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Abstract: The high sulfide ion polarization is known to
cause increased ionic conductivity in the solid sulfide-
type electrolytes. Three groups of sulfide-based solid-
state electrolytes, namely, Li-P-S, LigPS;X (X: Cl, Br,
and I), and Li,MP,S, (M: Sn, Si, and Al) were reviewed
systematically from several aspects, such as conductivity,
stability, and crystal structure. The advantages and dis-
advantages of each electrolyte were briefly considered
and compared. The method of the preparation was pre-
sented with experimental and theoretical studies. The
analysis that has been carried out showed that the solid
electrolyte Li;oGeP,S;; is superior to others with an ionic
conductivity of 12 x 1072S cm ™. This conductivity is com-
parable to that of conventional liquid electrolytes. However,
the availability and high price of Ge are the problems
encountered. Furthermore, because sulfide-based solid
electrolytes have low chemical stability in ambient humidity,
their handling is restricted to inert gas environments. When
solid sulfide electrolytes are hydrolyzed, structural changes
occur and H,S gas is produced. The review’s objective
includes presenting a complete knowledge of sulfide-solid
electrolyte synthesis method, characteristics, such as
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conductivity, structure, and stability, as well as gener-
ating more efficient and targeted research in enhancing
the performance of the chemical substance.
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sulfide-type solid electrolyte

1 Introduction

The electrochemical energy storage device, such as recharge-
able batteries with high power density and high energy are
indispensable in their application to electric vehicles and
portable electronic equipment [1]. Batteries are being exten-
sively examined, in order to have sufficient capacity to be
applied to electric vehicles. A lithium-ion (Li-ion) battery is
one among the most popular commercial types as a source of
electrochemical energy [2]. Li-ion batteries are superior to
conventional types such as lead-acid and NiMH batteries,
due to their high energy density and voltage. Li-ion battery
was first coined in the 1960s and was invented in 1991 by the
Sony company as an energy store in cell phones, notebook
computers, and more recently for electric vehicles [3]. Liquid
electrolyte is one of the most important components used in
the construction of commercial lithium-ion batteries, such as
lithium salt hexafluorophosphate (LiPFg) [4]. The liquid elec-
trolytes in Li-ion batteries are less safe when used, especially
at extreme temperatures, which can trigger an explosion.
Complex chemical reactions occur triggered by the presence
of high temperature and voltage in Li-ion batteries [5].
High energy density and power requirements can
trigger complex reactions in Li-ion batteries that are
harmful to users [6]. Lithium all-solid battery (ASSLB)
is a solution to the Li-ion battery problem because ASSLB
has higher stability and safety than Li-ion batteries [7].
The topic of ASSLB was less attractive in its development
30 years ago because researchers considered its ionic
conductivity to be relatively lower than that of solid elec-
trolytes [8,9]. However, in the last 10 years, tremendous
progress has been achieved in enhancing the ionic con-
ductivity of solid electrolytes. The development of
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sulfide-based solid electrolytes with an ionic conductivity
value of 2.5 x 107°>Scm™, which is superior to that of
liquid electrolytes, has been described [10,11].

ASSLB is depicted in Figure 1 below. A solid-state
battery is composed of an anode and a cathode as nega-
tive and positive poles, respectively, as well as a solid
electrolyte. This is different from Li-ion batteries which
use a liquid electrolyte [12,13]. Solid-state electrolytes
(SSEs) are used to replace liquid types. Li-ion media is
used as a separator in traditional batteries, for deflection
between the anode and cathode poles, and to prevent
short circuits and electron conduction [14]. Mechanical
contact is made by applying pressure to a solid-state bat-
tery array consisting of a lithium metal anode, a solid
electrolyte, and a composite cathode. The SSE must
have a large electrochemical stability window and high
ionic conductivity [15].

SSEs are divided into three categories, they are oxides,
phosphates, and sulfides. The superior SSE that are commonly
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Figure 1: Arrangement of the components of a solid-state battery in
which the cathode consists of a material containing an electrolyte.
Composite cathodes are used to create ion pathways that are useful
for increasing the voltage.
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used and cover these three categories include phosphate-type
Lithium Aluminum Titanium Phosphate (LATP), Lithium
Lanthanum Zirconium Oxide (LLZO) oxide type, and Lithium
Germanium Phosphorus Sulfide (LGPS) sulfide type. LATP
has the advantage that the price of raw materials and pro-
duction costs are low with the value of ionic conductivity
being 0.7 mS cm™ [16,17]. Although the LATP ionic conduc-
tivity value is quite high, it is not suitable for low potential
anode materials, such as lithium. This is due to a reduction in
Ti** ions at a voltage of 2.5V against Li/Li*, allowing for a
short circuit in the battery [18]. LLZO (oxide type) is another
category with an ionic conductivity value of 0.774 mScm ™.
LLZO ionic conductivity value can still be increased with Ga-
doping which causes the ionic conductivity value to be
2.06 mS cm™ [19,20]. However, several challenges must be
resolved before LLZO can be used in practical applications.
At room temperature, LLZO reacts with ambient H,O and
CO,, lowering the ionic conductivity. Therefore, an inert
atmosphere or adding additives is required in the production
process. In addition, LLZO has high rigidity, as a result of its
high interfacial resistance, unstable solid electrolyte, and
electrode interface contact. These variables have a major
influence on the cycle stability and chargeability of the bat-
tery [20]. The last category is a sulfide-based SSEs. LGPS is
a sulfide electrolyte that is one of the most widely utilized
SSEs. The ionic conductivity of LGPS is very high, reaching
102Scm™ at a temperature of 50-80°C [10]. Sulfide-type
electrolyte is one of the materials that is considered ideal
for use in solid-state batteries. Several other types of sul-
fide-based SSEs are depicted in the schematic diagram
below.

