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1. General Introduction

Lithium-ion batteries have been rapidly spreading as power sources for portable electric
devices since their commercialization in 1991. Especially, the widespread uses of mobile
phones and laptops have greatly transformed our life-styles. Recently, applications of
lithium-ion batteries to large-scale energy storages for electric vehicles and stationary systems
are expanding [1—3]. These demands are due to their high energy densities of lithium-ion
batteries. However, safety risks have increased as they become lager scales and higher energy
densities. Safety risks in lithium-ion batteries are great issues to be addressed [4—5].

As a way to solve the issues in lithium-ion batteries, it is useful to replace the organic
liquid electrolytes with the inorganic solid electrolytes. All-solid-state batteries with the
non-flammable solid electrolytes basically achieve the high safety [6—8]. Moreover, they can
operate with Li-metal negative [9—12], high-voltage positive [13—15], and high-capacity
electrodes [16—20]. It is also possible to stack the battery cells in a single package without an
ionic short circuit [21]. Thus, all-solid-state batteries have the high energy and power
densities as well as high safeties. In addition, their simple electrochemical reaction and high
thermal stability suppress the side reactions and thermal runaway, greatly enhancing the
calendar life and safety. These advantages stem from great features of inorganic solid
electrolytes which have high lithium-ion transport number and no-liquid nature. Many
investigations in recent years have been focused on improving their ionic conductivities of the
solid electrolytes.

In general, inorganic solid electrolytes are roughly classified into oxide-based and
sulfide-based electrolytes. It has been reported that the crystalline oxide-based solid
electrolytes such as perovskite-type [22—24], NASICON-type [25—26], garnet-type [27—31],
and p-alumina [32], which are synthesized by the solid-phase methods, exhibit high ionic

conductivities of 1 mS cm™

or more at 25 °C. These electrolytes have relatively good
air-stabilities. However, it is necessary to sinter the electrolytes at a high temperature of 1000
°C or more to reduce the grain boundary resistance [22, 33—34]. By preparing all-solid-state

cells with oxide-based electrolytes, undesirable side reactions may occur between electrodes



and electrolytes by heat treatment at high temperatures [35]. Recently, Oxide-based glass and
glass-ceramic electrolytes with low melting temperatures and great formability are attracting
much attention [36—38]. Unfortunately, the glass-based electrolytes show the lower ionic
conductivities of ca. 10° S cm™ at room temperature.

On the other hands, densification of sulfide-based solid electrolytes is easily induced just
by a cold-pressing process at room temperature (called as “room-temperature pressure
sintering”) unlike oxide-based solid electrolytes because they have excellent formability
[39—40]. This feature helps to prepare the electrolyte separator and the composite electrode
with favorable interface between electrode and electrolyte in the all-solid-state cells. The
favorable mechanical property is based on higher polarizability of sulfide ions in the
electrolytes. In addition, they exhibit ionic conductivities superior to those of the oxide-based
ones [41-60]. Therefore, sulfide-based solid electrolytes are attracting much attention as an
essential component for advanced lithium-ion batteries. At the beginning of the research,
many glass-based solid electrolytes such as Li2S-P2Ss [41—42] and Li2S-SiS; [43—44] systems
showing ambient temperature conductivities of ca. 10* S cm™! were reported. In addition, the
electrolytes, in which lithium oxy-acids (LisSiO4, LizPO4 etc.) [45] and lithium halides
[46—48] as the third components are added, exhibit conductivities of 1 mS cm™ or more.
Moreover, it has been reported that crystalline solid electrolytes such as Lij0GeP2S1> (LGPS)
[49—50] and Li7P3S11 [51-52] show extremely high lithium-ion conductivities of more than

10 mS cm’

, comparable to conventional liquid electrolytes. A recent investigation
demonstrated that the LGPS-type Lio 54S11.74P1.44S11.7Clos solid electrolyte has an extremely
high ionic conductivity of 25 mS cm™ [53]. Moreover, argyrodite sulfide-based LisPSsX (X =
Cl, Br) reported in 2008 [54] are attracting much attention as the third promising crystal
[55—57]. These electrolytes have three-dimensional lithium-ion conduction pathways in the
structures, resulting in high conductivities. Recently, the solid electrolytes with novel
crystal-phases such as Li7P2Sgl [58], LisPS4l [59], 50Li>S-30P>Ss-10LisN [60] have been
developed.

It has been reported on all-solid-state cells using sulfide-based solid electrolytes with

favorable mechanical properties [39—40] and high ionic conductivities [41—42, 45—46].



Tatsumisago et al. reported that all-solid-state cells with LiCoO; and LisTisO12 electrodes
exhibit excellent cycle performances during 500 and 700 cycles at 25 °C, respectively [61—62].
In addition, the cells with Li-metal negative electrodes [9—10], 5 V-class high-voltage positive
electrodes such of LiNiosMnisO4 [13—14], and high-capacity electrodes [16—20] such as
sulfur and transition-metal sulfides operated stably. These active materials lead to high energy
densities of the all-solid-state cells. Recently, Kato et al. also demonstrated that all-solid-state
cells with the Lios4Si174P144S11.7Clos electrolyte have higher power densities than
super-capacitors [53]. All-solid-state lithium-ion cells with sulfide-based solid electrolytes are
viable alternatives to conventional batteries as next-generation battery storages because of
their long cycle life, high energy densities, and high power densities.

All-solid-state sodium batteries are attracting much attention as an alternative
next-generation storage system to lithium-ion batteries because of their abundant and low-cost
sodium sources [63]. Sodium ion has larger ionic radius than lithium ion, resulting that
sodium-ion conducting solid electrolytes have a potential to show higher ionic conductivities
because of a low charge density of sodium ion. Recently, sodium-ion conducing sulfide-based
solid electrolytes with high conductivities have been reported [64—76]. In 2012, Noi ef al.
successfully developed the NasPSs solid electrolyte with a conductivity of 4.6x10* S cm™ and
operated all-solid-state cells with TiS> active material at room temperature at the first time
[64—65]. Tanibata and co-worker reported that 94Na3PS4-6NasSiS4, which was prepared by
replacing a part of P with Si, showed the relatively high conductivity of 7.4x10* S cm™ [66].
Furthermore, it was reported that introducing defects in sodium ion sites in the Na3PS4 crystal
improved the conductivities by substituting halogen for sulfur [67] or doping aliovalent
elements [68—69]. More recently, it was also found that Na3SbS4 having the same crystal
structure as Na3PS4 exhibited high conductivities of 102 S cm™ or more [70—72]. In addition,
NGPS-type sulfide-based solid electrolytes with similar crystal structures to LijoGeP2S12 were
also developed [73—76]. Many reports on all-solid-state cells with these electrolytes have also
been conducted. All-solid-state sodium batteries are interesting as post all-solid-state batteries.

From the perspective of practical application of all-solid-state cells, there are some

challenges to be solved: (1) the realizable preparation protocols of sulfide-based solid



electrolytes and composite electrodes for all-solid-state cells, and (2) the formation of
favorable interface between electrode and electrolyte particles for improving the cell
performance. Because most sulfide-based solid electrolytes are unstable to water [77], the
synthesis method of sulfide-based solid electrolytes is limited compared to oxide-based solid
electrolytes. So far, conventional techniques for ceramic materials under an inert atmosphere
such as solid-state reaction, melt quenching, and mechanochemical processes have been
generally employed as the synthesis process of the sulfide-based electrolytes. However, it is
necessary to synthesize the electrolytes with small-scale airtight container under vacuum at
high temperature to prevent the sulfur components from releasing, which have high vapor
pressure. It is also difficult to apply the mechanochemical process to continuous production
protocol. Viable large-scale manufacturing techniques of the sulfide-based solid electrolytes
are required. Furthermore, composite electrodes for all-solid-state cells have been commonly
prepared by dry-mixing electrode active materials, solid electrolytes, and carbon additives.
For practical application, large-scale production protocols by wet-process should be realized.
On the other hand, it is also important to construct favorable solid—solid interfaces between
the electrode and electrolyte with large contact areas, to form ionic and electronic conduction
pathways, and to increase the amount of the active materials in the composite electrodes for
improving cell performance [78—80].

An effective technique for solving these issues is the coating of the electrode active
material particles with solid electrolyte. So far, it has been demonstrated that coating
techniques with sulfide-based solid electrolyte thin films such as Li>S-P2Ss systems [78—79],
Li2S-GeS» systems [80], and LisPSs-LisGeS4 systems [81] on typical active material particles
by pulsed laser deposition technique were performed. The cells using LiCoO; particles coated
with solid electrolytes were charged and discharged with lager reversible capacities than that
without electrolyte-coating, indicating that the coating technique is effective in forming
favorable electrode—electrolyte interfaces and ionic conduction pathways. However, utilize of
the gas-phase techniques is not suitable for large-scale manufacture because of high process
cost.

