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Chapter 1

1. General introduction

1.1 Background

Over the years, various high-performing lithium-ion rechargeable batteries have been
developed to address global warming [1] and realize a sustainable carbon-neutral society
[2]. The demand for these batteries over the next 10 years is expected to grow intensively.
Under this circumstance, the development of safer lithium-ion batteries with higher
energy density is required because current commercialized lithium-ion batteries generally
consist of flammable liquid electrolyte. The flammability of the liquid electrolyte is the
main factor causing low safety of the current commercialized batteries. In case of electric
vehicle, this flammability also limits the design of battery package. To ensure vehicle
safety, it is necessary to install a cooling system, which limits the ability to improve
energy density.

All-solid-state lithium-ion batteries are considered a promising next-generation solution
[3, 4] to deliver more energy than that of their conventional counterparts comprising
liquid electrolytes and more safety due to comprising of non-flammable solid electrolyte
[3, 4]. All-solid-state batteries contain a cathode, anode, and solid electrolyte (SE). Their
properties depend mostly on the characteristics of the SE [5]. Unfortunately, these
batteries have low-rate capabilities and energy densities, partly because of the lack of
suitable SEs that exhibit higher ionic conductivities than those of liquid electrolytes [6].
Recently both oxide and sulfide SEs have been reported as candidate materials for all-
solid-state batteries.

In the oxide SEs, perovskite-type Lio34Laos51TiO2.94 [7], sodium-superionic conductor
(NASICON)-type LiisAlosGe15(POas)s [8] and garnet-type LizLazZrO12 [9] have been

reported to exhibit high lithium-ion conductivity around 10 S/cm. Some garnet-type
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solid electrolytes with Zr*" partially replaced by Ta>" or Li" partially replaced by Ga**
have the high lithium-ion conductivity of around 10~ S/cm [10, 11] close to that of liquid
electrolytes (~102 S/cm). To utilize the oxide SEs practically, the high sintering
temperature is required. This sintering process limit the application of oxide SEs to
scalable all-solid-state batteries. Low ionic conductivity of oxide SEs also limit the
application to the all-solid-state batteries up to now. On the other hand, recent studies on
sulfide SEs have shown that batteries containing SEs comprising phosphorus sulfide are
promising [12] for scalable all-solid-state batteries because of their higher ionic
conductivities,[13] mechanical softness,[14] and facile processing without high-
temperature sintering.[15]

The development of sulfide SEs began almost 40 years ago. The initial reports of ionic
conductivity in sulfide SEs were glassy Li>S-GeSz, Li>S-P2Ss-Lil and Li>S-SiS2 showing
conductivities in the range of 10 S/cm at room temperature [16-22]. Since then, novel
sulfide SEs have been reported around the world. There are mainly three types of SE, the
first type is Li2S-P2Ss-based material, the second type is LijoGeP2S12-based material, and
the third type is argyrodite-based material.

1.2 Li2S-P2Ss-based SEs

In the Li2S-P>Ss system, SEs have conventionally synthesized by mechanical milling of
Li>S and P>Ss and subsequent heat treatment. After sintering, the mixtures of amorphous
and crystal are obtained. These mixtures of glass and ceramics (GC) showed high ionic
conductivity. Specifically, Li7P3S1; exhibited high ionic conductivity (3.2 mS/cm) [23-
26]. Among this system, Li3PS4 have also been studied as well as Li7P3Si1. Li3PSs s
comprised of PS* tera-hedra and have several different crystal structures depending on

the orientation of this tetra-hedra. Whereas y- Li3PS4 shows low ionic conductivity (3x10°
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7S/cm), B-Li3PS4 shows relatively high ionic conductivity (104 — 10 S/cm). In case of
a- Li3PS4, this crystal structure is only stable at higher than 746 K and shows high ionic
conductivity [24, 27-29].

Ionic substitutions have been employed in the Li>S-P>Ss system to enhance the ionic
conductivities. As the cation substitutions, Ni, Sn, Mo and As have been selected to
substitute with P in Li>S-P»Ss system and improved ionic conductivity [30-33]. As the
anion substitutions, I and Se have been substituted. [34-37]. Both cations and anions
substitution also have been employed in 0.4Lil-0.6Li4SnS4 [38] to enhance the ionic

conductivity.

1.3 LiioGeP2S12-based SEs

LiioGeP2Si2-based SEs have been investigated and inspired from crystalline thio-lithium
supeionic conductor (thio-LISICON) type SEs in the LisGeSs-Li3PS4 system. This type
of sulfide SEs have been investigated with the concept of high-polarizing anions with
sulfur, which are more favorable than oxides in enhancing lithium-ion conductivity. In
2001, crystalline thio-LISICON type SE in the Li4GeS4-Li3PS4 system was investigated
and showed high ionic conductivity (2.2 mS/cm) [39]. After several studies [40-44],
crystalline Li10GeP2S12 (LGPS) type SE with high ionic conductivity (12 mS/cm) was
reported in 2011 [45]. Maximum entropy method (MEM) analysis revealed that lithium
ions conduct pseudo 1-dimensionally along c-axis [45]. lonic substitutions have been
employed in LGPS type to enhance the ionic conductivity. Si and Cl substituted LGPS
type SE (Lio.54S11.74P1.44S11.7Clo.3) showed highest ionic conductivity (25 mS/cm) in 2016
[4]. The MEM calculations showed that the lithium ions conduct 3-dimensionally within

a unit cell. The ionic conductivity of Lig54S11.74P1.44S11.7Clos was enhanced due to the
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extended lithium-ion conduction path different from that of LGPS.
Other ionic substitutions have been employed intensively after the investigation of
LGPS to enhance the ionic conductivity, resulting in the enhanced performance of all-

solid-state batteries [46-64].

1.4 .1 introduction of argyrodite-based SEs

Argyrodite structures, such as quenched AggTiSes [65] and CugsGeS¢ [66] with cubic
structure [66, 67], have been investigated due to high ionic conductivities. It had
previously reported that Ag7AlSes with a cubic lattice at high temperature showed high
ionic conductivity due to randomly distributed Ag with site vacancy [68]. This report
suggested high Ag" and Cu" conductivity in many argyrodite with a cubic structure.
Deiseroth et al. have extended this idea to investigate novel high lithium-ion conductors
with cubic argyrodite structure. They have reported in 2008 [69] that halogen-substituted
argyrodite LisPSsX (X=CI, Br and I) exhibited high ionic conductivity (~10~ S/cm) with
cubic structure at room temperature. Because Li7PSs with cubic structure is only stable at
high temperature [70], they synthesized stable cubic argyrodites at room temperature by
substituting Li7PS¢ with halogen species. Hereafter, the argyrodite is denoted as Lir.
«(PS4)(S2-¢Xs) to distinguish the sulfide anions that form the PS4 tetrahedra from those
present at the 4a and 4d sites (Figure 1). To enhance the ionic conductivity further, ionic
substitutions and quenching method have been employed in Li7(PS4)(S2)-based system.
However, fundamental crystal structure of cubic argyrodite is still unknown [71]. For
example, the reported crystal structure of Lie.o(PS4)(S1.0Cli.0) was unambiguous, because
it is difficult to quantify the lithium amount and site by XRD [72] and it is also known

that separating S and Cl in the same Wyckoff site is challenging [73,74]. Conventionally,
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CI/S is considered as psedo-single atom in the mixed anion system [73,74]. Furthermore,
the constraint of lithium occupancy is not precise in Rietveld refinement. If the amount
of lithium is calculated from this refined data, the composition should be
Li.04(PS4)(S1.0Cl10). But the composition from this constraint is contradict to the

composition of Lis.o(PS4)(S1.0Cli.0).

A PS, © S, X (4a) © S, X (4d)

Figure 1. The framework structure of cubic argyrodite. Lithium should be distributed

between above structure, but still not clear where lithium should be located.

Table 1. Reported Rietveld refinement result of Lis.o(PS4)(S1.0Cl1.0).

Atom Fractional coordinates Wyckoff Occupancy Ui,

X Y z (A%
Li 0.1761 0.1761 0.0217 48h 0.5784 0.1360
P 0.5 0.5 0.5 4b 1.00 0.0344
S(0) 0.6220 0.6220 0.6220 16e 1.00 0.0488
S(1) 0.25 0.25 0.25 4c 0.4938 0.0352
Cl(1) 0.25 0.25 0.25 4c 0.5062 0.0352
S(2) 0.0 0.0 0.0 4a 0.6493 0.0400
Ci(2) 0.0 0.0 0.0 4a 0.3507 0.0400
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1.4.2 Ionic substitution in Li7(PS4)S2-based system

The substitution of both cations and anions have been employed in Li7(PS4)(S2)-based
system to enhance the ionic conductivity. For cation substitutions, Al, B, Si and Ge have
been selected [75] to substitute with P in the 4b site of Li7(PS4)(S2). By increasing the
amount of substituted cations, the primitive lattice changed from orthorhombic phase to
cubic phase gradually. These phase transitions caused by cation substitutions enhanced
ionic conductivities of these materials. Among these materials, Liz3Geo3P0.7S4)S:2
showed highest ionic conductivity (2 mS/cm) with cubic argyrodite structure. As another
cation substitutions, Fe has been selected to substitute with Li in Li7(PS4)(S2). By
changing the amount of substituted Fe, crystal structure changed from orthorhombic to
cubic and enhanced ionic conductivity up to 0.14 mS/cm, which is higher than that of
cubic Li7(PS4)(S2) (about 0.01 mS/cm) [76].

For anion substitutions, Se, Cl, Br and I have been utilized for substitution.
Liso(PS4)(S1.0X10) (X=Cl, Br and I) and Lis(PS4)(S1.0xSex)] showed high ionic
conductivities [77-80] having cubic structure at room temperature. Unfortunately,
Li7(PSes)Sez have orthorhombic crystal structure at room temperature which is the same
as Li7(PS4)(S2) at room temperature, resulting in low ionic conductivity at room
temperature [70, 81].

Other ionic substitutions have been employed intensively after the first report of
halogen-substituted cubic argyrodite Lis.o(PS4)(S1.0Xi1.0) (X=CI, Br and I). Both cation
and anion substitutions [Lise(Sio.sSbo.4S4)(Si.0ll1.0), Lise(Po.4GeosS4)(Siolio) and
Lie.5(Sbo.sGeo.s)(S1.0l1.0), etc.] have been employed to enhance the ionic conductivities up

to 18.4 mS/cm.[ 82-84].
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1.4.3 Quenching enhanced ionic conductivity in Lis.o(PS4)(S1.0Br1.0)

Quenched Liso(PS4)(S1.0Brio) after sintering using liquid N> showed high ionic
conductivity (2 mS/cm) compared to the same composition sample with slow-cooling
treatment (0.5 mS/cm). Quenched samples have random distribution of Br/S at 4a and 4d
site confirmed by neutron powder diffraction. The Br/S ions preferably occupied
randomly in 4a and 4d site, as the cooling rate increased. The Li ions occupied several
sites (48h, 24g, 48h’) around 4d site like cage structure in these materials. The long-range
Li conduction happened when Li conducted from the 48h’ site in the cage to the 48h’ site
in the neighbor cage via 24g and 48h site by MEM analysis. It is not yet revealed but
experimental data showed the randomness of anion distribution in Liso(PS4)(S1.0Br1.0)

triggered short conduction path between cages, resulting in high ionic conductivity. [85,
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Figure 2. (a) The framework structure of cubic argyrodite. (b) Lithium and 4d site are
illustrated in cubic argyrodite structure. (¢) Corresponding (111) plane is extracted and

displayed as a vertical view. Red arrow represents to the conduction path between cages.

1.4.4 Halogen-rich argyrodite
Among sulfur-based SEs having cubic argyrodite structure, recently halogen-rich
argyrodites have exhibited high ionic conductivity. Especially, various compositions of a

quasi-ternary system, Li7(PS4)(S2)-Lis(PS4)(Cl2)-Lis(PS4)(Br2), have been reported [6,
10
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12-15, 81, 85-97]. However, the investigated compositions have highly limited ternary
plots (Figure 3). Although Lis3(PS4)(S0.3Cli.0Bro7) [87] exhibits enhanced ionic
conductivity (up to 24 mS/cm) (Figure 3), the composition required for the highest
conductivity has not been investigated thus far. Therefore, investigating the composition
of a ternary system to obtain a high lithium-ion conductivity remains an important
research topic. In addition, the crystal structure and the Li-ion conduction mechanism in
argyrodite is yet to be revealed; however, several researchers have proposed different
crystal structures and different conduction paths[83, 85, 86, 98-103]. It is essential that
the relationship between the lithium-ion conduction mechanism in argyrodite and the

crystal structure is elucidated to understand the fundamental diffusion mechanism.

Lis.o(PS4)(Br2,0)

iy o(PS4)(Sa0)
Q

Figure 3. Open circles are investigated compositions in references. lonic conductivities
of these compositions are also reported. Red circle denotes composition with highest
conductivity (24 mS/cm), Lis,}(PS4)(So,3Cl],0BI‘0,7).[87]

1.5 The stability of sulfur-based SEs in the all-solid-state batteries and the
enhancement of discharge capacity
The high stability of SE is necessary to enhance the performance of the all-solid-state
batteries. Even if the ionic conductivity of SE is high, the poor stability of SE during
cycling causes low capacity, high resistance and low durability[104-127]. The all-solid-

state batteries consist of cathode, separator and anode. The stability of SE against cathode

11
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active materials (CAMs) and carbon additive (CA) in cathode layer, the stability of SE
within the voltage window during charge/discharge and the stability of SEs against anode
are essential to enhance the performance of the all-solid-state batteries.

Among these stabilities of SE, especially in cathode layer, it had previously been
reported that the stability of SE against CAM was calculated from impedance spectra of
an all-solid-state battery using equivalent circuit model. Impedance spectra of Li—In | 3-
Li3PS4 | B-Li3PS4—Li(Nio.8C00.1Mno.1)O2 during cycling were fitted using the equivalent
circuit of 4 parallel resistances and constant phase elements (CPE). From the fitting
results, the interfacial resistance of CAM and SE corresponding to around 1000 Hz was
extracted and compared the resistance increase at each cycle. The interfacial resistance of
CAM and SE changed more drastically than other interfacial resistances in the same
charge/discharge cycle. The interfacial resistance of CAM and SE also increased as cycle
number increased, although other interfacial resistances are almost the same before and
after cycling. The interfacial resistance of CAM and SE increased from 100 to 300 Q
during 2 cycles, however the bulk/grain boundary resistance of SE and the interfacial
resistance of SE and anode are constant during 2 cycles. The reason of increased
interfacial resistance is confirmed by X-ray photoelectron spectroscopy (XPS). The
bridged P-S-P in P>S7™ units and oxidic phosphorus were detected after 50 cycles, although
there is no evidence of forming these materials before cycling. These results indicate that
the stability of B-Li3PS4 against Li(Nig.8C00.1Mnyg.1)O> is poor [128].