Sulfide-type SSEs that have been successfully synthe-
sized include Li-P-S, LigPS;X (X: Cl, Br, and I), and Li,MP,S,
(M: Ge, Sn, Si, and Al) bases. A schematic diagram of a
sulfide type SSE investigation is shown in Figure 2. The
investigation began in 2005 when LPS batteries were first
successfully synthesized. Furthermore, research is con-
tinued on new materials that have higher ionic conduc-
tivity. In 2008, research on LigPSsX (X: Cl, Br, and I) was
just started, and in 2011 research on Li,MP,S, (M: Ge, Sn,
Si, and Al) was started and is still ongoing. Various kinds
of research were carried out because solid-state batteries
still have weaknesses and challenges such as poor che-
mical compatibility with electrodes, narrow electroche-
mical stability windows, and poor mechanical properties
must also be considered. The discussion in this article will
focus on sulfide-based solid electrolytes. We begin with
the different categories of sulfide-based solid electrolytes,
their electrochemical properties, the synthesis methods
used, and the material structure of each type of sulfide-
based solid electrolyte are discussed. The discussion in the
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Figure 2: Schematic diagram of sulfide-based solid electrolytes.

article will end with a conclusion of perspectives and sug-
gestions for the future improvement in sulfide-based ASSLB.

2 Sulfide-type electrolyte

Various research on solid-state batteries have been pre-
sented and one of the materials that is considered as
superior to others is the sulfide. This material is known
to possess excellent electrochemical properties, in the
form of high conductivity and wide potential window
[10,21]. Sulfide showed a high-performance solid-state
lithium metal battery [22], in comparison to the conven-
tional liquid and oxide solid electrolytes. The sulfide
solid electrolytes have better mechanical characteristics
[23]. Several types of sulfide solid electrolyte are LGPS
and similar compounds, argyrodite (LigPSsX), Li-P-S (LPS)
sulfides, and their derivatives, and thio-LISICONs [24]. This
section explains three groups of sulfide-based SSEs: LPS,
LicPSsX (X: Cl, Br, and I), and LiMP,S, (M: Ge, Sn, Si,
and Al).

The explanation encompass synthesis, characteriza-
tion, electrochemical performance, conductivity, and the
method used to determine the best sulfide-based SSE as a
lithium battery application. The synthesis of sulfide solid
electrolyte is generally carried out by three methods: melt
quenching, ball milling, and wet-chemical [25]. Melt
quenching is done by heating and suddenly lowering
the temperature. Ball milling is the most common method
of mechanical high-energy milling involving complex
processes, including mixing and solid-state reactions.
A wet chemical is a synthesis through a reaction using
a solution. The structure and properties of the material
are determined through characterization. Furthermore,
research on the electrochemical properties of sulfide solid
electrolytes, like conductivity, stability, and performance,
is required to decide which sulfide based solid electrolyte
is most likely to be developed.
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2.1 LPS

The lithium thiophosphate or LPS class consists of sev-
eral high-conducting materials. Several sulfide crystal-
line phases have been found, of which the type of crystal
formed depends on the heat treatment applied and the
composition of the glass formed. The sulfide crystalline
phases include: LisPS,, Li;P5S;;, and Li,P,S¢ [24,26]. The
composition of the glass in the LPS formed affects the ionic
conductivity which relatively decreased due to the for-
mation of individual crystals.

2.1.1 Synthesis methods

Synthetic methods that are often used in the manufac-
ture of solid sulfide electrolytes are divided into melt
quenching method, mechanical ball milling method,
and wet-chemical method as illustrated in Figure 3.
One of the most common methods for creating glass sul-
fides is the melt quenching process. The raw material mix-
ture is sealed inside a carbon-coated quartz tube, which is
subsequently heated in a furnace to a high temperature.
The liquid sample was then quickly chilled using ice water.
The materials experience a complex process in the mechan-
ical ball-milling method, that includes blending, crushing,
amorphization, and solid-state processes in high-energy
grinding. This method offers a number of advantages,
including the fact that it can be done at room temperature.
Wet chemical approaches using liquid solvents as the
medium are increasingly being investigated in the synthesis
of solid sulfide electrolytes due to their low price, simple
process, savings in time, and stability.

Ball-milling

Q0 / Wet-chemical

Hot Zone

&

Quenching

Figure 3: Synthesis methods of sulfide solid electrolyte.
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In the LPS class, Li;PS, is the most stable chemical. A
wet chemical technique was used to make Li;PS,. The
starting materials were Li,S and P,S; mixed in appro-
priate molar ratios in a glove box filled with argon (Ar),
put in a quartz tube and warmed at a fixed temperature of
700°C for 8 h. After the reaction at constant temperature,
the tube was cooled slowly to room temperature [27]. The
synthesis using the wet chemical method was also carried
out by Liu et al. on Li;PS, nanopores resulting in an ionic
conductivity of up to 3 times that of LisPS, crystals, which
is 1.6 x 107*Scm™ [28]. In 2016, Puck et al. combined
materials such as Li,S and P,Ss in a Li,S:P,S5 = 3:1 molar
ratio with dimethyl carbonate and shook them with a
zirconia ball for 5h in a dry Ar atmosphere. The residue
drying was carried out under low pressure at 90, 130, 150,
and 190°C [29].

Another type of solid electrolyte in the form of LPS is
Li;P5S;;. This solid electrolyte is a glass ceramic with a
stable phase Li;P5S;; which is newly formed at tempera-
tures above 630°K [30]. The glass ceramics of Li;P5S;; is
obtained from mixing materials in the form of 70 mol%
Li,S and 30 mol% P,Ss. For 40 h, mechanical milling was
done in a planetary ball mill at 500 rpm. The whole pro-
cess was performed in a glove box with H,0O below 1 ppm
because the resulting material is hygroscopic. The mate-
rial was then warmed at 300°C for 2 h before being per-
mitted to cool down to room temperature. After the
heating process, the material is placed into a 10 mm tung-
sten-carbide die and then pressed with a pressure of
10 MPa [31]. Minami et al., in 2007, explored the local struc-
ture and conductivity of lithium glass Li;PsS;; crystallized
by quenching melts at various temperatures. According to
their findings, stg‘ ions were formed when the melting
temperature was up from 750 to 900°C [32].

