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Abstract: As lithium rechargeable batteries are considered
a potential candidate for large-scale energy storage applica-
tions in devices such as electric vehicles (EVs) and smart
grids, their safety has become of prime concern. This calls
for the need to replace the flammable organic liquid electro-
lyte (LE) with an inorganic solid electrolyte (SE), and thus,
develop bulk-type all-solid-state lithium batteries (ASLBs),
fabricated using a scalable process. Sulfide SEs are consid-
ered the most competitive candidate owing to their high
conductivity at room temperature (107°-10"2Scm™'), which

is comparable to that of LEs, and their ductility, which ena-
bles the fabrication of ASLBs simply using cold pressing. In
the present review, issues and challenges to be faced for the
fabrication of bulk-type ASLBs using sulfide SEs are present-
ed and discussed, with a special focus on the development
of SEs, compatibility of the electrode materials with SEs,
and structure of the composite electrodes. Recent progress
made with the aim of addressing the aforementioned issues
and challenges is also presented, to provide an outlook on
the future of SEs and ASLBs.
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1. Introduction

Since Sony Corporation commercialized the first products
featuring lithium-ion batteries (LIBs) in the early 1990s,!"
LIBs have begun to emerge as the most suitable power
source for portable electronic devices.”) The most impor-
tant advantage of LIBs is their high energy density, which
originates from their high voltage of ~4 V.?! Since the
electrochemical window typical of aqueous liquid electro-
lytes (LEs) impedes LIBs reaching such a high voltage,
the development of organic LEs was the basis of the suc-
cess of the LIB.”! The state-of-the-art organic LEs consist
of a lithium salt, such as LiPF,, dissolved in a mixture of
linear and cyclic alkyl carbonates, exhibiting an ionic con-
ductivity of ~102Scm™! at room temperature (RT).?*d
However, the intrinsic nature of organic LEs poses seri-
ous safety concerns regarding their flammability and pos-
sible leakages.>*! The safety of LIBs is of prime concern
because they are considered a potential candidate for
large-scale energy storage applications in devices such as
electric vehicles (EVs) and energy storage systems.”™
All-solid-state lithium batteries (ASLBs) using inorganic
solid electrolytes (SE) are considered as an ideal alterna-
tive to ultimately realize safe LIBs.** Their broad oper-
ating temperature range is also an important benefit from
the point of view of energy storage applications.’** Addi-
tionally, SEs offer two significant advantages over LEs.
First, only the cation, Li*, is mobile; thus, its transport
number is 1. Second, Li* ions at the electrode/SE inter-
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face are not subject to desolvation, with positive effects
on the charge transport, which explains the appreciable
amount of activation energy and the related kinetic prop-
erties typical of LE cells.® Considering these two fea-
tures, it is reasonable that batteries using SEs may outper-
form batteries using LEs, if the ionic conductivity is the
same. [

Thin film ASLBs using LiPON (Li;;PO;4N;;) as the
SE are well-known commercialized batteries showing ex-
cellent performance.”” However, the use of thin film
ASLBs is restricted to small-scale applications, such as
smart cards and microelectronic devices, due to the highly
expensive vacuum deposition process required for their
fabrication.”®! Recently, great attention has been paid to
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a bulk-type (or composite-type) ASLB suitable not only
for portable electronic devices, but also for large-scale ap-
plications.’**?! As shown in Figure 1, a critical feature of
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. Cathode material

. Anode material
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Figure 1. Schematic diagram of bulk-type all-solid-state lithium
batteries (ASLBs) using sulfide solid electrolyte (SE).

the bulk-type ASLB is its composite electrode structure,
in which the active materials, SE powders, and the con-
ductive materials, such as carbon, exist as particulate mix-
tures. Bulk-type ASLBs do not need any expensive
vacuum deposition process to be fabricated, which is
promising for large-scale applications. In the bulk-type
ASLBs, SE particles replace the LE typical of conven-
tional LIBs. The thick composite-structured electrode in
the bulk-type ASLBs is an indication their energy density
can be increased, thus making them compete with con-
ventional LIBs. However, this requires highly conductive
SEs which exhibit ionic conductivity comparable to that
of LEs (~1072Scm™! at RT).

To date, many SEs with conductivities over 10—
107 Sem ™" at RT have been developed, as seen in Fig-
ure 2.4 Among the materials suitable to be used as
SEs, oxides!""™ and sulfides***'%l have been extensively
investigated for ASLBs.

Yoon Seok Jung is a Professor in the
School of Energy and Chemical Engi-
neering at UNIST, Korea. He received
his BS degree (2001) and Ph.D. (2008)
in Chemical Engineering from Seoul
National University, Korea. Before he
joined UNIST in 2011, he worked as

a postdoc fellow at the University of
Colorado in Boulder (2008-2009), at
the University of Texas at Austin
(2009), and at the National Renewable
Energy Laboratory (2009-2011), USA.
His current research is focused on
electrode materials and solid electro-
lytes for rechargeable batteries.

Isr. J. Chem. 0000, 00, 1—15

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Israel Journal

of Chemistry
(0]
T(°C)
200 100 25 0 -50
10° 1 1 1 1
Li,S-SiS,-LisPO, glass
TOT e e AU e
I 02 JHaalRaPorst N
S
o Li,S-P,Ss glass
2
é\ 103 s
>
g h
>
2 10+
@]
\ N LigPsS, \
O LiPON ~\ Lag sLig sTiO; \
'9 ‘Li$$PO3§NU]7) . \ \
c 105 e N s N
° \. % Polymer electrolyte \
\ | \(LiTFsi/PEO) \\
N \
\\ \
1 0—5 ................ Q ................ ‘Organic! Irqmd-\"-
\\ electrolyte \
N\, (1MLPFy/ECPC)  \
\\
107 T T T T b T T
2.0 2.5 3.0 3.5 4.0 4.5 5.0
-1
10%T (K"