For the practical usage of all-solid-state battery, it is necessary to enhance the discharge
capacity. Various attempts have been made on the cathode and anode side to enhance the
capacity. Among these methods, especially for cathode side, the CAMs with wide

operational voltage window [Li(Nio.8C00.1Mno.1)O2, Li(Nio.cC002Mno2)O>, etc.] [128-

12
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129] and adding CA to the cathode have been investigated [104-127]. Several studies
have attempted to enhance the capacity of various sulfide solid electrolytes using a carbon

additive (CA) to increase the electronic conductivity of the cathode [104-127]. The
discharge capacity of the Li | B-LisPSs | Li(NiosC002Mno2)O2—B-LisPSs battery
increased with a CA-modified cathode. However, the capacity retention rate was ~85%
after 50 cycles [108]. Similarly, the retention rate of the In-Li | Liso(PS4)(S1.0Cli.0) |

Li(Nio.6C00.2Mno2)O2—Lis.o(PS4)(S1.0Cl1.0) battery was 79% after 50 cycles [127]. With a
CA, the capacity decreased with repeated cycles, although the initial capacity was high
[108]. The decreased capacity after cycling was likely related to a decomposition reaction
of SE, although the mechanism remains unclear [131, 132]. These results showed that the
capacity retention rate gradually decrease after cycling with a CA modification.

From these results, especially in cathode, the high stability of SE is desirable to enhance

the capacity and cycle durability.

1.6 Objectives and outline of the thesis

The objectives of this thesis are to investigate the structure of novel halogen-rich
argyrodite in a ternary system, Li7(PS4)(S2)-Lis(PS4)(Cl2)-Lis(PS4)(Br2), with high
lithium-ion conductivity and elucidate the lithium conduction path inside crystal structure.
Other objectives of this thesis are to examine the stability of novel argyrodite material
inside all-solid-state battery and to enhance the capacity of all-solid-state battery
comprising Li(Nip.8Coo.1Mno.1)O2, novel argyrodite and lithium metal anode. The crystal
structure of novel argyrodites were determined by the Rietveld refinement of Synchrotron

X-ray diffraction and neutron diffraction. The lithium-ion conduction path in novel

13
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argyrodites were investigated by analyzing bond valence sum (BVS) and maximum
entropy method (MEM) of neutron diffraction. The stability of novel argyrodite in the all-
solid-battery was examined by separating the stability in cathode layer, separator layer,
and anode layer, respectively. The enhancement of discharge capacity was investigated
using CA to the cathode by evaluating impedance spectra before and after cycling.

This thesis consists of 5 chapters as follows.

Chapter 1
The background, the objectives and the contents of this thesis are described in this

chapter.

Chapter 2

The investigation of the crystal structure of novel halogen-rich argyrodite in a ternary
system, Li7(PS4)(S2)—Lis(PS4)(Cl2)-Lis(PS4)(Br2), with high lithium-ion conductivity and
the lithium conduction path in novel argyrodite structure are described in this chapter.
The 44 compositions in a ternary system to obtain a high lithtum-ion conductivity were
examined. Both synchrotron X-Ray diffraction and neutron diffraction were measured
among these compositions with high ionic conductivity to elucidate the crystal structure
of novel argyrodite. Lithium conduction path of various compositions is calculated using
BVS and MEM analysis. The stability of halogen-rich argyrodite against Li metal anode
was investigated to confirm the potential of novel halogen-rich argyrodite for high-
capacity battery. The cycling behavior of the all-solid-state battery comprising
Li(Ni.8Co00.05Alo.15)O2, novel halogen-rich argyrodite and carbon anode was investigated

to confirm that the battery performance using conventional active materials and novel

14
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halogen-rich argyrodite.

Chapter 3

The stability of novel argyrodite in the all-solid-state battery comprising
Li(Nio.8C00.1Mno.1)O2, novel halogen-rich argyrodite and lithium metal anode and the
battery performance are described in this chapter. The discharge capacities of the batteries
using three different compositions of Li(Nio.sC00.1Mno.1)O2 and novel argyrodite were
measured to examine the suitable cathode mixture composition. The ionic and electronic
conductivities of cathode mixtures were investigated to explain the different discharge
capacity of the batteries using three different cathode compositions. The stability of novel
argyrodite against Li(NiosCoo.1Mno1)O2 was investigated by analyzing impedance

spectra during 50 cycles and X-Ray diffraction (XRD).

Chapter 4

The chapter reports the enhancement of discharge capacity of all-solid-state battery
comprising Li(Nio.8Co0o.1Mno.1)O2, novel halogen-rich argyrodite and lithium metal anode
by adding CA to the cathode. The discharge capacities and cycle durability of the batteries
using different ratio of CA in cathode were measured to investigate the suitable ratio of
CA in cathode and to enhance the discharge capacity and cycle durability. The ionic and
electronic conductivities of cathode mixtures were investigated to explain the effect of
CA in cathode on discharge capacity. The stabilities of novel argyrodite against
Li(Nio.8C00.1Mno.1)O2 and CA were investigated by analyzing impedance spectra during

50 cycles.

15
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Chapter 5

This chapter summarizes all the conclusions in this thesis.
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2. Structural Analysis of Novel Li7.xy(PS4)(S2-x5ClBry)

Argyrodite and Mechanism of Lithium Conduction Path

2.1 introduction

Over the years, various high-performing lithium-ion rechargeable batteries have been
developed to address global warming!!! and realize a sustainable carbon-neutral society.!*!
All-solid-state lithium-ion batteries are considered a promising next-generation
solution™! to deliver more energy than that of their conventional counterparts comprising
liquid electrolytes.!*! All-solid-state batteries contain a cathode, anode, and electrolyte.
Their properties depend mostly on the characteristics of the electrolyte.””! Unfortunately,
these batteries have low rate capabilities and energy densities, partly because of the lack
of suitable electrolytes that exhibit higher ionic conductivities than those of liquid
electrolytes.®! Recent studies have shown that batteries containing electrolytes
comprising phosphorus sulfide and lithium are promising!” because of their higher ionic
conductivities,’®! mechanical softness,”! and facile processing.['"]

Among the phosphorus sulfides, various argyrodites LigPSsX (X = Cl, Br, I)!'!) that
exhibit high ionic conductivities have been explored.!'l An ideal crystal structure of
argyrodite can be illustrated by a frame structure (PSsX, Figure 1(a)) and lithium-cages
(Lis(X, S), Figure 1(b)).!'3] The chemical formula of the argyrodite is usually described
as Li7-¢PSe.oXa (X = halogen).['* Hereafter, the argyrodite is denoted as Li7.v(PS4)(Sz-1-
yCL:Bry) to distinguish the sulfide anions that form the PS4 tetrahedra from those present

at the 4a and 4d sites.
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Figure 1. Crystal structure of an ideal argyrodite. (a) Frame structure of argyrodite
[(PS4)(S2-x-CLBr,)]. (b) Cage structure with lithium and 4d anions. (c¢) Open circles are
investigated compositions in references. lonic conductivities of these compositions are
also reported. Red circle denotes composition with highest conductivity (24 mS/cm),
Lis 3(PS4)(S0.3Cl1 0Bro7).'31 (d) Open circles show compositions investigated in this study
and contour plot of ionic conductivity of Li7.x-,(PS4)(S2-+»CliBr,). Black dashed line

indicates (x + y = 1.6) composition.

A quasi-ternary system, Li7(PS4)(S2)—Lis(PS4)(Cl2)-Lis(PS4)(Br2), can be devised using
argyrodite Li7-cy(PS4)(S2-+-,Cl:Bry) (4 1(c) and (d)).["*! Various compositions of such a
ternary system have been explored (Figure 1(c)).'!Y) However, the investigated
compositions have highly limited ternary plots.!'’} Although Lis3(PS4)(S03Cli.0Bro7)
exhibits enhanced ionic conductivity (up to 24 mS/cm) (Figure 1(c)),!'*) the composition
required for the highest conductivity has not been investigated thus far. Therefore,

investigating the composition of a ternary system to obtain a high lithium-ion
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conductivity remains an important research topic.

In addition, the lithium-ion conduction mechanism in argyrodite is yet to be revealed,
however, several researchers have proposed different conduction paths. It is essential that
the relationship between the lithium-ion conduction mechanism in argyrodite and the
ionic conductivity is elucidated to enhance the performance of all-solid-state batteries.
Powder neutron diffraction studies of Lis.o(PS4)(S1.0Bri.0) have shown the anion disorder
at the 4a and 4d sites, i.e., anions (bromide ions and sulfide ions, respectively) are
distributed equally, and this distribution is an important prerequisite for achieving the

(12 1t has also been reported that lithium first migrates locally

superionic conductivity.
around the 4d site, like a “cage” (Figure 1(b)), and thereafter migrates through the entire
lattice between one “cage” and the neighboring “cage”. This phenomenon can be defined
as inter-cage conduction.!'®!

The ionic conductivity was enhanced when the distance between the 4d site and lithium
in the cage was increased from 2.4 to 2.5 A.['?! Therefore, the inter-cage conduction path
48h'-48h’ (T2-T2) (Figure 1(b) and Table S2) decreases from 2.1 to 1.5 A, and clearly
affects the controlled anion disorder leading to a four-fold increase in the ionic
conductivity.'” The conduction mechanism in the argyodite structure has been
investigated in previous studies!'® in which the ionic conductivity was gradually
increased.['”) However, the conduction path for a halogen-rich composition,?” such as
Li7--5(PS4)(S2-+CLiBr1y), (x + y > 1.0), has not been elucidated,?!! even after combining
multiple calculation methods. This is due to the difficulty in calculating the conduction
path in the argyrodite structure that contains three anions®*! and lithium-deficient sites.**]
In this study, we investigated the conductivity distribution in Li7.x-(PS4)(S2-x,Cl:Bry)
using a quasi-ternary Li7(PS4)(S2)-Lis(PS4)(Cl2)-Lis(PS4)(Br2) system.*) We attempted
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to substitute chloride and bromide ions, respectively, at the 4a and 4d sites with sulfide
ions by introducing a lithium-deficient site™ to obtain a Li7.c(PS4)(S2-xCLBry)
composition that affords a high ionic conductivity. In addition, we examined the effect of
site disorder on the ionic conductivity of different compositions.

We also explored the conduction path by combining the maximum entropy method
(MEM) and Rietveld refinement of the neutron diffraction data. By introducing the MEM
result of the lithium position in the initial structure of the Rietveld refinement, the
interstitial position of lithium can be predicted more precisely compared with when only
the Rietveld refinement of neutron diffraction was used; precision is increased because
MEM results provide direct evidence of the presence of interstitial atoms,?*! and their
positions in the unit cell.?”] The length from the 4d site to the lithium in the cage and the
inter-cage conduction path length were calculated for Lis4(PS4)(S0.4Clis),
Lis.4(PS4)(S0.4Cl1.0Bros), and Lisa(PS4)(S0.4Clo¢Brio). We attempted to compare our
proposed conduction path with the conventional direct 48h'—48h’' (T2—-T2) conduction
path (Figure 1(b)),['” and noted a clear difference in the ionic conductivity when we

calculated the inter-cage conduction path length.

2.2 Experimental
2.2.1 Material synthesis

The starting materials Li>S (>99.9% purity, Idemitsu Kosan, Japan), P2Ss (>99% purity,
Sigma Ardrich Japan, Japan), LiCl (>99.9% purity, FUJIFILM Wako Pure Chemical
Corporation, Japan), and LiBr (>99.99% purity, FUJIFILM Wako Pure Chemical
Corporation, Japan) were mixed in an appropriate molar ratio (total weight 10.0 g) in an

argon-filled glovebox under 1 ppm of moisture and oxygen. The mixture was placed in a
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ZrO; pot containing a ZrO> ball (10 mme, 600 g). Thereafter, the mixture was
mechanically milled using the planetary ball milling apparatus (Fritsch Pulverisette 5) at
220 rpm for 40 h. After ball milling, the mixture was placed in an Al>O3 case enclosed
with a stainless steel tube and heated in an argon atmosphere under 1 ppm of moisture
and oxygen. The sample temperature was first ramped from room temperature (290 K to
300 K) to 623 K in 1 h and then to 703 K in 30 min; the sample was maintained at 703 K
for 8 h. Subsequently, the sample was cooled to room temperature without any
temperature control. The total number of compositions obtained was 44, as shown in

Figure 1(d).

2.2.2 Laboratory X-Ray Powder Diffraction

Laboratory X-ray diffraction (Lab-XRD) was performed on Bragg—Brentano geometry at
Bruker D2 PHASER. The applied settings of the divergence slit, solar slit, and air scatter
screen were 1 mm, 0.04°, and 3 mm, respectively. The data were collected in the
diffraction angle (20) range of 10-60° (step size = 0.05°) at room temperature (290 K to
300 K), and the scanning rate was 1 s per step. Each sample was packed in a flat glass

folder and enclosed using Kapton film tape to avoid exposure to air.

2.2.3 Synchrotron Powder Diffraction

Synchrotron X-ray powder diffraction (Synchrotron-XRD) experiments were performed
on a Debye-Scherrer camera at beamline BL19B2, SPring-8. The data were obtained
using a semiconductor detector over a 20 range of 2—70° (step size = 0.01°) at 80 K. The
wavelength was 0.496190 A, and the exposure time was 10 min. The samples were
packed in quartz capillaries (outer diameter = 0.3 mm), encapsulated by epoxy resin in
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the argon-filled glovebox under 1 ppm of moisture and oxygen, and rotated during the

measurement.

2.2.4 Neutron Powder Diffraction

The neutron diffraction data were obtained using the iMATERIA time-of-flight
diffractometer at the Material and Life Science Experimental Facility of the Japan Proton
Accelerator Research Complex. The samples were sealed in a 6-mm-diameter cell made
from vanadium under argon using an indium ring to prevent exposure to air. The data

were collected at room temperature (290 K to 300 K).

2.2.5 Rietveld Refinement and MEM Analysis

The structural parameters were refined using Rietan-FP,/*8 while the profile parameters
were refined using a split-pseudo-Voigt profile function for Lab-XRD and synchrotron-
XRD patterns. The structural parameters were also refined using Z-Rietveld for neutron
powder diffraction. Nuclear density distributions were calculated using the MEM, and the
crystal structure factors and standard deviations were obtained from the Rietveld
refinement. All MEM calculations were performed using the Z-MEM algorithm in the Z-
Code software package,*”) which uses the conventional Sakata—Sato algorithm with
zeroth-order single-pixel approximation.®%! Nuclear scattering densities were generated
on a 98 x 98 x 98 grid by sampling the cell volume. The nuclear density was illustrated
using VESTA P!

2.2.6 Electrochemical Impedance Spectroscopy

The temperature dependence of the ionic conductivity was measured by electrochemical
impedance spectroscopy. The average particle size of the as-synthesized powder is 43 pm
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(Figure 2(a)), and the as-synthesized powder (0.3 g) was pressed into 9.5-mm-diameter
pellets under 410 MPa (Figure 2(b)). Both sides of the pellets were covered with carbon-
coated stainless steel foil (total thickness: 0.1 um). The measurements were performed
while the pellets were compressed under a pressure of 10 Nm using a screw and torque
wrench under 1 ppm of moisture and oxygen. The powder was pressed without any
sintering, and no binder was used. Impedance spectra were collected using a series of LN-
Z2-HF cryostats (TOYO Corporation, Japan) with an impedance analyzer (E4990A,
Keysight, USA). The amplitude voltage was 10 mV, and the frequency range was between

100 MHz and 20 Hz. The temperature was controlled from 200 to 350 K, and the collected

32]

impedance spectra were fitted using the Zmeam Program.

(a) 6 (b)

Frequency (%)
w
T

10" 10" 10" 10° 10° 10 : 5 o
Particle size (um) 10.0pm

Figure 2. (a) Particle size distribution of as-synthesized Lis.4(PS4)(S04Cli.0Bros).
Measurement was performed in toluene using laser diffraction particle size analyzer
(Partica LA-960, HORIBA, Japan). (b) Cross-section SEM image of pelletized
Lis.4(PS4)(S0.4Cl1.0Br0.6).