As an alternative to the solid-phase and gas-phase methods, liquid-phase process has been



generally used for preparing the ceramic materials. Homogenous materials are easily obtained
with a relatively short synthesis time and a low synthetic temperature because the constituent
elements diffuse in the solvent used as reaction media. It is also possible to control the size
and morphology of the particles by introducing additives and/or adjusting the concentration.
However, the technique has some disadvantages such as the residual solvent and the undesired
side-reaction. Notably, there had been very few reports on liquid-phase synthesis of
sulfide-based materials because of their low chemical stability. However, in the wake of the
initial study in 2012 [82], employing liquid-phase technique with organic solvents to the
sulfide-based solid electrolytes is rapidly increasing. In addition to the synthesis process of
the electrolytes, liquid-phase processing is also an important protocol for constructing
all-solid-state cells and improving the cell performance. The technique ensures all-solid-state
cells as a viable next-generation storage by bringing some advantages: control of the particle
size and morphology of the electrolytes, and formation of favorable electrode—electrolyte
interfaces in all-solid-state cells.

Liquid-phase synthesis processes of sulfide electrolytes reported so far can be categorized
into two groups as shown in Table 1: (1) suspension process [59, 82—100] and (2) solution
process [72, 102—115]. Suspension synthesis is conducted by stirring the starting materials
particles in organic solvents with low solubility. In 2012, Liang et al. firstly have reported on
the liquid-phase synthesis of f-LizPS4 using tetrahydrofuran (THF) [82]. A simple technique
of stirring Li2S and P»Ss as the staring materials in THF and subsequent heat treatment at 140
°C produced p-LisPSs with relatively high ionic conductivity of 1.6x10% S cm™. It is
noteworthy that the technique enables to synthesize thermodynamically metastable phase
B-LizPS4. This initial report accelerated approaches to synthesis of solid electrolytes using
various organic solvents. Table 1 lists the combination between the thiophosphate-based solid
electrolytes such as Li>S-P2Ss, LixS-P2Ss-Lil, NasPSs-based electrolytes and the solvents such
as ethers [59, 82—85], carbonates [86—87], esters [88—91], and nitriles [92—100] in the
suspension synthetic process. It is noteworthy that Li;P3Si; and Li7P>Sgl with high
conductivities were prepared using acetonitrile (ACN) [95, 98]. In particular, optimizing the

kinds of solvents and the synthetic process leaded to synthesis of Li7P3Si1 showing the



Table 1 Liquid-phase synthesis of sulfide-based solid electrolytes

Method Electrolyte Starting material Solvent Pre-treatment Conductivity / Scmt Ref.

Suspension  f-LisPS, Li,S, P,Ss THF - 1.64% 10 82
B-LisPS, Li,S, P,Ss ACN - 1.2x 10% 92
S-LisPS, Li,S, P,Ss EA - 33x10% 88
B-LisPS, Li,S, P,Ss EP - 2.0x 10* 89
S-LisPS, Li,S, P,S; THF + ACN - 7.2x 105 93
B-LisPS, Li,S, P,Ss DBE - 3.1x10% 83
p-LisPS, Li,S, P,S;, LiC,Hs THF - 1.32x10% 84
Amorphous Li,S-P,S; Li,S, P,Ss DMC - 6.4% 106 86
Li,P,S,, Li,S, P,Ss DME - 2.7%10% 85
Li,P,S;, Li,S, P,Ss ACN - 1.5% 103 94
Li,P;Sy; Li,S, P,Ss ACN - 2.0x10% 95
Li,P;Sy; Li,S, P,Ss ACN - 8.7 x 10* 9%
Li,P,S;, Li,S, P,Ss ACN - 9.7x10* 97
Li,P,Syl Li,S, P,S;, Lil ACN - 6.3% 104 98
Li,P,Syl Li,S, P,S;, Lil EP - 3.4x10% 90
Li,P,Syl Li,S, P,S;, Lil EP - 46x% 10 91
Li,PS,l Li,S, P,S;, Lil DME - 1.2x10* 59
NagPS, NaS, P,S; DME - 2.6%x10* This study
NagPS, NaS, P,S; ACN - 8.44% 10°% 99
NaCl-NayPS, Na,S, P,S;, NaCl DME - 4.3x10* This study
NagPS,-NagPSe, NaS, P,S;, Se ACN - 1.21x 10 100

Solution Liz5G€y.25P0. 7554 Li,S, GeS,, P,S; Hydrazine Solid-phase 1.82x 10 102
LisPS, Li,S, P,S; NMF Mechanochemical 2.6x 10 103
LisPS, Li,S, P,Ss NMF, hexane ~ — 2.3x 106 105
Amorphous Li,PS, Li,S, P,S;, S DEGDME - 2.76x 10 113
LigPS,Cl Li,S, P,S;, LiCl EtOH Mechanochemical 14%10°5 This study
LigPS,Cl Li,S, P,S;, LiCl EtOH Mechanochemical 1.9%10* This study
LigPS,Cl Li,S, P,S;, LiCl EtOH Mechanochemical 6.0 10 106
LigPS;Br Li,S, P,S;, LiBr EP + EtOH - 3.4x10% 107
LigPS;Br Li,S, P,S;, LiBr THF + EtOH - 31x10°3 This study
LigPS;BH, Li,S, P,S,, LiBH, THF + EtOH - 1.3x 10% 108
Li,sns, Li,S, SnS, Water Solid-phase 1.4%10% 11
Li,sns, Li,S, SnS, MeOH Solid-phase 8.9x10° 109
Amorphous Lil-Li,SnS,  Li,S, SnS,, Lil MeOH Solid-phase 41x10% 109
NagPS, NaS, P,S; NMF - 2.6% 10°% This study
Na,Sbs, NaS, Sb,S;, S MeOH Solid-phase 2.3x 10% 72
NagShs, Na;S, Sb,S;, S Water Solid-phase 2.6x10% 72
NagShs, Na;S, Sb,S;, S Water - 1.2x103 This study
Nal-Na,Shs, NaS, Sb,S;, S, Nal MeOH Solid-phase 7.4%10% 110
Na;ShS,-Na,Ws, Na;S, Sb,S;, WS, S Water - 4.3%x10°3 This study
Na;ShS,-Na,SnS, NaS, Sb,S;, SnS,, S Water Solid-phase 3.0x 10* 112

THF: tetrahydrofuran, ACN: acetonitrile, EA: ethyl acetate, EP: ethyl propionate, DBE: dibutyl ether, DMC: dimethyl carbonate, DME: 1,2-dimethoxyethane,
NMF: N-methylformamide, DEGDME: diethylene glycol dimethyl ether, MeOH: methanol, EtOH: ethanol



maximum conductivity of 2.0 mS cm™'. In addition, Matsuda and co-workers also succeeded
in preparing LizPSs4 in the much shorter synthetic time (5 hours) by the liquid-shaking
technique using carbonate solvents [86]. These reports demonstrate that the liquid-phase
synthesis is a viable alternative process to the conventional solid-phase techniques.
Unfortunately, there are very few reports about the liquid-phase synthesis of sodium-ion
conducting sulfide-based solid electrolytes [99—100].

Regarding the application to all-solid-state cells, it has been mainly reported that
homogeneous composite electrodes for all-solid-state cells were produced by adding electrode
active material particles in the precursor suspension where the sulfide-based solid electrolytes
fine powders are dispersed [95, 101]. The process enabled the all-solid-state cells to enhance
the performances by the construction of electrode-electrolyte interfaces with large contact
areas. More interestingly, Liang et al. reported that the morphology control of the f-LizPS4
electrolyte particles with plate shape was achieved using can [92—93]. They also demonstrated
that preparation of the plate-like f-LizPS4 improved the performances of all-solid-state cells
with lithium metal by thinning the electrolyte separator layer. The suspension process leads to
a novel synthesis process of sulfide-based solid electrolytes with high conductivities and the
controlled morphology, promoting a practical application of the all-solid-state cells.

For the other solution synthetic process, the sulfide-based solid electrolytes are mainly
prepared from homogenous solutions via dissolution-precipitation process in which SEs
prepared by solid-state or mechanochemical techniques are completely dissolved into solvents.
Protic solvents such as amides [102—105], alcohols [72, 106—110], and water [111-112] are
generally utilized. Solution process leads to synthesis of the sulfide-based solid electrolytes as
shown in Table 1. The first report was made by Huang et al. in 2012. Li325Geo.25P0.75S4 thin
film with a conductivity of 1.82x10* S cm™! was prepared by dissolving the solid electrolyte
into hydrazine to form homogenous solution and subsequent drying at 240 °C [102].
According to the earlier study by Teragawa et al., the Li»S-P,Ss solid electrolyte showing the
conductivity of 2.6x10% S cm™ at room temperature was prepared with N-methylformamide
(NMF) [103—105]. These results indicated that the sulfide-based solid electrolytes can be

stably dissolved into basic amide solvents. In addition, Jung et al. demonstrated that



Lil-Li4SnS4 solution was obtained by dissolving LisSnS4 synthesized by the solid-phase
method and Lil into methanol [109]. Amorphous Lil-LisSnS4 solid electrolytes with high
conductivity of 4.1x10* S cm™ were synthesized without side reactions because of the high
stability of SnS4* to oxide ions in the nucleophilic solvents. According to HSAB (Hard and
soft acids and bases) rule, the high-period elements tend to make the bonds with sulfide ions
more stable than oxide ions. The dissolution-preparation of Li4SnS4 [111], Na3SbS4 [72. 114],
and Na3SbSs-NasSnS4 [112] solid electrolytes proceeded based on the HSAB rule. These
investigations implied the important factors in the solution process: (1) the precursor solutions
in which solid electrolytes are dissolved are basic, (2) the constitution units is stable to oxide
ions in the nucleophilic solvents, and/or (3) the electrolytes consist of the isolated units such
as PS4 and GeS4* because the bridging sulfur units (P2Se> and P»S7* units) are easily
attacked by solvents.