Figure 2. lonic conductivity of various sulfides suitable for SEs as
a function of temperature. The ionic conductivities of other liquid
and solid electrolytes (LEs and SEs) are shown for comparison.®**

The perovskite-structured Liz Lay; 5[50, 1105
(0<x<0.16) (LLT),™ the NASICON-structured
Li;3Al 5Ti ;(PO,)3,1%  and  the  garnet-structured
Li,La;Zr,0,, (LLZ)!"™ are the most famous oxides used
as SE materials. They exhibit conductivities in the range
of 107*-10°Scm™! at RT, which is acceptable for bulk-
type ASLBs, although not ideal. They can be handled in
an atmospheric environment, which is another advantage.
However, their brittleness poses a critical restriction for
the fabrication of bulk-type ASLBs.>'!l Cold pressing of
a mixture of active materials with a selected oxide as the
SE is not enough to form the favorable two-dimensional
contacts necessary for an effective Li* ionic conduction
throughout the three-dimensional composite electrode
structure.”""! Instead, a sintering process at elevated tem-
perature is necessary.'!! This kind of heat treatment gen-
erates unwanted interfacial reactions, resulting in the fail-
ure of bulk-type ASLBs using one of these oxides as the
SE during operation."!! However, several exceptions
exist. ASLBs with the phosphate-based material,
Li;V,(PO,);, used as the electrode, and the phosphate-
based material, Li; sAl sGe;5(PO,);, used as the SE by
sintering via the spark plasma method, gave a per-
formance of ~100 mAh (g of Li;V,(PO,);) " The addi-
tion of Li;BO; and AlL,O; to Ca- and Nb-doped LLZ
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could reduce the sintering temperature to 790°C and the
LiCoO,/Li battery could work.'”! However, the cycle test
for the Li;V,(PO,); ASLB was conducted at a very low
C-rate (C/20-C/40) at the temperature of 80°C."! Also,
the LiCoO, ASLB using the Ca- and Nb-doped LLZ sin-
tered with Li;BO; and Al,O; showed a very low discharge
capacity of 78 mAh g~! at a very low C-rate (~C/100).[1%

The most important advantage of sulfide SEs over
oxide SEs is that the former can be easily deformed,
simply by cold pressing.”™” The research group of Tatsu-
misago reported that Li,S-P,S; SE materials display
Young’s moduli between the one typical of oxide ceram-
ics and the one typical of organic polymers.”) The un-
wanted interfacial reaction between the electrode materi-
als and the SEs occurring during the fabrication process,
may consequently be avoided. This encourages a more
extensive investigation on sulfide SEs for ASLBs."**>4l

In the following sections, we will discuss the issues and
challenges when using sulfide SEs for bulk-type ASLBs,
from the development of SEs, in terms of improving their
ionic conductivity, stability in air, and electrochemical sta-
bility, to their compatibility with the electrode materials,
particularly when using lithium metal as the anode,
Li MO, (M=Co, Ni, Mn), and sulfur or Li,S as the cath-
ode, but also considering innovative electrode materials.
Finally, we will describe and discuss the design of compo-
site electrodes.

2. Conductivity of Solid Electrolytes

The high ionic conductivity of SEs, compared with that of
LEs (~1072Scm™), is the prerequisite for the employ-
ment of high-energy ASLBs at ambient temperature. The
main constraints on the material design of SEs can be
summarized as follows. First, the larger and the more po-
larizable the ions, the more preferable they are for ach-
ieving higher ionic conductivity.'%! It is known as a gen-
eral trend that the isovalent substitution of oxygen with
the larger and more polarizable sulfur tends to increase
the conductivity of the compound.'® Second, the crea-
tion of an interfacial vacancy caused by the aliovalent
substitution can strongly affect the ionic conductivity.!'"
In 2001, Kanno and co-workers reported the thio-lithium
superionic conductor (thio-LISICON, Li;,sGe(,5Py75S,),
which was the first crystalline ionic conductor having
a high ionic conductivity (2.2x107°>Scm™ at 25°C) and
a high decomposition potential.'” Recently, the same
group published a work on Li;GeP,S,, (LGPS, 1.2x
102Scm™' at RT).! Even though thio-LISICON and
LGPS do not present an identical structure, both are
based on the concept of aliovalent substitution: both have
the same chemical formula, Li, ,Ge, ,P.S,, with x=3/4
for thio-LISICON and x=2/3 for LGPS. The extremely
high conductivity of LGPS triggered an explosion of in-
terest in this field. The ab initio calculation of LGPS by
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Ceder and co-workers claimed ionic conductivities of 4 x
1072Scm™" in the c-direction and 9x107* Scm™ in the ab
plane.' The calculated overall conductivity'® of 9x
107 Scm ™! agrees well with the experimental value (1.2 x
1072 Scm ™). This result suggests that the ionic conduc-
tion in LGPS occurs in three dimensions, rather than in
one dimension. The isotropy of ionic conduction in LGPS
was also confirmed by the structure investigation per-
formed using single-crystal X-ray analysis."”! The theoret-
ical approach for the Liy,,;MP,X;, family (where M=
Ge, Si, Sn, Al, or P, and X=0, S, or Se) anticipated that
the isovalent substitution of germanium into cheaper ele-
ments, including silicon or tin, would have small effects
on the ionic conductivity of the compound.'® The high
conductivity of 4x107°Scm™"' at 27°C, obtained experi-
mentally using Li;SnP,S,,, is in line with the aforemen-
tioned theoretical calculations."” The aliovalent substitu-
tion of tin with arsenic in LiSnS,*" to give
Li,_Sn,_,As,S,, where x=0.125, was also demonstrated
to significantly increase the conductivity of the compound
from 7.1x107° Sem ™! to 1.39x 107° Sem ! at 25°C.I