2.2.7 Electrochemical Measurements
The battery was made using Lis.4(PS4)(S0.4Cl1.0Bro.6) as the solid electrolyte material. The

cathode-active material (Li(Nio.8Coo.15Al0.05)O2, (Shima Trading Company, Japan)) was
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[33] The anode-active

coated with Li4TisO12 in the same manner as that reported previously.
material was artificial graphite (SFG75, Timcal). The cathode electrode was a mixture of
coated Li(Nio.8Coo.15Al0.05)O2) and Lis4(PS4)(S0.4Cl1.0Broe) in a weight ratio of 7:3; the
total weight of the cathode composite was 15 mg. The anode electrode was a 6:4 (by
weight) mixture of artificial graphite and Lis4(PS4)(S0.4Cli.0Bros); the total weight of the
cathode composite was 12 mg. The cathode electrode mixture, solid electrolyte (100 mg),
and anode electrode mixture were pressed into 10-mm-diameter pellets under 600 MPa.
The measurements were performed while the battery pellets were compressed under a
pressure of 10 Nm using a screw and torque wrench under 1 ppm of moisture and oxygen.
The battery was charged and discharged between 2.7 V and 4.2 V at 298 K under 1 ppm
of moisture and oxygen using a potentio-galvanostat (VMP-3, Biologic, France). A
current density of 0.24 mA/cm? corresponds to 0.1 C in this all-solid-state battery.

A Li symmetry cell was made using Lis.4(PS4)(S0.4Cl1.0Bro.) as the solid electrolyte. The
solid electrolyte (100 mg) was pressed into 10-mm-diameter pellets under 410 MPa.
Thereafter, both sides of the pellet were covered with Li foil (10 mm ¢, thickness: 2 mm,;
Honjo Metal, Japan), and pressed under 110 MPa. Current was applied to the Li symmetry

cell under a pressure of 10 Nm at 298 K under 1 ppm of moisture and oxygen using a

potentio-galvanostat (VMP-3, Biologic, France).

2.3 RESULTS AND DISCUSSION

2.3.1 Composition Map of Li7-x-y(PS4)(S2-x,/Cl:Bry) for Ionic Conductivity

Figure 1(d) presents the composition points of Li7..,(PS4)(S2-xCLiB1y) in the quasi-
Li7(PS4)(S2)-Lis(PS4)(Cl2)-Lis(PS4)(Br2) plot. An increase in the total quantity of the

halide ions (chloride and bromide ions) induces a lithium-site vacancy in Li7.x,(PS4)(S2-

34

Reprinted with permission from American Chemical Society



Chapter 2

- CLBr1y), which arises when charge neutrality is maintained. For x + y < 1.6, the lithium-
site vacancy enhances the ionic conductivity. Excess halide ion (x + y = 1.7) reduces
the ionic conductivity (Figure 1(d)). A typical example can be found in the Lab-XRD data
of Li7-y(PS4)(S24Bry) (Figure 3). The ionic conductivity is enhanced when the y content
in Li7.,(PS4)(S2,Bry) is less than 1.6. By contrast, when y > 1.6, the ionic conductivity
decreases because of the segregation of impurities such as LiBr. This segregation can be
confirmed by the Lab-XRD patterns (Figure 3). These results indicate that the induced
lithium-site vacancy increases the ionic conductivity; however, excess substitution
promotes the formation of byproducts that reduce the ionic conductivity.

When (x + y = 1.6) for Li7.x,(PS4)(S2.+,CLBI,), a high lithium-ion conductivity is
obtained (Figure 1(d)). The lattice parameter of Li7.x-,(PS4)(S2-x,Cl:Br;) with (x + y=1.6)
changes linearly with y (Figure 3 (c)); however, there is a slight impurity phase such as
minor quantities of LiC1®! and LiBr.!®) The maximum lithium-ion conductivity of 11.6
mS/cm is obtained when y = 0.6-1.0 at 298 K. The ionic conductivity decreases when y
> 1.0 (Figure 3 and Figure 4).

The possibility that this decrease in conductivity is due to the temperature-treatment
conditions has been proposed in previous papers.**! However, the results of our study
ruled out this hypothesis because we prepared all our samples under the same temperature
conditions.

Our systematic conductivity measurements helped us determine the optimum
composition of Li7.x-,(PS4)(S2-x5CliBry) to obtain a high lithium-ion conductivity when (x
+y = 1.6). The highest conductivity was obtained when x = 0.6—1.0 (y = 0.6—1.0) in Lis-
x(PS4)(S2-+5CLiBry). We also prepared various composition maps for the lithium-ion

conductivity in Li7.x,(PS4)(S2-x,Cl:Br)) recorded under the same annealing conditions.
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Figure 3. (a) Laboratory X-ray diffraction (Lab-XRD) patterns of Li7.,(PS4)(S2,,Bry) (x =
0) and (b) ionic conductivity. An excess substitution promotes the formation of
byproducts like LiBr and Li2S. (c) Lattice parameter and ionic conductivity when x +y =
1.6 in Li7x(PS4)(S2.xCLBry). Lattice parameter is calculated from laboratory X-ray
diffraction data; error bar (almost negligible) for the red triangle marker falls inside the

marker. Ionic conductivity is measured at 298 K.
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Figure 4. Impedance spectra of Lis.4(PS4)(S0.4Cli.6yBry) at 300 K. The spectra are fitted
by equivalent circuit.

2.3.2 Structural Characterization and MEM Analysis

Neutron diffraction can be used to quantify the quantity of lithium present inside a lattice
by determining the neutron scattering length of each plane. Notably, the neutron scattering
length is not proportional to the atomic number, i.e., it is different for each atom. The
neutron scattering length of lithium is -1.9 fm, while that of the other cations and anions
in Li7.x(PS4)(S2-,ClLBr,) have positive values.[*>! As a result, the quantity of lithium can
be easily measured through the neutron diffraction method.

Figure 5 shows the neutron scattering density of Lis4(PS4)(S0.4Cli6) (x=1.6,y=0.0) as
determined by MEM analysis. The investigation of the relationship between the
conduction mechanism and the structure of the halogen-rich Li7.x,(PS4)(S2-x,CliBry)
(when x +y > 1) was based on the MEM analysis. Lithium is present in four sites (48h,
24g, 48N, and 16e); therefore, it is difficult to exhibit nuclear density three-dimensionally
(Figure 6). Hence, the nuclear scattering density is only shown on the (111) plane for

clarity. Figure 5(a) shows the vertical view of an interstitial site against the (111) plane.
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The bond valence sum (BVS) mapping of the lithium-ion on the (111) plane is shown in
Figure 5(b). The BVS mapping of the lithium-ion presents the lithium conduction path as

calculated from its bond valence and length.[*®]

(a) (b)

© Li (48h)

O Li (48h") '
© Li (249) ‘
© Li (16e) ()

A
N
.O
- A

0 -1.5 0 -0.08 0 -0.03
Nuclear density (fm - A-3)

Figure 5. (a) Interstitial sites of the argyrodite structure from vertical view against the
(111) plane. 16e and 4d sites are not exactly on (111) plane; instead, they are located at
(x, x, x) and (0.75, 0.75, 0.75), respectively. (b) BVS mapping of lithium-ion on (111)
plane. Density changes from red at a higher isosurface level to blue at a lower isosurface
level. MEM nuclear density map of (111) plane in Lis4(PS4)(S04Clis)(x = 1.6, y = 0).
Maximum nuclear scattering density levels changed at (c) -1.5 fm/A*, (d) -0.08 fm/A®,
and (e) -0.03 fm/A3,
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Figure 6. (a) Three-dimensional BVS mapping result. (b) (111) Plane of BVS mapping
result. (¢) Nuclear density mapping of Lisa(PS4)(S04Cli.0Bros) (x = 1.0, y = 0.6).
Minimum isosurface level is —0.03 fm/A3, and maximum isosurface level is 0 fm/A3. (d)
(111) Plane of neutron density mapping of Lis4(PS4)(S0.4Cli.0Bros) (x = 1.0, y = 0.6). (e)
Nuclear density mapping of Lis.4(PS4)(S0.4Clo.sBrio) (x = 0.6, y = 1.0). (f) (111) Plane of
nuclear density mapping of Lis4(PS4)(S0.4ClosBrio) (x = 0.6, y = 1.0). Minimum

isosurface level is —0.03 fm/A*, and maximum isosurface level is 0 fm/A°.

The MEM calculations showed that the lithium ions are mainly distributed at the 48h
site (Table 2). MEM analysis is a useful method for the direct observation of nuclear and

electron densities at an interstitial site!*”) and for visualizing the ion-conduction path.[**!
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Our results reveal that (1) lithium ions are localized at the 48h site because of the high
nuclear scattering density (Figure 5(c)), and (2) lithium ions are delocalized over three
sites (48h, 24g, and 48h") near the 4d site. Hence, the lithium ions are present around the
4d site (Figure 5(d)) because the nuclear scattering density at the delocalized sites is
relatively low (Figure 5(c)).

At lower nuclear densities, lithium migrates through the entire lattice via the interstitial
16e site (Figure 5(e)).*”) The BVS mapping®¥ and MEM results” have been used
separately to illustrate the lithium conduction path. However, they have never been
utilized together; our study is the first to do so. We also revealed that the BVS mapping
coincides with the MEM results (Figures 5 (b) and (e)). Conventionally, the molecular
dynamics simulation and MEM analysis report that lithium conducts locally around the
4d site in a manner akin to a “cage” structure.!'* The lithium inter-cage conduction path,
calculated by both BVS mapping and MEM, has never been used to discuss the halogen-
rich composition such as Li7.x(PS4)(S2-x,CLiB1,) with (x + y > 1.0). Our study showed
that lithium conducts from one “cage” to the neighboring “cage” through the interstitial
16e site *!) in halogen-rich Li7.x(PS4)(S2-xCl:Bry) with (x + y > 1.0).

The Rietveld refinement was employed again by distributing lithium ions at the 48h site,
and at the 24g, 16e, and 48h’ sites (Table 2, Figures 7, 8 and 9) because the MEM analysis
and BVS mapping indicated the presence of nuclear scattering density.!*?! The elemental
analysis revealed that the total bromide, chloride, and sulfide ion contents are almost
similar to that of the nominal one (Table 1), indicating the absence of any volatile
component in the sample. Moreover, it is difficult to confirm the amorphous and major
impurity phases in this compound using synchrotron-XRD and *'P NMR (Tables 3 and 4;

Figures 10 and 11). Therefore, the refinement was performed under constraint. The total
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quantity of anions was found to be the same as that prepared (Tables 1, 2, 3, 5, 7, and 9),
and there was no deficiency of occupation noted at the 4a and 4d sites. This method is
similar to that reported in previous studies (Tables 2, 3, 5, 7, and 9).[!%]

Chloride and sulfide ions at the same crystal site are indistinguishable by XRD; therefore,
we attempted to calculate apparent anion occupancy of (chloride/sulfide) as a pseudo-
single atom, which is usually adopted in mixed anion systems [26]. It is also difficult to
determine lithium by XRD; therefore, lithium is distributed only at the 48h site, and its
position was determined using neutron data. The site occupancy of bromide ion at the 4a

site is in good agreement with that of neutron data (Figure 7-9 and 11-13, Table 3-9).

Table 1. Results of elemental analysis of Li7.(PS4)(S2.xClBr;) performed using
inductively coupled plasma (ICP) atomic absorption spectroscopy. Samples (0.1 g) were

dissolved in KOH solution under Ar atmosphere. All samples were measured 4 times.

mol%
x y Li P S Cl Br
1.6 0 Prepared 5.40 1.00 4.40 1.60 —

sample 5.41(1) 1.00(1) | 4.38(2) 1.68(2) —

1.0 0.6 Prepared 5.40 1.00 4.40 1.00 0.60

sample 5.37(1) 1.00(1) | 4.32(2) 1.08(2) 0.62(2)

0.6 1.0 Prepared 5.40 1.00 4.40 0.60 1.00

sample 5.43(1) 1.002) | 4362) | 0.63(3) 1.04(3)

0.0 1.6 Prepared 5.40 1.00 4.40 — 1.60

sample 522(1) | 1.001) | 4381) | — 1.52(3)
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Figure 7. Neutron diffraction patterns and refined result for Lis 4(PS4)(S0.4Cl1.0Bros) (x
= 1.0, y = 0.6). Refinements were performed by Rietveld method. (a) BS blank data. (b)
SE blank data. (¢c) LA35 blank data. Refinement was performed using data of BS, SE,
and LA35 blanks simultaneously. Red ticks and black line are observed diffraction data
and calculated data, respectively; difference profile is shown in blue. Calculated Bragg
reflections of Lis 4(PS4)(S0.4Cli.0Bro.s) and LiClo.g1Bro.19 are shown as green and orange

ticks, respectively.
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Figure 8. Neutron diffraction patterns and corresponding Rietveld refinement of

Lis 4(PS4)(S0.4Cli6) (x = 1.6, y=0.0). (a) BS blank data. (b) SE blank data. (¢c) LA35
blank data. Refinement was performed using data of BS, SE, and LA35 blanks
simultaneously. Red ticks and black line represent observed diffraction data and
calculated data, respectively, while difference profile is shown in blue. Calculated Bragg
reflections of Lis 4(PS4)(S0.4Cli.0Bro.s) and LiCl are shown as green and orange ticks,

respectively.
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Figure 9. Neutron diffraction patterns and corresponding Rietveld refinement of
Lis.4(PS4)(S0.4Clo6Bri.0) (x = 0.6, y = 1.0). (a) BS blank data. (b) SE blank data. (c)
LA35 blank data. Refinement was performed using data of BS, SE, and LA35 blanks
simultaneously. Red ticks and black line represent observed diffraction data and
calculated data, respectively; difference profile is shown in blue. Calculated Bragg
reflections of Lis.4(PS4)(S0.4Cl1.0Bros) and LiClo.41Bro.s0 are shown as green and orange

ticks, respectively.
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Figure 10. 3'P NMR spectrum of Lis4(PS4)(S04Cli0Bros)(x =

120

80
ppm

60

1.0, y = 0.6). NMR

measurement was performed on an ECA-500NMR (JEOL RESONANCE) spectrometer
spun at 200.43 MHz. No evidence for bonding of P-Br, P-Cl, and Li3PO4 was observed,

which would correspond to a peak at approximately 10 ppm.

Table 2. Constraints used for refinement of neutron diffraction patterns collected using

Lis.4(PS4)(S0.4Cl1.0Br0.6).

Atom Site Notation  x/a y/b z/c Occ. Usso (A?)
0.45-1/3*Li2(Occ)-
Li 48h 48h Lil(x) 1-Lil(x)  Lil(z) Lil(Uis)
1/2*Li3(Occ)-Li4(Occ)
Li 16e 16e Li2(x) Li2(x) Li2(x) Li2(Occ) Lil(Uis)
Li 24g 24g Li3(x) 0.25 0.75 Li3(Occ) Lil(Uiso)
Li 48h 48h’ 0.5+ Li4(x) Lid(x) Lid(z) Li4(Occ) Lil(Uis)
Br 4a 4a 0 0 1 Br1(Occ) Brl(Uis)
l 4a 4a 0 0 1 Cl1((Occ) Brl(Uso)
S 4a 4a 0 0 1 1- Br1(Occ)- Cl1((Occ) Brl(Uis)
P 4b 4b 0 0 0.5 1 P1(Uiso)
Br 4d 4d 0.25 0.25 0.75 0.6- Br1(Occ) Br2(Uiso)
Cl 4d 4d 0.25 0.25 0.75 1- CI1((Occ) Br2(Uiso)
S 4d 4d 0.25 0.25 0.75 Br1(Occ)+ C11((Occ)-0.6 Br2(Uiso)
S 16e 16e’ S3(x) - S3(x) 0.5+ S3(x) 1 S3(Uiso)
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Table 3. Structural parameters of Lis.4(PS4)(S0.4Cli.0Bros) refined by Rietveld method
(neutron data).