It is needless to say that the solution process has wider range of application to
all-solid-state cells than the suspension process. Homogeneous solid—liquid interface is
obtained by mixing the electrode active material particles in the precursor solution of the solid
electrolytes, thus forming more uniform electrode—electrolyte interfaces with a wide contact
area by distilling off the solvent to solidify electrolyte. Teragawa et al. demonstrated that
LiCoO; particles were coated with Li2S-P2Ss solid electrolytes using homogeneous precursor
solutions with NMF to construct electrode-electrolyte interfaces with wide contact areas [105].
The all-solid-state cells using electrolyte-coated LiCoO> operated with higher capacities than
those using non-coated LiCoO. Jung and co-workers suggested that Lil-LisSnSs-coatd
LiCoO2 [109] and Na3SbSs-coaed FeS; [110, 114] had lager contact areas of the
electrode-electrolyte interfaces compared with the composite electrode prepared by
mechanically mixing. In addition to the coating techniques, it is also possible to infiltrate the
porous electrodes with the precursor solution of the solid electrolytes to simply prepare the
homogeneous composite electrodes in the all-solid-state cells [115]. Solution preparation of
the sulfide-based solid electrolytes is useful to solve the challenges in all-solid-state cells such
as formation of interfaces in the electrode and the simple fabrication of all-solid-state cells.

However, there are some challenges to be addressed for the solution synthetic process of



sulfide-based solid electrolytes. The first challenge is development of the sulfide-based solid
electrolytes with high conductivities of 1 mS cm™ or more. The ionic conductivity is the most
important factor to improve the performance of all-solid-state batteries. In the solution
process, the undesirable side reactions easily reduce the conductivity of solid electrolytes by
generated impurities. To solve this issue, optimization of solid electrolytes, solvents, and the
synthetic conditions are indispensable in the liquid-phase synthesis. The second is synthesis of
sulfide-based solid electrolytes via the solution process from the starting materials without the
solid-phase and mechanochemical techniques. In most solution processes reported previously,
homogenous precursor solutions were obtained by dissolving the pre-synthesized solid
electrolytes into the solvents [102—103, 106, 109—-112]. For effective production and
application of the solid electrolytes, the simple preparation only using the liquid-phase
technique is desirable as a novel alternative to the solid-phase and gas-phase methods. Finally,
the generation mechanism of the sulfide-based solid electrolytes via solution has not been
clarified yet. Deep insight for the mechanism enables us to further produce various kinds of
sulfide-based solid electrolytes in the future. When considering practical applications of the
all-solid-state cells and improving the cell performances, the three challenges mentioned
above should be solved.

The objectives of the present study focus on liquid-phase synthesis of sulfide-based solid
electrolytes with high ionic conductivities and preparation of morphology-controlled
composite electrodes for developing all-solid-state cells. In particular, this thesis mainly
discusses synthesis protocol of the electrolyte via homogeneous solution, which can be
applied to the all-solid-state cells in various ways. As mentioned above, the issues of the
solution synthesis process to be addressed are the relatively low ionic conductivities of the
prepared electrolytes and the time-consuming multi-step protocols including both solid-phase
and liquid-phase processes. Simple and efficient production protocols are important in
industrial production. To realize a viable synthesis process of the solid electrolytes, it is
necessary to gain insight into the reaction mechanisms in homogenous solutions. As
mentioned above, it is considered that the following three points are important to synthesize

sulfide-based solid electrolytes via solution process: (1) using basic precursor solution, (2)



having stable structural units in electrolytes, and (3) having no bridging sulfur in electrolytes.
Thus, this thesis focuses on argyrodite LicPSsX (X = Cl, Br, I) [54—57] and NazMSs (M = P,
Sb) [64—65, 70-72] electrolytes as viable solid electrolytes satisfying these synthetic
conditions.

Pre-synthesized argyrodite glass-ceramics were firstly dissolved into and precipitated
from alcohol solvents to evaluate the stability of the electrolytes to the organic solvents.
Based on the obtained findings, argyrodite solid electrolytes with high conductivities were
synthesized from the starting materials using double solvents without the conventional
solid-phase techniques. The mechanisms for generation of argyrodite solid electrolytes were
discussed according to evaluation of the constitution elements in solution, and the structural
analysis and microstructure observation of the crystalline electrolytes. Furthermore, the wide
application ranges of solution process to all-solid-state cells were demonstrated by
constructing the homogenous composite electrodes through the coating and infiltration
process using the precursor solutions. Na3PSy4 is the most standard solid electrolytes among
sodium-ion conducting sulfide-based solid electrolytes. However, there are a few reports
about the liquid-phase synthesis of Na3PS4 solid electrolyte [99—100]. To obtain the wide
basic knowledge of liquid-phase synthesis for sodium-ion conducting solid electrolytes, both
solution synthesis with amide solvents and suspension synthesis with ether solvents were
conducted in this report. In addition, the liquid-phase synthesis of Na3;SbS4 using water is
possible because Na3SbSs has the structural SbS4>" unit which is stable to water [72, 114].
Therefore, to prepare the highly sodium-ion conducting Na3SbSs-based solid electrolytes, the
optimization of the synthetic conditions and procedures were carried out along with
investigating the reaction mechanisms in details. A comprehensive evaluation on basic

properties such as the conductivity and crystal structure were also performed.

This doctoral thesis consists of four chapters indicated below:

Chapter 1

This chapter describes the background, motivation, and the contents of this thesis.
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Chapter 2

This chapter reports the liquid-phase synthesis of argyrodite LisPSsX (X = CI, Br, I)
sulfide-based solid electrolytes via solution processing and their applications to bulk-type
all-solid-state cells. Argyrodite electrolytes have high ionic conductivities and structural units
suitable for a liquid-phase synthesis. To investigate the appropriate synthesis conditions, the
argyrodite electrolytes pre-prepared by a mechanochemical technique were dissolved into and
precipitated from alcohol solvents. The preparation conditions such as appropriate halogen
species and alcohol solvents, dissolution time, and drying temperature were examined. After
that, argyrodite LisPSsBr electrolyte showing a high ionic conductivity was synthesized only
via simple solution processing with double solvents of tetrahydrofuran and ethanol. The
chemical states of the electrolyte in the precursor solution and the effect of heat treatments on
the ionic conductivities were evaluated. In addition, for demonstrating the advantages of the
solution-based liquid-phase synthesis, homogeneous composite electrodes with large contact
areas between electrode and electrolyte were prepared using the precursor solution. The
composite electrodes were fabricated using the following three techniques: (1) the mechanical
mixing of the electrode active material and electrolyte particles, (2) coating the electrolytes on
the electrode active material particles, and (3) infiltrating the electrolytes into porous
electrodes. LiCoO», LiNiisMn;sMni302, and LisaTisO12 were used as the electrode active
materials. Bulk-type all-solid-state lithium cells with these electrodes were constructed and

evaluated.

Chapter 3

In this chapter, sodium-ion conducting sulfide-based solid electrolytes were synthesized
using liquid-phase techniques with suspension and solution processes. NazPS4-based solid
electrolytes have high conductivities and favorable mechanical properties. Naz.xPS4..Cly, in
which sodium-ion defects were introduced to improve the conductivities, was synthesized
using ether and ester solvents via suspension processing. Moreover, homogeneous
TiS>-Na3PSs composite electrodes were prepared using 1,2-dimetoxyethane. Bulk-type

all-solid-state sodium cells with these electrodes were fabricated and evaluated. On the other

11



hand, Na3;PSs4s was also prepared using N-methylformamide via solution processing. In
addition, Na3..Sb1.+W,Sa4, which has higher conductivities of ca. 1 mS cm™ and high safety
without H>S gas generation, was synthesized using a solution-based liquid-phase technique
with water. For improving the conductivities, the synthesis conditions of each electrolytes

were examined.

Chapter 4

This chapter summarizes all the conclusions in this thesis.
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2. Liquid-phase synthesis of argyrodite LisPSsX (X = Cl, Br, I) sulfide-based solid

electrolytes

Solid electrolytes attract attention as a key material for advanced lithium-ion batteries
because they demonstrate high lithium-ion conductivities, high lithium-ion transfer numbers,
and relatively good electrochemical stabilities [1-5]. In particular, sulfide-based solid
electrolytes have become more popular as essential components of advanced all-solid-state
batteries. The sulfide-based solid electrolytes also possess good mechanical properties, easily
enabling the formation of effective interfaces between solids [6—7]. However, from the
perspective of practical application of all-solid-state cells, there are some challenges to be
solved: (1) the realizable preparation protocols of sulfide-based solid electrolytes and
composite electrodes for all-solid-state cells, and (2) the formation of favorable interfaces
between electrode and electrolyte particles for further improving the cell performances.

