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Design Strategies, Practical Considerations, and New
Solution Processes of Sulfide Solid Electrolytes for

All-Solid-State Batteries
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and Yoon Seok Jung*

Owing to the ever-increasing safety concerns about conventional lithium-ion
batteries, whose applications have expanded to include electric vehicles and
grid-scale energy storage, batteries with solidified electrolytes that utilize
nonflammable inorganic materials are attracting considerable attention. In
particular, owing to their superionic conductivities (as high as =102 S cm™)

and deformability, sulfide materials as the solid electrolytes (SEs) are considered
the enabling material for high-energy bulk-type all-solid-state batteries. Herein
the authors provide a brief review on recent progress in sulfide Li- and Na-ion
SEs for all-solid-state batteries. After the basic principles in designing SEs

are considered, the experimental exploration of multicomponent systems

and ab initio calculations that accelerate the search for stronger candidates

are discussed. Next, other issues and challenges that are critical for practical
applications, such as instability in air, electrochemical stability, and compatibility
with active materials, are discussed. Then, an emerging progress in liquid-phase

Since the first demonstration of prototype
Li batteries (TiS,/Li) in 1976,!!] the develo-
pment of LIBs to date has been strongly
affected by safety issues. One of the major
technical breakthroughs for the commer-
cialization of LIBs was the replacement
of Li metal with carbonaceous materials
as the anode.? It is well known that the
use of Li metal was challenged by serious
safety concerns associated with internal
short circuit by the dendritic growth of Li
metal. 57l The ever-rising requirements for
higher energy density of LIBs have raised
more serious safety concerns. Raising the
upper cutoff voltages leads to poorer sta-
bility at electrode—electrolyte interfaces.®*!
Ultrathinning the polymeric separators

synthesis and solution process of SEs and its relevant prospects in ensuring
intimate ionic contacts and fabricating sheet-type electrodes is highlighted.
Finally, an outlook on the future research directions for all-solid-state batteries

employing sulfide superionic conductors is provided.

1. Introduction

Ubiquitous mobile electronic devices such as smartphones were
indebted to the development of lithium-ion batteries (LIBs)
having high energy and power density and good rechargeability.
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to less than 10 um, despite the reinforce-
ments using ceramic materials,[1%12
result in more vulnerability toward
internal short circuits. These may also be
related to degassing, fire, and explosion
accidents of LIBs in recent years. Further-
more, large-scale applications of LIBs,
such as battery-driven electric vehicles and grid-scale energy
storages, face unprecedented challenges in terms of safety
requirements.['>13 In this regard, solidification of conventional
flammable organic liquid electrolytes with inorganic materials,
such as superionic conductor solid electrolytes (SEs), is an ideal
solution.l'*2] Another strong motivation in the development of
SEs is to unleash the harness of limited energy density for con-
ventional LIBs by using SEs to stabilize and enable alternative
high-capacity electrode materials, such as Li metal anode and
sulfur cathode.'>?3l Additionally, the design of all-solid-state
Li or Li-ion batteries (ALSBs) by stacking bipolar electrodes
allows the minimization of inactive encasing materials, thereby
increasing cell-level energy density.[2226l

The first superionic conductors PbF, and Ag,S were discov-
ered by Michael Faraday in 1838.1%”] Since then, several notable
progresses in the field of solid-state superionic conductors and
their newly enabled electrochemical devices had occurred;?”] the
development of oxygen-ion conductors (Y-doped ZrO,) applied to
solid oxide fuel cells, the discoveries of Ag* superionic conduc-
tors (e.g., RbAg,Is), and the development of Na-ion conducting
sodium beta alumina (f87-Al,0;). Currently, it is a promising
opportunity for Li-ion SEs to revolutionize LIB technologies
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for practical applications. Recently, the developments of sev-
eral state-of-the-art sulfide superionic conductor materials, such
as LijoGeP,S;, (LGPS) and LigsySiy74P14sS115Clos (LSiPSC),
showing extremely high ionic conductivities reaching the order
of 102 S cm™1,11622 have enabled ASLBs with outstanding elec-
trochemical performance.

Figure 1a illustrates the bulk-type ASLBs, which are com-
prised of composite-structured electrodes, as commonly in the
conventional LIBs. The use of the powder form of SEs allows
the adoption of electrode materials developed for LIBs and
scalable slurry-based fabrication of sheet-type electrodes and
SE films. To achieve bulk-type ASLBs that show comparable
performance with conventional LIBs, multiple critical chal-
lenges must be addressed. High ionic conductivity of the SEs
is one of the most important issues. The modeling study by
Newman and co-workers showed that electrolyte systems with
a unity transference number outperformed other systems with
transference number of 0.2, even when Li* conductivity was
decreased by an order of magnitude.?! In this regard, Li* con-
ductivities for SEs in the order of 107 S cm™ can compete with
conventional LIBs in terms of power capabilities. However, the
advantage of single-ion conducting character of SEs is often
offset by difficulties in forming intimate ionic contacts with
active materials in the composite electrodes.

In Figure 1b, Li* ionic conductivities of several representa-
tive classes of SE materials are compared with the conventional
liquid electrolyte. Although LiPON material (Li;3PO; 9N 7)
was commercialized for thin-film-type ASLBs,[?>3% its low
Lit conductivity (=10° S cm™) prohibits the applications for
bulk-type ASLBs. By the same reason, solid polymer electro-
lytes are also ruled out despite the advantages of lightness,
flexibility, and operability with Li metal.?1-3% Several sulfide
and oxide materials can satisfy the minimum requirement in
Li* conductivity (=10™* S cm™) for room-temperature-opera-
tive ASLBs at moderate C-rates.?”) While oxide materials are
superior to sulfides in terms of stability and processability at
ambient environments, high-temperature sintering process is
required to achieve good interfacial contacts with active mate-
rials, and accompanies deteriorating side reactions, resulting
in huge cell resistances.?*3’] By contrast, since sulfide mate-
rials are mechanically sinterable at room temperature (RT),
electrode—electrolyte  interfacial resistances originating
from their reactions during the fabrication of ASLBs can be
minimized.[%3¢] Moreover, the ionic conductivity of several
state-of-the-art sulfide materials (e.g., LGPS,1 Li;P;S;;,137]
LSiPSCI?%) have reached that of conventional organic liquid
electrolytes, implying the potential for bulk-type ASLBs to out-
perform conventional LIBs.

First principles computation techniques have been indis-
pensable in the research and development (R&D) of advanced
SE materials. These computational modeling techniques based
on quantum mechanics have the capability of directly inves-
tigating the phenomena at the atomistic level, and have been
demonstrated to be highly effective in studying ion diffusion
mechanism, electrochemical stability, and interface compat-
ibility of SE materials. Significant understandings in SE mate-
rials have been achieved based on computational studies, and
rational design strategies of SEs have been established. In addi-
tion, because of the recent advancements of materials genome
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initiative®® and machine learning techniques,*! the predictive
discovery and design of new SEs have also been established
in first principles calculations with great successes. Multiple
novel SE materials with high ionic conductivity from 10~ to
1072 S cm™! at RT have been predicted and demonstrated.
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Figure 1. a) Schematic diagram of bulk-type all-solid-state batteries. Reproduced with permis-
sion.?l Copyright 2015, Wiley-VCH. b) Arrhenius plots of Li-ion conductivities for the represent-
ative SE materials. The gray region indicates the temperature range where liquid electrolytes
are stable or work.

www.advenergymat.de

compatibility issues of SEs with active elec-
trode materials, new synthesis and processing
protocols for SEs, and fabrication of sheet-
type electrodes. Furthermore, along with the
extensive R&Ds in beyond Li-ion batteries
such as Na-, K-, and Mg-ion batteries, 042
recent noticeable progresses in all-solid-state
Na-ion batteries (ASNBs) have been made.
In this progress report, we first summarize
the recent advances in sulfide Li-ion SE mate-
rials regarding design strategies based on the
exploration of multicomponent systems and
ion transport mechanism revealed by ab initio
calculations, followed by the discussions about
their electrochemical stability and compat-
ibility with active materials. Next, emerging
progresses of liquid-phase synthesis and the
solution process for Li-ion SEs and their pros-
pects, especially for applications in sheet-type
electrodes, are highlighted. Further, recent
progresses in sulfide Na-ion SE materials and
ASNBs are summarized. Finally, research
directions to address the challenges and
emerging issues for all-solid-state batteries
using sulfide SEs are discussed.

2. Li-lon Transport in Li-lon SEs

2.1. Basic Considerations

In conventional carbonate-based organic
liquid electrolytes, Li* ions are solvated pref-
erentially by solvent molecules with high
dielectric constants (e.g., ethylene carbonate),
and weakly interacting linear carbonates (e.g.,
diethyl carbonate) smoothen the motions of
Li*—solvent complexes.®l The net transport
of Li* ions is driven by the difference in the
chemical potential of Li* ions generated by
charge transfer reaction at electrolyte—elec-
trode interfaces.[*’!

The ion transport mechanism in inor-
ganic SEs is completely different in that
single ion-species (such as Li*) move
through the immobile crystal structural
framework. In Li-ion SEs, Li" ions hop
between two energetically stable Li sites sep-
arated by a energy barrier through favorable
migration pathways. The long-range connec-
tivity of Li* sites as well as low-barrier micro-
scopic energy landscape is essential for the
fast transport of Li* ions. Thus, a number of
factors regarding crystalline structure and

The major R&D efforts in ASLBs using sulfide SEs to  materials chemistry affect the overall ionic conductivity, o,

date have been focusing on improving ionic conductivity by  expressed byl
exploring new compositions and structures. However, the explo-
sively growing interests and the practical considerations in this
field have brought about several emerging subjects, such as T
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where A is a constant related to the crystal structure, n. is the
concentration of mobile-ion carriers (e.g., vacancy or intersti-
tial), E, is the activation energy for ion transport, T is tempera-
ture in K, and kg is the Boltzmann constant.