Neutron diffraction

Atom Site Notation x/a v/b z/c Occ. Uso (A2)

Li 48h 48h 0.31701(18)  0.68299(18) 0.0153(3) 0.3759(16) 0.0603(5)
Li 16e 16e 0.136(2) 0.136(2) 0.136(2) 0.0679(19)  0.0603(5)
Li 24g 24g 0.016(5) 0.25 0.75 0.027(2) 0.0603(5)
Li 48h 48h’ 0.5748(14) 0.0748(14) 0.273(2) 0.038(2) 0.0603(5)
Br 4a 4a 0 0 1 0.3959(4) 0.0420(3)
Cl 4a 4a 0 0 1 0.4140(12) 0.0420(3)
S 4a 4a 0 0 1 0.1901(9) 0.0420(3)
P 4b 4b 0 0 0.5 1 0.0346(3)
Br 4d 4d 0.25 0.25 0.75 0.2041(4) 0.0435(2)
Cl 4d 4d 0.25 0.25 0.75 0.5860(12)  0.0435(2)
S 4d 4d 0.25 0.25 0.75 0.2099(9) 0.0435(2)
S 16e 16¢’ 0.11789(6) -0.11789(6) 0.61789(6) 1 0.0544(2)

F43m, a = 9.870036(8) A, Ry = 4.34 %, Re = 2.65 %, 2 = 2.72, impurity: 0.6 wt%(LiClog:Bro.s)
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Table 4. Structural parameters obtained from Rietveld refinements of
Lis.4(PS4)(S0.4Cli.0Bros) at 80 K (synchrotron data).

Chapter 2

Atom  Site Notation  x/a y/b zlc Occ. Uiso (A?)

Li 48h  48h 031701 (fix)  0.68299 (fix) | 0.0153 (fix) | 0.45 0.085(4)

Br 4a 4a 0 0 1 0.395(1) 0.0261(7)
CUS | 4a 4a 0 0 1 0.605(1) 0.0261(7)
P 4b 4b 0 0 0.5 1 0.0240(7)
Cl/S 4d 4d 0.25 0.25 0.75 0.795(1) 0.0199(6)
Br 4d 4d 0.25 0.25 0.75 0.205(1) 0.0199(6)
S 16e | 16¢° 0.120879) | -0.12087(9) | 0.620879) | 1 0.0440(4)

FA3m, a=9.8205(1) A, Ry =3.12 %, R, = 1.74 %, z* = 1.16, impurity: 0.6 wt%(LiClosiBro.19)

Intensity (arb. unit)

X =116
Rup = 3.12 %
Ry =1.74 %
| TJT IT S — — S
10 20 30 40 50 60 70
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Figure 11. Synchrotron XRD pattern at 80 K and corresponding Rietveld refinement of
Lis5.4(PS4)(S0.4Cl1.0Bros) (x = 1.0, y = 0.6). Red ticks and black line represent observed

diffraction data and calculated data, respectively; difference profile is shown in blue.

Calculated Bragg reflections of Lis4(PS4)(S0.4Cli.0Bro.s) and LiClo.g1Bro.19 are shown as

green and orange ticks, respectively.
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Table 5. Structural parameters obtained from Rietveld refinement of neutron data of
Lis.4(PS4)(S0.4Cli6) (x = 1.6, y = 0.0). Constraints of lithium site occupancy were applied
similarly to that for Lis4(PS4)(S0.4Cli.0Bro.s).

Neutron diffraction

Atom Site Notation  x/a y/b z/c Occ. Ui (A?)

Li 48h 48h 0.32207(16) 0.67793(16) 0.0203(2) 0.3813(11) 0.0650(5)
Li 16¢ 16¢ 0.1513(11) 0.1513(11) 0.1513(11) 0.0569(17) 0.0650(5)
Li 24g 24g 0.016(6) 025 0.75 0.0191(15) 0.0650(5)
Li 48h 48h’ 0.5705(9) 0.0705(9) 0.2725(13) 0.0402(8) 0.0650(5)
cl 4a 4a 0 0 1 0.7059(3) 0.0359(3)

S 4a 4a 0 0 1 0.2941(3) 0.0359(3)

P 4b 4b 0 0 0.5 1 0.0409(2)
Cl 4d 4d 0.25 0.25 0.75 0.8941(3) 0.04730(16)
s 4d 4d 025 025 0.75 0.1059(3) 0.04730(16)
S 16e 16¢e’ 0.11866(6) -0.11866(6) 0.61866(6) 1 0.06146(19)
Fa3m, a=9.803613(8) A, R,, = 4.63 %, R. = 2.65 %, 7 = 3.06, impurity: 0.6 wt%(LiCl)
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Table 6. Structural parameters obtained from Rietveld refinements of Lis.4(PS4)(S0.4Cl1.6)
at 80 K (synchrotron data).

Atom  Site Notation  x/a y/b zlc Occ. Uiso (A?)
Li  48h  48h 0.32207 (fix) | 0.67793 (fix) = 0.02030 (fix) = 0.45 0.064(2)
ClIs 4a 4a 0 0 1 1 0.0240(3)
p 4 4b 0 0 0.5 1 0.0176(3)
ClUs 4d 4d 0.25 0.25 0.75 1 0.0228(3)
S 16e  16¢ 0.120208)  -0.12020(8) | 0.620208) I 0.0422(2)
FA3m, a=9.7627(2) A, Ryp = 6.67 %, R = 4.41 %, > = 2.28, impurity: 0.8 wt%(LiCl)

X' =228
Rup = 6.67 %
R,=4.41%

Intensity (arb. unit)
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|1,
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T (L ——t+

10 20

40 50 60 70
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30

Figure 12. Synchrotron X-ray diffraction pattern at 80 K and corresponding Rietveld
refinement of Lis.4(PS4)(S04Cli6) (x = 1.6). Constraints are applied similarly to that for
Lis5.4(PS4)(S0.4Cl1.0Bros). Red ticks and black line represent observed diffraction data and
calculated data, respectively; difference profile is shown in blue. Calculated Bragg
reflections of Lis4(PS4)(S0.4Clis) and LiCl are shown as green and orange ticks,

respectively.
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Table 7. Structural parameters of Lis.4(PS4)(S0.4Clo.¢Bri.0) (x = 0.6, y = 1.0) obtained
from neutron diffraction pattern refined by Rietveld method. Constraints of lithium site

occupancy were applied in a similar manner to that for Lis 4(PS4)(S0.4Cli.0Bros).

Neutron diffraction

FA3m, a=9.915382(9) A, R,,, = 4.64 %, R, = 2.83 %, x* = 2.69, impurity: 0.5 wt% (LiClo4Bro.s0)

Atom Site Notation  x/a /b z/c Occ. Ui (A?)

Li 48h 48h 03149(2) 0.6851(2) 0.0148(2) 03743(17)  0.0657(6)
Li 16¢ 16¢ 0.137(2) 0.137(2) 0.137(2) 0.054(2) 0.0657(6)
Li 24g 24¢ 0.025(2) 0.25 0.75 0.056(2) 0.0657(6)
Li 48h 481’ 05732(19)  0.0732(19) 0278(3) 0.0296(13)  0.0657(6)
Br 4a 4a 0 0 1 0.6677(4) 0.0427(3)
cl 4a 4a 0 0 1 02105(13)  0.0427(3)
S 4a 4a 0 0 1 0.1218(9) 0.0427(3)
P 4b 4b 0 0 0.5 1 0.0318(3)
Br 4d 4d 0.25 0.25 0.75 0.3323(4) 0.0401(2)
Cl 4d 4d 0.25 0.25 0.75 0.3895(13) 0.0401(2)
S 4d 4d 0.25 0.25 0.75 0.2782(9) 0.0401(2)
S 16¢ 16’ 0.11796(5) -0.11796(5) 0.61796(5) 1 0.0509(2)
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Table 8. Structural parameters obtained from Rietveld refinements of
Lis.4(PS4)(S0.4Clo.sBri.0) laboratory XRD data at room temperature (290 K to 300 K).

Chapter 2

Figure 13. Laboratory XRD pattern at room temperature (290 to 300 K) and

Atom  Site Notation  x/a y/b zlc Occ. Uiso (A?)
Li 48h 48h 0.3149 (fix) 0.6851 (fix) 0.01438 (fix) 0.45 0.104(8)
Br 4a 4a 0 0 1 0.698(2) 0.027(1)
cUs  4a 4a 0 0 1 0.302(2) 0.027(1)
p 4b 4b 0 0 0.5 1 0.015(1)
s 4d 4d 025 0.25 0.75 0.698(2) 0.024(1)
Br 4d 4d 0.25 0.25 0.75 0.302(2) 0.024(1)
S 16¢e 16¢€’ 0.12087(9) -0.12087(9) 0.62087(9) 1 0.0341(7)
FA3m, a=9.9420(3) A, R,y = 6.17 %, R. = 4.82 %, 2 = 1.57, impurity: 2.4 wt% (LiClo4Bross)
2
x =157
pr =617 %

= R, =4.82%
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corresponding Rietveld refinement of Lis 4(PS4)(S0.4ClosBri.0) (x = 0.6, y = 1.0). Red

ticks and black line represent observed diffraction data and calculated data, respectively;

difference profile is shown in blue. Calculated Bragg reflections of

Lis 4(PS4)(S0.4Clo.6Br1.0) and LiClo 41Bro.59 are shown as green and orange ticks,

respectively.
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Table 9. Structural parameters obtained from Rietveld refinements of
Lis.4(PS4)(S0.4Bri6) (x = 0.0, y = 1.6) at 80 K (synchrotron data). Lithium is distributed

Chapter 2

at sites 48h and 24g only.

Atom  Site Notation  x/a y/b zlc Occ. Uiso (A?)
Li 48h 48h 0.315(1) 0.685(1) 0.007(1) 0.36(1) 0.028(3)
Li 24g 24g 0.014(6) 0.25 0.75 0.18(1) 0.028(3)
Br 4a 4a 0 0 1 0.944(3) 0.0202(6)
S 4a 4a 0 0 1 0.056(3) 0.0202(6)
P 4b 4b 0 0 0.5 1 0.0170(7)
Br 4d 4d 0.25 0.25 0.75 0.656(3) 0.0148(5)
S 4d 4d 025 0.25 0.75 0.344(3) 0.0148(5)
S 16¢ 16¢° 0.1193(1) -0.1193(1) 0.6193(1) 1 0.0273(4)
FA3m, a=9.93098(6) A, R, = 2.37%, R, = 1.21%, 7 = 1.23, impurity: 0.1 wt% (LiBr)
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Figure 14. Synchrotron XRD pattern at 80 K and corresponding Rietveld refinement of
Lis4(PS4)(S0.4Bri6) (x = 0.0, y = 1.6). Red ticks and black line represent observed

diffraction data and calculated data, respectively; difference profile is shown in blue.

Calculated Bragg reflections of Lis4(PS4)(So0.4Bri6) and LiBr are shown as green and

orange ticks, respectively.
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Figure 15. Site occupancy of sulfide, chloride, and bromide ions at 4a and 4d sites of
Lis5.4(PS4)(S0.4Cl1.6.yBry) and composition dependence of lithium-ion conductivity. (a) Site
occupancy of sulfide ion, (b) site occupancy of chloride ion, (¢) site occupancy of bromide

ion, and (d) ionic conductivity.

Figure 15 illustrates a series of anion-site occupancy compositions in Li7.x,(PS4)(S2-x-
yCL:Bry) with (x + y = 1.6), calculated from the Rietveld refinement. As the bromide-ion
substitution increases, the bromide ions preferentially occupy the 4a site instead of the 4d
site. By contrast, chloride ions exhibited a trend opposite to that of the bromide-site
distribution. As the chloride-ion substitution increased, chloride ions occupy the 4d site

[43] Hence, only the ternary compositions, Lis4(PS4)(So.4Cl;.0Bro.)

instead of the 4a site.
and Lis.4(PS4)(S0.4Clo.¢Br1.0), can exhibit the site disorder of chloride, sulfide, and bromide

ions at both the 4d and 4a sites, with an ionic conductivity of up to 11.6 mS/cm. By
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contrast, the binary compositions Lis4(PS4)(S04Clis) and Lis4(PS4)(So4Bris) do not
exhibit such disorder and exhibit an ionic conductivity of only up to 8.5 mS/cm (Figure
15). This result is consistent with the relationship between the superionic conductivity

and anion disorder at the 4a and 4d sites.!'?]

2.3.3 Effect of Inter-cage Conduction Path and Its Length on Ionic Conductivity
No difference was noted between the conduction paths of binary Lis4(PS4)(S04Cli6) (x =
1.6, y = 0) and ternary Lisa(PS4)(S04ClioBros) (x = 1.0, » = 0.6) or
Lis4(PS4)(S0.4Clo6Brip) (x = 0.6, y = 1.0) compositions (Figures 5 (e) and 6). This
similarity occurs because the total halogen content associated with the conduction path is
greater than that associated with the disordered state at the 4a and 4d sites.!'?) The MEM
analysis results reveal that the 48h—16e—48h site conduction path is the inter-cage
conduction path (Figure 5(e)). These results are incomparable with those obtained in
previous studies, according to which the inter-cage conduction path involves the 48h'—
48h’ (T2-T2) jump.!'?! In our study, the occupancy of the 48h’ site is less than 0.05,
whereas that of Liso(PS4)(S1.0Br1.0) is approximately 0.3.['2] Hence, the 48h'—48h’ (T2—
T2) conduction results from the most occupied site, i.e., 48h; we also observed conduction
paths including, 48h—-48h'-48h'-48h (Figure 16(a)). Subsequently, we compared the
length of 48h—48h'—48h'—48h to that of 48h—16e—48h (Figure 16(a)), both calculated
using Rietveld refinements of neutron powder diffraction. The 48h—16e—48h conduction
path is approximately 1.5 times shorter than 48h—48h'—48h'—48h (Figures 16(b) and (c)).
This difference explains why the lithium conduction path of Lis4(PS4)(S0.4Clis) is
different from that of Liso(PS4)(S1.0Brio), and may enhance the ionic conductivity of
Lis.o(PS4)(S1.0Br1.0) from 2 to 8.5 mS/cm of Lis 4(PS4)(S0.4Cli.6).
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Figure 16. (a) Difference in inter-cage conduction paths of 48h—48h'—48h'—48h and 48h—
16e—48h. Length of (b) 48h-48h'—48h'—48h site and (c) 48h-16e-48h site. (d) Average
length of 4d site and Li (48h, 24g, and 48h’) around 4d site.