Liquid-phase synthesis of the sulfide-based solid electrolytes with organic solvents is a
novel scalable protocol with relatively short synthesis times and low synthesis temperatures
for realizing all-solid-state batteries. Liquid-phase processes in synthesis of sulfide-based
solid electrolytes can be categorized into two groups: (1) suspension processes [8—27] and (2)
solution processes [28—42]. In the former, the synthesis of the electrolytes is conducted using
a suspension containing a precursor and an organic solvent. In the latter, the electrolytes are
prepared from a homogenous solution via dissolution-precipitation processes of the
electrolytes obtained by the solid-phase or mechanochemical techniques. Both liquid-phase
techniques are advantageous in terms of their simplicity and ease for generating sulfide-based
solid electrolytes.

Regarding the application to all-solid-state cells, it is needless to say that the solution
process has wider range of application to all-solid-state cells than the suspension process.
Homogeneous solid-liquid interfaces are obtained by adding the electrode active material
particles in the precursor solution of the solid electrolytes, thus forming more uniform
electrode-electrolyte interfaces with wide contact areas by distilling off the solvent to solidify

the electrolytes. The solution preparation of the electrolytes is useful to solve the challenges in

21



all-solid-state cells such as formation of interfaces in the composite electrodes for
all-solid-state cells. So far, it has been reported that the preparation of the sulfide-based solid
electrolytes from homogenous solutions using protic solvents such as amides, alcohols, and
water [28—42]. The issues of the solution synthesis process to be addressed are the relatively
low ionic conductivities of the prepared electrolytes.

Li7P3S11 [43—44], Liz25Geo.25P0.75S4 [45—46], and argyrodite [47—-50] crystals are attractive
as sulfide-based solid electrolytes with high lithium-ion conductivities exceeding 1 mS cm™.
Unfortunately, it is difficult to prepare Li7P3Si11 via the solution process because protic
solvents decompose the P-S-P bonds in the P>S7* unit. In fact, there are only reports on the
solution-based liquid-phase synthesis of the solid electrolytes with isolated units such as PS4*"
and SnS4* [28-42]. Argyrodite sulfide-based solid electrolytes are composed of PS4*", S*, and
halide anions and lithium cation [47-50]. In addition, they are thermodynamically stable
materials and show high ionic conductivities of 1 mS cm™' or more at room temperature. As a
sulfide-based solid electrolyte for the liquid-phase synthesis, it is expected that argyrodite
LigPSsX (X = Cl, Br, I) electrolytes are promising materials.

The objective of this chapter is the liquid-phase synthesis of argyrodite LisPSsX (X = CI,
Br, I) electrolytes via solution processing along with investigating the reaction mechanisms in

details, and their applications to bulk-type all-solid-state cells.

2.1. Dissolution-precipitation of LisPSsX (X = Cl, Br, I) using alcohols

In this section, it was investigated whether the argyrodite LisPSs;X (X = CI, Br, I)
sulfide-based solid electrolytes can be adjusted via a solution synthesis as the initial research.
Argyrodite glass-ceramics pre-synthesized using a mechanochemical technique were firstly
dissolved into and precipitated from alcohol solvents to investigate the appropriate synthesis
conditions. Alcohols are one of the solvents with low boiling points used in the solution-based
liquid-phase synthesis of sulfide-based solid electrolytes [33—35]. The preparation conditions
such as appropriate halogen species and alcohol solvents, dissolution times, and drying

temperatures were examined. In addition, for demonstrating the advantages of the
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solution-based liquid-phase synthesis, homogeneous composite electrodes with large contact
areas between electrode and electrolyte particles were constructed using the obtained
precursor solution of the argyrodite electrolytes. Bulk-type all-solid-state cells with the two

types of electrodes were constructed and evaluated.

2.1.1. Experimental
Dissolution and precipitation of argyrodite electrolytes

LicPSsX (X = CI, Br, I) electrolytes were synthesized using a mechanochemical (MC)
technique [48]. Li2S (Idemitsu Kosan, 99.9%), P>Ss (Aldrich, 99%), and LiX (X = Cl, Br, I,
Aldrich, 99.9%) were used as the start materials. The molar ratio of Li»S, P>Ss, and LiX was
5:1:2 in their stoichiometric proportions. Mixture of theses powders was placed into a ZrO-
pot (45 mL) with 15 ZrO> balls (diameter of 10 mm) and then mechanically milled with a
planetary ball mill (Pulverisette 7, Fritsch) at 600 rpm for 45 hours at ambient temperature.

The obtained LisPSsX (X = CI, Br, I) were dissolved into alcohols under a dry Ar
atmosphere. Anhydrous ethanol (Wako, 99.5%), deoxygenated ethanol (Wako, 99.5%),
2-propanol (Wako, 99.7%), or tert-butyl alcohol (Wako, 99.0%) were used as the alcohol
solvents. The concentrations of LisPSsX (X = Cl, Br, ) in the solvents were 10 wt.%. The
dissolution times were 1 hour, 3 hours, or 24 hours. The prepared solutions were dried at 80
°C, 150 °C, or 200 °C under vacuum for 3 hours. All the processes were conducted in a glove

box with a dry Ar atmosphere.

LiCoO2 composite electrode preparation

The solid electrolyte (SE)-coated LiCoO> (LCO, D-10, Toda Kogyo Corp.) powders were
prepared via solution processing. The ethanol solutions were mixed with LCO powders. The
resulting slurries were dried at 80 °C, 150 °C, or 200 °C under vacuum for 3 hours to remove
the ethanol solvents and solidify the electrolytes, and then the LCO particles coated with the
solid electrolytes were prepared. The weight ratio of LCO to the dissolved the solid
electrolyte was 92.5:7.5. LiNbOs-coated LCO was used to prevent undesirable side reactions

[51-52].
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Electrolyte characterization

Crystallographic phase identification was performed using an X-ray diffractometer
(SmartLab, Rigaku) with Cu-Ka radiation. The X-ray diffraction (XRD) measurement was
conducted using an airtight container with beryllium windows to prevent the samples from
being exposed to air.

Raman spectroscopy was carried out with a Raman spectrophotometer (LabRAM HR-800,
HORIBA Ltd.) with a 532-nm He-Ne laser to identify the structural units.

The electronic structure was characterized using X-ray photoelectron spectroscopy (XPS,
K-Alpha, Thermo Fisher Scientific) with a monochromatic Al-Kow source (1486.6 eV). The
calibration of the observed binding energies was performed with respect to the adventitious
Cls peak at 284.7 eV before etching and with the PS4> unit after etching. Ar* ion-etching was
carried out using an Ar gas cluster ion beam with the energy of 6 keV to suppress the damage
of the sample. The etching rate was 1 nm min'. The sample was characterized without
exposure to air by using an Ar-filled transfer vessel.

Scanning electron microscopy (SEM) characterization was carried out using a scanning
electron microscopy (SEM, JSM-6610A, JEOL) with an energy dispersive X-ray
spectroscopy system (EDX, JED-2300, JEOL) and a field-emission scanning electron
microscope (FE-SEM, SU8220, Hitachi High-Technologies) with an energy dispersive X-ray
spectroscopy system (EDX, EMAXEvolution X-MAX, Horiba Ltd.). A cross section of the
working electrolyte layer was prepared using an ion milling system with an Ar-ion beam
(IM4000, Hitachi High-Technologies). Ion milling to obtain a smooth cross section was
conducted for the sample transferred to an Ar-filled vessel to prevent the sample from
exposure to air.

The electrolyte powder was compressed at various pressures (36-360 MPa) to evaluate
the behavior of densification at room temperature. The density of the resulting pellet (pouik)
was determined by its mass, surface area, and thickness. Powder density (ppowder) Was also
measured using a gas pycnometer (AccuPyc II 1340, Shimadzu) placed in a dry Ar-filled

glove box. The relative density (Dr) was then calculated using the following equation.
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D, = Pbuik

= x 100
Ppowder
Electrochemical characterization

The conductivity of the electrolyte was evaluated by the electrochemical impedance
spectroscopy. The data were collected with an impedance analyzer (1260, Solartron) operating
in the frequency range of 0.1 Hz to 1 MHz. The measurement was conducted for the pellet
with 10 mm in diameter obtained by cold-pressed at 360 MPa.

An all-solid-state cell (In/75L12S-25P>Ss (mol%) glass/LCO) was fabricated as follows:
two kinds of working electrodes were prepared in the all-solid-state cells, i.e., the use of (1)
only SE-coated LCO powder obtained by the liquid-phase technique and (2) a mixture of the
electrolyte prepared by the MC technique and LCO powder. A 75Li2S-25P>Ss (mol%) glass
solid electrolyte prepared by the MC technique [53] and an indium foil (Furuuchi Chem.,
99.999%) were utilized as the separator and counter electrode, respectively. A bilayer pellet
(10 mm in diameter) consisting of the working electrode (ca. 20 mg) and the separator (80
mg) was compressed under 360 MPa. An indium foil was attached on the surface of the
separator side of the bilayer pellet as counter electrode by pressing under 240 MPa. The
electrochemical test for the all-solid-state cell was conducted under the same condition with a
charge—discharge measuring device (BTS-2004, Nagao Co. Ltd.) at 80 °C. The
electrochemical test was performed at a constant current density of 0.13 mA cm™ in the
voltage range from 2.0 V to 3.6 V vs. Li-In corresponding to the voltage range from 2.6 V to

42V vs. Li.