Equation (1) provides several important implications for
improving ionic conductivity. First, an open crystal structural
framework is one of the elementary prerequisites for ionic con-
ductors. Specifically, 3D conduction pathways and large atom-
istic volume for ion migration pathways are desired.*! Second,
a high concentration of mobile-ion carriers, such as vacancies
and interstitials, are critical: according to Equation (1), the
conductivity is maximum where the mobile-ion carrier con-
centration n. is optimum. For example, in the single phase
Li, 3,Al,SiO, solid solution,[*®l the end members, which have
one particular set of Li* sites fully occupied (Li,SiO, (x = 0))
and completely empty (Li, 5Aly5SiO, (x = 0.5)), are almost insu-
lating (<107® S cm™ at >100 °C), and an optimal Li* conduc-
tivity is achieved at x =0.25 (=10~ S cm™). Third, highly polar-
izable ions lower the migration energy barriers.”*’*8 The
sulfide SEs are more likely to achieve superionic conductivity
than the oxide counterparts.[*’] While the afore-discussed cri-
teria apply to the well-defined crystal structures, the enhanced
Li* conductivities originating from heterostructured materials
are also noteworthy.**->! Liang found that the composite of Lil
and Al,0; showed a high conductivity of =10~ S cm™ at 25 °C,
which was explained by the facile ion conduction in the inter-
facial space-charge-layer regions.’!l Large variations in Li* con-
ductivities for glass and glass-ceramic sulfide SEs may also be
related to complex ionic conduction at interfaces.>2-!

2.2. Explorations of Li-lon SEs

The initial research for sulfide Li-ion SEs in 1980s-1990s was
focused on glassy materials (e.g., Li,S-GeS,, Li,S-P,Ss-Lil,
Li,S-SiS,) showing conductivities in the range of =107 S cm™
at RT.F%%I Tn 2001, the first crystalline sulfide Li* superionic
conductor, Liz;5Geg,sPg75Ss, named as thio-lithium superi-
onic conductor (thio-LISICON), showed higher ionic conduc-
tivity (2.2 x 1073 S cm™ at 25 °C) than conventional glassy
materials. Since then, several important classes of sulfide Li*
superionic conductors have been developed (Table 1): Li;P3S;
(3.2 x 107 S cm™) in 2005, an argyrodite-type LigPSsX (X =
ClL Br, I, =103 S cm™) in 2008, Li,oGeP,S;, (LGPS, 1.2 x
102 S cm™Y) in 2011, and Ligs,Si; 74P;448115Clos (LSiPSC,
2.5% 102 S cm™) in 2016.22

The strategies in designing Li-ion SEs are worth considering
for the exploration and developments of compositions based
on multicomponent systems, as illustrated in Figure 2. Begin-
ning with pseudobinary systems, the most studied system is
Li,S-P,Ss. Among the several phases along the Li,S-P,Ss tie
line, Li;PS, crystal structure is comprised of isolated PS,*",
and Li;P;S;; has an equimolar mixture of isolated PS>~ and
P,S,*, both showing high Li* conductivities.[’”-**>>%7] Whereas
the room-temperature stable y-Li;PS, shows low conductivity
of only 3 x 107 S cm™, Li* conductivity of B-Li;PS, is in the
order of 107%-1073 S cm™.5*36-581 An even higher conductivity
was achieved in Li;P3S;;; 3.2 X 102 and 1.7 x 1072 S cm™
for cold- and hot-pressed samples, respectively, which is the
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highest among all three-element pseudobinary systems.!?”->4

It should be noted that the aforementioned SE materials are
prepared by mechanical milling and the subsequent heat treat-
ment at relatively low temperatures of 150-300 °C results in
glass-ceramics.P*%8 Recently, it was revealed that variations in
the conductivities of glass-ceramic Li-ion SEs originate from
glassy materials that were difficult to be identified by con-
ventional X-ray diffraction (XRD) measurements.’3l In this
regard, a Li,S-deficient Li,P,S,,°*%8] its sulfur-deficient phase
Li,P,S6,P*% and Li,S-rich Li;PS¢7% as a mother phase of the
argyrodite-type sulfide SEs are also important despite their low
ionic conductivities (=108 — 10 S cm™). Very recently, off-
stoichiometric LGPS-like-structured Lig¢P3S;, showing 1.2 x
1073 S cm™! at 25 °C was derived.l?”l Important classes of phos-
phorus-free pseudobinary compounds are found in the Li,S—
SnS, system (Figure 2). The solid-state synthesized Li,SnS,
exhibited low conductivities in the order of 107> S cm™1.217172]
The Li* conductivity of Li,SnS, could be increased to 1.4 X
107+ S cm™! as the crystallinity became lowered by the solution
process using methanol (MeOH) or water.?!7?l The SnS,-rich
layer-structured Li,SnS; (Li[Lig33Sng67S,]) was identified to
show the conductivity of 1.5 X 107 S cm™.”}l The high ionic
conductivity of Ligg[Lig2Sn0S,] (Onmr = 9.3 X 1073 S cm™ at
25 °C) was also achieved by introducing vacancies into inter-
layer Li* sites.l”4l

Moving to the pseudoternary system, the Li;PS,-Li,GeS,
system on the Li;S-P,Ss—GeS, plane was an important
starting point (Figure 2). The well-known thio-LISICON
(Liz 55Geg5Pg.75S4) and LGPS are along this tie line. Subse-
quently, more LGPS families (e.g., Li;oSnP,S12,”) Li;;Si,PS,7%)
along the Li;PS,-Li;MS, tie line, showing high Li* conductivi-
ties of >10™* S cm™, have been identified. Moreover, high Li*
ionic conductivity of 1.39 x 107 S cm™ at 25 °C was achieved
for the compound Li;g33Sngg33A80166S, along the LizAsS,—
Li,SnS, tie line on the Li,S-As,Ss—SnS, plane (Figure 2).1"7]
Although the practical application of this compound may be
limited because of the use of extremely toxic arsenic, it sug-
gests the research on phosphorus-free compounds, which
have much better stability in air than phosphorus-containing
counterparts.?!7277] Jung and co-workers demonstrated that
the conductivity of Li,SnS, was enhanced by the addition of
Lil using the solution process (4.1 X 107* S cm™ at 30 °C for
0.4Lil-0.6Li,SnS,) (Figure 2).2!1 Other important classes of
Li-ion SEs were identified in the Li,S-P,Ss—LiX (X = Cl, Br, I)
system, such as the argyrodite-type LigPSsX (=103 S cm™)
and the soft-chemistry-derived Li;P,Sgl (6.3 x 107 S cm™ at
25 °C)8 and Li,PS,I (max. 1.2 x 107 S cm™ at 25 °C).”"!

Finally, the development of state-of-the-art Li* superionic
conductor is based on the most complex pseudoquaternary
system Li,S—P,Ss—MS,-LiX (Figure 2). The LSiPSCI can be con-
sidered as the double aliovalent substitutions of P>* and S?~ in
Li;PS, with Si*" and ClI-, respectively. In detail, the composi-
tion of Ligg4Si; 74P1 4451, is derived along the Li,P,S;—Li,SiS, tie
line, and the aliovalent substitution of S~ in Ligg4Si; 74P 44512
with Cl~ results in the LSiPSCl (Ligs4Si;74P1.44S11.7Clo3)
(Figure 2). Alternatively, this LSiPSCI composition can also be
derived along the tie line of Lig4gP;44S178S1,-LiCl (Figure 2).
Since LSiPSCI has a similar structure as the LGPS, LSiPSCl
can also be viewed as derivative from LGPS with full Si-to-Ge
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Table 1. Li-ion SEs developed in recent years (in 2010s, including several important materials).

Composition Year Structure Conductivity [S ecm™, 25 °C] E, [eV] Ref.
Pseudobinary LisPSy Early 2000s Monoclinic (glass-ceramic) =107 0.23 [214,215]
Li;P3Sy 2005 Triclinic (glass-ceramic) 3.2x10° 0.176 [54,37]
1.7x10722)
Lig 6P3S12 2016 Tetragonal 1.20x 10732 0.26 122]
Li,SnS, 2012 Orthorhombic 7%x107° 0.41 [71]
Li,SnS; 2015 Monoclinic 1.5x107° 0.59 [73]
Lio 6[Lio.2SN0sS2] 2016 Monoclinic 9.3x 1073 (NMR) 0.17 (NMR) [74]
1.5 x 1072 (EIS, grain)
LisAsS, 2014 Orthorhombic 1.31%x10° - [216]
Pseudoternary Lis 5Geg.25Po.7554 2001 Monoclinic 2.2x107%) 0.21 [47]
LigPSsX (X = Cl, Br) 2008 Cubic (argyrodite) =103 0.33-0.41 [217]
Li;oGeP,Sy, 2011 Tetragonal 1.2x107? 0.25 [16]
Li;GePSg 2013 Tetragonal 7x107 0.22 [218]
LioSnP,Sy; 2013 Tetragonal 4x107 (27 °C) 0.27 (grain) [75]
0.60 (grain boundary)
LiySi,PS; 2014 Tetragonal - 0.20 (NMR) [76]
Lip;AlP,Sq, 2016 Orthorhombic 8.02x 107 0.26 [219]
Li3 8335N0.833AS0.16654 2014 Orthorhombic 1.39x 1073 0.21 [77]
Li3 334Ge0.334AS0.66654 2014 Orthorhombic 1.12x1073 0.17 [216]
0.4Lil-0.6Li4SnS, 2016 Glass 4.1x10™(30°C) 0.43 [21]
Li;P,Ss! 2015 Orthorhombic 6.3x107* - [78]
LisPS4l 2017 Tetragonal max. 1.2 x 107 0.37-0.43 [79]
80(0.7Li,S-0.3P,Ss)-20Lil 2012 Glass 5.6x107* - [220]
Li3 45Si0.45Po.5554 2014 Tetragonal 6.7%107%) 0.27 [221]
Li;P, 6510.85M0o 01 2017 Triclinic 48x107 0.235 [145]
(Li5S)s(P,S5)3 (Ni3S5); 2017 Orthorhombic 2.0%10° 0.297 [222]
Pseudoquaternary Lig 54Si7.74P1.44511.7Clo 3 2016 Tetragonal 2.5x107%) 0.24 [22]
Li;P,oMno 15107103 2017 Triclinic 56%107 0.216 [144]
Li10.35[SN0.27Si1.08]P1.65512 2017 Tetragonal 1.1x1072) 0.20 [222]

AMeasured using annealed pellet.

substitution and a minor Cl-to-S substitution charge-balanced
by a minor Li concentration change.