The site disorder in Lis.o(PS4)(S1.0Bri.0) increases the average length of the 4d site and
lithium in the cage from 2.4 to 2.5 A. Thus, the total path length for the inter-cage
conduction decreases from 2.1 to 1.5 A, leading to a four-fold increase in the ionic
conductivity.l'l Our results suggest that the average lengths of the 4d site and lithium in
the cage are similar (Figure 16(d)). On the contrary, the 48h—16e—48h path length, which
corresponds to inter-cage conduction, clearly changes. The 48h—16e—48h path length in
Lis 4(PS4)(S04Cl10Bros) at 3.26(3) A or in Lis4(PS4)(S0.4Clo.sBri) (3.30(3) A) is shorter
than that of Lis4(PS4)(S04Clis) (3.44(2) A) (Figure 16(c)). The shorter 48h—16e—48h

distance appears to enhance the ionic conductivity from 8.5 mS/cm in Lis 4(PS4)(S0.4Cli.6)
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to 11.6 mS/cm in Lis4(PS4)(S0.4Cl1.0Bro.s) or Lis4(PS4)(S0.4Clo¢Bri,0) (Figure 16(c)); this
observation is consistent with that of the proposed site disorder effect on ionic
conductivity that is influenced by the shorter inter-cage conduction length.!?!

The activation energy for the lithium-ion conductivity of our samples (0.37-0.39 eV)
was slightly higher than the reported value (approximately 0.30 eV).[¥] This is because
the contributions from the bulk and the grain boundary cannot be deconvoluted by the
impedance spectra (Figure 17).1%! Thus, the ionic conductivity represents the ionic
conductivity of both the bulk and the grain boundary. It has been proposed that the
annealed pellet could reduce the grain boundary contribution.® In our experiments, the
annealed powder was cold-pressed into a pellet. It is impossible to separate the grain
boundary contribution using the impedance spectra of the cold-pressed samples. Hence,
the apparent activation energy and Arrhenius pre-exponential factor appear to be higher
than those of the previously reported values (Figure 17).°1 The activation energy and pre-
exponential factor appear to follow the Meyer—Neldel rule,**! according to which the
activation energy is proportional to the Arrhenius pre-exponential factor.[**!

It has been speculated that the lattice softening reduces the Debye frequency, which
consequently lowers the jump frequency and entropy of migration,!'>! but this has not yet
been confirmed. Some reports have stated that the ionic conductivity is affected by the
activation energy, and by the Arrhenius pre-exponential factor.[**) This information can
be used to design an optimum composition for enhanced ionic conductivity.*”] This
phenomenon coincides with our scenario (Figure 17); however, in our scenario, the ionic

conductivity depends on both the bulk and the grain boundaries.
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Figure 17. Conductivity results of Lis4(PS4)(S0.4Cli 6). (a) Arrhenius plot, (b) impedance
spectrum at 200 K and equivalent circuit model, and (c) variations in ionic conductivity

and Arrhenius pre-exponential factor (A) with increasing activation energy.

Recently, new superionic compounds comprising the argyrodite structure were devised
by substitution.*8] To the best of our knowledge, this is the first study to propose the
involvement of the 16e site in inter-cage conduction in Li7.x(PS4)(S2-+,CliBr)
compositions with (x + y > 1), although compositions such as Lis(P1-4,Geq)SsX**! and
Lig15Al0.15S11 3585400.6*! with a lower halogen content may exhibit the involvement of
the 16e site in inter-cage conduction.®”’

The eftect of different ion conduction paths on the coulombic efficiency of the all-solid-
state battery and the stability against Li metal was confirmed (Figures 18 and 19). The
coulombic efficiency was 99.90(4) % at 99 cycles. The discharge capacity at 5 C was
64(6) % compared with the discharge capacity of the first cycle at 0.1 C (Figure 18), and
the capacity retention rate of 100 cycles was 95(4) % at 0.1 C. This rate is 1.1 times higher
than that of other all-solid-state batteries using Lis.o(PS4)(S1.0Cl1.0) at 35 cycles, although
the alloy InLi was adopted as an anode.!! The stability against Li metal is confirmed by
the Li symmetry cell. It is reported that an increasing interfacial resistance has been

observed upon prolonged stripping/plating in symmetric cells, when the electrolyte

exhibits poor stability against Li metal.®! In our scenario, the resistance of the Li
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symmetry cell does not increase for 48 h at different current densities (Figure 19). For
Lis 5(PS4)(S0.5Cl, 5), the applied current was 0.25 mA/cm?2.® For Lis 4(PS4)(S04Cli.0Bros),
the maximum current density was 3.0 mA/cm?, indicating that Lis 4(PS4)(S04Cly 0Bro) is

stable against Li metal.
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Figure 18. Cycling characteristics for charge—discharge capacity and efficiency for all-
solid-state cell. Discharge rates at 1%, 9™, 16", 19" 39" 59™ 79" and 100™ cycles are
0.1 C. Charge and discharge rate at cycles 10-14 are 5 C,3 C,2 C, 1 C, 0.5 C, respectively.
Other charge and discharge cycles described above adopted 0.2 C. (b) Discharge capacity
at different C rate. (c) Three cells were measured under same conditions. Coulombic
efficiency of Cell 2 and Cell 3 at 99 cycles are 99.92 %, 99.94 %, respectively. Capacity
retention rate of Cell 2 and Cell 3 at 100 cycles are 98 %, 88 %, respectively.
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Figure 19. Stability against Li metal anode is measured using Li symmetry cell. Current
densities used were 0.3, 0.6, 1.2, 2.4, and 3.0 mA/cm?. Cut off current is set at 0.3

mAh/cm?, and 20 total cycles were applied for each current density.
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2.4 Conclusion

A wide range of composition maps of Li7.x-,(PS4)(S2-+,CliBry) for ionic conductivity were
discussed herein. Li7.x(PS4)(S2-x-CLBry) with x = 0.6-1.0 (y = 0.6—1.0) exhibited one of
the highest ionic conductivities reported so far. The study also revealed that the 48h'—48h’
(T2-T2) is not the path for the inter-cage conduction in the halogen-rich Li7.x,(PS4)(S2-x-
,CLBr,) with (x + y > 1); instead, it is the 48h—16e—48h conduction path that is used
because the 48h site shows the greatest occupancy. This result was supported by the
combined BVS and MEM calculations. This is the first study to propose such a difference
in the inter-cage conduction path of halogen-rich argyrodite. This difference in the
conduction path also enhances the ionic conductivity from 2 mS/cm in
Lie.o(PS4)(S1.0Bri.0) to 8.5 mS/cm in Lis4(PS4)(S0.4Cli.6). Additionally, the site disorder at
the 4a and 4d sites enhances the ionic conductivity to 11.6 mS/cm in
Lis5.4(PS4)(S0.4Cl1.0Bros) or Lisa(PS4)(S04ClosBrio), owing to the shorter inter-cage
conduction path. This insight may help further research on higher ionic conductivity in
halogen-rich compositions with the argyrodite structure; the results obtained from further
research may in turn accelerate the practical application of all-solid-state batteries. We

plan on assembling an all-solid-state battery using a Li-metal anode in a future study.
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3. Electrochemical Stability of Lis4(PS4)(S0.4Cl1.0Bro.s) in All-
Solid-State Battery Comprising LiNbO3-Coated

Li(Nio.sC00.1Mno.1)O2 Cathode and Lithium Metal Anode

3.1 introduction

Over the years, various high-performance lithium-ion rechargeable batteries have been
developed to address global warming!!! and realize a sustainable, carbon-neutral
society.”] All-solid-state lithium-ion batteries offer a potential solution to reach this
goal.>¥ The performance of such batteries primarily depends on the electrochemical
properties of the electrolyte.’] However, all-solid-state lithium-ion batteries have
disadvantages such as low rate capabilities and energy densities. Thus, the application of
such batteries is limited because of a lack of suitable electrolytes that exhibit high ionic
conductivities.[®! Recent studies have shown that lithium—phosphorus—sulfide solid
electrolytes are promising materials ) because of their high ionic conductivities,®
mechanical softness,"”! and facile processing.!'"

Among the phosphorus sulfides, various Li7.4PS¢.Xa (X = Cl, Br, I) argyrodites that
exhibit high ionic conductivities have been discovered.[!'!7l These argyrodites are
denoted as Li7-o(PS4)(S2:4Xa).'8] Recently, high lithium-ion conductivity was measured
in Li7.x(PS4)(S2x»CLBr,).1"18 Particularly, Lis4(PS4)(S04Cli.0Bros) demonstrate the
highest ionic conductivity among the Li7..,(PS4)(S2-CLBr,) systems.!'8) The high
stability of Lis4(PS4)(S0.4Cli0Bros) against reaction with lithium metal has been
reported.!'8] High Coulombic efficiency, discharge capacity, and capacity retention rate
values of an all-solid-state battery using Lis4(PS4)(S0.4Cli.0Bros) have also been

reported.!'8] Another study used Li(Nio.sCoo.15Al0.05)O2 and artificial graphite (AG) as the
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cathode and anode, respectively, in all-solid-state batteries, as these materials are known
to exhibit high Coulombic efficiencies.!!”) The same cathode and anode materials were
used in our previous study.!'®]

To develop new batteries with higher energy densities, the use of a cathode that can
operate at relatively high voltages (up to 0.1 V) is preferable. For example,
Li(Nio.sC00.1Mno.1)O: is a candidate material for high-voltage operation.?2!l However,
its use as a cathode material requires that the Lis4(PS4)(S0.4Clo.1Bros) electrolyte possess
sufficiently high chemical stability to withstand high-voltage operation. Consequently,
the applicability of this cathode material has not yet been verified.

In this study, the chemical stability of Lis4(PS4)(S0.4Cli.oBros) and the reactivities of
Lis.4(PS4)(S0.4Cli.0Bros) and Li(NipsCo0.1Mno.1)O2 in Li ‘ Lis.4(PS4)(S0.4Cl1.0Bros) |

Li(Nio.8C00.1Mno.1)O2—Lis 4(PS4)(S0.4Cl1.0Bro.s) batteries were investigated using battery
cycling tests over 50 cycles, followed by X-ray diffraction (XRD) analysis to evaluate the

phase stability.

3.2 Experimental

3.2.1 Synthesis of the solid electrolyte

The Lis.4(PS4)(S0.4Clo.1Bros) powder used as the electrolyte layer was synthesized using
the same protocol as in our previous study.['®! A composite composed of a solid electrolyte
and an active material, Li(Nio.8Coo.1Mno.1)O2, was employed as the cathode. Pulverized
solid-electrolyte powder was used as the cathode because small-particle solid-electrolyte
powders provide an effective interface with intimate contact between the active materials
in the cathode layer.??!

The electrolyte powder was placed in a ZrO: pot (1.0 g per pot) containing a ZrO; ball
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(0.5 mm diameter; 34 g), and 10.4 mL toluene (<5 ppm of moisture) was pipetted into the
pot in an argon-filled glovebox. The moisture and oxygen levels in the glovebox were
below

1 ppm. The mixture was then mechanically milled using a planetary ball mill (Fritsch
Pulverisette 7) at 150 rpm for 2 h to obtain a fine slurry. After ball-milling, the samples
were sieved and classified into beads and slurries in an argon-filled glovebox. To obtain
the Lis.4(PS4)(S0.4Cli.0Bros) powder for the cathode layer, the slurry was heated to 373 K

and dried using a Schlenk bottle under vacuum.

3.2.2 Particle-size distribution

The particle-size distribution of the Lis4(PS4)(S0.4ClioBros) cathode powder was
measured using a laser diffraction particle-size analyzer (Partica LA-960, Horiba, Japan).
The measurements were performed in toluene (>99.5% purity, with a moisture content of
less than 10 ppm; Fujifilm Wako Pure Chemical Corporation, Japan), as previously
reported.['® Furthermore, the measurements were performed in a dry room maintained at

a moisture content below 1 ppm.

3.2.3 Microscopy and elemental analysis

Scanning electron microscopy (SEM) measurements were performed using a Hitachi
SU8220 instrument at an accelerating voltage of 2 kV and an emission current of

10 pA. Energy dispersive X-ray spectroscopy (EDS; Bruker X Flash5060FQ) was
performed in the same field-of-view used to obtain the SEM images using an accelerating
voltage of 10 kV and emission current of 5 pA.

Polished cross-sections of the pellet samples were prepared before SEM and EDS
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measurements using Ar-ion milling (IM-4000, Hitachi High-Tech). During the 5-h
milling process, the accelerating voltage was 3.5 kV, and the sample was cooled to below

100 K using liquid nitrogen.

3.2.4 Synthesis of cathode mixtures

To improve battery performance, LiNbO3 was coated onto the Li(Nig.gCo0o.1Mno.1)O2
powder particles (Shima Trading Company, Japan) using a solution containing lithium,
niobium alkoxides, and ethanol, as described previously.[?*) The thickness of the coated
layer (4.2 nm) was calculated from the combination of the volume of the solution used
for the coating, the Brunauer—Emmett—Teller (BET) surface area of Li(Nig.8C00.1Mno.1)O2,
and the density of LiNbOs.

Mixed cathode powders were prepared using LiNbO3-coated Li(Nio.sCoo.1Mno.1)O> and
Lis.4(PS4)(S0.4Cl1.0Bro,6) in weight ratios of 7:3 (7ONCM-30SE), 8:2 (80NCM-20SE), and
9:1 (9ONCM-10SE). The cathode mixtures were placed in a ZrO> pot (1.0 g per pot)
containing a ZrO: ball (2.0 mm diameter; 34 g) in an argon-filled glovebox for dry ball-
milling. The mixture was mechanically milled using a planetary ball-milling apparatus
(AV-1, Asahi Rika Factory. Ltd., Tokyo, Japan) at 600 rpm for 1 h. After ball-milling, the

samples were sieved and classified into beads and powders in an argon-filled glovebox.

3.2.5 X-ray powder diffraction analysis

Two different laboratory XRD instruments were used to analyze the powder and pellet
samples. The Bragg—Brentano geometry (Bruker D2 PHASER) was used to analyze the
powder samples before conducting charge/discharge cycling tests. The divergence and

Soller slit were set to 0.1 mm and 0.04°, respectively. The data were collected over a
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diffraction angle (26) range of 10—100° (step size = 0.01°) at a scanning rate of 1 s per
step. The samples were packed in a flat folder and sealed using Kapton tape to prevent
exposure to air. All measurements were performed at room temperature (290-300 K).

The second XRD instrument was a Bruker D8 ADVANCE, which was used to analyze
the pellet samples after the charge/discharge cycling tests. The pellets were exposed to a
horizontal X-ray beam (parallel to the pellet surface) by changing their vertical positions.
The top of the pellets was identified by measuring the scattering intensity decay. The X-
ray beam irradiated the detected top position of each pellet, and measurements were
performed using a Bragg—Brentano geometry, with the divergence and Soller slit set to
0.1 mm and 0.025°, respectively. The data were collected over a 26 range of 10—-60° (step
size = 0.02°) at a scanning rate of 4 s per step. During the measurements, the temperature
was maintained at room temperature (290-300 K). The all-solid-state battery pellets were
placed in a dome-like cell to avoid exposure to air. The thickness of the cathode mixture
layer was 61 um for 9ONCM-10SE and 97 um for 70NCM-30SE, as calculated based on
the reported densities of Li(NigsCo0o.1Mno.1)O2 (4.8 g/cm?) and Lis4(PS4)(S0.4Cl.0Bro.)
(2.0 g/cm?), respectively.l'?* Even for the thickest cathode electrode layer of 97 um,
more than 99% of the incident X-ray intensity was diffracted. In this calculation, the mass
absorption coefficient and mass fraction of each element and the densities of
Li(Nio.sC00.1Mno1)O2 and Lis 4(PS4)(S0.4Cli.0Bros) were used.[>>) Therefore, the entire

cathode mixture layer was analyzed using XRD.