Li,S-P,Ss glass-ceramics are another important class
among the sulfides used for SEs. Crystallization of
Li,S-P,S; glassy powders at elevated temperatures im-
proved the conductivities of the obtained compounds,
giving values of ~1073Scm .12 The glass-ceramic
powders were obtained by the heat treatment of glassy
powders prepared from mechanical milling or melt-
quenching methods.[!%?1a=] The compound
xLi,S-(100—x)P,Ss with x=70.0-80.0 has been extensively
studied.'"?'"*< Particularly, stoichiometric Li,P;S,; (or
70Li,S-30P,Ss) and Li;P;S;,_, exhibited the highest con-
ductivities at 25°C: 42x102Scm™! and 54x1073Scm™,
respectively.”'*! Tt should be noted that the contribution
to the resistance given by the grain boundaries becomes
more important for highly conductive materials. Recently,
the conductivity of Li;P;S;; was measured after optimiz-
ing the heat treatment of the SE pellet, so that the grain
boundary resistance could be minimized by densification,
allowing the conductivity to reach 1.7x10*Sem ™' at RT,
a value even higher than that of LGPS (1.2x
102Sem ™). Glass-ceramic SEs doped by germanium
were also studied.”? Advantages of the glass-ceramic SEs
over the crystalline ones might include their relatively
lower heat-treatment temperature. Crystallization of
glassy sulfides occurs at ~200-300°C, which is, in turn,
the temperature for preparation of the glass-ceramic
SEs.l'®2! In contrast, the crystalline SEs are prepared at
~450-600°CB*1024.1923] ~ Another family of crystalline sul-
fides used as SEs, Li-argyrodite Li;PSsX (X=Cl, Br, I),
also exhibited a high conductivity of 10107 Scm™" at
25°C.%! Table 1 summarizes the ionic conductivities of
various crystalline and glass-ceramic SEs.

Glassy sulfides were studied extensively before the
crystalline (e.g., thio-LISICON and LGPS) and glass-ce-
ramic materials were reported. Glassy sulfides for SEs in-
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Table 1. lonic conductivity of crystalline and glass-ceramic sulfide SEs.

Composition Structure Conductivity (x107 Scm™) Activation energy (k) mol™) Reference
Li; 55Geg55Po 7554 Crystal 2,16 20 [10a]
(Thio-LISICON)

LiyGeP,Ss, Crystal 126 24 [3a]
LigPS,Cl Crystal 133 29-39 [23b]
(Li-argyrodite)

Lis §335N0.833AS0.16654 Crystal 1.39 20 [10d]
LiyoSnP,S:, Crystal 4 [19]
Li,P,Sy Glass-ceramic 1.4%1/4.219/5.41 1 7 178 [4,21¢]

[a] Measured using the pellet densified at elevated temperature. [b] Measured using the cold pressed pellet (Ref. 4). [c] Measured using the
cold pressed pellet (Ref. 21e). [d] Li;P5S;,_,. Measured using the cold pressed pellet (Ref. 21e).

clude LinS-P,Se2 Li,S-SiS,Li;N>! Li,S-P,Ss-Lil,”
Li,S-SiS, LiL?) Li,S-SiS,-Li MO, Li,S-GeS,” and
Li,S- B,S;- LiL,*" all exhibiting conductivities in the range
of ~107*-10° Scm ™" at RT.

3. Behavior of Solid Electrolytes in Air

The most serious drawback of sulfide SEs is their chemi-
cal instability in air. Sulfide SEs tend to react with the
water contained in the air, generating harmful H,S
gases.'"3! Among the Li,S-P,Ss SEs, the ones having an
ortho-composition (75Li,S-25P,Ss or Li;PS,) were report-
ed to exhibit the highest stability, reasonably because the
PS,*” ion is more difficult to hydrolyze from the water in
the air with respect to other ions, including P,S,* .l A
reduced H,S generation from sulfide SEs exposed to air
was achieved using materials with a new composition. For
instance, addition of Li,O or Lil into Li,S-P,Ss (to give
7Li,0-68Li,S-25P,S; and 30Lil-70(0.07Li,O -0.68Li,S -
0.25P,S;)) significantly decreased H,S gas generation.l*”
Addition of FeS and basic metal oxides, such as CaO, to
Li,S-P,S; also suppressed the generation of H,S gas.’! In-
teresting results were also achieved using the relatively
uncommon Li,SnS,*” as a starting point. Liang and co-
workers demonstrated that substituting tin with arsenic in
Li,SnS, provided both high ionic conductivity (1.39x
107 Scm™ at RT) and outstanding chemical stability to
water.l'"! Figure 3 shows that the changes in the structure
and ionic conductivity of Li;g33Sn)533A8016634 SEs after ex-
posure to humid air were negligible.'"! The excellent
chemical stability of Li, ,Sn, ,As,S, can be explained by
the theory that soft acids, such as tin and arsenic, prefer-
entially react with soft bases, like sulfur, rather than with
hard acids, like oxygen.['*

4. Electrochemical Stability of Solid Electrolytes

It is well known that the electrochemical stability of LEs
plays a main role in the performance, such as durability,
rate capability, and safety, of the LIBs.>***! The impor-
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Figure3. a) XRD patterns and b) Arrhenius plots for

a Lisg33SN0533AS016654-based SE before and after air exposure. Re-

sults of B-Li;PS, are shown for comparison. Adapted with permis-

sion from Ref. [10d].

tance of the electrolyte electrochemical stability is high,
and is therefore also desired in the case of SEs. For exam-
ple, even though Li;N exhibits a high ionic conductivity
of 107 Sem ™!, its low decomposition potential of ~0.4 V
(vs. Li/Li*) impedes its employment in ASLBs.’® Anoth-
er example is given by the oxide SEs. The perovskite-
structured LLT undergoes decomposition in contact with
metallic lithium because Ti** cations are reduced to Ti**.l'"!
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However, the invention of LLZ, with fixed-valent zirconi-
um in place of the titanium, solved this problem.!'""