The invention relating to LPS-type electrolytes with
high conductivity, such as nanopores BLisPS,, encourage
research on Li,P,S¢ which is still an LPS class. The solid
electrolyte Li,P,S¢ is known to be a product of synthesis
and decomposition, obtained at high temperatures. 33, 34].
Solid electrolyte Li,P,S¢ is produced by mixing the basic
materials in the form of Li,S reagent level and P,S; pounded
using a mortar and pestle for 20 min [32, 35]. The obtained
material is inserted into a quartz tube and synthesized at
a high temperature. The synthesis temperature is found
to be between 750 and 900°C. The powder is heated
for 20h at a temperature of 900°C and maintained for
24h at 450°C. Anhydrous acetonitrile is used to remove
the sulfur formed. After all these processes, the resulting
powder was dried in a vacuum oven at 150°C for 2h. The
synthesis that occurred between 750 and 900°C produced
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the same characteristics [36]. Impedance and Arrhenius
measurements were carried out by applying a pressure of
300 MPa to the material to be tested, in order for the sample
to form pellets with a density of 2.23 g cm™ [37,38].

2.1.2 Material characterization

The binary (100-x) Li,S-xP,Ss system, as a prominent
member of solid sulfide-electrolytes, is a particularly
attractive electrolyte choice for solid-state batteries due
to its low price, high Li-ion conductivity, and large elec-
trochemical window compared to Li/Li*. Between various
compositions, LisPS,, Li;P5S,;, and Li,P,S¢ have been stu-
died extensively because LisPS, shows good compat-
ibility with lithium metal, Li;P3S;; shows high electrical
conductivity of greater than 10>S cm™ at room tempera-
ture, and Li,P,S¢ is really quite stable in preserving its
structure crystals up to temperatures of 280°C in air and
up to 950°C in vacuum.

LisPS, has a stoichiometry of 75% Li,S-25% P,Ss. The
LisPS, was reported to have a y-LizPO,-like structure with
hexagonal closed packed sulfide ion ensembles in which
the phosphorus ions are spread over the tetrahedral sites
and the PS, tetrahedra are separated from each other
[40]. In 2010, Homma et al. modified the structure of
LisPS, in y, the low temperature phase, B, the middle
temperature phase, and a, the high temperature phase.
Figure 4 shows the arrangement of PS4 tetrahedral in the
Y, B, and o phases in LisPS,.The differences in the struc-
ture of y and B phases are distinguished by the location of
the PS, tetrahedral. The arrangement of the PS, tetra-
hedral affects the position of the Li ion. The y phase
shows an orderly arrangement with the top of the tetra-
hedral facing upwards. All of this indicates that the Li-ion
is only in the tetrahedral site and the peak of the Li tetra-
hedral ion shows the same peak. In the 3 phase, the top of
the tetrahedron has a zig-zag arrangement. This zig—zag
arrangement causes the Li-ions to be positioned both on

) (B (o)

AV A AY A AV A
AV A AY A AV A
AY A AY A AV A

Figure 4: Arrangements of PS, tetrahedra in the y, B, and a phase in
LisPS,. Reprinted with permission from [39]. Copyright 2011,
Elsevier.
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the octahedral side and on the tetrahedral side, which
makes the Li-ions more mobile. In phase a, the distribu-
tion of Li-ions is not clearly found [27].

Crystalline Li;PsS;; is formed for the 70% Li,S-30%
P,S; composition. The structure of Li;P3S;; depicted
in triclinic space family P-1 with a relatively large cell
(V/Z = 414.7; it is 3/unit formula) made up of anions PS;-
and P,S?~ with a ratio of 1:1. Figure 5 shows the crystal
structure of Li;P5S;; glass ceramic in the triclinic centro-
symmetric chamber group P-1 with 2 formula units per
unit cell. All the atoms in the structure are in a common
position, sharing the corners of the P,S?~ ditetrahedra
and PS?[ tetrahedra surrounded by Li* cations [41]. The
ionic conductivity of Li;P5S;; is produced by the collec-
tive movement of many defects, not by the sluggish dif-
fusion of isolated defects. Most Li sites are connected
tetrahedral (LiS,) and are joined by further empty tetra-
hedral sites (S,). This results in a 3D diffusing path with
a flat energy profile [31].

The reaction that creates Li,P,S¢ crystals is peculiar
in that the composition is not perfectly positioned on
the Li,S-P,Ss bond line. This can be calculated using
the 67 mol% Li,S composition, which is applied to the
Li,P,S; stoichiometry. sté’ anions are the most common
building units in Li,P,S¢ crystals [36]. The structure of
Li,P,S¢ in the P63/mcm space group was characterized
by Mercier et al. [40]. These crystals are made up of P,Sg
ions with D3d symmetry and P-P bonds oriented along
the crystallographic axis. The crystal’s basic structure
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projected into a hexagonal plane. The location of all
P-P bonds along the same c axis is determined by the
P-P bond placement in the crystal unit. Dietrich et al.
demonstrated that crystalline Li,P,S¢ could only be man-
ufactured using a glass-ceramic microstructure with a
mostly PS;~ unit amorphous component [42].

2.1.3 Electrochemical properties

LisPS, is by far the most stable chemical in the LPS class,
with an activation energy of 60-73k]J mol™ and a low
ionic conductivity of 3 x 10~ S cm™ at room temperature.
The tetrahedral arrangement of PS, affects the position of
the Li-ions. The y phase displays an organized pattern
with the top of the tetrahedral side up. All this indicates
that the Li-ion is only in the tetrahedral site and that
the peaks of the Li tetrahedral ion show the same peak.
The y phase shows an activation energy of 21.3 k] mol™
at room temperature with an ionic conductivity of
3.0 x 107 Scm ™. While in phase B, they are arranged in
a zig zag fashion, which causes the Li-ions to be positioned
both on the octahedral side and on the tetrahedral side,
which makes the Li-ions more mobile. The phase shows an
activation energy of 15.5 k] mol ™! with a better ionic con-
ductivity of 3.0 x 102Scm™ at 500K [39].