3.2.6 Crystallite size
The crystallite sizes were calculated from the full-width at half-maximum (FWHM) of

the peaks in the XRD pattern using the whole-pattern powder fitting method.!?®! The
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diffraction peak profiles were modeled using a split-pseudo-Voigt function and an 11"-

order Legendre orthogonal polynomial background model using the Rietan-FP

software.[?%]

For Lisa(PS4)(S0.4Cli0Bros), the crystallite size was calculated using
Scherrer's equation along the (200) direction from the diffraction peak of 26 = 25°, with

a shape factor of 0.9.[2”]

3.2.7 All-solid-state battery cell fabrication and electrochemical measurements

A battery with a Li | Lisa(PS4)(S04ClioBros) | Li(NiosCo00.1Mno.1)O2—
Lis.4(PS4)(S0.4Cl1.0Bros) structure was fabricated. The total amount of cathode active
material was 18 mg. Lithium foil (10 mm diameter, 0.2 mm thickness; Honjo Metal,
Japan) was used as the anode. The solid electrolyte (100 mg) was pressed into 10-mm-
diameter pellets at 300 MPa. Thereafter, the cathode mixtures were pressed into 10-mm-
diameter pellets at 600 MPa to form a cathode electrode layer. Finally, lithium metal was
attached to the opposite side of the cathode and pressed at 100 MPa.

Electrochemical measurements were performed while the battery pellets were loaded at a
pressure of 20 MPa using a screw and torque wrench. The battery was charged and
discharged between 2.5 and 4.3 V at 298 K using a potentiogalvanostat (VMP-3, Biologic,
France). The atmosphere contained less than 1 ppm of moisture and oxygen. The current
density was fixed at 0.24 or 1.2 mA/cm?, corresponding to 0.1C and 0.5C, respectively.
Impedance spectra were collected using the potentiogalvanostat. The charge and
discharge capacity values at the 1%, 2%, 10™ 20, 30, 40™, and 50 cycles were measured
at 0.1C. The values at all other cycles were measured at 0.5C to accelerate the capacity
degradation. Impedance spectra were collected at the 1%, 10", 20® 30™ 40% and 50
cycles under a state of charge (SOC) of 0%, 50%, and 100%. Before conducting the
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impedance measurements, the charge and discharge operations were stopped for 5 min.
Impedance spectra were measured for the open-cell state with a voltage amplitude of 10
mV over a frequency range of 10 to 0.01 Hz at 298 K. All measurements were conducted
under 1 ppm of moisture and oxygen. In the case of an all-solid-state battery comprising
a sulfide solid electrolyte, it has previously been reported that 300 to 600 MPa was applied

to manufacture the pellet and 10 to 70 MPa during cycling.[!8-2328.2]

3.2.8 Partial ionic and electronic conductivity measurements of cathode mixtures

The ionic conductivities of the cathode mixtures were measured using an electron-
blocking cell with a Li | Lisa(PS4)(S04ClioBros) | Li(NiogCoo.1Mng.1)O2—
Lis.4(PS4)(S0.4Cl1.0Bros) | Lis.4(PS4)(S0.4Cli.oBros) | Li structure. Cathode mixtures (total
weight: 200 mg) sandwiched with 50 mg of Lis 4(PS4)(S0.4Cli.0Bro.6) from both sides were
pressed into 10-mm-diameter pellets under a pressure of 600 MPa. Subsequently, Li foil
(10 mm @, thickness: 0.2 mm; Honjo Metal, Japan) was applied on both ends and pressed
at 100 MPa. Constant voltages (Eapp i) of 10, 20, 30, 40, and 50 mV were applied for 2 h.
The resistance of the electron-blocking cell was calculated from the slope between Eapp i
and current using the current and voltage values obtained after 2 h. The electron-blocking
cell resistance includes the solid electrolyte and mixture resistances. The resistance of the
solid electrolyte and cell length of Lis 4(PS4)(S0.4Cli.0Bros) (equivalent to 16.2 Q and 7.4
x 1072 cm at 100 mg, respectively) were calculated based on the literature'®! and
subtracted from the electron-blocking cell resistance. The ionic conductivity was
calculated using the surface area (0.785 cm?), subtracted resistance, and cell length. The
measurements were performed while the electron-blocking cell was compressed under a

pressure of 20 MPa using a screw and torque wrench in an atmosphere with 1 ppm of
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moisture and oxygen.

The electronic conductivity of the cathode composites was measured using an ion-
blocking electrode of stainless steel (SUS) |  Li(NiosCoo.1Mno.1)Or2—
Lis.4(PS4)(S0.4Cli.0Bros) | SUS. The ion-blocking electrode (total weight: 200 mg) was
pressed into 10-mm-diameter pellets under 600 MPa. Thereafter, constant voltages
(Eapp_e) of 10, 20, 30, 40, and 50 mV were applied to the electrode pellets for 2 h, and the
resistance of the composite was calculated from the slope between Eapp ¢ and current. In
this calculation, correction of the resistance of the solid electrolyte is not needed. The
measurements were performed while the electrode pellets were compressed under a
pressure of 20 MPa using a screw and torque wrench in an atmosphere with 1 ppm of

moisture and oxygen.

3.3 Results and Discussion

3.3.1 Properties of as-prepared Lis.4(PS4)(S0.4Cl1.0Bro.c) and mixed cathode powders
Pulverized solid-electrolyte powder was used as the cathode material to ensure good
interfacial contact with the active materials in the cathode layer.??) During pulverization,
no byproduct phases were generated (Figure 1(a) (I) and (II)), as evidenced by the
observation of XRD peaks that are only related to Lis.4(PS4)(S0.4Cl1.0Bros). The milling
of the Lis 4(PS4)(S0.4Cli.0Bros) used in the cathode changes the crystallite size in relation
to that of the solid electrolyte, as identified by the changes in the FWHM of the (200)
peak. This peak had the highest peak intensity, which simplified distinguishing between
the background and the peak using the 1lth-order Legendre orthogonal polynomial
background model. Mechanical milling increases the FWHM value owing to a decrease

in the crystallite size from 75.6 to 53.0 nm (Figure 1(b)). A decrease in the particle size
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of the powder from 43['® to 1.5 pm was further confirmed by particle-size distribution
and SEM analyses (results shown in Figure 2 (a) and (b), respectively). The differences
in the crystallite and particle sizes indicate that the particles comprised aggregated

crystallites and/or polycrystals composed of several crystallites.

(a) (b)

[()] ' ." | ) Electrolyte

(I Electrode
; —
Electrolyte
(i) | 70NCM-30SE R TH—
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V) L L f‘ 90NCM-10SE — —

v L itNigsCog Mng 0,
T T T . | !
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20 (degree) 26 (degree)

Intensity (arb. unit)
Intensity (arb. unit)

Figure 1. (a) XRD patterns of the Lis.4(PS4)(S0.4Cli.0Bro.s) powders used for the (I)
electrolyte layer and (II) electrode layer and cathode mixtures of Li(Nio.8C0o.1Mno.1)O2
and Lis 4(PS4)(S0.4Cl1.0Bros): (III) 70ONCM-30SE, (IV) 80NCM-20SE, and (IV)
90NCM-10SE. All measurements were performed at room temperature (290-300 K).
(VI) The pattern of Li(Nio.8C00.1Mno.1)O2 (VI) was simulated using the literature lattice
parameters.’% (b) FWHM values (black arrows) were obtained from the (200) XRD
peaks of Lis.4(PS4)(S0.4Cli1.0Bros) extracted from the XRD patterns of the electrolyte and
electrode powders. Crosses represent raw XRD data and the solid lines are fitted data

using the split-pseudo-Voigt function.

The XRD patterns of the cathode mixtures are shown in Figure 1(a) (II)—(V). If
Lis 4(PS4)(S04Cl; 0Bro ) reacts with Li(Nig.sCoo.1Mno.1)02*") during the preparation of the
mixed cathode, Li3PO4 should be observed as a decomposition product owing to the
oxidation of the lithium—phosphorus—sulfide solid electrolyte.!*” In the present case, no
peaks corresponding to byproduct phases were observed in the XRD patterns of the as-

prepared cathode mixtures, and only Li(NipgCoo.1Mno.1)O2 (Figure 1(a) (VI)) and
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Lis5.4(PS4)(S0.4Cl1.0Bros) (Figure 1(a) (I) and (II)) were identified. These results indicate

that Lis4(PS4)(S04ClioBros) is stable during pulverization and mixing with

Li(Nio.8Co0.1Mno.1)Ox.
(a) (b)
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Figure 2. (a) Particle-size distribution (measured using laser diffraction in toluene) and
(b) SEM image of Lis.4(PS4)(S0.4Cl1.0Bro.) used for the cathode layers. The powder has a
median diameter of 1.5 pm.

3.3.2 Charge and discharge -capacities of Li | Lis4(PS4)(S04Cli.oBros) |
Li(Nio.8C00.1Mno.1)O2—-Lis.4(PS4)(S0.4Cl1.0Bro.s) batteries

Before investigating the all-solid-state battery, we first measured the stability of
Lis 4(PS4)(S0.4Cl1.0Bros) using linear sweep voltammetry. It has previously been reported
that the cyclic voltammogram of the Liss(PS4)(S1.0Clis) solid electrolyte showed
negligible current during the voltage sweep.®! This result indicates the stability of the
Lis5(PS4)(S1.0Cl15) solid electrolyte over the measured voltage window. The cyclic
voltammogram of Lis4(PS4)(S0.4Cli.0Bros) was measured to explore its stability during

the voltage sweep. As shown in Figure 3, a negligible amount of current is observed
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during the voltage sweep, and the current decreased further after the second cycle. This

result showed that Lis 4(PS4)(S0.4Cl1.0Bros) is stable up to 10 V.
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Figure 3. (a) Cyclic voltammogram using a stainless steel (SUS) | Lis.4(PS4)(S0.4Cl1.0Bro.)
| Li| SUS cell. The cell structure is the same as that of the all-solid-state batteries except
that the cathode is not inserted. A scan rate was 1 mV/s from —0.1 to 10.0 V and
measurements were repeated 10 times. (b) Magnified view of the cyclic voltammogram
from 0.5 to 5.0 V. The red arrows represent the decreasing current with the number of

voltage sweeps.

The battery using the 90NCM-10SE cathode mixture exhibited a higher discharge
capacity than the other batteries, although the Coulombic efficiencies of all batteries were
approximately 100% (Figure 4). The impedance spectra of the batteries using 9ONCM-
10SE, 8ONCM-20SE, and 70NCM-30SE are shown in Figure 5 (a)—(c). The resistance of
the battery using 9ONCM-10SE is smaller than those of the other batteries, indicating the
possibility of achieving a higher capacity. The capacity retention rate is used as an
indicator of cycling durability and is expressed as the discharge capacity measured during

a certain cycle as a percentage of that measured during the first cycle. The capacity
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retention rate of the 9ONCM-10SE all-solid-state battery was 91.7% at the 50" cycle.

For the battery with a AG-Lis4(PS4)(S0.4Cli.0Bros) | Lisa(PS4)(S0.4Cli.0Bros) |
Li(Nio.sC00.15A10.05)02—Lis.4(PS4)(S0.4Cli.0Bros) structure used in our previous study,!'®!
the capacity retention rate and Coulombic efficiency were 96(4)% and 99.95(3)%,
respectively, at the 50" cycle. The operating cut-off voltage was 4.2 V, which is lower
than that of the Li | Lis4(PS4)(S04ClioBros) | Li(NiosCoo.1Mng.1)O2—
Lis5.4(PS4)(S0.4Cl1.0Bro.g) battery. The all-solid-state battery using Lis.4(PS4)(S0.4Cl1.0Bro.s)
as a solid electrolyte and Li(NiosCo0.1Mno.1)O2 as a cathode active material showed the
same capacity retention rate and Coulombic efficiency as those reported in our previous
study,!'8! despite the higher cut-off voltage. Because there is no significant difference in
the Coulombic efficiencies and capacity retention rates among the different battery
configurations, and the operating voltage of Li(Nio.8Co00.1Mno.1)O2 is higher than that of
Li(Nio.8Co0.15Al0.05)O2, it is concluded that the Lis4(PS4)(S0.4Cli.0Bros) solid electrolyte

has high electrochemical stability.

200 1200
S 0
£ 150, ] 1150 £
E | . + 9ONCM-10SE S
= . * - : : =3
g 80NCM-20SE o
£100f  s—x 4100 §
8 7 5
g 3
5 o, 2

# - _—
5 50 50 3
2

7ONCM-30SE
R — ————— 0

0 10 20 30 40 50
Cycle number

Figure 4. Cycling durability (filled circles) and Coulombic efficiency (asterisks) of the
(black) 70NCM-30SE, (red) 8ONCM-20SE, and (blue) 9ONCM-10SE mixtures
measured at 0.1C.

79

Reprinted with permission from Journal of the Electrochemical Society



Chapter 3

a b c
@) -1500 (b) ( )-150
-+ 1st — 10th i st 10th 4+ 1st —+ 10th
20th —— 30th -200F . 20th —+ 30th +— 20th —+ 30th
1000} 40th S0th . 40th 50th — -100} 40th 50th
c <) <
£ E 100} £
N 500t _ N N s0f
0 500 1000 1500 0 100 200 0 50 100 150
Zreal (Q) Zrea\ (Q) zreal (Q)
(d) (e) (f)
+— 1st —— 10th 4+ 1st — 10th —— 1st —+— 10th
40—+ 20th 30th -40F . 20th —+ 30th -40F . 20th -+ 30th
— 40th S0th _ 40th 50th _ 40th 50th
G c c
N -20f p Yo nE 201 N 201
7.7x10°Hz E&’ 7.7%x105Hz .- -
0 N 7.7 % 105Hz
.0 1 1 0 1 - 1 0 1 1
0 20 40 0 20 40 0 20 40
Zreal {Q) Zrea\ (Q) Zreal (Q)

Figure 5. Impedance spectra of (a, d) 70NCM-30SE, (b, ¢) SONCM-20SE, and (c, f)
90NCM-10SE mixtures measured at an equivalent of 50% SOC and a frequency range
of 10°~0.01 Hz over 50 cycles (data for the 1%, 10, 20%, 30%, 40", and 50™ cycles are
shown).

3.3.3 Properties of the Lis4(PS4)(S0.4Cli.oBros) and cathode mixtures after
charge/discharge cycling of the all-solid-state batteries

For the batteries using 90NCM-10SE, 8ONCM-20SE, and 70NCM-30SE, the resistances
measured at approximately 10° Hz are similar (Figure 5 (a)~(f)) and the calculated
resistances using equivalent circuit are also similar (Tables S1-S3). It is well-known that
the high-frequency impedance corresponds to the resistance of the solid electrolyte
including the bulk and grain boundary resistance of Li | Lis4(PS4)(S0.4Cli0Bros) |
Li(Ni.sC00.1Mno.1)O2—Lis 4(PS4)(S0.4Cl1 0Bro) batteries.!!®3132] Therefore, the fact that
the impedance values calculated from the equivalent circuit models of the batteries using

90NCM-10SE, 80NCM-20SE, and 70NCM-30SE tend to similar values above 10° Hz
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indicates that the electrolyte resistance is independent of the amount of
Li(Nio.8C00.1Mno.1)O2 in the cathodes (Tables S1-S3).