Although it is not yet well known, sulfide SEs also
have limited electrochemical windows. Theoretical calcu-
lations carried out for the Li,,,,MP,X;, family (where
M=G@Ge, Si, Sn, Al, or P, and X=0, S, or Se) provide an
insight on the electrochemical stability of various materi-
als used for SEs."®! The band gap of LGPS was calculated
to be 3.6 eV, suggesting a relatively narrow electrochemi-
cal window." Germanium in LGPS is believed to be re-
duced at a low potential,* similar to titanium in LLT.!'"!
Li,S and P,S;s are expected to be formed as a result of de-
composition."®! Recently, Jung and co-workers confirmed
that the structure of LGPS is altered even at 0.6 V (vs.
Li/Li*), most likely forming an Li,S phase, which explains
the significant degradation in the performance of TiS,/
LGPS/Li-In solid-state batteries.®™ The Li,S-P,Ss-based
SEs turned out to be more stable at low voltages than the
LGPS-based SEs, as shown in Figure 4. At positive volt-
age ranges, the onset voltage triggering the oxidative de-
composition is ~3.0 V (vs. Li/Li™).[43]

Even though the restricted electrochemical stability can
degrade the performance of ASLBs, the electrochemical
window itself does not directly limit the operating voltage
range of ASLBs. Graphite has been successfully em-
ployed in LIBs, in spite of the decomposition of LEs oc-
curring at <1V (vs. Li/Li").** In addition to the intrinsic
electrochemical stability of the electrolyte, a favorable
passivation is important, because it may suppress the con-
tinuous process of decomposition.”” In this context, the
engineering of the interface between the active material
and the SE is a critical issue in ASLBs, and this will be
discussed in the following section.

a
013
//
7
/
-100
— LPS, 1st
——— LPS, 2nd
-200 —— LGPS, 1st
——— LGPS, 2nd
T T T T T
0.0 0.5 1.0 1.5 2.0

Current Density (UA cm™®)

15 2.0 25 3.0 35 40
Voltage (V vs. Li/Li")

Figure 4. Cyclic voltammograms of Ti/Li;PS, (LPS)/Liln and Ti/
LGPS/Liln cells: a) in the negative potential range; and b) in the
positive potential range. Adapted with permission from Ref. [35].
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5. Compatibility of Electrode Materials with Solid
Electrolytes

The success of state-of-the-art LIBs may be attributed
not only to the use of suitable electrode materials, but
also to the carbonate-based LEs, with their kinetically
wide electrochemical windows and their excellent com-
patibility with the electrode materials.”! For example,
fully reversible intercalation-deintercalation in LiVS,
became possible when using the electrolyte which is com-
monly used nowadays, namely 1 M LiPF; in ethyl carbo-
nate:diethyl carbonate (1:1 vol. ratio), whereas the tradi-
tional electrolyte used for the studies performed in the
1970s, 1M LiClO, in propylene carbonate, had a detri-
mental effect on the performance of LiVS,.*”) Under-
standing the phenomena taking place at the interface be-
tween the sulfide SEs and the electrode materials is cru-
cial. In addition, new opportunities may arise to (re)in-
vestigate the compatibility of already known or innova-
tive electrode materials with the sulfide SEs.

5.1. Lithium Metal

Lithium metal is supposed to be an ideal anode for all
types of lithium secondary batteries, including alternative
batteries such as Li-S and Li-air batteries, because of its
high theoretical capacity (3862 mAhg™"), the lowest oper-
ating potential among all the known anode materials, its
metallic nature, and the fact that it avoids the use of pre-
lithiated cathode materials.”® However, a severe safety
concern, associated with eventual internal short circuits
caused by the dendritic growth of lithium during repeated
deposition and dissolution cycles, brought the ban of lithi-
um metal in commercially available LIBs.*” The ASLB,
which is free from flammable components, can take ad-
vantage of the use of lithium metal as the anode, maxi-
mizing its energy density.

Two issues, however, must be addressed. First, ASLBs
also suffer from the internal short circuits caused by ab-
normal lithium growth. In the experiments carried out
using the Li,S-P,Ss; SE pellet shown in Figure 5a and Fig-
ure 5b, it was observed that lithium metal tends to grow
in the voids and along the grain boundaries of the SE
pellet.*”) As a result, a sign of internal short circuit in the
charge voltage profile (indicated by the arrow) is usually
observed, as shown in Figure Sc. It was observed that
during charging (or delithiation) of LiTiS,, metallic lithi-
um was deposited on the Li metal anode, leading to the
growth of lithium in the voids and along the grain boun-
daries of the cold pressed SE layer. Second, the chemical
stability of the SEs in contact with lithium metal can be
affected by its composition. Jung and co-workers reported
that the structure of LGPS is severely altered at low volt-
age ranges, likely generating a Li,S phase.” The poor
chemical stability of the SE in contact with lithium was
also found in the As-doped Li,SnS,, in which tin acts as
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Figure 5. SEM images of a) 80Li,S-20P,S; SE surface before cy-
cling; and b) 80Li,S-20P,S; SE cross-section after lithium deposition
on the side of a stainless steel (SS) current collector in all-solid-
state cells of Li/SE/SS. Adapted with permission from Ref. [40]. c)
First discharge-charge voltage profile of TiS,/SE/Li cell at
0.075 mAcm™2 at 30°, with the 75Li,S-25P,S, glass-ceramic as the
SE.

a reducing center.'™ A protective coating on
Li; 53350 433A8 16654, made with 3LiBH,-Lil, enabled the
reversible cycling of lithium metal'® A thin indium
layer prepared by vacuum evaporation can be employed
to achieve good cyclability of Li/Li TisO,, cells at high
current density, due to the intimate contacts formed at
the SE/Li interface.”!! Enabling the use of lithium metal
as the anode will remain a challenge until significant de-
velopments of composition, surface modifications, and
pelletized microstructure of SEs are made.