The LisPS, nanostructure possesses a large electro-
chemical window and is chemically stable to lithium
metal (5V). The ionic conductivity of manipulated solid
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Figure 5: The crystal structures of Li,S-P,Ss binary system. Reprinted with permission from [41]. Copyright 2018, Elsevier.
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electrolytes has far-reaching ramifications for the synth-
esis of materials in battery applications [28]. The lithium
metal anode also functions as a coating to prevent the
formation of dendrites, improves electrochemical perfor-
mance, and reduces parasitic side reactions [43]. The glass-
ceramic material Li;PS,, (with polymorph, 7.5 x 107*S cm™)
[44] had a substantially greater ionic conductivity at
ambient temperature (room temperature, RT) than the
bulk crystal material (polymorph, 9 x 107Scm™) [45].
Although the reason for the higher conductivity in glass
ceramics is unknown, the nanocrystalline BLi;PS, pro-
duced using wet chemical method has a respectable ionic
conductivity (1.6 x 107*S cm™ at ambient temperature).

In terms of ionic conduction qualities, the material’s
structure is crucial to the conductivity process. Due to
the 3D conduction pathway generated by the crystal
structure [30], the ionic conductivity of Li;P5S;; glass
increases from 8 x 10 ° to 1.4 x 107> S cm ™ in the stoichio-
metric situation of 70% mol percent Li,S — 30% mol percent
P,Ss. The cold-pressed Li;PsS;; has an ionic conductivity
of 1.3 x 10°mScm™ [46]. The deposition of superionic
crystals reflected by Li;P3S;; [47] results in high ionic con-
ductivity. As with other types of solid sulfide electrolytes,
glass ceramics Li;P3S;; is found to be very sensitive to air
and also contributes to gas formation (such as H,S, a poi-
sonous gas) [48]. The electrochemical stability of Li;P5S;;
with Li metal as the anode, carrying 5 V with the activation
energy (E,), recovered from the theoretical estimated fitting
is 187 meV [49].

Li,P,Sg is a relatively stable thiophosphate substance,
maintaining its crystal structure at temperatures as high
as 280°C in air and 950°C in vacuum. Despite having a
low ionic conductivity of 2.38 x 107’ Scm™ at 25°C and
2.33 x 10°°Scm™ at 100°C, the crystalline conductivity
of Li,P,S¢ can be dramatically improved (from 2.9 x 107!
to 10°°Scm™) by the addition of amorphous components
at RT [42]. Similarly, despite the fact that the process of
conduction is unknown, it is clear that high conductivity
may be attained using a variety of designs [41]. For all
materials in the LPS family, however, the high conduc-
tivity is not always generated from the crystalline phase.

2.2 LigPSsX (X: Cl, Br, and I)

Lithium argyrodites LigPS;X (X: Cl, Br, and I) are one type
of sulfide solid electrolyte that has a rather high ionic
conductivity at 298 K, with values ranging from 107 to
103 Scm™ for Br and Cl [50,51]. The addition of anions
to the solid electrolyte has been shown to increase the
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conductivity. The size and polarizability of the anions
coordinated to the mobile cations are the most important
factors that influence conductivity [40]. This section explains
several types of Li-argyrodites sulfide-based solid electro-
Iytes, such as LigPSsCl, LigPSsBr, and LigPSsl.

2.2.1 Synthesis methods

In 2008, LigPSsX (X: Cl, Br, and I) crystals were success-
fully produced through a stoichiometric reaction invol-
ving Li,S, P,Ss, and LiX in an inert gas. The synthesized
material was pressed and heated for 7 days at a tempera-
ture of 823K [52]. Subsequent studies have shown that
the preparation time of LigPS;X can be reduced, resulting
in a solid electrolyte with an argyrodite phase with an
appropriate crystallinity value. In 2011, LigPSsX synthesis
was successfully completed through a mechanical milling
method for 24 h with annealing for 5 h at a temperature of
823K [53]. Then, LigPSsX is synthesized rapidly using high
energy mechanical milling and annealed at 550°C for 5h
which produces an ionic conductivity of 0.74 mS cm™ at
298 K for X = Cl and Br [54]. The annealing temperature of
SSE materials greatly affects their performance and ionic
conductivity [55]. It needed higher temperature treatment
to reach large ionic conductivity value [56].

Milling time was shown to affect the Li-ion conduc-
tivity. The longer the grinding time, the smaller the resis-
tance, resulting in an increase in Li-ion conductivity [55].
Therefore, the optimum milling time needs to be investi-
gated. Due to the reactivity of the sample to moisture and
oxygen in the air, all phases of solid electrolyte prepara-
tion were carried out in an Ar atmosphere.

In addition to using the solid-state method, the synth-
esis of LigPSsX can be carried out using a wet chemical
method with an anhydrous tetrahydrofuran (THF) solvent.
Li,S and P,S; were mixed in a mortar and then dissolved
into THF, then mixed for 24 h at room temperature. Li,S
and LiX dissolved in ethanol were added to the mixture.
After mixing for 24h, the solution was centrifuged at
8,000 rpm for 10 min. The result, in the form of a clear
solution, is dried and pressed, then sintered for 6h at
550°C. All synthesis steps were completed in an Ar filled
glove box [57,58].

2.2.2 Material characterization
LigPSsX (X: Cl, Br, and I), or argyrodite, has a high con-

ductivity, and it is easily fabricated [59]. LigPSsX is a
halide-substituted from Li;PSg derivative [60]. The Li;PS¢



DE GRUYTER

type and its variants, such as LigPS;X, have a non-bcc type
anion framework with a network of tetrahedral sites for
mobile cations [11]. In the structure of LigPSsX crystal,
the unit cell in a completely ordered arrangement is a
face centered cubic lattice of halide ions (Wyckoff 4a).
PS;~, which has P on the Wyckoff 4b site, fills the octahe-
dral gaps produced by the halide ions. The Wyckoff 4d site,
often known as the “free S site,” and the tetrahedral site
(Wyckoff 16e) are the two potential locations for S [61]. The
structure of LigPS;X crystal, which is depicted in Figure 6,
crystallizes in the space group F43m with cubic symmetry.
Li-ions only fill the 24g locations of the split site 48h—24g-48h
” in LigPSsCl. They are spread over the 24g and 48h locations
in compounds with X = I and Br. PS;~ tetrahedra are formed
when P occupies 4b and S** occupies 16e. Unlike LigPSs,
where halide anions occupy exclusively the 4a sites, LigPS;Br
has occupation factors of 78% (4a) and 22% (4b) according to
neutron diffraction (4d). The occupation factors for LigPSsCl
are 39% (4a) and 62% (4d), respectively, indicating that the
bulk of Cl anions occupy the inner centers of the Li cages,
which are too tiny for I [62]. The structure of LigPSsX is similar
to that of pure Li;PS¢ as indicated by the XRD test showing the
same peaks at 20, 25.5°, 30°, and 31.2° [63]. To avoid direct
contact of the sample to the moisture and oxygen content of
the air, XRD testing of LigPSsX samples must also be com-
pleted in an Ar atmosphere [55].