2.1.2. Results and discussion
Electrolytes characterization

For the preparation of the homogeneous solutions, the argyrodite LisPSsX (X = Cl, Br, I)
sulfide-based solid electrolytes (SEs) prepared by a mechanochemical (MC) technique were
fully dissolved in anhydrous ethanol (Figure 2-1-1). Figure 2-1-2 shows the X-ray diffraction
(XRD) patterns of the (a) LisPSs;X (X = Cl, Br, I) powder samples prepared by the MC
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Figure 2-1-1 A photograph of the ethanol precursor solutions of LigPS;X (X =Cl, Br, I).
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Figure 2-1-2 XRD patterns of (a) LigPS;X (X = Cl, Br, |) powder samples prepared by the MC
technique and (b) precipitated by drying the precursor solutions at 80 °C under vacuum.
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technique and (b) precipitated by drying the precursor solutions at 80 °C under vacuum. The
samples prepared by the MC technique contained only argyrodite LisPSsX (X = Cl, Br, I) as a
crystalline phase. In contrast, the samples (X = Cl, Br) precipitated from the precursor
solutions were argyrodite crystals including some impurities. LiBr crystals were detected in
LicPSsBr, although unidentified peaks were also found in the XRD patterns of LisPSsCl and
LicPSsl. In Li¢PSsl, Li7PSe crystals were precipitated. The Raman spectra of all the samples
show the strong peaks centered at around 420 cm™ originating from the PSs* units (Figure
2-1-3). The ionic conductivities of these samples, pelletized by cold-pressing at 360 MPa,
were measured using Li-ion blocking Au/SE/Au cells by the AC impedance technique.
LisPSsBr possessed a conductivity of 5.5 x 10° S cm™! at room temperature, which was more
than three times higher than those of LisPSsCl and LicPSsI (Table 2-1-1). The LisPSsBr
electrolyte, which did not contain impurities and exhibited higher lithium-ion conductivity, is
a promising candidate as an argyrodite solid electrolyte prepared by a liquid-phase technique
via a homogenous solution.

To reduce the impurities, the most appropriate alcohol solvent and dissolution time were
determined for the LisPSsBr electrolyte. Figure 2-1-4 (a) shows the XRD patterns of
LisPSsBr precipitated from ethanol, 2-propanol, and fert-butyl alcohol solutions. The
solubility of LisPSsBr in tert-butyl alcohol was too low to be fully dissolved. The crystallinity
of the sample obtained using 2-propanol was lower than that prepared by ethanol, although
the peak intensity of LiBr was smaller at the same drying temperature (80 °C). Higher
crystallinity as well as fewer impurities is critical to improving the conductivity of the
argyrodite electrolytes. The LisPSsBr powders were dissolved in ethanol for 1 hour, 3 hours,
or 24 hours. As the dissolution time reduced, the relative intensity ratios of the LiBr/LicPSsBr
peaks decreased (Figure 2-1-4 (b)). To improve the crystallinity and purity of LigPSsBr, it is
important to use ethanol as a solvent and to shorten the dissolution time. For further
improvement of the ionic conductivities of LigPSsBr, the drying temperatures were examined.
Figure 2-1-5 (a, b) show the XRD patterns and the ionic conductivities at 298 K along with
the activation energies, respectively, for LigPSsBr prepared by the liquid-phase technique with

drying at 80 °C, 150 °C, or 200 °C under vacuum. The LicPSsBr electrolytes dried at 150 °C
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Figure 2-1-3 Raman spectra of (a) LigPS;X (X = Cl, Br, 1) powder samples prepared by the MC
technique and (b) precipitated by drying the precursor solutions at 80 °C under vacuum.
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Table 2-1-1 lonic conductivities of cold-pressed pellets of the LigPS;X (X=CI, Br, 1) powder
samples prepared by the MC and liquid-phase techniques. The samples synthesized via liquid-
phase processing were precipitated by drying the precursor solutions at 80 °C under vacuum

Unit: Scm'?
Electrolyte MC technigue Liquid-phase technique
LigPS,Cl 9.5x 104 1.4x10°
LigPSsBr 8.2x 104 55%10°

LigPSs| 3.7 10 1.9% 10
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Figure 2-1-4 (a) XRD patterns of the LigPS;Br powder samples precipitated from ethanol, 2-
propanol, or tert-butyl alcohol solutions. The solubility of LigPS;Br to tert-butyl alcohol solvent
was too low to be fully dissolved. (b) XRD patterns of the LizPS;Br powder samples precipitated
by drying at 80 °C after dissolution for 1 hour, 3 hours, or 24 hours.
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Figure 2-1-5 (a) XRD patterns and (b) the ionic conductivities at 298 K with their activation
energies for the LigPS;Br electrolytes prepared by the liquid-phase technique and dried at 80 °C,

150 °C, or 200 °C under vacuum.
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or 200 °C exhibited conductivities (and activation energies) of 1.9 x 10* S em™ (32 kJ mol™)
and 2.5 x 10* S cm! (30 kJ mol ™), respectively. Increasing the drying temperatures also led
to a decrease in the activation energies. The ionic conductivities, activation energies, and full
width at half maximum (fwhm) of the strongest peaks at 30° in the XRD patterns are listed in
Table 2-1-2. As the temperatures increased, the crystallinities of LisPSsBr were enhanced.
These results indicate that there is a relationship between the crystallinities and the
conductivities for the argyrodite crystals. Detail analysis was conducted in the section 2.2.
Figure 2-1-6 (a-c) show the Cis, Ois,and P2, photoelectron spectra of LisPSsBr prepared
by the MC technique and by the liquid-phase technique with drying at 80 °C, 150 °C, or 200
°C under vacuum. To evaluate the element distribution within the particles, Ar" ion-etching
was carried out using an Ar gas cluster ion beam. The structural changes to the electrolytes
were negligible, because peak broadening by the etching was not observed. The atomic
concentrations calculated from the Cis and Ois spectra were plotted against the etching times,
as shown in Figure 2-1-6 (d). Two peaks around 284.3 eV and 288.7 eV were observed in the
Cis spectra of all the samples before etching. The peak at 284.3 eV was attributable to
hydrocarbons and the peak at 288.7 eV belonged to carbonates (O-C=0) [54]. This indicates
that impurities such as carbonates and hydrocarbons were present on the surface of the
particles. These impurities did not originate from the synthetic processes because the amounts
of the impurities on the surface of the particles were almost the same for all the electrolytes.
The decreasing peak intensities in the Cis spectra with the etching times suggest that the
amounts of the impurities were gradually reduced with the etching of the inner particles. After
etching for 300 minutes, the atomic concentrations of carbon were low (23 atom%) for the
electrolytes synthesized by the MC technique and the liquid-phase technique with drying at
150 °C or 200 °C. However, there was larger atomic concentration of carbon (8 atom%) for
the electrolyte dried at 80 °C. This suggests that residual organic impurities were not able to
be completely removed by drying at 80 °C; this residual carbon resulted in lower
conductivities. One large peak at around 531 eV attributed to P-O-Li, and small peak at
around 532.5 eV assigned to C-O and C=0O were observed in the Ois spectra of all the

electrolytes before etching. This also indicates that impurities such as lithium carbonate and
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Table 2-1-2 lonic conductivities, activation energies, and fwhm of the strongest peaks at 30° in
the XRD patterns of the LigPS;Br electrolytes prepared by the MC and liquid-phase techniques
with drying at different temperatures of 80 °C, 150 °C, or 200 °C

Liquid-phase technique MC technique
Drying temperature / °C 80 150 200 As-prepared
Conductivity at 298 K / Scm'? 55x10°  19x10% 2.5x 104 8.2x 104
Activation energy / kJmol-1 40 32 28 22

fwhm / deg 0.492 0.455 0.394 0.512
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prepared by the MC technique and the liquid-phase technique with drying at 80 °C, 150 °C, or
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lithium phosphate were formed on the surfaces of the electrolyte particles. On the other hand,
only one peak corresponding to O-Li at around 532.5 eV was observed inside the particles.
Moreover, a PS4>” unit and a PO,S, unit were also detected in the P, spectra [55]. The atomic
concentrations of oxygen in the electrolytes prepared by the liquid-phase technique were
twice as those obtained by the MC technique, even after etching for 300 minutes. In addition,
the use of deoxygenated ethanol as a solvent did not affect the structure and conductivity of
the LicPSsBr electrolyte (Figure 2-1-7 and Table 2-1-3), which means that there was no
influence of the dissolved oxygen in ethanol. These indicate that some impurities including
PO,S, units, in which a part of the sulfide ions were substituted to oxide ions, were generated
because the ethanol partially reacted with PS4>™ units via a dissolution—precipitation process.
The LizPO4.,S; electrolytes have low ionic conductivities [56]. A possible reason for the low
conductivities of the LisPSsBr electrolytes obtained by the liquid-phase technique is the

partial reaction between ethanol and the electrolytes.