Despite the significant progresses in enhancing ionic
conductivities, a critical hurdle for the practical applications
of sulfide Li-ion SEs is their stability in the ambient atmos-
phere.l28% Conventional phosphorus-containing sulfide SE
materials such as Li;PS, show poor stability in air (against
both moisture and oxygen), which can be explained by high
oxygen affinity of P>*.[2172778182] One possible remedy is a
partial substitution of S?~ with O?~. For example, xLi,O- (100
— %)(0.7Li,S-0.3P,Ss5) glasses showed no H,S evolution
within 10 min upon exposure to ambient air.®3l It was also
shown that the addition of FeS and basic metal oxides can
suppress the H,S evolution.®* A more radical approach
is the exclusion of phosphorus. It was demonstrated that
Li3 833510 833A80.166S4 and glass Lil-Li,SnS,, which were
developed as a branch of Li,SnS,,1?"””] showed excellent sta-
bility in dry air.[21.697277]
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2.3. Transport Mechanism and Design Strategy for Li-lon SEs

The first step toward the rational design strategy of new SEs is
to understand the Li* transport mechanism in these materials
and the origin of their exceptionally high Li* conductivity. First
principles computations based on ab initio molecular dynamics
(AIMD) simulations and nudged-elastic-band (NEB) calcula-
tions have been demonstrated in studying the atomistic Li*
diffusion mechanisms.’>®%71 Many Li superionic conductor
materials, such as LGPS,!®86 B-1i;PS,,[B88% and cubic phase
Li;La3Zr,04, (LLZO),P% exhibit highly disordered Li sublat-
tice, where a large fraction of Li sites are vacant for Li* hopping
from neighboring sites, corresponding to a high carrier concen-
tration n. in Equation (1). As pioneered and demonstrated by
Mo et al., AIMD simulation techniques have significant advan-
tages in studying complex diffusion mechanisms in these Li
superionic conductor SE materials.® Their study confirmed
the fast Li* diffusion in LGPS and revealed the anisotropic 3D
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Figure 2. Pseudoquaternary diagram of the Li,S—P,Ss—LiX-MS, system for Li-ion SEs.

Li* diffusion mechanism in LGPS structure with fast 1D dif-
fusion along the c¢ direction and slower Li* diffusion in the ab
plane (Figure 3a,b), as later confirmed by multiple experimental
studies.’"?31 AIMD simulation studies of other Li sulfide SEs,
such as Li;P3S;;°" and argyrodite LigPSsCLI%%! confirmed their
exceptionally fast Li-ion diffusion in bulk phases. In addition
to these AIMD simulation studies, which quantified the overall
diffusional properties, static first principles studies including
NEB calculations have also been performed on Li sulfide SEs,
such as Li;PS,, Li,GeS,, Li,SnS,, and Li;AsS,, to investigate
the formation energies of mobile Li* vacancies and interstitials,
Li* site energies in the structures, and Li* migration energy
barriers.[7396-%]

In addition, first principles computations were performed to
predict aliovalent doping and substitution in these known mate-
rials systems to further increase Li* conductivity. For example,
computations predicted S-to-halogen doping in LigPSsCl to
create Li* excess with increased Li* conductivity.® Moreover,
various compositions are predicted through the substitution of
known compounds. For example, Si- and Sn-substituted LGPS,
such as Li;(SiPS;, and Li;(SnPS;,, were initially predicted in
first principles computation (Figure 3¢)® and then verified
by multiple experimental syntheses and measurements.l?>757l
Ong and co-workers expanded such substitution strategy into
wider chemical spaces such as the Ag-P-S and Ag-M-P-S com-
positions and predicted a number of novel compounds, such as
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Li;Y(PS,), and LisPS,Cl,, with Li* conductivity of >1073 S cm™
at RT.%

Moreover, based on first principles computational studies,
the general design principles for the crystal structural frame-
work of superionic conductors were established. Ceder and co-
workers identified the body-center cubic (bcc) packing of anion
(e.g., $¥) in the crystal structure, as found in LGPS and L;P;S;;,
exhibits a low energy landscape for Li* migration (Figure 3d).*"!
In bec anion packing, Li ions occupy and migrate between
face-sharing tetrahedral sites, leading to a low migration bar-
rier of =0.2 eV in typical Li sulfides (Figure 3d). This general
design principle has been applied to discover the materials
with bce anion framework leading to low Li* migration barrier.
New Li sulfide SEs based on the bcc anion framework, such
as LiZnPS,, were discovered, and the derived Li,,,Zn;_,PS,
compounds are predicted to achieve high Li* conductivity of
>1072 S cm™! at RT.HV

In addition to crystal structural features, Mo and co-workers
uncovered that Li superionic conductors in sulfides and oxides
exhibit a unique diffusion mechanism that is distinctive from
typical solid materials,®”) through directly observing the real-
time dynamics of Li* migrations during AIMD simulations. In
superionic conductors, multiple Li ions migrate simultaneously
through a concerted mechanism instead of an isolated ion hop-
ping in typical solids (Figure 3e). Owing to Li* occupancy of
high-energy sites in these Li-stuffed structures and strong Li-Li
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Figure 3. a) Li* diffusion pathway in LGPS shown by Li* trajectories from AIMD simulations. b) Arrhenius plots of diffusion coefficient D, along the
c direction and D, in the ab plane for LGPS from AIMD simulations. Reproduced with permission.[®’] Copyright 2011, the American Chemical Society.
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Copyright 2015, Nature Publishing Group. e) Schematic illustration of single-ion migration and multi-ion concerted migration with different migration
energy barriers. Reproduced with permission.®”] Copyright 2017, Nature Publishing Group.

Coulomb interactions, the concerted migration with a decreased
migration barrier is kinetically favorable, as the downhill Li*
migration partially cancels out the uphill climbing of other
Li* migration (Figure 3e). Based on the fundamental under-
standing of low-barrier concerted migration, Mo and co-workers
proposed a general design strategy of inserting Li* into the
high-energy sites of the structure to activate concerted migra-
tion, to significantly decrease activation energy, and to increase
Li* conductivity. Using this design strategy, they discovered a
number of new fast Li-ion conductors such as LiTaSiOs and
LiAlSiO, with predicted RT Li* conductivity of >107 S cm™ at
the optimal doping concentrations.l®”] Therefore, first princi-
ples computation methods have been demonstrated with strong
capabilities in discovering and designing new SEs materials.

3. Electrochemical Stability and Interface
Compatibility of Li-lon SEs

To achieve the optimal electrochemical performances of ASLBs,
the operating voltage of electrodes should be within the range
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of stability window of SEs or stable passivating interfaces
should be formed between the SE and electrodes. Contrary to
the naive belief that the electrochemical stability window of
inorganic SEs would be much wider than that of liquid elec-
trolytes, recent theoretical and experimental studies on elec-
trode-SE interfaces have revealed narrow thermodynamic
electrochemical stability windows for SEs (Figure 4a) and
dynamic evolutions at electrode-SE interfaces upon charge
and discharge.P¥191-1941 Accordingly, it has been shown that
the electrochemical performances of ASLBs are significantly
affected not only by ionic conductivity but also by the electro-
chemical stability and interface compatibility of SEs.”® Upon
typical operation voltage ranges of all-solid-state batteries, the
SEs are subjected to decomposition, forming byproducts as
interphase layers. If the formed layers are mixed ionic and elec-
tronic conducting (MIEC), the decomposition would propagate
into the bulk of the SE (Figure 4b). If the layers are electroni-
cally insulating but ionically conducting, as the solid electrolyte
interphase (SEI) layers in conventional LIBs, the interphase
layers would remain stable (Figure 4b), which is desired for
ASLBs. It is also important that chemical reactions between
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partially charged electrodes and SEs are possible,['%1%] which
leads to severe degradation of ASLBs upon prolonged storage
and uses. Therefore, understanding and controlling the inter-
facial chemistries between electrodes and SEs are critical to the
development of high-performance ASLBs.

3.1. Intrinsic Electrochemical Window of SEs

First principles calculations were performed to identify the elec-
trochemical windows of the aforementioned sulfide SE mate-
rials.[10L107.108] Based on the thermodynamic data from first
principles calculations, the critical potentials were identified for
the onset of thermodynamically favorable reduction (lithiation)
or oxidation (delithiation) of the SEs, and the range between
these two critical potentials gives the electrochemical window.
As shown by first principles computation,'°:197:1%8] Jithium thio-
phosphate-based SEs have a narrow thermodynamic intrinsic
electrochemical window of =1.7-2.5 V (vs Li/Li*) (Figure 4a),
because of the high reduction potential of P>* and the low oxi-
dation potential of S*~ in the thio-phosphate chemistry. This
narrow window is general among most of these Li sulfide SEs
for a range of cation, anion, structure, or doping (Figure 4a).
In comparison, Li binaries, such as LiF, Li,0, Li,S, and Li;P,
are thermodynamically stable against Li metal, because of the
absence of non-Li cation that is subjected to reduction at low
potentials. The thermodynamic intrinsic stability windows of
sulfide SEs are significantly narrower than known oxide SEs,
such as Li garnet LLZO and NASICON Li; 3Al,3Ti; ;(PO,)3
(LATP) (Figure 4a). In particular, Li garnet LLZO shows better
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stability against Li metal, and NASICON LATP shows high oxi-
dation potential.