It has previously been shown that the resistance of the Lieo(PS4)(S1.0Clio) solid
electrolyte increased from 40 to 60 Q after 50 cycles in InLi| Lieo(PS4)(S1.0Clio) |
LiCoO2—Liso(PS4)(S1.0Cli0) batteries.*?! Therein, the cut-off voltages at the high and
low limits were 4.2 and 2.6 V, respectively, while for the Li | Lis.4(PS4)(S0.4Cl1.0Bros) |
Li(Nio.8Co0.1Mno.1)O2—Lis 4(PS4)(S0.4Cl1.0Bro.6) battery, the cut-off voltages were 4.3 and
2.5 V, respectively. A high operating voltage (up to 0.1 V) is desirable to increase the
energy density of all-solid-state batteries.?*?!! Compared to Liso(PS4)(S1.0Cli0),
Lis.4(PS4)(S0.4Cli.0Bros) has higher chemical stability over a wide voltage window, as
indicated by the relatively constant resistance of the solid electrolyte over 50
charge/discharge cycles.

As shown in Figure 5 (a)—(c), the impedance spectra were reproduced by fitting with
equivalent circuits (Figure 6 and Tables 1-3). Furthermore, as explained above, the
resistance of the solid-electrolyte is relatively stable during cycling and independent of
the amount of Li(Nio.8Co0.1Mno.1)O2 in the electrode. The difference in the impedance
spectra is attributed to the different ratios of the cathode components. This indicates that
the spectral features below 10° Hz are related to the electrode impedance because the
electrolyte resistance is independent of the amount of Li(NipgCo00.1Mno.1)O2 in the

cathodes.
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Figure 6. Impedance spectra of the batteries using (a) 70NCM-30SE, (b) SONCM-20SE,
and (¢) 90NCM-10SE cathode materials measured at the 1% cycle and fitted using the

inset equivalent circuit models, as previously reported.[S3! The spectra were fit using the

Zmeam software.!

s4]

Table 1. Equivalent circuit parameters obtained by fitting the impedance spectrum of the
70NCM-30SE battery.

70NCM-30SE | RO (Q) | R1(Q) Cl al R2(Q) |C2 a2
(F ) (F st-e2)

Ist cycle 25.12 76.55 2.13x10° | 0.51 164.43 1.92x10* | 0.58
10th cycle 25.21 212.30 4.29x10°5 | 0.47 317.88 1.77x105 | 0.67
20th cycle 25.16 263.31 439x10° | 0.46 384.57 | 8.59x10° | 0.70
30th cycle 25.15 292.23 4.10x10° | 0.47 476.43 | 7.89x10° | 0.69
40th cycle 25.16 326.91 4.10x10° | 0.47 546.79 | 7.21x10°5 | 0.70
50th cycle 25.17 343.92 4.03x10° | 0.47 604.40 | 7.21x10°5 | 0.70

Table 2. Equivalent circuit parameters obtained by fitting the impedance spectrum of the
80NCM-20SE battery.

8ONCM-20SE |RO(Q) |R1(Q) |ClI al R2(Q) | C2 a2
(F i) (F st-2)

Ist cycle 25.20 16.21 1.05x10°5 | 0.84 3221 2.44x10* | 0.40
10th cycle 25.18 56.62 1.77x105 | 0.53 68.26 1.92x10* | 0.54
20th cycle 25.16 56.86 1.24x10°5 | 0.57 80.23 6.65x10% | 0.52
30th cycle 2521 62.25 1.43x105 | 0.55 80.95 6.35x10% | 0.52
40th cycle 25.10 73.72 2.25x10° | 0.51 86.76 5.92x10% | 0.56
50th cycle 25.05 77.71 2.45x10° | 0.49 86.95 5.89x10% | 0.57
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Table 3. Equivalent circuit parameters obtained by fitting the impedance spectrum of the
90NCM-10SE battery.

90NCM-10SE | RO (Q) R1 () Cl1 al R2 (Q) C2 a2
(F s(-a) (F s(1-a2))

Ist cycle 25.13 7.74 7.64x107 | 0.92 25.22 2.62x10* | 0.40
10th cycle 25.10 23.62 1.05x10° | 0.87 25.79 3.38x10* | 0.40
20th cycle 25.25 24.98 1.50x10° | 0.84 39.42 1.81x10* | 0.40
30th cycle 25.20 28.02 1.51x10° | 0.83 45.02 1.51x10* | 0.40
40th cycle 25.14 30.68 1.78x10° | 0.79 50.99 1.09x10* | 0.40
50th cycle 25.12 38.31 1.12x10° | 0.81 59.79 1.11x10* | 0.40

The electrode impedance of all samples increases during cycling (Figure 5 (a)—(c)). Our
previously reported results on the stability of Lis4(PS4)(S0.4Cli.0Bros) against lithium
metal'®] demonstrated that this increase in impedance was mainly caused by the cathode.
As shown by the XRD patterns in Figure 7 (a), no crystalline byproducts such as Li>S,
LiCl, or LiBr were formed in the cathode during 50 cycles, and all XRD peaks are
attributed to Lis4(PS4)(S0.4Cli.0Broe) and Lii.o(Nio.sCoo.1Mno.1)O2. Recently, it has been
reported that amorphous byproducts at the interface of Liso(PS4)(S1.0Clio) and
Li1.0(Nip.6C002Mno2)O2 are generated during cycling, which can increase the

impedance.[*>-*

I However, the reason for the increased impedance during cycling
observed in our battery configuration was not clarified experimentally at this stage and
will be the topic of future work. For example, amorphous byproducts may have been
produced during cycling, which could not be identified by XRD. It has previously been
shown that the cathode resistance of an all-solid-state InLi | Lis.o(PS4)(S1.0Cli.0) | LiCoO>—
Lis.o(PS4)(S1.0Cl1 ) battery increased from 50 to 150 Q after 50 cycles.*?! In comparison,

the cathode resistance of 9ONCM-10SE increased from 35 to 85 Q after 50 cycles in a Li

| Lisa(PS4)(S04ClioBros) | Li(Nio.sCo0o.1Mno.1)O2-Lis4(PS4)(So.4ClioBros) battery
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configuration. After 50 cycles, the change in the cathode resistance of
Lis.4(PS4)(S0.4Cli.0Bros) was smaller than that of Liso(PS4)(S1.0Clio). In both the solid
electrolyte and cathode layers, Lis4(PS4)(S04ClioBros) was more stable than
Liso(PS4)(S1.0Clig).  Therefore, the  high electrochemical  stability  of
Lis.4(PS4)(S0.4Cli.0Bros) indicates that it has high potential for use in all-solid-state
lithium-ion batteries.

A comparison of the XRD peaks of Li(Nig.gCoo.1Mno.1)O2 before and after 50 cycles
(Figure 7 (a)) revealed anisotropic volume changes, such as an expansion of the ¢ axis
and shrinkage of the a axis, in the pattern of the 9ONCM-10SE cathode mixture.% The
results of whole-pattern fitting using Rietan-FP?! to compare the XRD patterns of
Li(Nio.8Co0.1Mny.1)O2 obtained before and after 50 cycles showed that the ¢ axis expanded
from 14.20(2) to 14.46(1) A and the a axis shrank from 2.873(2) to 2.820(1) A. The
discharge capacity of 70NCM-30SE was lower than those of 80NCM-20SE and 90NCM-
10SE (Figure 4). Even after 50 cycles, the lattice parameters of Li(Nio.8C00.1Mno.1)O> in
70NCM-30SE, calculated from its main XRD peaks, did not change. After 50 cycles, the
XRD pattern of 70NCM-30SE shows small peaks close to one of the
Li(Nio.8Co0.1Mno.1)O2 peaks (20 = 18.5°) observed in 80NCM-20SE and 90NCM-10SE
as the main XRD peak (Figure 7 (c)).%! This indicates that in 70NCM-30SE, the lithiation
and delithiation reactions occurred only in some of the Li(Nig.8Coo.1Mno.1)O2, which is

consistent with the low discharge capacity of this cathode mixture (Figure 4).
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Figure 7. (a) XRD patterns of pellets of the 70NCM-30SE, 80NCM-20SE, and
90NCM-10SE cathode mixtures measured at room temperature (290-300 K) before and
after cycling. The XRD pattern of Li(Nio.8Coo.1Mno.1)O2 was simulated from reference
data,’**! and that of Lis 4(PS4)(S0.4Cli.0Bro) before cycling is shown for reference (green
line). (b) Magnified view of the evidence of no-formation of impurity crystalline phase.
(c) Magnified view of the (003) XRD peak of Li(Nip8Coo.1Mno.1)O2 measured for the
cathode mixture pellets before and after cycling. The black dashed line represents the
position of the 26 = 18.5° peak.
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Figure 8. (a) Ionic conductivity and (b) electronic conductivity measurements for
90NCM-10SE. (c) Partial ionic and electronic conductivities of the cathode mixture.

No evidence of the formation of crystalline byproducts was found for any of the cathode
mixtures after 50 cycles because of the high stability of Lis4(PS4)(S04Cli.0Bros).
Furthermore, in our experiments, amorphous PO fragments may have increased the

() resulting in decreased discharge capacity. We plan to

resistivity during cycling,
investigate the existence of amorphous impurities as part of a future study. The decrease
in discharge capacity with a decrease in the amount of Li(Nio.8C00.1Mno.1)O2 in the
cathode mixtures is explained as follows. The partial ionic and electronic conductivities
of 9ONCM-10SE, 80ONCM-20SE, and 70NCM-30SE were measured (Figure 8). The ionic
conductivity increased with a decreasing amount of Li(Nio.§C00.1Mno.1)O> in the cathode
mixtures. In contrast, the electronic conductivity exhibited a trend opposite to that of the
ionic conductivity. As the amount of Li(Nig8Co0.1Mno.1)O2 in the cathode mixtures
increased, the electronic conductivity of the cathode mixtures increased, increasing the
discharge capacity.**! For 70NCM-30SE in particular, a low electronic conductivity
reduced the discharge capacity (Figures 4 and 9). Among the 9ONCM-10SE, 80NCM-

20SE, and 70NCM-30SE cathode mixtures, the extent of the change in the electronic

conductivity of the cathode is higher than that of the ionic conductivity. In the case of the
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addition of wvapor grown carbon fiber (VGCF) as a carbon additive in the
Li(Nio.6C002Mno2)O2 and B-Li3PS4 cathode mixture, the discharge capacity of the battery
with VGCF was 1.4 times higher than that of the battery without VGCF. 3! This report
showed that a higher electronic conductivity of the cathode mixture results in a higher

discharge capacity. This is consistent with our results (Figures 4 and 9).
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Figure 9. Charge/discharge curves of (a) 70NCM-30SE, (b) SONCM-20SE, and (c)
90NCM-10SE. These charge/discharge curves are not continuous because impedance

spectra were collected at the 1%, 10, 20 30 40 and 50" cycles under a state of charge
(SOC) of 0%, 50%, and 100%.

Note that a significant number of voids were present in the solid electrolyte (Figure 10),
reducing lithium permeability because of a reduction in the ionic conductivity with

increasing porosity.*# Furthermore, lithiation and delithiation reactions occur at the solid
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electrolyte/active material interfaces inside the cathode and at the solid
electrolyte/cathode interface. Voids at the solid electrolyte/cathode active material
interface limit the lithiation and delithiation reactions because lithium cannot diffuse
through the voids. Therefore, a manufacturing process to prevent void formation inside
the Li(Nio.8Coo.1Mno.1)O2—Lis.4(PS4)(S0.4Cli.0Bros) cathode layer must be developed to

improve the electrode performance.

(b)

b
L
SU8200 2.0kV 4.9mm x2.00k LAS(U) 20.0pm

Figure 10. (a) SEM image and (b) the corresponding elemental map of Ni (blue) in the
90NCM-10SE mixture used to detect the presence of Li(Nio.sCoo.1Mno.1)Oz. In the SEM
image, the bright areas correspond to the cathode active material, the dark gray areas to

the solid electrolyte, and the black areas to voids.

No carbon additive was introduced in this study focusing on the stability of
Lis4(PS4)(S0.4Cl1.0Bros) and Li(NipsCoo.1Mno.1)O2 because exploration of the interface
reaction  between  LiNbOs-coated  Li(NiggC00.1Mno1)O> and carbon or
Lis.4(PS4)(S0.4Cl10Bros) and carbon was beyond the scope of this study. However the
addition of a carbon additive is an efficient approach to further improve cathode
performance, especially for Li(Nii-x.yCoxMny)O: because the electronic conductivity of
Li(Nij-xyCoxMny)O; is < 0.01 mS/cm.*>). For example, the addition of a carbon additive
(3 wt%) to Li(Nio.6C002Mno2)O> and LizPSs (70:30 wt%) resulted in an increase in the

discharge capacity from 100 to 145 mAh/g.*¥) This indicates that the electronic
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conductivity of Li(NipsC002Mno2)O2 is low. The electronic conductivity of
Li(NigsC001Mno.1)O2 is also <0.01 mS/cm.3! However, the ionic conductivity of
Lis5.4(PS4)(S0.4Cl1.0Bros) (12 mS/cm) is 100 times higher than the electronic conductivity
of Li(Nio.8Co00.1Mny.1)O>. Insufficient electronic conductivity results in a low discharge
capacity.’*3! To improve cathode performance, the addition of carbon additive materials

with high electronic conductivity has proven to be highly effective.

3.4 Conclusions

The electrochemical stability of a new solid electrolyte, Lis4(PS4)(S0.4Cli.0Bros), mixed
with the Li(Nio.8Coo.1Mno.1)O2 cathode active material was evaluated for an all-solid-state
battery with a Li | Lis4(PS4)(S04ClioBros) |  Li(Nio.sCoo.1Mno.1)O2—
Lis 4(PS4)(S0.4Cl; 0Broe) structure. At a high frequency of ~10° Hz, the resistance of the
solid electrolyte remained unchanged during 50 charge/discharge cycles. No evidence of
the formation of crystalline byproducts was observed in the XRD patterns of any cathode
mixtures from the all-solid-state batteries after 50 cycles. These results demonstrate the
superior stability of Lis4(PS4)(S0.4Cl1.0Bros) against Li(Nig.8C0o.1Mno.1)O> for all tested
cathode compositions. The all-solid-state  battery performance of Li |
Lis.4(PS4)(S0.4Cl1.0Bros) | Li(Nio.8C00.1Mno.1)O2—Lis.4(PS4)(S0.4Cl1.0Bros) can be further
improved by reducing the porosity of the Lis4(PS4)(S0.4Cl1.0Bros) material in the mixed

cathode layer and by adding a carbon additive to enhance the discharge capacity.
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4. Enhanced Capacity of All-Solid-State Battery Comprising
LiNbO3-Coated Li(Nio.sC00.1Mno.1)O2 Cathode,
Lis.4(PS4)(S0.4Cl1.0Bro.¢) Solid Electrolyte and Lithium Metal

Anode

4.1 Introduction

Various high-performance lithium-ion rechargeable batteries, such as all-solid-state
batteries, have been developed to address the demand for technological development
under the challenges of climate change [1] and realize a sustainable carbon-neutral
society [2-4]. The performance of all-solid-state batteries mostly depends on the
electrochemical properties and lithium-ion conductivity of the electrolyte [5]. Although
conventional all-solid-state lithium-ion batteries have low rate capabilities and energy
densities, recent studies have demonstrated that lithium—phosphorus—sulfide solid
electrolytes (SE) show improved ionic conductivity [6-8] and may be easily integrated
into battery production because of their mechanical softness [9] and facile processing
[10].