5.2. Li,MO,

As for the conventional LIBs using LEs, the layered or
spinel Li,MO, (M=Co, Ni, Mn) cathode materials are
considered as viable candidates for ASLBs because of
their highly reversible intercalation-deintercalation reac-
tion with low dimensional change and high operating po-
tential. To date, many Li, MO, materials, including Li-
COOZ’[3a,5a,9,14d,23b.c,32.36,41,42] Li[Ni,MH,CO]OZ,[4zae’43] and LiM-
n,0,, have been tested in ASLBs using sulfide SEs.
However, the bare Li,MO, showed much lower capacity
than the theoretical one, a large amount of irreversible
reaction during charging, and a high overpotential, shown
in Figure 6.*" The poor performance of Li,MO, origi-
nate from the intrinsically low oxidation onset potential
(=3 'V vs. Li/Li*) of the sulfide SEs,***! as confirmed by
the abnormal sloping plateau starting at ~2.3-2.4 V (vs.
Liln), shown in Figure 6a.1" Tatsumisago and co-workers
investigated the interface between LiCoO, and Li,S-P,S;
SE after charging using electron microscopy.™ It was ob-
served that the elements originally found in LiCoO, and
Li,S-P,Ss SE mutually diffuse, as shown in Figure 7.5
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Figure 6. a) First charge and discharge voltage profiles; and b)
cycle performance for LiCoO,/SE/In cells. Adapted with permission
from Ref. [42h].

The formation of a new interfacial layer, mainly consist-
ing of cobalt and sulfur, was suggested to be the cause of
the poor performance.’® Takada and co-workers adopted
the “space-charge layer theory”!*! to explain the poor be-
havior at the interface between LiCoQO, and the sulfide
SE.[Md#maaabd] Depletion of lithium in the sulfide SE
near the Li MO, accounts for the huge interfacial resist-
ance, and is reasonably caused by the diffusion of lithium
triggered by the large difference in chemical potentials
between Li MO, and the sulfide materials.[14d:42n.aa.ab45]

As already reported by numerous publications regard-
ing oxide cathodes for LIBs containing LEs***! surface
coatings made using various metal oxides, such as
LiNbO; Pl Li, TisOp,, ) Li,Si0,,*  ALO,," and
BaTiO,[*" when applied on Li,MO,, turned out to be ef-
fective for significantly reducing the interfacial resistance
in ASLBs, thereby improving their electrochemical per-
formance, as shown in Figure 8.°*) The mechanism under-
lying the observed enhancement can be either the sup-
pression of chemical reactions between the sulfide and
the oxide layers, or the shielding effect provided by the
oxide coatings against the noble potential of the Li MO,
cathodes.1d#2n22.35] Tt should be emphasized that typical-
ly, the coatings with electron-insulating and ion-conduct-
ing oxide materials resulted in improvement of perform-
ance.[1#42naaabdSl Ephanced performance of LiCoO, by
electronically conductive coatings with metal sulphides,
such as NiS and CoS, were also reported.*” Ton conduc-
tivity can be achieved by using coating materials that
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Li,S-P,Ss interface after initial charging; and b) cross-sectional
energy dispersive X-ray spectroscopy (EDX) elemental line profiles.
Adapted with permission from Ref. [5a].
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—30°C. Adapted with permission from Ref. [5a].
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include lithium P*!4362401 However, a good ion conduc-
tivity was also found in a lithium-free tantalum oxide, in
which openings in the crystal structure were large enough
for Li* ions to pass through.”” The majority of conven-
tional coatings were applied using wet-chemical meth-
ods,Pa14d36adnd6e] Recently, however, it has been reported
that coatings applied via atomic layer deposition (ALD)
on various electrode materials enhanced the performance
and safety of LIBs containing LEs.**#¢<#! Since ALD is
based on a sequential and self-limiting surface reaction,
ultra-thin coatings, with a thickness lower than 1 nm, can
be obtained, with an accuracy of one atomic layer.[*!
AlO; was also applied via ALD to LiCoO, ASLBs, sig-
nificantly improving their performance.l*>!

5.3. Sulfur and Li,S

FElemental sulfur is a promising cathode material for re-
chargeable lithium batteries, due to its theoretically ex-
tremely high capacity (S+2Li" +2e"—Li,S, 1672 mAh (g
of S)™' or 1167 mAh (g of Li,S)").”*! Although the low
operating voltage (~2.1 V vs. Li/Li") is disadvantageous
for the energy density, it avoids any noticeable decompo-
sition of the sulfide SE.**¢! Moreover, the problem of
the dissolution of polysulfide intermediate products, en-
countered in the LE-based LIBs, and leading to an ex-
tremely poor coulombic efficiency, is not a concern for
the ASLBs.'*%®] Therefore, sulfur and lithiated sulfur,
Li,S, are regarded as ideal cathode materials for achiev-
ing a high energy density in ASLBs. However, the electri-
cal insulation properties!"*****! and the massive volume
change during charge and discharge (~179 % )" remain
obstacles to be overcome for the eventual success of
sulfur-based ASLBs.