3.2. SE-Anode Interfaces

The Li reduction behavior of the SEs also depends on different
cation chemistry, which can lead to different interphase forma-
tions and different interface compatibilities.['"”1%] For example,
as predicted by first principles thermodynamic calculations, the
reduction of P in Li;PS, starting at 1.7 V leads to the forma-
tion of lithiated products Li;P and Li,S on Li metal or at 0 V (vs
Li/Li*) (Figure 4c). Other SE materials in this Li-P-S system,
such as Li;P;S;; and Li,S-P,Ss glass, have similar voltage
profiles and lithiation products. The limited electrochemical
stability windows of sulfide Li-ion SEs and their dynamic evo-
lutions at the SE—electrode interfaces were also observed and
confirmed in experiments. The formation of Li;P and Li,S as
the interphase layers of these SEs on Li metal is confirmed by
in situ X-ray photoelectron spectroscopy (XPS) experiments.[13]
The interphase layer consisting of Li3;P and Li,S, which are poor
electronic conductors, is passivating. Therefore, many lithium
thiophosphate compounds are observed to be Li metal com-
patible in experiments, as the reactions at the Li-SE interface
are selflimiting (Figure 4b). By contrast, from the same first
principles thermodynamic analyses,'%] LGPS shows a similar
electrochemical window but different Li reduction behavior
compared to the materials based on the Li-P-S system. The
key difference is the reduction of Ge and Li-Ge alloying reac-
tion at <0.6 V leading to the formation of MIEC interphase
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layer and poor interface compatibility (Figure 4d). The forma-
tion of Li-Ge alloys at the interfaces on Li metal has also been
confirmed by in situ XPS experiments.''% As Li-Ge alloys are
good electronic conductors, the MIEC interphase layer allows
the simultaneous transport of Li* and e~ and favorable Li reduc-
tion (Figure 4b). As a result, the interphase layer thickness and
interfacial resistance grow over a short period of time.'% This
interface mechanism explains the reduction of LGPS observed
at <0.6 V (vs Li/Li*) in cyclic voltammetry (CV) experiments
(Figure 5a), compared to the absence of major reduction peak
of Li;PS, down to 0 V.>8!

3.3. SE-Cathode Interfaces

At the cathode side, the potential of commonly used oxide
cathode materials is beyond the anodic limit of these sulfide
SEs (Figure 4a).®1071%8] The oxidation products of Li sulfide
SEs may mostly be electronically insulating and hence pas-
sivating (Figure 4c,d), which explains the higher oxidation
potential than the thermodynamic intrinsic window observed
in the CV measurements (Figure 5a).’%1% However, the reac-
tions of sulfide SEs with oxide cathodes are a critical problem
causing poor SE—cathode interface compatibility. First princi-
ples calculations found that the reactions between Li sulfide
SEs and oxide cathodes are highly favorable, which leads to
the spontaneous formation of transition metal sulfides.[110%]
For example, first principles computation indicates that Li;PS,
reacts highly exothermically with LiCoO, and forms cobalt
sulfides. 101102106111 Thege transition metal sulfides are elec-
tronically conductive, leading to nonpassivating MIEC inter-
phase layers and poor interface compatibility. The visualization
of the LiCoO,-Li,S - P,Ss interfaces was carried out by transmis-
sion electron microscopy (TEM) analysis (Figure 5b), by which
the mutual diffusion of Co, P, and S at the interface was dem-
onstrated.'%] More detailed chemical information of the inter-
facial layers was obtained by postmortem XPS.I''2 Figure 5c
displays the XPS spectra for LiCoO,-LigPSsCl electrodes before
and after the cycles. The analyses of S 2p, P 2p, and Li 1s
spectra suggested the formation of elemental sulfur, poly-
sulfides, P,S, species (x >5), and LiCl as the oxidative decom-
position product for LigPSsCl while phosphates (PO,*") were
formed on the surface of LiCoO,. Consistently, the phosphates
(PO,*) and sulfites (SO;%7) were directly detected by time-of-
flight secondary ion mass spectrometry measurements of the
cycled LiNiggCoq15Alg050,-75Li,S-25P,Ss  electrode.'3] To
solve this cathode interface incompatibility issue, the applica-
tion of protective oxide coating layers, such as LiNbO;,[2122114]
LiNDby sTag 503, Li,TisOp,,1®  Ta,05,M17  ALO,,[M8  and
Li;PO,M% between sulfide SEs and LiCoO, was demonstrated
in previous experiments. Computational studies confirmed the
improved interface stability and compatibility from the thermo-
dynamic perspective.[101:102.107]

3.4. Use of Multiple SEs in a Single Cell for ASLBs

In short, despite the narrow electrochemical windows of
sulfide Li-ion SEs, the formation of favorable passivating layers
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and the use of protective coating layers enables desirable per-
formances of ASLBs. It is important to note that the asym-
metric stability of SEs is meaningful for ASLBs but is not so
for conventional LIBs based on liquid electrolyte. For example,
vinylene carbonate (VC) is reduced prior to the decomposition
of ethylene carbonate (EC) and forms a stable SEI layer on
graphite electrodes, significantly improving the performances
of half-cells.'2012] However, with regard to the full-cells, the
decomposition of VC on the cathodes is parasitic, resulting in
the fast increase in total cell resistances.'?27124 Lithium-bis-
trifluoromethanesulfonylimide (LiTFSI) exhibits good thermal
stability!'®l and good electrochemical performance when used
for carbonaceous anode materials,['?>1%7] but causes severe cor-
rosion of Al current collectors for the cathodes.'? In stark
contrast, multiple SE materials through a multi-layer strategy
can be employed in a single cell for ASLBs. This unique advan-
tage in the design of ASLBs was demonstrated by comparing
the TiS,/Li-In all-solid-state cells using mono-layer LGPS and
bilayer LGPS/Li;PS, (Figure 5d).°® The use of bilayer allowed
the conductance of the SE layer to be maximized while avoiding
the detrimental reaction between LGPS and Li-In.

3.5. Alternative Electrode Materials Enabled by SEs for ASLBs

The Li metal batteries, as an ultimate goal to achieve high
energy density of batteries, have long been the Holy Grail for
several decades, and the inorganic SEs have been regarded as
the most promising enabler.?%2312% This hope was based on the
previously overestimated electrochemical stability of SEs and the
theory by Monroe and Newman that the dendritic growth of Li
metal may be suppressed by employing inorganic SEs with high
shear modulus.[3% However, in agreement with the suggestion
by theoretical calculations,[19719] the reduction of sulfide Li-ion
SEs has been verified by in situ XPS analysis (Figure 5e).'17
It turned out that, when using Li metals, neither oxides nor
sulfides inorganic SEs,2*131132 could avoid the internal short
circuit caused by the penetrating growth of Li metal through
the grain boundary and porous defects of the polycrystalline
oxide and sulfide SE materials (Figure 5f).'*? The strategies to
enable Li metal using SEs should aim for homogeneous cur-
rent distributions by forming intimate contacts between SEs
and Li metal, as well as for desirable chemical stability with Li
metal.'%! Tt was shown that the deposition of additional thin
layers of Au or In by vacuum evaporation, which covered voids
and grain boundaries on the surface of SEs in bulk-type ASLBs,
could enable the reversible deposition/stripping of Li metal
in ASLBs.[3313] This is also consistent with the significantly
enhanced interfaces of oxide SE-Li metal by the ultrathin Al,O;
coating layer obtained by atomic layer deposition.l'**! The coat-
ings of Li-metal compatible SEs (e.g., Lil-Li,BH,) were shown
to enable Li metal.’”! Despite the afore-described progresses,
fair evaluation on the usage of thin SEs (<100 pum) is still
required for practical ASLB applications.

High-capacity cathode materials, such as S and Li,S, are also
considered for ASLBs owing to the absence of polysulfides dis-
solution problem.?*137-140] In addition, first principles compu-
tation also suggests interface compatibility between sulfides
SEs with S/Li,S and sulfide cathode (e.g., LiTiS,), which are
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Figure 5. Results of electrochemical stability and interface compatibility for Li-ion SEs. a) First two CV cycles of Ti/Li;PS,/Li-In and Ti/LGPS/Li-In cells
in the negative and positive potential ranges. Reproduced with permission.l’8 Copyright 2014, Elsevier. b) Cross-sectional high-angle annular dark field
(HAADF) STEM image of LiCoO,-Li,S-P,Ss interface after initial charging. Reproduced with permission.l'%l Copyright 2016, the American Chemical
Society. c) XPS spectra of the composite LiCoO, electrode for LiCoO,/LigPSsCl/Li~In cells before and after cyclings. Reproduced with permission.['1
Copyright 2017, the American Chemical Society. d) Variations in charge capacities versus cycle number for the TiS,/Li—In all-solid-state cells cycled at
different rates between 1.5 and 3.0 V (vs Li/Li*). Reproduced with permission.’® Copyright 2014, Elsevier. e) Schematic diagram illustrating in situ
XPS revealing the chemical reaction at the Li/LGPS interfaces and the corresponding XPS spectra recorded during deposition of Li metal on LGPS.
Reproduced with permission.["'% Copyright 2016, the American Chemical Society. f) Transmission optical microscopy image showing penetration of Li
metal into cold-pressed polycrystalline B-LisPS,. Reproduced with permission.[32 Copyright 2016, Wiley-VCH.

essential for good ASLB performance.'921%] However, the discharge and charge, still remain for the ASLB applications.
critical drawbacks of S/Li,S electrode, such as poor electronic ~ The low operating voltages (=2.1 V vs Li/Li*) for S (or Li,S)
and ionic conductivities along with large volume changes upon  are advantageous for electrochemical stability and interface
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compatibility but is a major limitation for high energy density.
Various preparation methods, such as ball-milling,!37:141-146]
wet method, #7148l and gas-phase mixing!'* have been applied
to prepare the Li)S (or S) composites with SEs and carbon
additives, achieving reversible capacities ranged from 220 to
830 mA h (g of Li,S)1.[20.137.141143] Recently, Wagemaker and co-
workers revealed that Li-ion transport across the SE-Li,S inter-
face rather than within the SE itself is a major kinetic limitation,
by probing Li,S-LigPSsX (X = Br, Cl) using 2D-exchange nuclear
magnetic resonance (NMR) spectroscopy (2D-EXSY).[143:149]

4. Wet Synthesis and Solution Process of Li-lon SEs

For the preparation of sulfide SEs, conventional synthesis pro-
tocols for ceramic materials, such as high-temperature solid-
state reaction, mechanochemical method, and melt-quenching
method, have been commonly applied (Figure 6). Recently,
the first report of wet-chemical synthesis of B-Li;PS, using
tetrahydrofuran (THF) at low temperatures has opened new
opportunities in this field in several perspectives.'>" First, the
wet-chemical synthesis of SEs may offer advantages in the mass

www.advenergymat.de

production of SEs by reducing processing time and efforts for
mixing precursors. Second, the size and morphology of the SE
particles can be controlled by the wet chemistry of SEs, which
affect the microstructure of electrodes and in turn the electro-
chemical performances.'>! Third, recent reports suggest that
soft chemistry provides an access route to obtain new meta-
stable materials that may not be possible using conventional
synthesis protocols.’®79150 Finally, it has been demonstrated
that a few optimal combinations of SEs and solvents that form
homogeneous solutions without side reactions can be applied
to mitigate the poor ionic contact problem in ASLB elec-
trodes, 2172818252153 which are discussed in detail in Section 5.
The protocols for the preparation of SEs using solvents can
be classified into two: “liquid-phase synthesis” and “solution pro-
cess,” as illustrated in Figure 6. For the liquid-phase synthesis,
after SE precursors of Li,S and P,Ss are added into solvents,
forming inhomogeneous solutions composed of intermediate
solid products and supernatant, wet-chemical reaction proceeds.
By contrast, for the solution process, SEs, rather than precursors,
are dissolved in solvents, forming homogeneous and transparent
solutions. The following processes for both cases are the same:
evaporation of solvents and the subsequent heat-treatment.