2.2.3 Electrochemical properties
Deiseroth et al. found that the mobility of Li ions in

LigPSsX reaches 107°-107Scm™, which approximates
the mobility of Li-ions in the liquid electrolyte LiPFg in

Figure 6: LigPSsX crystal structure (X: Cl, Br, and I). The X anions
form a cubic close packed lattice with PS, tetrahedra in the octa-
hedral sites and free S~ in half of the tetrahedral sites. Reprinted
with permission from [62]. Copyright 2018, American Chemical
Society.
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carbonates [52]. LigPSsX synthesis via ball milling method
produced an ionic conductivity value of 10>Scm™ at
298 K [53]. Because of their excellent ionic conductivity
at RT, these compounds are considered one of the best
solid electrolytes for high-energy all-solid-state battery
applications.

The maximum ionic conductivity of LigPSsCl obtained
by ball milling process and annealing at 250°C is 1.1 mS cm ™.
In 2016, Zhou et al. did the synthesis of LigPS;Cl with a
solution-based preparative method, using THF/ethanol mix-
tures which resulted in a fairly large ionic conductivity value
reaching 3.9 mS/cm of the formula Lis_,PSs_,Cl;,, with
y = 0-0.5 [57]. Besides that, preparation of the compo-
site using liquid-involved synthesis methods is more
promising [64]. All solid-state batteries with the appli-
cation of the LigPSsCl electrolyte using a composite
cathode containing 1% by weight of ethyl cellulose has
a capacity of 111.7mA h g and is quite stable after 100
cycles. This shows that LigPSsCl is capable enough to be
used as a solid electrolyte [65].

LigPSsBr has the highest ionic mobility of Li* ions
among others [52] with Li jump rate of 10°s™! at 298 K
[51]. Synthesis of LigPSsBr was successfully carried out by
ball milling and annealing for 5h at 300°C, and milling
further for 4h at 450 rpm. The ionic conductivity of
LigPSsBr reached 1.38 mS cm™ [55]. LigPSsBr synthesized
via liquid-phase method using THF and EtOH has ionic
conductivity of 3.1mScm™ at 298 K. [66]. The ionic con-
ductivity was enhanced by various doping methods, such
as substitution [25]. Substitution to LigPSsBr formula
affects the structure and ionic mobility properties. The
substitution of LigPSsBr with formula Lig 35P0 ¢5 Sip 3555Br
result in ionic conductivity value of 2.4 mS cm™ [67].
Furthermore, substitution of S using Se in LigPS;Br with
formula LigPSs_, Se,Br results in higher ionic conductivity
value of 3.9 mS cm ™ [68]. Batteries with solid electrolyte
LigPS;Br as a mixture in the composite cathode are proven
to have good performance and stability [69,70]. LigPSsBr
has been successfully applied to battery and managed to
achieve a high and fairly stable capacity [71,72]. Therefore,
the LigPSsBr is capable enough to be used as SSEs [69,70].

Ionic conductivity and interfacial kinetics were also
improved by the addition of I [73,74]. The I-based con-
ductors synthesized through the solvent-based method
have a total ionic conductivity value of 0.12mScm™ at
298 K and a bulk ionic conductivity of 1.3mS cm™ [75] at
500 K. The ionic conductivity was enhanced by various
doping methods, such as substitution. The substitution of
Ge into LigPSsI with the formula Lig ¢Po ,Geg ¢SsI was con-
ducted and resulting ionic conductivity value was up to
18.4 x 107> S cm ™ with further sintering. [76].
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Anion doping could potentially help to improve the
stability of SSEs. The high electrochemical windows are
found in sulfide electrolytes containing halogen compo-
nents [77]. LigPSsX also has a large chemical stability
window for Li-ions which reaches 7 V [78]. Cyclic voltam-
metry under the observed conditions of the Li;P,Sgl elec-
trolyte revealed electrochemical stability of up to 10 V vs
Li/Li* [73]. This is high among other types of sulfide elec-
trolytes [79, 80]. Therefore, with its high electrochemical
stability and excellent value of ionic conductivity, LigPSsX
is acceptable to be used as a solid electrolyte in the Li-ion
batteries [81].

2.3 Li,MP,S, (M: Ge, Sn, Si, and Al)

Li,MP,S, is a derivative of the ceramic thio-LISICON
group, a group of solid electrolytes with good character-
istics. Li,MP,S, is a derivative form of L-P-S system.
Li;0GeP,Sy, (LGPS) is the first Li,MP,S, group developed,
which is the result of the development of the LiS-PS form
of the system, which was detected to have LisPS, and
Li,GeS, structures [82]. Ceramic-sulfide solids, such as
Li;GeP,S;, (LGPS), have gotten a lot of interest because
of their high ionic conductivity of 1-25 mS cm™ [83]. The
presence of Ge in Li,GeP,S;, have disadvantages in terms
of availability and cost of materials. However, there are
several alternatives that change the Ge component in
Li;0GeP,S;,. LGPS has a chemical formula (Li,MP,S,),
where M represents Ge which is replaceable with M: Sn,
Si, and Al. Li;oGeP,S;, (LGPS) has been examined further
and shows very high ionic conductivity values. However,
the price of Ge is quite high, and its limited availability
means that other alternatives are needed in order to be
manufactured at lower prices [49]. Some alternatives that
are used include Sn, Si, or Al because they maintain a
similar polygon structure [31]. This section explains sev-
eral types of sulfide-based solid electrolytes, such as
Li;0GeP,S1,, Li;oSnP,S:,, Li;SiP,S:,, as well as Lij; AlP,S,.