The formation of a nanocomposite structure from the
combination of sulfur or Li,S with carbon is the most ver-
satile strategy to improve the performance of
ASLBs.[% The size of sulfur or Li,S particles is critical,
not only to relieve the stresses induced by the volume
changes during charge and discharge, but also to maxi-
mize the extension of the electrically active domains.
Carbon can provide conduction pathways for the insulat-
ing sulfur or Li,S, and at the same time, can act as a buf-
fering phase for the volume change. Nanostructured
sulfur-carbon or Li,S-carbon materials for ASLBs were
prepared by ball-milling (BM)!"#+5<1 and gas-phase
mixing (or melt diffusion mixing).’"*¢! Table 2 summarizes
the performance of various sulfur-based and Li,S-based
cathode materials for ASLBs. Notably, the intimate ionic
contacts achieved by BM between the sulfur-carbon or
Li,S-carbon and the SE are critical for the enhancement
of the capacity and rate capability, as shown in Fig-
ure 9.1445%41 Eor example, the BM of a mixture of sulfur,
activated carbon, and amorphous Li,sPS;; resulted in
a capacity of ~1600 mAh (g of S)™, which is close to the
theoretical capacity.**) The phosphorus/sulfur ratio was
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Table 2. Electrochemical performance of sulfur and Li,S electrode in ASLB.
Sample Preparation Reversible capacity (mAh (g Current Composition of SE Voltage Loading of Reference
method of Li,S or S)"'/mAh (g of  density electrodel” range electrode
electrode) ™) (mAcm™) (Vvs. (mgecm™)
Li/Li*)
S-Cu BM 867/245 0.064 S-Cu:AB:SE 80Li,S-20P,S;  0.85-  12.7 [51a]
=20:3:309 3.35
Li,S-Cu BM 653/186 0.064 Li,S-Cu:AB:SE 80Li,S-20P,S; 0.6-3.6 12.7 [51¢]
=38:5:57
S-carbon BM 1550/388 0.064 S:AB:SE 80Li,S-20P,Ss  1.6-2.6 12.7 [50b]
1100/275 1.3 =25:25:50 1.3-3.3
Li,S-carbon- BM 800/200 0.064 Li,S:AB:SE 80Li,S-20P,S; 0.6-3.6 12.7 [14a]
SE 580/145 1.3 =25:25:50
S-carbon-SE BM 1200/525 0.064 S:AB:SE 80Li,S-20P,S; 1.3-3.3 12.7 [50f]
=50:20:30
S-carbon-SE BM 1568/784 0.64 S:KB:SE Li,sPS;5/LGPS  1.1-3.1 9.5 [50d]
1096/548 6.4 =50:10:40
S-AC-SEFl  BM 1600/800 1.3 S:AC:SE Li,sPS,5/LGPS  1.1-3.1 9.5 [50€]
=50:10:40
S-carbon Gas-phase  900/225 0.013 S:AB:SE Lis 75Geg5Pg75Ss 1.1-3.3 6.4 [50a]
mixing 380/95 0.13 =25:25:50
S-MesoCl!  Gas-phase  1900/264 0.13 S-MesoC : SE Liy 75GegasPo75S, 1.0-3.4 6.4 [50¢]
mixing =50:50
S-PAN HT 835/315 0.038 S-PAN :AB :SE Li,S- P,Ss 1.0-3.0 7.5 [52]
=20:3:30
Li,S@Li;PS, Wet method 848/260!! 0.02 Li,S@Li;PS, :C:PVC B-Li,PS, 0.2-0.5 0.16-0.40  [14g]
=65:25:10

[a] AC: activated carbon. [b] MesoC: mesoporous carbon. [c] Calculated from Li,S :P,S;=10:1 mole ratio. [d] S or Li,S:Cu=3:1 wt. ratio. [€]

S:PAN =45 :55 wt. ratio. [f] AB: acetylene black; KB: ketjen black.
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Figure 9. a) Cross-sectional HAADF-STEM image; and b) corre-
sponding electron energy loss spectroscopy (EELS) map for Li,S
composite electrodes. ¢) Discharge voltage profiles of Li,S compo-
site electrodes in ASLBs. Adapted with permission from Ref. [14a].

proposed to be the main factor for the reactivity of sul-
fur.**l Copper was also proposed as an alternative to
carbon for the fabrication of nanocomposites containing
sulfur or Li,S, although the performance was poorer than
the one found for composite materials containing
carbon.”! Lee and co-workers reported that polyacrylo-
nitrile (PAN)-sulfur exhibited a discharge capacity of
835mAh (g of S)™! in ASLBs operating at 60°C.’?! The
nanosized Li,S encapsulated in the ion-conducting @3-
Li;PS,, named as lithium superionic sulfide (LSS), was
synthesized by a wet method, with sulfur being reduced
by lithium triethylborohydride (LiEt;BH) in tetrahydro-
furan (THF), and it appeared to outperform the simple
Li,S nanocrystal electrode when tested in ASLBs.['*!

5.4. Reinvestigated or New Electrode Materials

Besides the aforementioned electrode materials based on
Li metal, Li,MO,, and sulfur or Li,S, other electrode ma-
terials typical of LIBs, such as graphite,*> spinel-struc-
ture Li,TisO,, (LTO),*® Si-based materials,****>"% metal
oxides such as Fe,0,,>" metal phosphides (e.g., Sn,P;,
NiP,), and olivine-structure LiFePO,,®"! have been
tested for ASLBs. Because of the low operating potential,
the performance of graphite is highly dependent on the
electrochemical stability of the SEs.** The bilayer struc-
ture featuring two different SEs optimized the electro-
chemical performance of ASLB.** Li-alloy materials,
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such as In and Al, can be good alternatives to replace
lithium metal in ASLBs. All-solid-state test cells, using an
Li-In alloy electrode as the counter/reference electrode,
are frequently used.”**!44 Those are similar to the con-
ventional LE-based half-cells using lithium metal in that
Li-In alloy provides an excess lithium source, a flat volt-
age plateau at 0.62 V (vs. Li/Li") for the range of 0 <x<
1 in Liln, and fast charge transfer kinetics.*”*® Li-Al
alloy (0.38V vs. Li/Li*) has been also examined for
ASLBs.P%