Evaluation of all-solid-state cells

As the initial stage of the study, LisPSsCl dried at a low temperature of 80 °C was applied
to all-solid-state cells. LigPSsCl-coated LiCoO2 powders were obtained using the ethanol
precursor solution. The homogeneous solution covered the convoluted surface of LCO
particles and was solidified by removing the ethanol solvent. Figure 2-1-8 shows the
scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) maps of
cobalt, sulfur, and chlorine for a LiCoO: particle coated with LisPSsCl electrolyte
(LisPSsCl-coated LCO) from the precursor solution. The LCO particle was coated with the
LisPSsCl layer because mapping areas of sulfur and chlorine overlapped the area of cobalt.

All-solid-state cell using the prepared LisPSsCl-coated LCO (LCO:LigPSsCl = 92.5:7.5
wt.%) as a positive electrode was fabricated. Neither solid electrolyte particles nor carbon
conductive additives were added to the positive electrode. Figure 2-1-9 (a, b) show the initial
charge-discharge curves and the cycle performance of the all-solid-state cell In/LCO using
LigPSsCl-coated LCO. The cell was charged up to 3.6 V (vs. Li-In) and then discharged to 2 V

(vs. Li-In) at a constant current of 0.13 mA cm? at 25 °C. The cell with the only
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Figure 2-1-7 XRD patterns of the LigPS;Br electrolytes precipitated from dehydrated ethanol or
deoxygenated ethanol solutions by drying at 150 °C under vacuum.
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Table 2-1-3 lonic conductivities of cold-pressed pellets of the LigPS;Br electrolytes precipitated
from dehydrated ethanol or deoxygenated ethanol solutions by drying at 150 °C under vacuum

Solvent Conductivity at 298 K / Scmr?

Dehydrated ethanol 1.9x10*
Deoxygenated ethanol 2.1x10%
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Figure 2-1-8 SEM images and EDX maps of cobalt, sulfur, and chlorine for a Li;PS;Cl-coated
LCO particle.
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Figure 2-1-9 (a) Initial charge-discharge curves and (b) cycle performance of the all-solid-state
cell In/LCO using the LCO particle coated with the LigPS;Cl electrolyte.
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LicPSsCl-coated LCO as a positive electrode worked as a rechargeable battery without the
addition of electrolyte particles and conductive additive particles to the positive electrode, and
the initial discharge capacity was 45 mAh g'. In our previous works, the cell using LCO
coated with Li3PS4 electrolyte using N-methylformamide solution showed the capacity of 32
mAh g at the initial discharging process [32]. The ion conductivity of LizPSs (2.3 x 10° S
cm™') was one order of magnitude lower than that of the LisPSsCl electrolyte obtained from
ethanol solution, suggesting that the cells using LCO particles coated with electrolyte layer
with higher ionic conductivity showed higher rechargeable capacities. The cycle performance
showed that the cell using LisPSsCl-coated LCO retained the capacity of more than 40 mAh
g! during 10 cycles.

To improve the cell performances, LigPSsBr with a higher conductivity was applied to
all-solid-state cells. LisPSsBr-coated LCO powders were obtained using the ethanol precursor
solution. Figure 2-1-10 (a) shows field-emission scanning electron microscopy (FE-SEM)
images for the bare LCO and LisPSsBr-coated LCO particles and EDX maps of cobalt,
niobium, sulfur, and bromine for a LisPSsBr-coated LCO particle. The surface of the LCO
particle was covered with the LicPSsBr electrolyte. This implies the formation of a direct ionic
conduction pathway on the LCO particles. In addition, it is also important that the lithium
niobate coating layer was preserved, which prevents undesirable side reactions during
charging [51-52]. Figure 2-1-10 (b) shows cross-sectional FE-SEM images of the composite
positive electrode layers using a conventional mixture of LCO, and LisPSsBr particles and the
LisPSsBr-coated LCO particles dried at 150 °C or 200 °C. Visualization of the cross-sectional
images were achieved by the FE-SEM observation using an ion milling system with an Ar-ion
beam. In a conventionally mixed electrode, the LCO and the LisPSsBr particles were
aggregated separately and many pores were present. Moreover, the LCO particles were in
direct contact each other by cold pressing, and many cracks were observed. On the other hand,
in the electrodes with LisPSsBr-coated LCO particles, the LCO particles contacted the
LisPSsBr-coating layer in many places, and the LCO particles were closely packed in the
electrode. As a result, ideal ionic conductive pathways were formed between the LCO

particles. At the same time, there were many places where the LCO particles were in direct
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Figure 2-1-10 (a) FE-SEM images for the bare LCO and the LigPS;Br-coated LCO particles
and EDX maps of cobalt, niobium, sulfur, and bromine for the LigPS;Br-coated LCO particle.
(b) Cross-sectional FE-SEM images of the composite positive electrode layers using the
conventional mixture of LCO and LigPS;Br particles, and the LigPS;Br-coated LCO particles
dried at 150 °C or 200 °C.
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contact each other, and electronic conduction pathways were also formed. In addition, the
numbers of cracks and pores were considerably smaller than that in the conventional mixed
electrode, suggesting that the generation of inactive electrochemical points was suppressed.
Park et al. have reported that the surface coverage of LisPSsBr over the LCO particles in the
electrode with LisPSsBr-coated LCO particles prepared by a similar coating technique was
2.6 times higher than that in the conventional mixed electrode [36]. It is thought that a similar
increase in the coverage occurred in this process. Moreover, favorable ionic conductive
pathways were formed over the entire electrode layer. This microscopic structure improved
the cell performance. However, drying at 200 °C in the coating process worsened the interface
between the active material particles and the surface electrolyte layers compared to drying at
150 °C. Figure 2-1-11 (a) shows the pressure dependence of the relative density D; in the
LisPSsBr powder. The formability of the LisPSsBr powders with different drying temperatures
were almost the same (150 °C; D, = 82% and 200 °C; D: = 80% after the molding pressing at
360 MPa), suggesting that the differences in the morphologies of the coating layers caused the
poor ionic contact with the electrode using LigPSsBr-coated LCO particles dried at 200 °C
(Figure 2-1-11 (b)).

To confirm the advantage of the LigPSsBr-coating on the LCO particles, bulk-type
all-solid-state In/Li3PS4/LCO cells with (1) the conventional mixed electrode prepared by the
hand-mixing of LCO and LisPSsBr particles and (2) the electrodes with the LicPSsBr-coated
LCO particles prepared by the liquid-phase technique were fabricated. In the former cell,
LicPSsBr (6.4 x 10* S cm™) manufactured by the MC technique was used. In the latter cell,
LisPSsBr-coating layers prepared by the liquid-phase technique with drying at 150 °C or
200 °C were applied, and the conductivities of these cells were found to be 1.9 x 10* S cm™!
and 2.5 x 10* S cm’!, respectively. The weight ratios of LCO to LigPSsBr were 92.5:7.5,
which was a higher content ratio of LCO than the conventional bulk-type all-solid-state cell.
Figure 2-1-12 (a) shows the charge—discharge curves of the cells measured at a constant
current density of 0.13 mA cm™ in the voltage range of 2.0-3.6 V vs. Li-In. The cells with the
LisPSsBr-coated LCO particles exhibited higher discharge capacities than that with the

conventional mixed electrode. The cell using the LisPSsBr-coated LCO particles dried at
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Figure 2-1-11 (&) Relationships between the relative densities and molding pressures of the
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Figure 2-1-12 (&) Charge-discharge curves of the cells In/Li;PS,/LCO with the conventional
mixed electrode prepared by the hand-mixing of LCO and LizPS;Br particles using a mortar and
the composite electrodes with the LigPS;Br-coated LCO particles dried at 150 °C or 200 °C
prepared via the liquid-phase technique. Specific capacities are calculated on the basis of the
weight of LiNbO;-coated LCO. (b) Nyquist plots for the cells after the initial charging process.
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150 °C had a capacity of 70 mAh g, while the cell using the conventional mixed electrode
had a capacity of 27 mAh g'. This result indicates that the construction of solid—solid
interfaces between the electrode and the electrolyte particles with large contact areas strongly
influenced the cell performance. In addition, the cells had higher capacities than those using
the LisPSsCl. This is because the conductivity of LisPSsBr was one order of magnitude
greater than that of the LisPSsCl. This result suggests that both a larger contact area and
higher ionic conductivity are important to enhance the cell performance. However, the cell
with the LigPSsBr-coated LCO particles dried at 200 °C, which showed a higher conductivity,
had a lower capacity than that dried at 150 °C. To investigate the reason for this lower
capacity, electrochemical impedance spectroscopy measurements were carried out. Figure
2-1-12 (b) shows the Nyquist plots for the cells after the initial charging process. The Nyquist
plots presented two semicircles with Warburg tails. The identification of the impedance
components was as follows [57]: the resistance in the high-frequency region (Rsg) was
attributable to the resistance of the electrolyte separator, and the semicircle in the
low-frequency region (Rng) was the resistance attributed to the Li-In negative electrode layer.
The semicircle observed in the middle-frequency region was regarded as the interfacial
resistance between the positive electrode and the electrolyte particles (Rpg). The Rpg for the
cell with LisPSsBr-coated LCO particles dried at 150 °C was smaller than that with the
conventional mixed electrode, indicating the larger ionic contact area between the electrode
and the electrolyte particles formed by the coating technique. On the other hand, drying at
200 °C resulted in an increase in the interfacial resistance. Possible reasons for this are a
reduction in the ionic contact area and undesirable side-reactions between the electrode and
the electrolyte particles. However, these electrochemical evaluations revealed that the coating
technique is superior to the conventional electrode fabrication process such as mechanical
mixing, regarding the formation of a favorable electrode—electrolyte interface and increasing

the amount of electrode active material in the composite electrode layers.