2.3.1 Synthesis methods

The synthesis of Li;(GeP,S;, was carried out by mixing
starting materials, such as germanium sulfide (GeS,),
lithium sulfide (Li,S), and phosphorus sulfide (P,Ss) in
a 5:1:1 molar ratio with agate mortar. The heat was given
during the mixing process [84]. The sample is formed into
pellets by applying pressure for the thickness to become
1mm. The crystallization phase of Li;(GeP,S;, is carried
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out by synthesis at above 400°C [85]. The material sin-
tering process is carried out for 8 h at 700°C. The sintered
material tends to be in the form of lumps of samples that
need to be pulverized into powder for further processing
[86]. The Li;GeP,S;, was synthesized using a solid-state
method and carried out in glove boxes at an Ar atmo-
sphere, because the material is very sensitive to moisture
and to avoid the formation of H,S [84].

A series of investigations of glassy solid electrolytes,
such as Li;;AlP,S;; have been carried out previously with
APP* replacing Ge*" in Li;oGeP,S;, and presenting high Li.
A" substitution was identified to remove non-bridging
sulfur which limits the conduction of Li-ions [63]. The
synthesis of Li;;AlP,S;, was carried out by mixing Al,Ss,
P,Ss, and Li,S. The molar ratio of each ingredient is 11:2:1.
The mixing is carried out mechanically by ball milling
for 10 h with a speed setting of 350 rpm. As a result of
sintering mixing, the material is inserted into a glass
tube. The sintering was carried out at various tempera-
tures of 400, 500, and 600°C for 18 h. The synthetic
variations were denoted by LAIPS400, LAIPS500, and
LAIPS600 [87].

Synthesis using Si and Al is a problem because it
is difficult to achieve the desired polygon structure. From
the three alternatives for replacing Ge, the use of Sn is
preferable. Li;oSnP,S;, (LSnPS) was synthesized by mixing
P,Ss, Li,S, and nanocrystal SnS, which had been synthe-
sized before in a molar ratio of 5:1:1. This mixture was
ball milled at 600 rpm for 30 min. Then, sintered with a
vacuum quartz tube for 2h at 500, 550, 600, and 650°C,
and then cooled. All of the processes for preparing LSnPS
should be performed in dry Ar gas atmosphere glove box
which contains O, and H,0 under 1 ppm [33].

Li;oSiP,S,, (LSiPS) was synthesized by mixing up
P,Ss, Li,S, and SiS, with a molar ratio of 5:1:1, using
ball milling for 20 h at 500 rpm in a 500 mL stainless steel
tube. The powder was pressed to form pellets on a
375 MPa Ti-die with a diameter of 1.3 cm to a thickness
of 2 mm. The pellets were heated for 8 h at 550°C and then
crushed with a mortar and pestle.

Solid-state sulfide-based batteries are assembled to
facilitate an Ar atmosphere. Besides, the challenge in
using sulfide materials as SSE is the formation of H,S
which should be prevented by the use of metal sulfide
and metal oxide additives [88].

2.3.2 Material characterization

Analysis of the structure of the Li,(GeP,S,, material has
been reported previously. The structure is shown in the
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Figure 7: Crystal structure of Li;oGeP,S;, (a and b). (a) Chains of (Ge/P)S, tetrahedral and Li,S¢ octahedral with shared edges formed a rigid
structural framework in which chains are connected in the <110> direction by the PS, tetrahedra. (b) The structural framework as a
polyhedral representation in the <001> direction. Reprinted with permission from [90]. Copyright 2016, American Chemical Society. (c)
Structure of Li;oSnP,S4,. Reprinted with permission from [95]. Copyright 2019, American Chemical Society.

Figure 7(a) and (b). The structure of Li;(GeP,S;, is a 3D
framework composed of LiS, tetrahedral, (GegsPo5)S,
tetrahedral, LiS¢ octahedral, and PS, tetrahedral [10],
[89]. The structure is made up of an immobile framework
of PS, and (Ge/P)S, tetrahedral, as well as a possibly
immobile octahedral LiS¢ complex. The average bond
length for Li-S bond is 2.65, which is a respectable length.
As a result, the LiS¢ octahedron (also known as the Li,
site) has been included in the framework. The (Ge/P)S,
tetrahedral shared edges with the LiSs octahedral, creating
chains in the <001> direction that are linked by PS, tetra-
hedral along the <110> location. Besides, the transport of
Li-ions and the high conductivity of LGPS have been
attributed to a 1D diffusion channel using two Li locations
(Li; and Lis, respectively) along the <001> direction, in
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c
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between the chains produced by (Ge/P)S, tetrahedral [90].
The analysis test using XRD on the Li;oGeP,S,, material is
shown in the Figure 8(a) which shows the typical spec-
tral features of early P,Ss;, GeS,, and Li,S materials,
while the band peaking at around 495 cm ™ was detected
as Li;gGeP,S;, material [91]. The main characteristic
of the diffraction peak is at 20 = 20°, 26.7°, and 29.4°
for Li;oGeP,S;,, corresponding to a tetragonal of the
P42/nmc space group [92]. The crystallite with a size of
723.21 A has a high purity with an electrolyte impurity of
less than 3.

The characterization test of Li;;AIP,S;, in the form of
X-ray diffraction (XRD) analysis has been carried out and
from the analysis results, the Li;; AlP,S;, shows peaks and
characterization similar to Li;oGeP,S;, [93]. The crystal

(b)| + LiySnP,S,, i 1
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Figure 8: (a) X ray diffraction of the Li;oGeP,S;, solid electrolyte. Reprinted with permission from [91]. Copyright 2013, Elsevier. (b) XRD
pattern of Li;oSnP,S;, at various annealing temperatures. Reprinted with permission from [95]. Copyright 2019, American Chemical Society.
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structure of Lij;AlP,S,; is typical 3D thio-LISICON which
has the arrangement of (Al/P) tetrahedral or and forms a
3D chain structure because it is connected by LiS, tetra-
hedral and LiS¢ octahedral [87].

