer (Solartron
1260A, Solartron Analytical Inc., UK). To carry out the measure-
ment, the as-prepared glass powders were cold-pressed into pellets
under 330 MPa pressure (15 mm diameter and ~2 mm thickness).
Both sides of the pellets were then coated with Au films as blocking
electrodes. The conductivity of the samples was determined from
the impedance spectra.

3. Results and discussion
3.1. Glass-forming ability

Fig. 1 shows the X-ray-diffraction (XRD) patterns of the glass
powders in Series A. It can be seen that the increase of Li content
results in a prolonged grinding duration in order to achieve a
thorough amorphous state. For samples 3L4G1G and 4L4G1G, after
55 and 72 h grinding respectively, the diffraction peaks of crystal-
line phases disappear, indicating complete amorphization. How-
ever, for the samples 5L4G1G and 6L4G1G, even prolonged grinding
duration cannot achieve complete amorphization. A serious caking
occurs at the end stage of grinding which significantly reduces the
grinding efficacy. The residual crystalline phase, which is different
from the starting materials, does not agree well with any JCPDS
cards. The indexing of the diffraction peaks reveals that the residual
crystal is hexagonal, the lattice constants of which are a = 3.93 A
and ¢ = 6.25 A. It is suspected that the residual crystal might be a
derivative of the hexagonal $-GayS3 (a = 3.682 A, c = 6.031 A)
formed by the intercalation of Li. Therefore, the residual crystalline
phase is a product of mechanical alloying.

To compare the amorphization ability of mechanical milling
with that of the conventional melt-quench process, the composi-
tion of the samples in Series A is drawn in a pseudo ternary phase
diagram along with the reported glass-forming region of the GeS,-
GaSs3-LisS glass prepared by the melt-quench process (Fig. 2) [15].
The thoroughly amorphized samples 314G1G and 4L4G1G are
within the glass-forming region, while the partially amorphized
samples 5L4G1G and 6L4G1G are beyond the region. This indicates
that mechanical milling with the parameters used in this study
cannot evidently improve the glass-forming ability of the GeSy-
GayS3-LiyS glasses.

To enhance the amorphization degree of sample 5L4G1G, whose
composition is just beyond the glass-forming region, we partially
substituted Li,S by Lil in this composition [15], making the samples
in Series B. The XRD patterns in Fig. 3 show that at the beginning of
adding Lil, the glass-forming ability is improved so that a thorough
amorphization can be achieved. After the Lil content exceeds
20 mol%, deterioration of the glass-forming ability occurs since the
amorphization duration is prolonged. When the Lil content reaches
40 mol%, complete amorphization is no longer achievable. The re-
sidual crystal is confirmed to be cubic Lil (JCPDS Card No. 74-1974).
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Fig. 3. XRD patterns of the GeS,-Ga,Ss-Li,S-Lil glass powders in Series B, which are
prepared by mechanical milling. Amorphization duration is noted in the legend.

3.2. Cross-sectional morphology

Scanning-electron-microscopy (SEM) images of the cross-
section of the cold-pressed pellets are presented in Figs. 4 and 5.
Fig. 4 shows the cross-sectional morphology of the samples in Se-
ries A. In the pellets made of the 3L4G1G and 4L4G1G glass pow-
ders, the sub-micrometer particles and a large number of voids can
be clearly seen even though the pellets have been cold-pressed
under 330 MPa. When the Li,S content increases, the morphology
shows remarkable change. Evident sintering between the particles
appears in 5L4G1G. The particles are further sintered into bulk
pieces in 6L4G1G. Such “room-temperature sintering” should also
occur during ball milling, leading to serious caking and a poor
grinding efficacy in these two samples as discussed above.