‘ Solid-state synthesis I ‘ Liquid-phase synthesis |

’ Solution-process |

Precursors Precursors

Mechanical mixing

S = =
I

b 9l

Wet-chemical reaction

dh =

solvents

l

SEs
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N
H
3
3
3

\_/

Dissolution of SEs
— Homogeneous SE solution

Heat-treatment

SE powders

Figure 6. Schematic diagram illustrating preparation of sulfide SE materials by the conventional solid-state methods, the liquid-phase synthesis, and

the solution process.
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4.1. Liquid-Phase Synthesis of SEs

In the first report of liquid-phase synthesis of sulfide SEs by
Liang and co-workers, f-Li;PS, was prepared by adding Li,S
and P,Ss into THF.I®Y The formation of SE-solvent complex
Li3PS,-3THF was confirmed after the removal of liquids. The
subsequent heat-treatment at 140 °C resulted in the formation
of nanoporous f-Li;PS,, showing a high conductivity of 1.6 x
10* S cm™ at 25 °C. It was noted that this value was higher
than the one prepared by conventional solid-state reaction.>>’]
Importantly, the benefit of wet-chemistry-derived nanostructure
for B-Li;PS, on the abnormally high conductivity was high-
lighted. The following researches to obtain Li;PS, were con-
ducted using various solvents such as ethyl acetatel'>*l and ethyl
propionate,! in which slightly enhanced ionic conductivities
of 3.3 x 10* and 2.0 x 10™* S cm™! were reported, respectively.
In addition, Li;P;S;; was derived by wet-chemical synthesis
using THF,'! dimethoxyethane (DME),"*® and acetoni-
trile (ACN),[>>1%7] resulting in high conductivities up to 9.7 x
10* S cm™. A detailed summary of the wet-chemical syntheses
of sulfide Li-ion SEs and their corresponding ionic conductivi-
ties are summarized in Table 2.

It is important to note that the size of SEs prepared by wet-
chemical routes can be decreased to nanometer ranges,[°*1>1]
while those prepared by solid-state reactions are greater than
10 um.2l For ASLB electrodes, larger-area ionic contacts
between active materials and SEs with smaller volume frac-
tion of SEs are desired. In this regard, the small particle size
of SEs derived by liquid-phase synthesis is desired to achieve

Table 2. Wet-synthesized and processed sulfide SEs.

www.advenergymat.de

the high energy density of ASLBs. Moreover, recent reports
suggest that liquid-mediated reactions could provide synthetic
routes for a new class of ionic conductors.’879150 Li P,SI
(6.3 x 107* S cm™ at 25 °C)¥ and Li,PS,I (1.2 x 107* S cm™
at 25 °C)I” exhibiting unprecedented crystal structures were
obtained by the soft-chemistry approach using ACN and DME,
respectively. Tadanaga and co-workers demonstrated that the
rapid formation of PS>~ units was enabled by ultrasonic irradi-
ation for the preparation of Li;P3S;; (1.0 X 103 S cm™ at 22 °C)
using ACN.[158]

Despite the afore-described progresses, new liquid-phase
chemistries remain to be unveiled. Simple criteria for selection
of proper solvents for the liquid-phase synthesis of sulfide SEs
are available at the current stage; functional groups that interact
with the SE precursors but should not be decomposed, and low
boiling points to minimize energy in the process. Very recently,
Liu and co-workers reported a two-step formation mecha-
nism of Li;P3S;; in ACN: the liquid-phase reaction proceeds,
resulting in Li;PS;-ACN precipitates and soluble Li,S-P,Ss,
and crystalline Li;P;S;; is formed by subsequent solid-state
reaction.’®! Elucidating the mechanism of these complex
chemistries would guide further progress.

4.2. Solution-Processable SEs
The solution processability of SEs allows harvesting the most

notable advantage of using liquid electrolytes, i.e., the excellent
wettability. The homogenous SE solutions can wet any surfaces

Synthesis/Process protocol Composition Solvent Conductivity Heat-treatment E,[eV] Ref.
[Scm™] at 25 °C temperature [°C]

Liquid-phase synthesis LisPS, THF 1.6x 107 140 0.356 [150]

Ethyl acetate 33x107* 160 0.32 [154]

Ethyl propionate 20x107* 170 0.43 [157]

Li;P3S:, DME 2.7%10* 250 0.39 [156]

ACN 9.7x 10 250 0323 [155]

ACN (ultrasonication) 1.0x 1073 (22 °C) 220 0.132 [158]

THF 23%10° 250 0362 [155]

Li;P,Sgl ACN 6.3x107* 200 - [78]

LigPS,l DME 1.2x107 200 0.37 [79]

Na,Sbs, Water (1-2) x 104 200 - [190]

Solution process Lis 5Geq 25P0.7554 Anhydrous hydrazine 1.82x 107 (30 °C) 240 0.42 [160]

80Li,S-20P,Ss NMF 2.6x10°6 150 0.44 [161]

LisPS, NMF 2.3x10°6 180 0.47 [162]

LigPSsCl EtOH 1.4%10° 80 0.34 [153]

LigPSsBr EtOH 1.9%x 107 150 0.38 [165]

Ethyl propionate-EtOH (sonication) 3.4x107° 180 - [223]

0.4Lil-0.6Li4SnS, MeOH 4.1x10™(30°C) 200 0.43 [27]

Li,SnS, Water 1.4x107* (30 °C) 320 - [72]

Na;Sbs, MeOH or water (1-2) x 107 100-200 0.30-0.38 [81]

Naj 75Sng755bg 2554 Water 2x107 (30 °C) 550 - 82]
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of active materials and infiltrate tortuous porous structures of
composite electrodes in ALSBs. To date, only a few combina-
tions of SE/solvents for solution-processable SEs have been
demonstrated (Table 2). Thio-LISICON (Li; 55Gey 5P 75S4) was
obtained using anhydrous hydrazine, showing a high conduc-
tivity of 1.82 x 10™* S cm™ at 30 °C.'®%] However, its practical
application was inhibited by the use of highly toxic and danger-
ously unstable anhydrous hydrazine. Li;PS, was shown to be
precipitated from the homogeneous solution using N-methyl
formamide (NMF).100162 Unfortunately, the resulting Lit
conductivity was too low (2.6 x 10°% S cm™ at 25 °C), and
the solvent is difficult to be removed because of its high
boiling point (=183 °C). Ethanol (EtOH) was demonstrated
to fully dissolve the argyrodite SEs LigPSs;X and to evaporate,
resulting in the original crystals with high Li* conductivities of
=1 x 10™* S cm™ maximum, under low heat-treatment tempera-
ture (200 °C).[152153] This is not anticipated, considering that
PS, species are vulnerable to hydrolysis or alcoholysis reactions
with protic solvents such as water and alcohol, which results
in the evolution of H,S.B% Although Li,S is also hydrolyzed to
form H,S upon exposure to water,® it can be dissolved into
anhydrous EtOH without side reactions.[1®>164 It is postulated
that the dissolved Li,S in EtOH might decrease the proton
activity of EtOH, thus suppressing the alcoholysis of PS,Y~
species in the LigPSsX-EtOH solution. The two-step solution
process for LigPSsX in a previous report could be rationalized
in this context; the Li,S-EtOH solution was prepared prior to
mixing with Li;PS,-THF solution.'®%]

Another important breakthrough in solution-processable SEs
was achieved in the course of searching phosphorus-free mate-
rials. Li,SnS, can be fully dissolved into water with negligible
H,S evolution, which is sharply contrasted by severe hydrol-
ysis and the subsequent intensive H,S evolution for Li;PS,."
Moreover, Li,SnS, is solution-processable using MeOH without
suffering from side reaction.?!) This can be explained by the
less affinity of 0%~ with Sn** than with P>*, following the hard
and soft acid and base theory.?172778182 The recrystalliza-
tion of the homogeneous aqueous Li,SnS, solution resulted
in preserved crystalline structure with a high Li* conductivity
of 1.4 x 10* S cm™ at 30 °C." The incorporation of Lil into
the Li,SnS,~MeOH solution further raised the ionic conduc-
tivity to 4.2 x 107* S cm™1.2U It is also noted that the resulting
Lil-Li,SnS, is amorphous, and shows more softness than crys-
talline Li,SnS,, which could not be obtained by conventional
synthetic protocols.??!

Similar to the Li-ion SEs, the first solution-processable
Na-ion SEs were developed for phosphorus-free materials,
Na;SbS,®Y and Na, ,Sn;_,Sb,S,,®? which are discussed in
detail in Section 6.