Li;ocSnP,S;, (LSnPS) structure is a polygon crystal
with a space group of P42/mc a = 8.854A, and ¢ =
12.851 A lattice parameters. The 3D percolating structure
shows that ion conductivity Li* is high [47]. Li;oSnP,S;,
structure is seen in Figure 7(c). The Li;oSnP,S;, crystal
structure was characterized by XRD. The XRD pattern
shown in Figure 8 indicates comparison between annealing
temperatures of 500, 550, 600, and 650°C. The diffraction
peaks corresponding to the Li;oSnP,S,, crystalline phase
increased at 29.3°, 41.3°, 47.1° and 500°C strong tempera-
ture. The top of diffraction which are recognized as the
crystalline phase of Li;SnP,S;, formed approximately at
20.1°, 23.8°, 26.7°, 36.2°, and 37.3° of the sample at the
annealing temperature of 550°C. The multiple peak crystal-
lization is identified and the strength of the XRD pattern is
boosted greatly at 600°C as the optimum strong tempera-
ture. This indicates that the Li;z:SnP,S;, has a high crystal-
lization, which improves the electrolyte’s ionic conductivity
significantly. However, following strong temperature at
650°C, the diffraction peaks at 17.1°, 34.2°, 34.5°, and
34.8° of the Li;oSnP.S,, disappeared. These results showed
that the best annealing temperature to synthesize LSnPS is
at 600°C. The LSnPS powder particles measure up to
1-3pm and the diameter of LSnPS pellet is 10 mm and
the thickness is 1.1mm [33]. To measure crystallization
level of the final LSiPS material, an XRD analysis was
performed. The resulting XRD pattern shows the structural
similarity between LSiPS and LGPS. Based on the crystal
structure, LGPS and LSiPS have the same structure in the
space group of P42/mc (no. 137) with a lower lattice para-
meter value than Li;oGeP,S;, (LGPS), a = 8.6512 (5) A and
¢ = 12.5095 (8) A as demonstrated by Le Bail refinements
[94]. Interestingly, LSiPS and LGPS have a near identical
structure. According to the Rietveld, the LSiPS and LGPS
structures have a secondary phase of approximately 15%
LISICON. This phase reduces the high level of pure super-
ionic polygon conductivity. This is due to the fact that
LGPS and LSiPS are extremely sensitive to heat and envir-
onmental conditions.

2.3.3 Electrochemical properties

SSEs Li;0GeP,S;, (LGPS) is a type of sulfide with a high con-
ductivity value at 298 K. Ionic conductivity of Li;oGeP,S;, can
be compared to liquid organic electrolytes in Li-ion. The
Li;nGeP,S,, is expected to have a high solid-state battery
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charge and discharge performance because it has high ionic
conductivity [82]. The Li;qGeP,S;, (LGPS) is an interesting
material after the first discovery in 2011, which showed ionic
conductivity value of 12mS cm™ at 298 K [10]. This value is
obtained from the sum of bulk resistance and grain bound-
aries. The temperatures between 100 and 110°C show acti-
vated energy of 24 K] mol™! which identifies it as a super
ionic conductor [10].

Li;AlP,S;, has ionic conductivity value of 0.802mS cm™
at 298 K, and has electrochemical stability up to 5.0 V with an
activation energy of 25.4 K] mol . The Li-ion conduction in
Li;,AlP,S;, has potential and important in solid-state battery
development [87].

The synthesis of Li;(SnP,S;, (LSnPS) has total ionic
conductivity value of 3.2mS cm! at 300 K. Meanwhile,
the instability of Li;oSnP,S;, electrolyte in the lithium
anode becomes one of the disadvantages. However, no
obvious cathodic and anodic peaks are seen in the SS]|
Li;oSnP,S;, |Li-In cell across the voltage range of —0.5 to
5V, suggesting redox reaction does not happen at the
Li;oSnP,S;,/Li-In interface [33]. Apart from its superior
properties, the price of the raw material for making
Li;oSnP,S;, is only about 1/3 of Li;zGeP,S,, [34]. More-
over, Li;oSnP>S;, (LSnPS) has been commercialized under
the NANOMYTE brand in powder (SSE-10) and slurry
(SSE-10D) was formed [49]. However, the Li;oSnP,S;,
electrolyte is not stable against the lithium anode [96].

Li;oSiP,S;, (LSiPS) is an alternative electrolyte to sub-
stitute Ge in the LGPS electrolytes other than Li,oSnP,S;,
(LSnPS). To compare the performance among them, in
terms of ionic conductivity, diffusivity, and activation
energy values, LSiPS shows a better value than LSnPS.
The Li diffusivity of LSiPS was higher than LGPS, while
the Li diffusivity of LSnPS was slightly lower. LSiPS has a
lower activation energy value than LGPS, while LSnPS
has a slightly greater value. Besides, the value of bulk
ionic conductivity, when it is compared to LiSnPS, which
is derived from NMR diffusivity calculations, LSiPS has a
higher value [40]. Li;oSiP,S;, (LSiPS) showed a conduc-
tivity value of 2.3 x 10> mS cm ™ with 0.29 eV activation
energy. This value indicates a high conductivity value for
unsintered materials [36]. The combination of Sn and Si
to replace Ge resulted in the significant enhancement of
ionic conductivity. At ambient temperature, Li;Sig 3Sng 7P>S1»
have ionic conductivity value of 8 x 10> S cm™, that is rela-
tively high when compared to the materials with single Sn or
Si [49]. This shows that the combination of Sn and Si is used
in solid-state as an electrolyte material.

Based on the cyclic voltammetry test, the lithium
sulfide-based solid electrolyte material shows a wide
electrochemical stability window of 0-5V, including
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LGPS [10], LAIPS [87], LSnPS, and LSiPS. However, based
on calculations, the electrochemical window of LGPS is
narrower than 5V [97], only in the range of 1.7-2.1V.
Moreover, the stability window value is low compared
to other solid electrolyte types, such as LLZO, LATP,
and LISICON group [98]. The formation of new interfaces
due to the degradation of electrolyte material is the basic
problem in solid electrolyte stability. The results reveal that
the electrochemical window for both solid electrolytes is
substantially narrower than that reported previously based
on electrode semiblocking. To overcome the high interfacial
resistance, stabilizing the solid electrolyte is required. The
key to the good performance of all solid-state Li-ion bulk
type batteries is to expand the electrochemical stability
window solid electrolyte through spontaneous formation
or application of the artificial SEI layer [99] (Table 1).