Fig. 5 shows the cross-sectional morphology of the samples in

Series B. The substitution of Li,S by Lil undoubtedly affects the
“room-temperature sintering” phenomenon. At the beginning, the
addition of Lil can reduce the sintering degree. As a result, large
numbers of particles reappear in the pellet with 20 mol% Lil
(20I5L4G1G). By adding more Lil, the “room-temperature sintering”
occurs once again, as shown by the cross-section of 3015L4G1G and
40I5L4G1G. It is worth noting that the variation of the sintering
degree with the Lil content is in accordance with the ball-milling
amorphization ability for the samples in Series B. In brief, the sig-
nificant “room-temperature sintering” in Li-rich samples reduces
the grinding efficacy, and consequently limits the glass-forming
ability by mechanical milling.

3.3. Raman spectroscopy

To further verify the existence of glass network in the powders
prepared by mechanical milling, Raman spectra were recorded as
shown in Fig. 6. The Raman spectra can be divided into three re-
gions which are normally observed in the Ge-Ga-S-based glasses
prepared by the melt-quench method. The first region in the range
100—200 cm™! contains the bands attributed to the symmetrical
and asymmetrical bending of [GeS4] tetrahedrons [19]. The second
region in the range 200—300 cm ™! contains the bands attributed to
the vibration of the homo-bond structural units [S3Ge(Ga)-Ge(Ga)
S3] [20,21]. In the third region from 300 to 500 cm™', the most
intense Raman signal appears, and is attributed to the vibration of
[GeS4] and [GaS4] tetrahedrons with and without non-bridging
sulfur (NBS) atoms [14,22]. The similarity of the Raman spectra of
the ball-milled GeS;-GaySs3-LiS-Lil powders to the conventionally
synthesized glasses indicates that they have similar glass network
structure.

By examining the Raman spectra of the samples in Series A
(Fig. 6 (a)), the structural evolution of the glass powders after the
addition of Li,S can be studied. With the increasing Li»S content, the
band attributed to 0-NBS [GeS4] tetrahedrons (~350 cm™!) de-
creases and broadens, while the band attributed to 2-NBS [GeS4]
tetrahedrons (~405 cm™') increases. Li,S, acting as a network

Fig. 4. SEM images showing the cross-section of the GeS,-Ga,Ss-Li,S cold-pressed pellets (Series A). (a) 3L4G1G, (b) 4L4G1G, (c) 5L4G1G and (d) 6L4G1G.
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Fig. 5. SEM images showing the cross-section of the GeS,-Ga,Ss-Li,S-Lil cold-pressed pellets (Series B). (a) 10I5L4G1G, (b) 20I5L4G1G, (c) 30I15L4G1G and (d) 40I5L4G1G.

modifier, introduces excess S?~ ions. The S*~ ions attack the
bridging sulfur atoms that link the [GeS4] or [GaS4] tetrahedrons,
disconnect the link, and convert bridging sulfur atoms into non-
bridging sulfur atoms. The conversion of 0-NBS tetrahedrons to 2-
NBS tetrahedrons results in the partial collapse of the three-
dimensional (3D) glass network into one-dimensional one, as
illustrated by Fig. 7. When the LiS content reaches 50 mol%
(5L4G1G), the band attributed to 0-NBS tetrahedrons is so weak
and broad that it integrates into the background signal. From this
we infer that a significant collapse of the 3D glass network has
occurred. When the Li;S content reaches 60 mol% (6L4G1G), an
additional peak appears at 370 cm™ .. This band is typically assigned
to the symmetric stretching vibration of the two edge-shared
[GeS4] or [GaS4] tetrahedrons [23]. From the sharp profile of this
peak, we infer that it could be associated with the crystalline phase
in this sample.

Fig. 6 (b) shows the Raman spectra of the samples in Series B.
Different from the Raman spectra in Series A, the profile shows only
a slight change in Series B, even though the highest substitution
level of Lil has reached 40 mol%. This indicates that the influence of
Lil on the Raman spectra is insignificant. Typically, the iodide plays
the role of a glass network terminator, leading to the formation of
[Gel;S4_p] (n = 1-3) tetrahedrons. The Raman signal of these tet-
rahedrons is between 200 and 250 cm ™" and is relatively weak [24].
Therefore, the addition of Lil does not evidently affect the main
band between 250 and 500 cm™". This phenomenon is coincident
with that observed in bulk glasses [19].