5. Electrodes

The developments of state-of-the-art SEs such as LSiPSCl
(25 mS cm™) showing even higher Li* conductivity than that of
conventional liquid electrolytes (=102 S cm™) indicate the supe-
rior performance of ASLBs than conventional LIBs because SEs
may potentially avoid the issues of concentration polarization and
desolvation processes occurring in liquid electrolytes.[22:23:166:167]
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Kanno and co-workers successfully demonstrated the ASLBs
outperforming conventional LIBs in terms of power capabili-
ties and operational temperature ranges. The ASLBs employing
LSiPSCl or LGPS outperformed LIBs over a wide temperature
range from —30 °C to 100 °C. In particular, the power densi-
ties of ASLBs at 100 °C, at which the conventional LIBs fail to
work, were even superior to supercapacitors (Figure 7a). More-
over, the good rate capability was achieved for the high energy
ASLBs using ultrathick electrodes (=600 pum, mass loading of
115 (mg of LiCoO,) cm™).'% Through a different approach, the
rate capability of ASLBs can also be boosted by applying nano-
structured electrode materials, 101191 as were the cases for the
developments of LIBs.'”%172 Jung and co-workers applied TiS,
nanosheets prepared by mechanochemical lithiation and fol-
lowed by exfoliation in water under ultrasonication for ASLBs,
demonstrating outstanding rate capability (Figure 7b).[1%

Layer-structured LiCoO, is the most extensively investigated
electrode materials for ASLBs."'*119 The state-of-the-art LiCoO,
electrodes in lab-scale all-solid-state cells showed high discharge
capacities which are close to the theoretical value (=137 mAh g!
with a cut-off voltage of 4.2 V (vs Li/Li")) and stable cycling per-
formances up to 50-100 cycles.21115152168173.174 However, the
electrochemical performances are affected by several factors;
resistance of SE layers,?®°% thickness of electrodes,'%®! prepara-
tion condition!'”?l and composition of electrode mixtures,'*>174
and pressure applied to the cells.!'”?]

5.1. Practical Considerations and Technical Challenges
for Electrode Fabrication

One of the major R&D efforts in architecturing conventional
LIB electrodes has been the electrical wiring of active materials
using nanostructured conducting materials such as graphene
and carbon nanotubes,['7®177] with no concern about the electro-
lyte wetting onto the active materials. In stark contrast, for ASLB
electrodes, connecting and contacting active materials ionically
are an additional technical challenge.?"152 The porosity values
of the composite electrodes for ASLBs are typically 10-20% for
the electrode composition that is realistic for practical applica-
tions.[21152 This significant amount of porosity reflects insuffi-
cient ionic contacts between SEs and active materials, limiting
the full utilization of the electrodes. Besides reduced capacity,
the inhomogeneity in the distributions of active materials and
SEs also lowers the rate performances of ASLBs.?>78] Moreover,
while the use of carbon additives are necessary to create electric
conduction pathway to active materials, these additives may also
disturb intimate ionic contacts between SEs and active mate-
rials.’8152179] For this reason, adding too much carbon additives
would result in degraded performances, in contrast to the case
in conventional LIBs.P%152179 An extreme example was found
in LiFePO,, which showed negligible capacities for ASLBs
(Figure 7¢).l'”% Jung and co-workers successfully demonstrated
that the addition of the SE-compatible solvate ionic liquid LiG3,
an equimolar complex of LiTFSI and triethylene glycol dimethyl
ether (G3), significantly increased the capacity. The underlying
mechanism was the provision of additional ionic conduction
pathways by wetting the surfaces of carbon-coated LiFePO, and
filling the void spaces with LiG3 (Figure 7d).
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Figure 7. Electrochemical performances of ASLBs using sulfide SEs. a) The Ragone plots of ASLBs and conventional batteries and capacitors. Repro-
duced with permission.[?2l Copyright 2016, the Nature Publishing Group. b) Rate capabilities of all-solid-state cells using bulk TiS, (b-TiS,) and TiS,
nanosheets (TiS,-NS). Reproduced with permission.l® Copyright 2016, the Royal Society of Chemistry. c) Second charge—discharge voltage profiles of
LiFePO,/Li-In all-solid-state cells without and with solvate ionic liquid, Li(G3)TFSI (LiG3), at 0.1 C. d) Schematic diagram illustrating the microstructure
of the composite electrodes without and with LiG3, showing that LiG3 improves the imperfect solid—solid contacts. Reproduced with permission.l7’}

Copyright 2015, Wiley-VCH.

From a practical point of view, the afore-discussed promi-
sing electrochemical performances of ASLBs would depreciate
if polymeric binders were not included in the composite elec-
trodes. The conventional dry-mixed electrodes, even if they are
good testing vehicles to assess the performances of electrode
materials and SEs, would be difficult to scale up because of
their fragile properties.?61%2 Polymeric binders are thus nec-
essary to be incorporated to provide mechanical flexibility/
durability and good adhesion to current collectors. Unfortu-
nately, the polymeric binders would also disturb direct contacts
between SEs and active materials, thus impeding facile ionic
transport network in the composite electrodes.

In summary, the below-par performances of ASLBs are
attributed to the afore-discussed incompleteness in ionic con-
tacts and percolation networks in the composite electrodes. To
address this issue, excessive amounts of SEs are often used in
the composite electrode, lowering the energy density of ASLBs.
In the following section, conventional fabrication protocols for
sheet-type electrodes are described. Subsequently, applications
of solution processes for electrode fabrication are discussed.
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5.2. Fabrication of Sheet-Type Electrodes

Figure 8a shows a schematic illustration of the typical fabrica-
tion process for sheet-type ASLB electrodes and large-format
ASLBs. After the electrode layers are coated on the current col-
lectors, the SE layers can be coated directly onto the as-formed
electrodes. The major difference in ASLB electrodes is the inclu-
sion of SE powders during the fabrication of electrodes,130-182
compared to the injection of liquid electrolytes into the elec-
trode-separator assemblies in the conventional LIBs. Further,
the use of Cu current collectors for anodes may be hampered
by the chemical reactivity with sulfide materials.'82183 More
importantly, the attempts for the slurry-based fabrication of
ASLB electrodes revealed several complications that were not
posed for the fabrication of conventional LIB electrodes. First,
the use of commonly used polar solvents for LIB electrodes,
such as N-methyl-2-pyrrolione (NMP) and water, is not allowed
due to their severe reaction with sulfide SEs.’>!7°l Instead,
suitable combinations of nonpolar or less polar solvents (e.g.,
toluene, xylene) and polymeric binders (e.g., nitrile-butadiene
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Figure 8. Fabrication of sheet-type electrode and SE films for ASLBs. a) Schematic diagram illustrating slurry-based fabrication of sheet-type electrodes
and SE layers for ASLBs. b) Schematic diagram of microstructure of slurry-mixed electrodes for ASLBs. c) Photograph of a pouch-type LiNig ¢Cog,Mng,0,/
graphite ASLB and its cross-sectional FESEM image. Reproduced with permission.'® Copyright 2017, Elsevier. d) Schematic diagram showing the
fabrication of bendable nonwoven (NW)-SE films. Reproduced with permission.?%l Copyright 2015, the American Chemical Society.

rubber (NBR), styrene-butadiene rubber, and silicone rubber)
should be developed.'8%182.184 Thig can be challenging because
many aspects must be satisfied simultaneously; e.g., volatility
and toxicity of the solvents, viscosity of the slurry, and the adhe-
sion property of the resulting electrode layers onto the current
collectors. Second, the slurry-mixing process for ASLB elec-
trodes is much more complicated than that for LIB electrodes
with respect to the number of components. For ASLBs, a bal-
ance in ionic and electronic contacts/connectivity should be
adjusted in the mixing of three components (active materials,
SE, and carbon additives) while only the electronic contacts/
connectivity is crucial for LIB electrodes (active materials and
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carbon additives)."?l Specifically, the composite structure

architecture and the resulting Li* and electronic transport per-
colation network on the performance should be much more
complex for ASLB electrodes than for LIB electrodes. While
liquid electrolytes wet carbon additives and soak the polymeric
binders easily, SEs may not fully access all active materials
unless complete contact and ionic/electronic transport network
are formed (Figure 8b). The area for ionic conduction at the
surface of active materials are in competition with those for
electronic conduction (carbon additives) and mechanical adhe-
sion (polymeric binders). In short, the appropriate combina-
tion of each components and electrode engineering to ensure
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favorable charge-carrier transports are imperative for sheet-type
ASLB electrodes.

To date, only a few results on practically relevant prototype
ASLBs using sheet-type electrodes have been reported.'8-182
Recently, Jung and co-workers demonstrated a cell-based
energy density of 184 W h kg™! for the pouch-type 80 X 60 mm?
LiNiy ¢Cog,Mn,,0,/graphite ASLBs (Figure 8c).'821 Further,
their robustness against high-temperature (111 °C) exposure
and scissor-cutting abusement was demonstrated for the first
time. However, the performances of sheet-type ASLBs are
limited by poor ionic contact when SE fraction is lowered and
thicker electrode is used, which calls for the need to improve
the conductivity of SEs and to enhance the ionic contacts.

Recently, an unconventional one-step fabrication protocol
for sheet-type ASLB electrodes was developed.'®] Instead of
using SE powders, SE precursors (Li,S and P,Ss) were directly
employed to form the electrode slurry based on NBR and THF.

The protocol of direct SE-layer coatings on preformed elec-
trodes lessens engineering efforts for separators, but still
suffers from several technical issues: i) difficulty in precise
thickness control of SE layers on large-area electrodes; ii) poor
mechanical flexibility of SE layers; and iii) interlayer-mixing
between preformed electrode layers and SE layers during the
coating process (Figure 8a).['8%182] In this regard, similar to the

Active materials
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porous polymer sheet
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case for conventional LIBs, assembling separately prepared elec-
trodes and SE films may be a solution. The fabrication of the
first bendable sulfide SE films with thicknesses of <70 um was
achieved by impregnating SE powders (Li;PS, or LGPS) into
porous polymeric nonwoven (NW) scaffolds (Figure 8d).1°l Fur-
ther, the proof-of-concept of free-standing sheet-type LiCoO,/
Li,TisO;, ASLBs enabled by the use of bendable SE-NW films
and Ni-coated NW current collectors was successfully demon-
strated. Moreover, the bipolar cell, which doubled the operating
voltages was obtained by stacking two monocells.