3 Conclusion and future
perspectives

Due to its low cost, strong Li-ion conductivity, and large
electrochemical window relative to Li/Li*, the binary

Table 1: Summary of properties of sulfide solid electrolytes
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(100 - x) Li,S-xP,S5 system, as an important member of
solid sulfide electrolytes, is a particularly desirable elec-
trolyte choice for solid-state batteries. LisPS,, Li;PsSii,
and Li,P,S¢ have been extensively studied among various
compositions. LisPS, has good compatibility with lithium
metal, Li;P5S;; has a high conductivity of greater than
1mScm ™ at 298K, and Li,P,S¢ is quite stable in main-
taining its structure crystals up to temperatures as high
as 950°C in vacuum and up to 280°C in air. Although
solid electrolytes based on Li,S—P,S; come with limita-
tions in terms of chemical and electrochemical stability,
they are promising candidates for the next generation of
SSBs due to their high ionic conductivity (>10™* Scm™).
To overcome these limitations, the stability of the mate-
rials should be assessed in a strict way. Likewise, with the
synthesis method used, it is necessary to conduct a thor-
ough examination of the relationship between the synth-
esis method and the properties of the resulting material.

The Li-argyrodite solid electrolyte is another sulfide-
based solid electrolyte. At 298 K, argyrodite type solid elec-
trolytes, LigPSsX (X: Cl, Br, and I), have a high ionic con-
ductivity, with values in the range from 10~ to 10> S cm™
for Cl and Br. LigPS;X is generally synthesized by the ball
milling method, but can also be synthesized by the wet

Sulfide solid electrolytes lonic conductivity Activation energy Electrochemical stability (V) vs Li*/Li  Ref.
(mScm™) (k) mol™®)
LisPS, 0.16 60-73 - [28,100]
Li;P3S41; 1.3 0.29 x 107 5 [30,49]
Li,P,Se 0.002 0.46 x 10722 - [38]
Li;0GeP,S1, 120 23.156 -0.5t05 [10]
Li;oSnP2S1, 7 26.051 - [101]
57.89 — [101]
2 29.91 — [102]
~3 - 05to5 [103]
5 25.086 0.5 [104]
3.2 20.262 -0.5-5 [95]
Li10SiP,2S12 2.3 24.025 0-5 [94]
- 18.332 - [105]
Li;;AlP,S;, 0.8 25.086 5 [87]
LigPSsX 1-10 — - [52]
LigPSsCl 0.22 25.086 — [53]
0.74 10.613 - [54]
1.33 28.95-38.59 0-7 [78]
1.1 15.438 - [56]
1.3 30.875 -05to5V [65]
0.74 - - [57]
LigPSsBr 1-10 19.3 — [51]
0.72 16.403 [54]
1.38 14.473 0-4.2V [55]
3.1 29.1 - [66]
LigPSsl 0.00046 24121 - [54]
Li,PS,l 0.12 41.489 — [75]
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chemical method using THF and EtOH as solvents. Apart
from its high conductivity, LigPSsX also has the largest che-
mical stability of any sulfide based solid electrolyte, up to
10V vs Li/Li*. Therefore, with its high electrochemical sta-
bility and excellent ionic conductivity value, LigPS;X is
acceptable as an SSE in the Li-ion batteries. So, further
research to improve the electrochemical performance of
LigPSsX still needs to be done to get the best performance
from this solid electrolyte.

Based on a review of the types of sulfide-based solid
electrolyte that have been carried out, LGPS is a material
that has the highest ionic conductivity value. Li;oGeP,S;,
(LGPS) has the greatest conductivity value of Li* at room
temperature and excellent electrochemical performance.
However, the price of Ge required for the synthesis of
LGPS is relatively expensive, therefore, it is a big consid-
eration in the use of LGPS as a solid electrolyte. A cheap
and abundant source of Ge is needed to reduce the cost.
One of the alternative sources is recovering Ge from coal
and sphalerites [106]. Ge is an impurity in sphalerites
[106]. In addition, recoverable Ge content is also found
in coal. The discovery of the Ge content in coal was first
made in 1935, when it was known that coal ash contained
up to 1.1% Ge [107]. The use of coal in the world is still
quite large, reaching 5,400 mtce in 2019 [108]. The esti-
mated ash produced reaches 5% of the amount of coal
used. Meanwhile, 75% of the coal ash produced has not
been managed properly [109]. This creates opportunities
for the utilization of the Ge content in coal ash, in order to
reduce the cost of producing LGPS. Besides, the electro-
chemical stability window of LGPS is quite narrow, 0-5V
or even narrower than that. As a result, increasing the
electrochemical stability of this type of solid electrolyte
by forming a spontaneous SEI layer or applying an arti-
ficial SEI layer is required. Other classes, such as LPS and
LigPS;X (X: Cl, Br, and I) are also options for solid elec-
trolyte applications: however, Li,MP,S, (M: Sn, Si, and
Al) still outperformed them. Therefore, with its conduc-
tivity value, LGPS is the most promising solid electrolyte,
but further research is needed to increase the stability
window to support perfect electrochemical performance.

Assembling sulfide-based electrolytes in solid-state
batteries should be under Ar atmospheric conditions,
because of the sensitive nature of the material. The low
chemical stability of sulfide-based solid electrolytes to
environmental humidity should be overcome. The hydro-
lysis of solid electrolytes leads to the formation of toxic
H,S gas. The solution offered for the H,S gas problem is
the use of M,0, metal oxides, such as Fe,05, Bi,0;, and
Zn0O which can act as H,S gas absorbers, by responding
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spontaneously to Gibbs energy from the reaction between
M,0, and negative H,S gas to form metal sulfides [88].
This also opens up opportunities for further research on
improving the stability of solid electrolyte materials in
atmospheric conditions.
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