Notably, ASLBs provide a new opportunity to investi-
gate, under a different perspective, electrode materials
that were found inappropriate or simply not good enough
for conventional LIBs. Lithium intercalation-deintercala-
tion in the layered transition metal chalcogenides was ex-
tensively investigated in the early 1970s.%*! However,
transition metal chalcogenides were abandoned after the
emergence of Li,MO,, which is lighter and allows opera-
tion at higher voltages than sulfides.*>? However, the
transition metal sulfides may be revisited for ASLBs be-
cause of their mild operating voltages (~2-3 V vs. Li/Li™)
and potentially good compatibility between different
types of sulfides, creating an effective interface.'**l In
particular, TiS,"* and Li, TiS,*! were reported to show
good cycling performance in ASLBs, with reversible ca-
pacities close to the theoretical one (TiS,+Li*+
e «LiTiS,, 239 mAhg™"). The Chevrel-phase compound,
(Cu,)MogSs |, also exhibited excellent cycle life in
ASLBs.P*l The outstanding performance of TiS, and
(Cu,)MogSs_, is associated with their metallic nature,
their reversible intercalation/deintercalation, high Li* ion
diffusivity, and so on.P*<!#461 [ ee and co-workers investi-
gated the electrochemical reactivity of pyrite FeS, in
ASLBs.'""l In the LE cells, FeS, exhibited an initial ca-
pacity of ~500mAhg™' at 30°C and a rapid capacity
fading, as shown in Figure 10.* Its performance became
even worse at 60°C. The poor performance of FeS, is as-
sociated with the dissolution of intermediate polysulfide
products into the LEs.!™ In sharp contrast, FeS, with
a sulfide SE reacts reversibly with lithium, showing excel-
lent cyclability, as shown in Figure 10. Jung and co-work-
ers reported that LiTi,(PS;); worked much better in
ASLBs than in cells featuring a LE.'"*! The poorer per-
formance shown by LiTi,(PS,); in the previous reports!®
were associated with its dissolution into the LE.*!*I The
amorphous titanium polysulfide prepared by a mechano-
chemical method is promising for ASLBs, contrary to
what was found in the case of LE cells.”? The aforemen-
tioned materials present not only large capacities, over-
coming the limit in capacity, typical of conventional cath-
ode materials such as LiMO,, but they are also less sub-
ject to dimensional changes compared with the elemental
sulfur-based electrodes, thereby becoming alternative
promising electrode materials for ASLBs.

Liang and co-workers reported the unique synthesis of
B-LisPS, SE, with an ionic conductivity of 1.5x10™* Scm™
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Figure 10. Comparison of electrochemical performance of FeS, at
30°C and 60°C in conventional liquid cells and in solid-state cells.
Adapted with permission from Ref. [14c].

at RT, using a wet chemical method based on THE.
Lithium polysulfidophosphate (LPSP, Li;PS,,,) was also
prepared by a wet chemical method and was tested as
a cathode material for ASLBs."*! The proposed mecha-
nism for the formation of LPSP and for the electrochemi-
cal reaction of LPSP with lithium are shown in Fig-
ure 11.% LPSP showed an initial discharge capacity of
1272 mAhg™" (based on the incorporated sulfur content)
at RT."

6. Design of Composite Electrodes

Achieving a good electrical connection between the cur-
rent collector and each of the active materials is of prime
importance in the fabrication of a composite electrode,
not only for conventional LIBs,*” but also for ASLBs.
For example, the electrochemical performance of LiCoO,
in ASLBs is significantly affected by the conductive addi-
tives.*”* In the case of ASLBs, however, the design of
composite electrodes is more complicated than for LIBs
because many factors contribute to significantly affect the
ionic conduction pathways, including morphology, perco-
lation of SEs, and contacts between the active materials
and the SE. For example, the capacity of LiCoO,/In solid-
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Figure 11. a) Formation of lithium polysulfidophosphate (LPSP,
LisPS, . ., n=(x+y+2)/3) by reaction of sulfur with Li;PS, in THF. b)
Electrochemical reaction mechanism for the charge and discharge
of LPSP, indicating reversible scission and formation of S-S bonds
in LPSP. Adapted with permission from Ref. [14h].

state cells is highly dependent on the composition of the
composite electrodes.“! In contrast, LEs can easily be
absorbed into the porous structure of composite electro-
des in LIBs, wetting almost all the exposed surfaces of
the active materials.

In the majority of publications regarding the composite
electrodes of Li,MQO,, such as LiCoO,, a 30-65 wt% of
SEs is included to ensure the creation of facile ionic con-
duction pathways,?#58214d23e323641-85] Qbyiously, the very
high content of SEs may severely reduce the energy den-
sity of ASLBs. To overcome this issue, the ideal structure
of the composite electrode should contain the active ma-
terials coated by layers of SE as uniform as possible, with
electronic wiring provided by carbon additives. Tatsumi-
sago and co-workers reported that a thin Li,S-P,Ss SE
film can be deposited on electrode materials by pulsed
laser deposition (PLD), as shown in Figure 12a.) As
a proof of concept, the authors successfully demonstrated
that an ASLB fabricated with the SE-coated LiCoO,
could work without any addition of SE powders to the
positive electrode layer.”®®’ The promising result of
133 mAh (g of LiCoO,)™" for discharge capacity was ob-
tained using a LiCoO,/graphite full cell in which 10 wt %
of the SE was coated in each electrode by PLD, as shown
in Figure 12b.”) However, as the expensive PLD tech-
nique is far from being a viable solution for practical ap-
plications, innovative approaches are needed. Wet coating
of Li,S-P,Ss SE using N-methyl formamide, which has the
advantage of fully dissolving Li,S-P,Ss, was tried.[***!]
However, the improvement in the performance of the cell
was not significant, since the conductivity was only 2.6 x
107 Scem ¥ 1t was also demonstrated that a much
higher conductivity (1.82x10™* Scm™) could be obtained
for thio-LISICON-like Li;,sGej,sPy75S4 using Li,S, P,Ss,
and GeS, as precursors, and employing a solution method
with anhydrous hydrazine."”! However, anhydrous hydra-
zine is extremely dangerous, thus discouraging further de-
velopments.
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Figure 12. a) Cross-sectional TEM image of the Li,S-P,S; SE-coated
LiCoO, particles by pulsed laser deposition. b) Charge-discharge
curves of an ASLB consisting of an LiCoO, positive electrode
coated with Li,S-P,Ss SE, a graphite negative electrode coated with
Li,S-P,Ss SE, and a Li,S-P,S; SE layer. Adapted with permission
from Refs. [9, 69a].