5.3. Applications of Solution-Processable Li-lon SEs for Electrodes

As discussed in the previous sections, complicated issues on
ionic contacts between active materials and SEs are impera-
tive for the performance of ASLBs. An important proof-of-
concept of sulfide SE (Li,S-P,Ss) coatings onto active materials
(LiCoO,) was shown by using the pulsed-laser deposition tech-
nique.'8%187] The electrode using Li,S - P,Ss-coated LiCoO, pow-
ders could be cycled even with the small amount of coated SEs
(1-10 wt%). In this context, the homogenous SE solutions offer
a promising scalable protocol for solidifying SEs on the sur-
face of active materials (Figure 9a).>'7%81.153] For this purpose,
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Figure 9. Applications of solution-processable SEs for ASLB electrodes. a) Schematic diagram illustrating fabrication of sheet-type electrodes and
ASLBs applying solution process of SEs; coating and infiltration with SEs. b) Cross-sectional HRTEM image of 0.4Lil-0.6Li,SnS,-coated LiCoO, particle.
c) Rate capabilities for LiCoO,/Li—In all-solid-state cells using the conventional mixed electrodes and 0.4Lil-0.6Li,SnS,-coated electrode. Reproduced
with permission.2l Copyright 2016, Wiley-VCH. d) First two-cycle charge—discharge voltage profiles for LiCoO,/Li~In and graphite/Li~In all-solid-state
cells using the LigPSsCl-infiltrated LIB electrodes at 0.1C and cross-sectional FESEM image of the LigPSsCl-infiltrated LiCoO, electrode. Reproduced
with permission.'>2 Copyright 2017, the American Chemical Society.
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multiple requirements must be simultaneously satisfied. First,
the high conductivity of solidified electrolytes is required.
To avoid side reactions, unfortunately most combinations of
phosphorus-containing SEs and protic solvents are ruled out.
Second, solvents with cost-effectiveness, no toxicity, and low
boiling point are desired. Lastly, the SE solutions should be
chemically inert when in contact with the active materials.

Among the listed SE solutions in Section 4.2, only a few can
fulfill the aforementioned multiple requirements. Two promi-
sing candidates are Lil-Li,SnS,-MeOH or aqueous solutions
and LigPSsX-EtOH solutions (X = Cl, Br).[21152153.165] The EtOH-
solution-processed LigPSsX showed maximum ionic conduc-
tivity of (1-2) x 107 S cm™ at 25 °C.["5>1] Good compatibility
of the LigPSsCl-EtOH solution with LiCoO, as well as graphite
was demonstrated.'>? In addition, higher ionic conductivity
was achieved for 0.4Lil-0.6Li,SnS, glass (4.1 x 10™* S cm™!
at 30 °C).21 A disadvantage for 0.4Lil-0.6Li,SnS, is its poor
anodic stability under 1 V (vs Li/Li*), which prohibits the appli-
cation to graphite electrodes. However, the excellent dry-air sta-
bility for 0.4LiI-0.6Li,SnS, is a great strength compared to the
phosphorus-containing counterparts such as LigPSsX.

The high-resolution TEM (HRTEM) image (Figure 9b) shows
the solution-processed hundreds-of-nanometer-thick uniform
coatings of 0.4Lil-0.6Li,SnS, on LiCoO, particle demonstrated
with intimate contacts.?!l Surprisingly, the electrode prepared
using the 0.4Lil-0.6Li,SnS,-coated LiCoO, outperformed the
electrodes prepared by manual mixing with 0.4Lil-0.6Li,SnS,
and even with the state-of-the-art SE LGPS (Figure 9c). Consid-
ering more than one order of magnitude higher conductivity of
LGPS (6.0 x 10 S cm™) than that of 0.4Lil-0.6Li,SnS, (4.1 X
10™* S cm™), this result made an unprecedented emphasis on
the critical importance of ionic contacts and percolations in
ASLB electrodes. While the benefits of SE-coated active mate-
rials have been demonstrated for the lab-scale pelletized elec-
trodes without using polymeric binders and carbon additives,
more significant impact by SE-coatings is expected for the appli-
cation of sheet-type electrodes where the disruption in ionic
contacts and percolation networks would become more severe.

Recently, Jung and co-workers have expanded the applica-
tion of solution-processable SEs to scalable fabrications of
sheet-type electrode inspired by the liquid-electrolyte injection
in the manufacturing process for LIBs (Figure 9a).'>? In their
approach, the homogeneous SE solutions (LigPSsCl-EtOH or
Lil-Li,SnS,~MeOH) were infiltrated into conventional elec-
trodes for LIBs, which consisted of active materials, carbon,
and polyvinylidene fluoride. The SE-infiltrated electrodes for
LiCoO, and graphite were demonstrated to show high capacities
of 141 and 364 mA h g! at 0.1 C with reasonable electrode con-
ditions in terms of the practical application (Figure 9d), which
was attributed to favorable ionic contacts/networks; mass load-
ings of 10 (mg of LiCoO,) cm™ and 6 (mg of graphite) cm™,
low SE weight fractions of 11 wt% for LiCoO, electrodes and
21 wt% for graphite electrodes. It was highlighted that the com-
mercially available LIB electrodes could be employed for ASLBs
without any modification. Further, it will be possible to fabri-
cate bendable SE separating films by infiltrating porous mem-
branes with the SE solutions (Figure 9a).

Overall, all the afore-described applications using homo-
geneous SE solutions can be combined in the range of active
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materials, electrodes, and SE layers, to pursue scalable roll-to-
roll fabrications of ASLBs (Figure 9a). Although the feasibility
of several major concepts has been demonstrated, only a few
SEs are known to be solution-processable. Moreover, their ionic
conductivities are below par (=10~ S cm™). Thus, the search of
new solution-processable SEs is required.

6. Na-lon SEs and ASNBs

Combining renewable energy resources, such as solar and
wind power, which suffer from their inherent discontinuity,
with large-scale energy storage systems enables reliable power
supply.!3188 Since the cost effectiveness of energy storage
system is utmost requirement for this application, Na-ion bat-
teries exploiting abundant Na resource and excluding the use
of Cu current collectors are considered as a highly competitive
alternative to LIBs.*!l Furthermore, replacing liquid electro-
lytes with nonflammable inorganic Na* SEs can improve safety.
Thus, ASNBs are highly pursued for the large-scale energy
storage applications.[8182189.190]

Similar to the sulfide Li-ion SEs, the development of
sulfide Na-ion SEs was initiated from Na;PS, (Figure 10a).
While LISICON-type Na;PO, shows poor ionic conductivity
(=10% S cm™! at 100 °C),[°Y the replacement of 0%~ with
S%~ leads to tetragonal NajPS, (t-Na3PS,) with a moderate
ionic conductivity (=107°-107 S cm™! at 25 °C).[18143192] By
employing mechanochemical methods with the heat-treat-
ment temperature lowered to 270 °C, cubic Na3PS, (c-Na3PS,)
was obtained, which resulted in Na* superionic conductivity
(4.6 x 107* S cm™ at 25 °C).1®1%] The Na* conductivity has
been enhanced by various iso- or aliovalent substitutions
(Figure 10a). The partial aliovalent substitution of P°* with Si**
and Sn*', rendering Na* interstitials, gave highly ionic conduc-
tive 94Na;PS,-6Na,SiS, (7.4 x 107 S cm™ at 25 °C)[193194 and
Naj 1Sng1PgoS,s (2.5 x 107 S cm™ at 25 °C), respectively.[%]
Alternatively, introducing Na* vacancies by partial substitution
of $2~ with CI~ resulted in a high conductivity for Na;_,PS, . Cl,
(x = 0.625, 1.14 x 1073 S cm™" at 25 °C).[% The LGPS-type Na
analogue Na;,SnP,S;; (4 X 107 S cm™! at 25 °C) was also sug-
gested,['”l and a new Na-ion SE Na;;Sn,PS;;, (3.7 %X 1073 S cm™!
at 25 °C for annealed pellet) was recently reported.['9®1%
The isovalent substitution of P>* with As>* led to a remark-
able improvement in Na* conductivity and atmospheric
chemical stability for Na;Py¢,As)3554 (1.46 x 107 S cm™ at
25 °C).1139:200] However, the use of toxic element arsenic would
not allow its practical application. Alternatively, the isovalent
substitutions with large ions Se?~ (198 vs 184 pm for $¥7) and
Sb>* (60 vs 38 pm for P>*) enabled Na;PSe, (1.16 x 10 S cm™!
at 25 °C)20U and Na3SbSy ((1-3) x 102 S cm™ at 25 °C) with
high conductivities.®2%2l Very recently, the drastic transition
from insulating Na,SnS, to highly conducting Na, ,Sn; ,Sb,S,
(0.02 < x < 0.33) by aliovalent substitution was reported.®?
This unprecedented crystal structure showed a maximum con-
ductivity of 5.0 x 10 S cm™! at 30 °C. It should be emphasized
that phosphorus-free compounds of Na;SbS, and Sb-substi-
tuted NasSnS, do not suffer from the evolution of toxic H,S
gases in contact with water, in sharp contrast to conventional
Na;PS, SEs.[5182
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Figure 10. Progresses in Na* superionic conductors and ASNBs. a) Design strategy for Na* superionic conductors. Na-ion SEs which are solution-
processable and show no H,S evolution in contact with water are emphasized in the box in yellow. b) Cross-sectional HRTEM image of NaCrO, coated
with Na;SbS, by solution process using MeOH. c) The first-cycle charge—discharge voltage profiles for NaCrO,/Na—Sn ASNBs at 50 UA cm™?, using
the conventional mixed electrode and the Na;SbS,-coated electrode. Reproduced with permission.[8' Copyright 2016, Wiley-VCH.