2.1.3. Summary
Argyrodite LisPSsX (X = Cl, Br, I) electrolytes were prepared by a liquid-phase technique
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via homogeneous alcohol solutions. The preparation conditions such as kinds of the alcohol
solvents, dissolution times, and drying temperatures were examined, finally resulting in a
LisPSsBr electrolyte with a relatively high lithium-ion conductivity of 1.9 x 10* S cm™ at 25
°C. In particular, the drying temperature was crucial to improve the ionic conductivity and its
crystallinity, and to completely remove the residual organic impurities. Unfortunately, XPS
measurements showed that the partial reaction between ethanol and the LisPSsBr electrolyte
led to a reduction in the conductivity. However, ethanol is a promising protic solvent for the
preparation of homogeneous precursor solutions of argyrodite electrolytes. The solution
formed favorable solid—solid interfaces between the electrode and the electrolyte particles
with large contact areas in the all-solid-state cells as compared to the conventional techniques
such as hand mixing using a mortar, improving the cell performances. The dissolution—
precipitation of argyrodite sulfide-based solid electrolytes with ethanol is a new promising

way to combine high cell performance and practicality.
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2.2. Liquid-phase synthesis of LicPSsBr using tetrahydrofuran and ethanol

According to the section 2.1, it was found that the argyrodite LisPSsBr sulfide-based solid
electrolytes with the highest ionic conductivity can be reversibly dissolved into and
precipitated from ethanol because their constituent units are kinetically stable to ethanol. The
issues to be addressed here are the relatively low ionic conductivities of the prepared
electrolytes and the time-consuming multi-step protocols including both mechanochemical
and liquid-phase processes. Simple and efficient production protocols are important in
industrial production. As described above, it is considered that utilization of starting materials
without the bridging sulfur is important in the solution-based synthesis. To synthesize the
argyrodite electrolytes only via liquid-phase processing, it is necessary to convert P>Ss, which
is typically used as a starting material in the conventional preparation technique, into the other
material having no bridging sulfur such as LisPSs in advance. To obtain a deeper
understanding of liquid-phase synthesis, the reaction mechanisms in the solution and the
structural changes after removing the solvents must be clarified. Thus, it is also necessary to
reveal the effect of heat treatment on their ionic conductivities.

This section focused on development of a multi-step synthesis protocol for LisPSsBr
electrolytes by using bi-solvents of tetrahydrofuran and ethanol. For comparison, LisPSsBr
electrolytes were prepared using either tetrahydrofuran or ethanol. In addition, the chemical
states of the electrolytes in the precursor solutions and the effect of heat treatments on the
ionic conductivities were examined. Moreover, ionic conductivities of both sintered and

powder-compressed LisPSsBr electrolytes were evaluated.

2.2.1. Experimental
Liquid-phase synthesis of LicPSsBr with tetrahydrofuran and ethanol

LisPSsBr solid electrolytes (SEs) were synthesized by a multi-step liquid-phase (LP)
technique. LiS (Mitsuwa Chemical Co., Ltd., 99.9%), P2Ss (Aldrich, 99%), and LiBr
(Aldrich, 99.9%) were used as the starting materials. The synthesis of LigPSsBr was

conducted via the following four steps (Figure 2-2-1): (1) Li>S and P»Ss with a stoichiometry

48



THF suspension process
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EtOH solution process
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Li,S P,S; < LiBr [1 Li;PS,(precursor) © LigPSsBr
EtOH THF THF-EtOH precursor solution

Figure 2-2-1 Schematic illustrations of the multi-step technique for liquid-phase synthesis of LigPS;Br
with both EtOH and THF.
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of 3 to 1 were mixed in super-dehydrated tetrahydrofuran without a stabilizer (THF, Wako).
The mixture was stirred overnight. The THF suspension containing the LizPS4 precursor was
thus obtained [25]. (2) Li>S and LiBr (1:1 molar ratio) were dissolved in super-dehydrated
ethanol (EtOH, Wako, 99.5%). (3) The THF suspension and the EtOH solution were mixed to
obtain the pale green THF-EtOH precursor solution of LicPSsBr. The final molar ratio of LisS,
P>Ss, and LiBr was 5:1:2 in the stoichiometric proportion of LisPSsBr. The concentration of
LigPSsBr in the THF-EtOH precursor solution was 4.5 wt.%. (4) The precursor solution was
dried at 150 °C under vacuum for 3 hours to generate a solid powder. To enhance its
crystallinity, the solid powder was heat-treated at 200 °C, 300 °C, 400 °C, 500 °C, and 550 °C
under dry Ar. Hereafter, the LicPSsBr solid samples prepared by the liquid-phase technique
with heat treatment at x °C are referred to as “LP-x".

For comparison, LisPSsBr was synthesized by a mechanochemical (MC) technique [48].
The MC treatment was carried out using a planetary ball mill (Pulveristte 7, Fritsch) with a
zirconia pot (45 mL in volume) and 15 zirconia balls (10 mm in diameter) at an ambient
temperature. The rotational speed was set at 600 rpm and the milling time was 45 hours. The
prepared powder was heat-treated at 550 °C under dry Ar to obtain “MC-550". All the
experimental processes were performed in a glove box under dry Ar.

In addition, three other synthesis processes were conducted by the liquid-phase technique
using ethanol and tetrahydrofuran as a single solvent system. The experimental procedures are
shown in Figure 2-2-2. The synthesis conditions are summarized in supplementary Table

2-2-1.

Electrolytes characterization

Crystallographic phase identification was performed using an X-ray diffractometer
(SmartLab, Rigaku) with Cu-Ka radiation. Diffraction data were collected in steps of 0.02°
over the 26 range of 5—-80° at a scan rate of 4° min!. X-ray diffraction (XRD) measurements
were conducted using an airtight container with a beryllium window to prevent exposure of
the electrolytes to air. The computer program RIETAN-FP [58] was used for the Rietveld

analysis. Visualization of the crystal model was carried out using the VESTA software [59].
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Figure 2-2-2 Schematic illustrations of the techniques for liquid-phase synthesis of LizPS;Br with (a)
EtOH aone, (b) THF alone, and (c) via the EtOH solution and M C processes.
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Table 2-2-1 Conditions for liquid-phase synthesis of LigPS;Br solid electrolytes: starting material,
solvent, and heat treatment temperature

LP €] (b) (¢ MC
Synthesis technique LP LP LP MC, LP MC
Staring material Li,S, P,S;, LiBr Li,S, P,S;, LiBr Li,S, P,S;, LiBr Li,S, LiBr, LizPS, Li,S, P,S;, LiBr
Solvent THF, EtOH EtOH THF EtOH
Heat treatment temperature/ °C 550 150 150 150 550
Label LP-550 - - - MC-550
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Lithium-ion migration pathway in the crystal structure was analyzed by bond-valance sum
(BVYS) calculation using the computer program PyAbstantia and RIETAN-FP.

For evaluating the crystallinity in the electrolytes, the whole powder pattern fitting
(WPPF) analysis was conducted using the computer program PDXL2 (Rigaku Co.) [60].
AlOs crystal was used as a reference material. The analysis was conducted via the following
four steps: (1) The structural parameters of the electrolytes and Al,O3 crystal were obtained
from the Rietveld analysis. (2) The mixtures of the electrolyte and Al>O3 crystal at a weight
ratio of 50:50 were prepared and then the XRD patterns were obtained. (3) The weight ratios
of the AlbO;3 crystal and each crystal were calculated by the WPPF technique. Note that the
structural parameters of the electrolytes and AlxO; crystal were fixed. (4) The weight ratio of

the amorphous matrix was calculated according to the following formula.

Wamorphous = Walumina — (Wargyrodite + Wiis: + WLiZS)

To identify the structural units, Raman spectroscopic analysis was carried out with a
Raman spectrophotometer (LabRAM HR-800, HORIBA Ltd.) equipped with a 532 nm He-Ne
laser.

Scanning electron microscopy characterization was carried out using a field-emission
scanning electron microscope (FE-SEM, SU8220, Hitachi High-Technologies) with an energy
dispersive X-ray spectroscopy system (EDX, EMAXEvolution X-MAX, Horiba Ltd.).