Although the two dimensional contacts between the
active materials and the sulfide SEs are simply made by
cold pressing,®™® it is worth noting that hot pressing at
temperatures above the glass transition temperature can
deform and enable the merging of the SE sulfide parti-
cles, forming poreless, dense pellets (Figure 13a and Fig-
ure 13b).**#*l Consequently, hot pressing of composite
electrodes containing sulfide SEs resulted in an increased
utilization of the active materials in the ASLBs, as dem-
onstrated in the case of Li,Ti;O,,.”"! However, the trade-
off of hot pressing is the massive interfacial reaction ob-
served in the case of LiCoO,.">! A protective coating on
LiCoO, by LiNbO; may partially suppress the interfacial
reaction occurring during hot pressing.*>*! Figure 13¢
shows that a full-cell made of Li TisO,,/80Li,S-20P,S;
glass/LiNbOs-coated LiCoO,, prepared by hot pressing at
210°C, outperforms the cell prepared by cold pressing.*>"!

As found in the literature for sulfur or Li,S for ASLBs,
the mechanochemical method is a versatile and scalable
process for achieving ideal nanocomposite structures for
ASLBs.1#50%4- Thig is also the case for other electrode

Cell voltage / V (vs. Li,Ti,0,.) ~~

1
Cold press
1 1 1

Hot press

50 100 150
Capacity / mAh g"'(LiCoO,)

Figure 13. SEM images of cross sections of 80Li,S-20P,S; glassy SE
prepared by a) cold pressing; and by b) hot pressing at 200°C. The
photographs of pellets are shown in the insets. c) First charge-dis-
charge voltage profiles of the Li,Ti;O,,/80Li,S-20P,Ss glass/LiNbO;-
coated LiCoO, full cells prepared by hot press and cold press.
Adapted with permission from Refs. [9,42v].
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materials for ASLBs."#7Y For instance, nanosized NiS
electrodes can be prepared by the following consecutive
reactions, using the mechanochemical method:!"*?!

Ni + leS + S + PZSS ad N182 + leS . P255

The as-prepared NiS nanocomposite electrode exhibits
increased capacity, compared with the simple mixture
electrode."® Using a similar approach, Lee and co-work-
ers synthesized a pyrite FeS, nanocomposite electrode by
the following successive mechanochemical and thermal
treatments of Fe,P, S, and Li,S:"""

2Fe,P + 138 — 4FeS, + P,S; (350°C)

22.5(4FeS, + P,Ss) + 77.5Li,S —
90FeS, + 77.5Li,S - 22.5P,S;

Jung and co-workers investigated the effect of the me-
chanochemical reaction between TiS, and Li;PS, and ob-
served abnormally increased Li* storage.'*! In Fig-
ure 14a-14f, as the BM time increases, the extra capacity
also increases. After 9 min of BM, the nanocomposite
electrode exhibits 837 mAh (g of TiS,)' in the voltage
range of 1.0-3.0 V, as shown in Figure 14£." The signifi-
cantly increased capacity in the nanocomposite electrode
probably originated from the amorphous Li-Ti-P-S phase
formed by the partial reaction between TiS, and the SE
occurring during BM, as shown in Figure 14g and Fig-
ure 14h 1141

7. Summary and Outlook

In summary, we provide an overview on the progress
made on sulfide SEs and bulk-type ASLBs. The ductility
and the high ionic conductivity at RT (~107>Scm™') by
the sulfide SEs at their best performance are exceptional
properties, allowing the realization of high-energy bulk-
type ASLBs, using a scalable process, in the near future.
However, the success of ASLBs using sulfide SE cannot
be guaranteed without further innovations to address spe-
cific key points that were extensively discussed in this
review, as shown in Figure 15. These include:

@ Design of advanced sulfide SEs in terms of composi-
tion and structure. In particular, requirements of high
ionic conductivity, wide electrochemical windows, and
resistivity to water-induced decomposition should be
met.

@ Understanding of the phenomena occurring at the in-
terface between electrode materials and SEs. This will
shed light on possible strategies to adopt to address
problems due to the incompatibility between different
materials, as shown in the case of the Li, MO, cathode,
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Figure 15. Schematic diagram showing the summary of issues and
challenges in development of high-performance bulk-type ASLB
using sulfide SEs.

whose performance was improved by surface modifica-
tions induced by an electron-insulating, ionic-conduct-
ing metal oxide coating or an electron-conducting
metal sulfide coating.

e The privileged opportunity to use lithium metal as the
anode and sulfur or Li,S as the cathode for achieving
the ultimate energy density.

e The (re)investigation of electrode materials, to provide
more options for ASLBs, as shown, for example, in the
cases of FeS, and LiTi,(PS,);.

nii
These are not the final page numbers! 77

www.ijc.wiley-vch.de


http://www.ijc.wiley-vch.de

Review

o The new strategies to adopt for the synthesis and the
fabrication of nanostructures used in the composite
electrodes for ASLBs. Examples include mechano-
chemical methods for sulfide active materials and SEs,
and solution methods for new sulfide compounds.

Recently, high ionic conductivity of cations in sulfides
was also found for non-Li sulfide compounds. The cubic
structure NajPS, exhibited conductivity of over
10*Scm™"' at RT.P*™ If further development of Na-ion
conductive sulfide SEs is to be carried out and higher
ionic conductivity is to be achieved, a new era of all-
solid-state Na batteries could begin.["” The exploration of
Mg-conducting sulfide materials, such as MgS-P,S;-Mgl,
glass,"¥ is also in line with the aforementioned research
trends for new generation batteries.[>””!

Most of the efforts made in the field of ASLBs so far
have been limited to the investigation of materials
chemistry issues, with only a few reports made on more
practical aspects.” Nowadays, an increased flexibility in
the design of LIBs has become a hot issue, as is con-
firmed by the rapid progress of flexible batteries.””! On
a similar basis, it is expected that eventually more engi-
neering issues will appear for the fabrication of several ty-
pologies of ASLBs using a scalable process.
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