First principles calculations have been performed to under-
stand the diffusion mechanisms in Na-based sulfide SEs as well
as to predict new compositions and structures as novel Na-ion
SEs. AIMD simulations studies revealed that Na* diffusion in
both t-Na3PS, and ¢-Na3PS, are mediated by vacancy or intersti-
tial mobile carriers. In AIMD simulations, negligible diffusion
is found in the perfect stoichiometric composition with no car-
rier?3204 and high Na* conductivity is activated once vacancies
or interstitials are introduced into the structure through the alio-
valent doping for P cations or S anions (Figure 11a).[143:196.203,204
First principles computation by Ong and co-workers?%! found
6.25% doping of Si** for P°* in c-Na;PS, with interstitials
achieving a Na" conductivity of >1073 S cm™ at RT (Figure 11a,b),
which agreed with previous experimental results.'”*1% First
principles computation also predicted halogen doping for S
in t-Na3PS, with more Na* vacancies as an effective strategy to
increase Na® conductivity.*1% As a result, novel Cl-doped
t-Na;PS, SE, t-Na;_,PS, ,Cl,, with a Na* conductivity exceeding
103 S cm™ at RT was computationally predicted and experi-
mentally synthesized and confirmed. In addition, this newly
predicted SE has been applied in RT all-solid-state rechargeable
Na-ion battery with sodium metal anode.['%°!
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The Na* diffusion mechanisms in these SEs were found to
be consistent with the Li* diffusion mechanism in Li superionic
conductors (Section 2.3). AIMD simulations revealed the strong
correlation in Na® migration in Na3PS,%! which was con-
sistent with the generally observed concerted migration mech-
anisms in fast Li-ion conductors.’”] In addition, the general
design principles based on the bec-type anion structural frame-
work for fast alkali-ion conductors were also demonstrated
to be applicable to Na-ion conductors (Figure 11c). Based on
this design principle, computational studies by Ceder and co-
workers predicted new Na sulfide SEs, such as Na;)MS,P;,
(M = Ge, Sn, Si)!¥:2%] and Na,P;S;,12%l (Figure 11c), which
exhibit decent phase stability and high Na* ionic conductivity of
1-10 x 10 and 1 x 1072 S cm™, respectively, at RT. These com-
putation studies indicate significant potentials in further dis-
covery of novel fast Na* conducting SEs based on the rational
design strategies and predictive first principles computations.

First principles calculations were also performed to investi-
gate electrochemical stability and interface compatibilities of
sodium sulfide SEs.[191%] The thermodynamic intrinsic electro-
chemical window of Na;PS, was calculated to be 1.55 to 2.25 V
(vs Na/Na*) (Figure 11d). The sodiation reduction products of
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Figure 11. a) Na ion probability density (blue) for Naz,,Si.P1_,S4
(x = 0.0625) from AIMD simulations at 800 K. b) Arrhenius plots of
Naz  ,M,P;_,Ss (M = Si, Ge, Sn) from AIMD simulations. Reproduced
with permission.?%! Copyright 2015, the American Chemical Society.
c) Calculated migration energy barriers for Na* diffusion in bcc and fec
anion (0% and S%7) lattices as a function of volume per anion. Repro-
duced with permission.?%l Copyright 2017, the American Chemical
Society. d) Voltage profile of Na;PS,. Reproduced with permission.'%’]
Copyright 2017, the Royal Society of Chemistry.

Na;PS, at Na metal anode are Na,S and Na;P. Na;P has a small
band gap and is electronically conducting, leading to the for-
mation of MIEC interphase layers, in agreement with experi-
mental observation of in situ XPS by Janek and co-workers.['%3]
At voltages above 2.25 V, the oxidation reaction becomes
favorable, and the oxidation products such as Na,PS;, NaPS;,
and S, may form at the interface. Doped Na3PS, can form dif-
ferent interfacial products at the Na anode from first principles
calculations. Si- and Sn-doped Na;PS, may form electronically
conducting Na—Si and Na—Sn alloy compounds, respectively, at
low voltages.2%3] The interphase including NaCl may be formed
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in Cl-doped Na;PS, as shown by first principles computa-
tion.['%] The chemical reaction between Na;PS, SE and NaMO,
(M = Cr, Mn, Fe, Co, Ni) cathode materials was also found to
be favorable in first principles computation,'%! similar to Li-ion
sulfide SEs and oxide cathode interfaces. The interfacial reac-
tions occurred through the anion exchange reaction, e.g., in
NPS and NaCrO, to form Na3;PO, and NaCrS,. For other cath-
odes NaCoO, and NaNiO,, the interfaces underwent redox reac-
tion of Co and Ni to form Ni sulfides and Co sulfides. Similar
to ASLBs, the interface compatibility is also a critical issue to be
resolved in ASNBs.

As demonstrated in the case of ASLBs, the formation of inti-
mate ionic contacts in composite electrodes is also imperative
for the performance of ASNBs. Interestingly, it was demon-
strated that Na;SbS, can be dissolved into water or MeOH
without the evolution of H,S gases, forming homogeneous SE
solutions.B! As described in Section 4, the Na-ion SE solutions
could be solidified on the surface of active materials (Figure 10b).
The NaCrO,/Na-Sn ASNBs employing the resulting Na;SbS,-
coated NaCrO, showed dramatically improved performances at
RT, compared with those employing the conventional mixture
electrodes (Figure 10c).!l Recently, another phosphorus-free
compound, Sb-doped Na,SnS, (Na,_,Sn;_,Sb,S,), has also been
shown to be solution-processable using water.®2l Moreover, the
aqueous-solution synthetic route for Na;SbS, using precursors
of Na,S, Sb,S;, and S, which allow the coating of Na;SbS, on
FeS, for FeS,/Na-Sn ASNBs, was recently developed.""!

It is worth mentioning several key issues for the realization of
room-temperature ASNBs using sulfide Na-ion SEs. To achieve
high working voltages, oxide-based cathode materials that have
been investigated in the field of Na-ion batteries*!l should be
employed. However, the reactivity between active materials
and SEs is still a major challenge,'%! and the development of
advanced protective coatings is indispensable. These coatings
can also contribute to the suppression of side reactions for active
materials in contact with solutions for the solution process of
SEs.”?l Second, the inherently poor anodic instability of SEs
needs to be addressed to suppress the formation of MIEC inter-
phase layers on negative electrodes, calling for a cell design with
multiple SE layers or anode protective coating.

7. Summary and Outlook

Since the early discoveries of sulfide Li* superionic conductors
such as thio-LISICON and Li,S-P,Ss glass-ceramics, a number
of compounds showing high conductivities have been developed
to date. While the majority of discoveries have been achieved
through intensive trial-and-error exploration of the multicom-
ponent systems, noticeable advances in the first principles com-
putation technique in recent years have enabled the accelerated
search for stronger candidates. Thus, it is highly anticipated
that more superior superionic conductor SEs to conventional
liquid electrolytes will be identified in the future. Recently,
much attention in this field has been expanded to other critical
issues for sulfide SEs, such as atmospheric instability and yet-
brittle mechanical property, which hamper a realistic design
and the production protocols of large-format all-solid-state
batteries in terms of practical applications. In this regard, the
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research in the future should provide not only highly conduc-
tive but also chemically stable sulfide SEs as a high priority.
Rational designs in compositions, such as partial substitution
of sulfur with oxygen, which may be offset by lowered conduc-
tivity, rigorous exploration of phosphorus-free materials such
as Sn-based compounds (e.g., Lil-Li,SnS,), and surface modi-
fications can be potential directions. Considering the narrow
thermodynamic electrochemical windows for sulfide materials,
the engineering for stable interfaces between active materials
and SEs is also imperative for high-performance all-solid-state
batteries. Developments of advanced materials and design for
interfacial architectures may enable the use of high-voltage
cathode materials operating at >5 V (vs Li/Li*), high-capacity
Li,S (or S), and the ultimate anode Li metal, opening unprec-
edented opportunities in the LIB field. The recent advances in
the solution-processable SEs are also highly noteworthy as they
have provided the proof-of-concept of achieving intimate ionic
contacts between active materials and SEs in all-solid-sate bat-
teries for practical applications.

It is noteworthy that electrochemical behaviors for all-solid-
state batteries are highly affected by mechanical environments,
which are often overlooked. For the conventional LIBs, the
volume changes in active materials cause concerns in elec-
trical connectivity while the integrity of the electrodes and
cells remains relatively intact. By contrast, for all-solid-state
batteries, the effects of the mechanical degradation caused by
the repeated volume changes in active materials are profound.
Thus, the cell performance for all-solid-state batteries are
greatly affected by externally applied pressure. In this regard,
studies on the performance of all-solid-state batteries relevant
to applied pressure would be important.['7>207.208] The critical
problem of internal short circuit caused by the penetrating
growth of Li metal through SEs led to the routine use of In or
Li-In alloys as the counter electrode and simultaneously as the
reference electrode for all-solid-state Li-ion half-cells. However,
its reliability has not yet been evaluated. Further, practically rele-
vant all-solid-state full-cells have rarely been investigated. These
call for the need to develop an all-solid-state three-electrode cell.
Unfortunately, its development is challenging because of the
unique fabrication protocol for all-solid-state batteries based on
cold-pressing at high pressure of hundreds of MPa. Recently,
Jung and co-workers have developed a reliable all-solid-state
three-electrode cell that enables the diagnosis of failure modes
for all-solid-state batteries.?%”] In-depth analysis at the inter-
faces of active materials and SEs using in situ methods (e.g., in
situ SEM,[131 XPS,[110] XRD,[175] TEM,87] Raman,?1% and elec-
tron holography?!l) is also required for the understanding of
complex interfacial chemistries.

Inspired by the progresses in sulfide Li-ion SE materials, sev-
eral Na* superionic conductors have been discovered to date.
The sulfide Na-ion SE materials also have issues that are in
common with the Li-ion counterparts (e.g., air-stability, electro-
chemical stability, and solution processability). Specifically, the
poor anodic and cathodic interface stability of sulfide Na-ion SEs,
stemming from the nonpassivating decomposition reactions, is
a critical issue for the realization of high-energy ASNBs. Con-
sidering the extensive progresses in ASLBs and Na-ion batteries,
further efforts to develop ASNBs are desired. Very recently, high
Mg?* conductivity has been achieved for the selenide compound
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MgSc,Se, (=107-107* S cm™ at 25 °C), suggesting the potential
for all-solid-state Mg batteries.?'?l Following the recent progress
in K-ion batteries,*#>213] the exploration for K-ion SEs and all-
solid-sate K batteries would be of interest as well.
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