3.4. Ionic conductivity

The Nyquist plots of the complex impedance of the pellets cold-
pressed from the as-milled powders are shown in Figs. 8 and 9. All
the plots consist of a high-frequency arc and a low-frequency tail.
The arc is attributed to the parallel of the geometrical capacitance
and the resistance of the sample disk, while the tail, a typical signal
of a Warburg element, is attributed to the diffusion of ions near the
electrolyte/electrode interface [25]. The existence of the Warburg

tail proves that all the samples are ionic conductive.

By fitting the Nyquist plots with an appropriate equivalent cir-
cuit [26], the room-temperature conductivity of the as-milled
powders is deduced and listed in Table 1. In Series A, where the
samples are composed of Ge,S, GazS3 and Li,S, the room temper-
ature conductivity ranges from 10~® Sjcm to 10~> S/cm, mono-
tonically increasing with the Li content. In Series B, by partially
substituting Li,S by Lil, the room-temperature conductivity can be
further improved. The highest conductivity in the completely
amorphized samples, 3.18 x 10~# S/cm, is achieved in 30I15L4G1G.
The highest conductivity among the studied samples is
8.88 x 10~* S/cm, observed in 4015L4G1G which includes a small
amount of Lil phase (oji@25:c=10~7 S/cm).

To compare the ionic conductivity of the glass powders pre-
pared by mechanical synthesis with that of bulk glasses, the room
temperature conductivity of the bulk glasses with similar compo-
sition is summarized from the literature, as shown in Table 1. The
typical room-temperature conductivity of the GeS;-Ga,S3-Li,S bulk
glasses with similar composition (~50 mol% Li,S) is ~10~> S/cm
[14,15]. By adding Lil to these bulk glasses, the room-temperature
conductivity can reach a maximum of ~10~3 S/cm [15,22]. Thus,
the conductivity of the bulk glass is only approximately 1—2 times
higher than that of our mechano-synthesized powders. The lower
conductivity of the powders than the bulk should be ascribed to the
grain boundary resistance and the existence of voids between the
particles (as shown in Figs. 4 and 5). The latter reduces the cross-
section for ion conduction and therefore results in lower effective
conductivity. Owing to the relatively low Young's modulus [27] and
the “room-temperature sintering” phenomenon of sulfide glass
powders as shown by the SEM images, the influence of the grain
boundary on the ionic conductivity is minimized by simply cold-
pressing the powders in our case, so that the conductivity of the
pellets prepared by cold-pressing keeps the same order of magni-
tude with the bulk glasses. In brief, the practicality of the me-
chanical synthesis of the GeS;-Ga,Ss3-LiyS-Lil glasses does not
adversely impact performance.

Fig. 10 shows the compositional dependence of the ionic
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Fig. 6. Raman spectra of the glass powders in (a) Series A and (b) Series B. Major bands
associated with 0-NBS, 1-NBS, 2-NBS [GeS,] tetrahedrons, and Ge(Ga)-Ge(Ga) metallic
homo-bonds are marked.

conductivity of the glass powders in Series A. The conductivity
increases with increasing Li,S content. It should be noted that the
linearity between the conductivity and Li,S content is not evident.
Therefore, the increase of the conductivity is not mainly due to the
increase of Lit concentration. A drastic increase of the conductivity
occurs at 50 mol% Li,S (5L4G1G), where the composition is just
beyond the glass-forming region. It can be attributed to two facts.
First, from the Raman results we infer that a significant collapse of
the 3D glass network into one dimension occurs at 50 mol% Li,S,
and the network flexibility is improved, so that the Lit ions can
more easily transport over the glass. A similar phenomenon has
also been observed in the bulk glasses, composition of which is at
the boundary of the glass-forming region [22]. Second, the SEM
images in Fig. 4 illustrate that evident “room-temperature sinter-
ing” occurs in 5L4G1G and 6L4G1G. Consequently, the quantity of
voids in these samples is significantly diminished, and the grain-
boundary resistance is ameliorated in comparison with 3L4G1G
and 4L4G1G.