The microstructure observation and the calculating volume ratios of the crystals were
performed using a field-emission transmission electron microscope (TEM) system (JEM-2100,
JEOL) with an accelerating voltage of 200 kV. The sample was mounted on an amorphous
carbon film supported by a Cu grid, which was attached to a double-tilt vacuum TEM holder
(model 648, Gatan) in a dry Ar glove box. The pressure in the TEM equipment was ca.
1.0x107 Pa. Bright filed (BF) images, dark filed (DF) images, and the electron diffraction
(ED) patterns were obtained. The ED patterns were transformed into one dimensional
intensity profile by the computer program called “ProcessDiffraction” [61-64]. The amount
ratios of the crystals were calculated via the following four steps: (1) ED patterns from the

argyrodite crystal regions were obtained, which showed Debye rings. (2) DF images were
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taken of all the diffraction spots forming the Debye rings. (3) The regions corresponding to
the diffraction spots were visualized as bright-contrast regions by superposing all the DF
images. (4) The areas with a luminance of 240 or more were regarded as a crystallized regions,
and then the Pixel numbers were integrated using the image processing software “Image J” to
calculate volume ratio of the crystals. Note that the calculations were performed excluding the

vacuum region and the thick electrolyte region.

Electrochemical characterization

The ionic conductivity was measured by an electrochemical impedance spectroscopy
(EIS). The data were collected in the range of 1 MHz to 10 Hz using an impedance analyzer
(1260, Solartron), with an applied AC voltage of 10-25 mV. To determine the ionic
conductivities, three pellet types were prepared: (1) green compacts pressed at 360 MPa at
room temperature, (2) green compacts pressed at 720 MPa at room temperature, and (3)
sintered bodies obtained by heat treatment at 550 °C under dry Ar. Au current collectors were
used to cover the entire surface of both sides of the pellet. The pellet was sealed in a
laminate-type pouch cell to prevent exposure of the sample to air. It was difficult to accurately
measure resistances of 100 Q or less because of the influence of inductance due to the
equipment setup, causing the estimated resistance and the activation energy to be lower than
the actual value. Thus, the temperature-dependence of the conductivity was measured from
the low temperature region of about —30 °C. The temperature was controlled with an
ethanol-cooled bath and a constant temperature bath. The cell was held at the specified
temperature for two hours to allow the system to reach thermal equilibrium. The lithium-ion

migration activation energy was calculated from the slope of the Arrhenius plot:

o=00exp(-E/RT)

Where o is the ionic conductivity, 7 is the absolute temperature, go is the pre-exponential
factor for ionic conduction, E, is the activation energy for the ionic conduction, and R is the
gas constant.

The electronic conductivity was measured via the DC polarization technique. The data
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were collected using a potentio-galvanostat (S-1287, Solartron) with applied DC voltages of

0.4V,0.5V,and 1.5 V at 25 °C.

2.2.2. Results and discussion
Preparation and characterization of argyrodite electrolytes

The research in the section 2.1 showed that the argyrodite sulfide-based LisPSsX (X = Cl,
Br, I) solid electrolytes, which were prepared by the mechanochemical technique (MC), could
be dissolved into and precipitated from alcohols. However, for practical application, it is
necessary to develop a simple process for the synthesis of argyrodite electrolytes that does not
employ the MC technique. Thus, the following reactions employing a bi-solvent system
comprising tetrahydrofuran (THF) and ethanol (EtOH) was employed as an improved

process:

THF EtOH

5Li2S + P»Ss + 2LiBr — 2Li3PS4 + 2LiS +2 LiBr — 2Li¢PSsBr

For synthesis of LigPSsBr, the THF-EtOH precursor solution was prepared by mixing a
suspension of the Li3PS4 precursor in THF and a solution of Li>S and LiBr in EtOH, as shown
in Figure 2-2-1.

Figure 2-2-3 (a) shows the pale green homogeneous THF-EtOH precursor solution
containing LisPSsBr. The LP-150 solid powder obtained by drying the solution at 150 °C
under vacuum was subjected to the process described in the section 2.1. In addition, LisPSsBr
was heat-treated at 550 °C to obtain LP-550. Figure 2-2-3 (b) shows the Raman spectra for
the THF-EtOH precursor solution containing LigPSsBr, LP-550, and MC-550 solid powders.
In the profile of the THF-EtOH precursor solution, LP-550, and MC-550, the strong Raman
bands centered around 420 cm™! originating from the PS4> unit were detected, indicating that
THF and EtOH did not kinetically decompose the PS4> unit. The peak of the PS4> unit in the
Raman profile of the precursor solution was shifted to lower wavenumber. This implies that
the PS4 unit was solvated with THF and/or EtOH molecules. Such band shifts have also been
previously reported [12]. Figure 2-2-3 (¢) presents the XRD patterns of LP-150, LP-550, and

MC-550. All the samples comprised mainly lithium-ion conducting argyrodite LicPSsBr
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crystals, along with small amount of LiBr crystals. The crystallinity of LisPSsBr was
increased by heat treatment at 550 °C. LP-550 was confirmed to have the argyrodite structure
(a = 9.9641(2) A, F43m, (216)) from the powder XRD pattern and the Rietveld refinement
analysis technique (Figure 2-2-4). The structural parameters are listed in Table 2-2-2. The
parameters were similar to the previously reported experimental data [65]. Figure 2-2-3 (d)
presents the unit cell of LigPSsBr (LP-550), in which the S*>* and Br™ anions formed a
face-centered cubic lattice (Wyckoff positions 4a and 4d) and PS4 tetrahedra on the
octahedral sites (P on Wyckoff position 4b). Site disorder of the S* and Br~ anions was
observed because of the similar ionic radii of Br and S* anions. The Li" site was simply set
as the 48/ site with occupancy of 0.5. The Li" sites form a cage-like conduction path and
furnished a macroscopically fast conduction pathway. These results were largely similar to
those for LicPSsBr prepared by the solid-phase method [65].

For comparison, LicPSsBr was synthesized from the starting materials (Li2S, P>Ss, and
LiBr) using either THF or EtOH (Figure 2-2-2 (a, b)). With the use of EtOH alone, Li,S, LiBr,
and unknown impurities were formed in addition to LisPSsBr (Figure 2-2-5 (a)). The Raman
spectrum indicates that S-S bonds derived from Li»S and P,S¢* and unknown structural units
were generated (Figure 2-2-5 (b)). This is because P»Ss is attacked and decomposed by EtOH
[66]. These results show that it is difficult to synthesize single-phase LisPSsBr when EtOH
and P>Ssare combined. Another process for the synthesis of LigPSsBr with THF alone as a
solvent was also examined (Figure 2-2-2 (b)). The XRD pattern and Raman spectrum show
that only Li>S and P»Ss reacted in THF to form Li;PS4 (Figure 2-2-5 (b)). This means that
argyrodite electrolytes cannot be synthesized by using THF alone, and the use of both the
Li3PS4 precursor and EtOH is required to form LicPSsBr. In fact, it was possible to obtain
LigPSsBr using 75Li,S-25P,Ss glass prepared by the MC technique (Figure 2-2-2 (¢), 2-2-6,
2-2-7, Table 2-2-3). However, when only 75Li,S-25P,Ss glass was precipitated from the
ethanol solution, the PS4* ion was decomposed. Thus, it is considered that excess Li»S, which
is basic, plays an important role in kinetically stabilizing the argyrodite electrolytes in the
solution.

The ionic conductivities of the obtained LisPSsBr were measured using lithium-ion
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Figure 2-2-4 Rietveld refinement profile of X-ray powder diffraction data for Li,PS;Br (LP-550)
recorded at room temperature. Red dots and light blue line denote the observed and calculated XRD
patterns, respectively. The green sticks mark the position of the reflections for Li;PSsBr, Li,S, and LiBr.
The difference between the observed and calculated patterns is signified by the blue line. The XRD
pattern in the region of 21.8—23.6° includes the unknown peaks and was not considered.

58



Table 2-2-2 Crystallographic data and Rietveld refinement of XRD powder data for Li,PSsBr crystal
(LP-550)

Crystal system Cubic Lattice parameter a=9.964112) A

Space group F43m (no. 216) Volume V=989.27(3) A3
Atom Wyckoff site g X y z u/A?
Li 48h 172 0.2966(9) 0.009(2) =1-x(Li) 0.0633
P 4b 1.0 0.0 0.0 0.5 0.0253
S1 4a =1-9g(Brl) 0.0 0.0 1.0 0.0253
S2 4d =g(Brl) 1/4 1/4 3/4 0.0253
S3 16e 1.0 0.1180(1) =-X(S3) =0.5+X(S3) 0.0253
Brl 4a 0.689(2) 0.0 0.0 1.0 0.0253
Br2 4d =1-9g(Brl) 1/4 1/4 3/4 0.0253

*R,, = 3.88, R = 1.59, Ry = 5.04, S= R, /R, = 2.44
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Figure 2-2-5 (a) XRD patterns and (b) Raman spectra of the samples prepared with EtOH alone and
THF alone, respectively. Asterisks indicate unknown peaks.
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Figure 2-2-6 Photographic images of 75Li,S-25P,S; glass powder, EtOH precursor solution, and
LisPSsBr powder synthesized from Li,S, LiBr, and 75Li,S-25P,S; glass with EtOH solvent.
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