Fig. 7. Network units in the GeS,-Ga,S3-Li,S glass. (a) [GeS4] tetrahedrons without
non-bridging sulfur atoms (0-NBS) forming a 3D glass network; (b) [GeS4] tetrahe-
drons with two non-bridging sulfur atoms (2-NBS) leading to a partial collapse of the
network into one dimension.

Fig. 8. Room-temperature impedance spectra of the GeS,-Ga;Ss-Li,S cold-pressed
pellets in Series A. Thin solid lines present the fitting results by an equivalent circuit.
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Fig. 9. Room-temperature impedance spectra of the GeS,-Ga,Ss-Li,S-Lil cold-pressed pellets in Series B. (b) is the magnified high-frequency part of (a).

Table 1
Room temperature conductivity ¢ of the glass powders prepared by mechanical
milling, in comparison with that of the bulk glasses reported in the literature (in
italics).

Lil Li>S GeS; GayS3 4 Sample/Ref.
(mol%)  (mol%) (mol%) (mol%) (S/cm)

0 30 56 14 128 x 107 3L4G1G

0 40 48 12 1.89 x 1076 414G1G

0 50 40 10 7.76 x 1076 5L4G1G

0 60 32 8 1.044 x 107> 6L4G1G

0 45 45 10 9.37 x 1076 Ref. [15], bulk glass
0 50 45 5 227 x 10~ Ref. [15], bulk glass
0 46 46 8 1.58 x 1076 Ref. [14], bulk glass
0 53 40 7 631 x 1076 Ref. [14], bulk glass
10 45 36 9 1.40 x 107> 10I5L4G1G

20 40 32 8 3.50 x 10~ 20I514G1G

30 35 28 7 3.18 x 1074 30I514G1G

40 30 24 6 8.88 x 1074 4015L4G1G

30 31.5 31.5 8 9.16 x 1074 Ref. [15], bulk glass
40 27 27 6 104 x 1074 Ref. [15], bulk glass

Fig. 10. Composition dependence of ionic conductivity of the GeS,-Ga,S3-Li,S glass
powders in Series A.

4. Conclusions

Ionic conductive GeS,-Ga;Ss-LisS-Lil glass powders were me-
chanically synthesized by ball milling. The room-temperature ionic
conductivity of the GeS,-Ga;S3-Li»S powders ranges from 10~ to
107> Sjcm with the increase of Li,S content from 30 to 60 mol%. By
partially substituting Li>S by Lil, the conductivity can be further
improved and reaches 318 x 10~* Sjcm in the completely
amorphized sample with 30 mol% Lil (30I5L4G1G), and
8.88 x 10~% S/cm in the sample with 40 mol% Lil (4015L4G1G),
which includes a small amount of Lil phase. The conductivity of the
powders studied in this paper, which is simply measured from the
cold-pressed samples, is comparable with that of the bulk glasses
reported in the literature. Although mechanical synthesis cannot
evidently improve the glass-forming ability of the GeS,-Ga,S3-Li,S-
Lil system, this technique can eliminate the quartz glass reaction
container, and therefore reduces the production cost. Mechanical
synthesis is more suitable for the large-scale production of GeS;-
GayS3-LixS-Lil solid-state electrolyte.

This work also reveals the “room-temperature sintering” phe-
nomenon in Li-rich GeS;-GaySs3-LipS-Lil glass powders. Such a
phenomenon has two-sided effect: It causes serious caking during
ball milling and therefore limits the efficiency of mechanical syn-
thesis, while reducing the grain-boundary resistance so that high
ionic conductivity can be achieved by cold-pressing.
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