Among the phosphorus sulfides, we have discovered various Li7.4PS¢.«Xa (X = Cl, Br,
I) argyrodites that exhibit high ionic conductivities [11-17], denoted as Li7-o(PS4)(S2-

aXa) [18]. In a Li7.x(PS4)(S2-x-)CL:Br1y) system [ 18], Lis 4(PS4)(S0.4Cl1.0Bro.s) showed
excellent electrochemical stability in Li | Lis.4(PS4)(S04Cli.0Bros) |

Li(Nio.8Co0.1Mno.1)O2—Lis 4(PS4)(S0.4Cl1.0Bro6) batteries. Nevertheless, the discharge
capacity of this battery (140 mAh/g) was still lower than those of other all-solid-state

batteries (> 140 mAh/g) [19].
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To explain the low discharge capacity, we measured the electronic and ionic
conductivities of cathode mixtures. Changing the amount of cathode active material
from 70 to 90 wt% increased the electronic conductivity of the cathode mixture, but
reduced its ionic conductivity. Unfortunately, both high electronic and lithium-ion
conductivities are necessary for generating an effective composite cathode. In addition,
much predomination of electronic conductivity contributes to the discharge capacity
[19].

Several studies have attempted to enhance the capacity of various sulfide solid

electrolytes using a carbon additive (CA) to increase the electronic conductivity of the
cathode [20-42]. The discharge capacity of the Li | B-Li3PS4 | Li(Nio.6C002Mng2)O2—pB-
Li3PS4 battery increased with a CA-modified cathode. However, the capacity retention
rate was ~85% after 50 cycles [23]. Similarly, the retention rate of the In-Li |

Lis.0(PS4)(S1.0Cli.0) | Li(Nio.6C002Mno.2)O2—Lis.o(PS4)(S1.0Cl1.0) battery was 79% after
50 cycles [42]. With a CA, the capacity decreased with repeated cycles, although the
initial capacity was high [23]. The decreased capacity after cycling was likely related to
a decomposition reaction of SE, although the mechanism remains unclear [43, 44].
However, it is unclear whether an all-solid-state battery with a CA-modified cathode
can maintain a consistent capacity after cycling.

We hypothesized that a CA-modified cathode would enhance the capacity of an all-
solid-state battery using a high ion-conductive Lis.4(PS4)(S0.4Cli.0Bro.6) solid electrolyte.
We previously showed that batteries with a cathode mixture consisting of 70 wt% active
material and 30 wt% Lis.4(PS4)(S0.4Cl1.0Bros) had the lowest capacity [19]; however, the

capacity of the battery may be rescued by adding CA to increase the electronic
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conductivity of the cathode mixture [19]. Unfortunately, the effects of CA cathode
modifications in all-solid-state Lis4(PS4)(S0.4Cli.0Broe) batteries are unclear. To increase
the battery capacity, the cathode mixture should preferably have a high active material
ratio. However, we selected 70 wt% active material and 30 wt% Lis.4(PS4)(S0.4Cl1.0Bro.6)

to investigate the effect of electronic conductivity on capacity during cycling. We
measured the changes in the discharge capacity and capacity retention rates of the Li |

Lis5.4(PS4)(S0.4Cl1.0Bro.s) | Li(Nio.8C00.1Mno.1)O2—Lis 4(PS4)(S0.4Cl1.0Bro.¢)-CA battery
using cycling tests, followed by impedance analysis to evaluate the battery resistance

during cycling.

4.2 Experimental

4.2.1 Synthesis of solid electrolyte and cathode mixture

Lis.4(PS4)(S0.4Clo.1Bro.s) powder and LiNbOs-coated Li(Nig.8Coo.1Mno.1)O2 were
synthesized as we previously described [18, 19]. Mixed cathode powders were prepared
using LiNbOs-coated Li(Nio.sCo0.1Mno.1)Oz2, Lis.4(PS4)(S0.4Cli.0Bros), and CA (L1100,
Denka) in weight ratios of 70:30:0 (0 vol%), 70:30:3.4 (5 vol%), 70:30:7.2 (10 vol%),
and 70:30:21.5 (25 vol%), respectively. CA made from acetylene black was selected in
this study because it has previously been reported to maintain a high-capacity retention
rate even after cycling [20]. The densities for Li(Nio.8Coo.1Mno.1)O> and
Lis.4(PS4)(S0.4Cl1.0Bro.6) were selected as previously described [19] and the CA load was
2.16 g/cm? [45]. The cathode mixtures were placed in a ZrO: pot (45 ml) containing a
ZrO2 ball (2.0 mm diameter; 34 g) in an argon-filled glovebox for dry ball-milling. The

mixing condition was the same as in our previous study [19].
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4.2.2 All-solid-state battery fabrication and electrochemical measurements
We fabricated a battery with a Li | Lis4(PS4)(S04Cl1.0Bros) | Li(NiosC00.1Mng.1)O2—

Lis.4(PS4)(S0.4Cl1.0Bro.s)—CA structure. The total amount of cathode active material was
18 mg. Lithium foil (10 mm diameter, 0.2 mm thickness; Honjo Metal, Osaka, Japan)
was used as the anode. The solid electrolyte (100 mg) was pressed into 10-mm-diameter
pellets at 300 MPa. The cathode mixtures were pressed into 10-mm-diameter pellets at
600 MPa to form a cathode electrode layer. Finally, lithium metal was attached to the
opposite side of the cathode and pressed at 100 MPa.

Electrochemical measurements were performed while the battery pellets were loaded at
20 MPa using a screw and torque wrench. The battery was charged and discharged
between 2.5 and 4.3 V at 298 K using a potentio-galvanostat (VMP-3, Biologic,
Seyssinet-Pariset, France). The atmosphere contained less than 1 ppm moisture and
oxygen. The current density was fixed at 0.24 or 1.2 mA/cm?, corresponding to 0.1 C
and 0.5 C, respectively. Impedance spectra were collected using the potentio-
galvanostat. The charge and discharge capacity values at the 1%, 2™, 10, 20, 30t 40,
and 50" cycles were measured at 0.1 C. The values at all other cycles were measured at
0.5 C to accelerate the capacity degradation. Impedance spectra were collected at the 1%,
101, 20, 30%, 40", and 50™ cycles under a state of charge (SOC) of 0%, 50%, and
100%. Before conducting the impedance measurements, the charge and discharge
operations were stopped for 5 min. Impedance spectra were measured for the open-cell
state with a voltage amplitude of 10 mV over a frequency range of 10° to 0.01 Hz at 298
K. All measurements were conducted under 1 ppm of moisture and oxygen. For an all-
solid-state battery comprising a sulfide solid electrolyte, 300 to 600 MPa can be applied

to manufacture the pellet and 10 to 70 MPa during cycling [18, 19, 46-48]. Impedance
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spectra were fitted using Zmeam software (Zmeam v109002) [49].

4.2.3 Partial ionic and electronic conductivity measurements of cathode mixtures
The ionic and electronic conductivities of the cathode mixtures were measured as
previously described [19]. The ionic conductivities of the cathode mixtures were
measured using an electron-blocking cell with a Li | Lis.4(PS4)(S0.4Cli.0Bros) |
Li(Nio.8C00.1Mno.1)O2—Lis5 4(PS4)(S0.4Cl1.0Bro.s)—CA | Lis.4(PS4)(S0.4Cli.0Bros) | Li
structure. Cathode mixtures (total weight: 200 mg) sandwiched with 50 mg of
Lis5.4(PS4)(S0.4Cl1.0Bro6) from both sides were pressed into 10-mm-diameter pellets at
600 MPa. Subsequently, Li foil (10 mm ¢, thickness: 0.2 mm; Honjo Metal) was
applied on both ends and pressed at 100 MPa. Constant voltages (Eapp i) of 10, 20, 30,
40, and 50 mV were applied for 2 h. The resistance of the electron-blocking cell was
calculated from the slope between Eapp i and current using the current and voltage
values obtained after 2 h. The electron-blocking cell resistance includes the solid
electrolyte and mixture resistances. The resistance of the solid electrolyte and cell
length of Lis4(PS4)(S04Cl1.0Bros) (equivalent to 16.2 Q and 7.4 x 102 cm at 100 mg,
respectively) were calculated [18] and subtracted from the electron-blocking cell
resistance. The ionic conductivity was calculated using the surface area (0.785 cm?),
subtracted resistance, and cell length. The measurements were performed while the
electron-blocking cell was compressed at 20 MPa using a screw and torque wrench in
an atmosphere with 1 ppm moisture and oxygen.

The electronic conductivity of the cathode composites was measured using an ion-
blocking electrode of stainless steel (SUS) | Li(Nio.8Co0.1Mno.1)O2—

Lis.4(PS4)(S0.4Cl1.0Bros)~CA | SUS. The ion-blocking electrode (total weight: 200 mg)
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was pressed into 10-mm-diameter pellets under 600 MPa. Thereafter, constant voltages
(Eapp_e) 0f 10, 20, 30, 40, and 50 mV were applied to the electrode pellets for 2 h, and
the resistance of the composite was calculated from the slope between Eapp  and
current. This calculation does not require correction of the solid electrolyte resistance.
The measurements were performed while the electrode pellets were compressed at 20
MPa using a screw and torque wrench in an atmosphere with 1 ppm moisture and

oxygen.

4.3 Results and Discussion
4.3.1 Charge and discharge capacities of Li | Lis.4(PS4)(S0.4Cli.0Bros) |

Li(Nio.sC00.1Mno.1)O2—Li5.4(PS4)(S0.4Cl1.0Bro.c)-CA batteries

In our previous study, the battery using LiNbOs-coated Li(Nio.sC0o.1Mno.1)O> and
Lis.4(PS4)(S0.4Cl1.0Bros) in weight ratios of 70:30 without CA exhibited the lowest
discharge capacity among the batteries comprising different ratios of
Li(Nio.8C00.1Mno.1)O2 and Lis.4(PS4)(S0.4Cli.0Bros) [19]. The discharge capacity and
capacity retention rate of the battery using 70:30 LiNbO3-coated Li(NiosCoo.1Mng.1)O2
and Lis.4(PS4)(S0.4Cli.0Bros) after 50 cycles were 3.1 mAh/g and 99.1%, respectively.
Compared with that when using 0 vol% CA in the cathode mixture [LiNbO3-coated
Li(Nig.8C00.1Mno.1)O2 and Lis.4(PS4)(S0.4Cl1.0Bro.6) in weight ratios of 70:30], the
discharge capacity increased from 3.1 to 167 mAh/g after 50 cycles when using 5 vol%
(Figure. 1(a)). The capacity retention rate and coulombic efficiency after 50
charge/discharge cycles were 95.4% and 99.9% when using 0.1 C and 0.5 C,

respectively. This represents a much higher capacity retention rate compared with that
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of the In-Li | Lis.o(PS4)(S1.0Cl1.0) | Li(Nig.6C00.2Mng2)O2— Liso(PS4)(S1.0Cli0) battery

[42] after 50 cycles (79%). However, the discharge capacity decreased when the amount
of CA exceeded 5 vol%. The discharge capacity of the battery using 25 vol% was 25
mAh/g at most in the initial cycle and the battery suddenly short-circuited after 6 cycles.
The first explanation for this phenomenon is that decomposed products formed at the
SE/CA interface, such as the decomposition of solid electrolyte observed by cyclic
voltammogram in the Li | B-Li3PS4 | B-Li3sPS4-CA configuration [43]. The bonding of
terminal sulfur such as PS4 tetrahedra in B-Li3PS4 was experimentally confirmed to be
decomposed into bridged sulfur compounds (-S-) above 3.5 V [43, 44]. This indicated
that PS4 tetrahedra containing solid electrolyte decomposed at high voltage. In our
previous study, Lis4(PS4)(S0.4Cli.0Bros) was stable above 10 V without CA. This
suggests that an increased probability of reaction between the CA and
Lis.4(PS4)(S0.4Cli.0Bro) exists in batteries using the 25 vol% cathode. Notably, 10 vol%
corresponded to a high discharge capacity, almost equivalent to that at 5 vol%. This
suggests that Lis 4(PS4)(S0.4Cl1.0Bro) is stable and its decomposition is negligible in the
10 vol% cathode. The second explanation is that decomposed products were formed at
the Li(Nio.8C00.1Mno.1)O2/Lis5.4(PS4)(S0.4Cl1.0Bro.6) interface. We previously reported
amorphous impurities generated at the Li(Nio.8Coo.1Mno.1)O2/Lis.4(PS4)(S0.4Cl1.0Bro.6)
interface during cycling, which increased impedance. Because we used a similar
composition of cathode active material and solid electrolyte, we presumed that
amorphous impurities formed in systems with high CA contents [19]. A third
explanation is that impurities were generated at the Li(Nio.sC0o.1Mno.1)O2/CA interface,
though this requires validation [23]. Consequently, we hypothesized that the short

circuit in 25 vol% CA batteries was due to the decomposition reactions at the

100

Reprinted with permission from Journal of Solid State Electrochemistry



Chapter 4

Lis.4(PS4)(S0.4Cl1.0Bro.6)/CA and Li(Nio.sCo0.1Mno.1)O2/Lis 4(PS4)(S0.4Cl1.0Bro.6)

interfaces.
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Figure. 1 (a) Cycling durability (filled circles) and coulombic efficiency (asterisks) of
the all-solid-state battery using (red) 0 vol%, (black) 5 vol%, (blue) 10 vol%, and
(orange) 25 vol% cathode mixtures measured at 0.1 C. (b) Charge/discharge curve of 2"
cycle at 0.1 C. The red, black, blue, and orange lines represent 0 vol%, 5 vol%, 10
vol%, and 25 vol%, respectively. (¢) Capacity curve of all-solid-state battery using 5
vol% cathode at 3™ and 49" cycle charged/discharged at 0.5 C

We previously measured the electronic and ionic conductivities of cathode mixtures
without CA and found that changing the cathode active material content from 70 to 90
wt% promoted electronic conductivity while reducing ionic conductivity. Because
electronic conductivity changed more drastically than ionic conductivity, it is likely that
electronic conductivity was the key factor affecting discharge capacity [19]. We
adjusted the amount of CA (from 0 to 25 vol%) in the battery comprising 70:30
LiNbOs-coated Li(Nio.8C00.1Mno.1)O2 and Lis 4(PS4)(S0.4Cli.0Bros) and found that the
electronic conductivities of the cathode mixtures increased greatly from 2.6 x 108 to 1.1

S/cm with a CA modification (Figure. 2).
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Figure. 2 Partial ionic and electronic conductivities of the cathode mixture with

increasing amounts of CA

The lithium-ion conductivity between 0 and 25 vol% was about 2.9 x 108 times smaller
than the electronic conductivity. The small degree of change in ionic conductivity was
likely due to the weak influence on Lis.4(PS4)(S0.4Cli.0Bro.s) conduction path structure
[18, 19].

The all-solid-state battery using the Li(Nio.sCoo.1Mn1.0)O> and B-Li3PS4 cathode (ionic
conductivity: ~0.1 mS/cm) mixture showed a high capacity (120 mAh/g) without CA
[50-53]. In contrast, we measured 3.1 mAh/g after 50 cycles in our all-solid-state battery
using a high-ion-conductive solid electrolyte, Lis4(PS4)(S0.4Cli.0Bro.s) (12 mS/cm),
without a CA-modified cathode. Battery capacity may decrease even if the ionic or
electronic conductivity of the cathode is high [54, 55], likely because the
charge/discharge reaction caused by charge transfer involves both lithium-ion and
electron conduction in the electrode [54, 55]. These results emphasize the importance of
the electronic conductivity of the cathode mixture when optimizing battery capacity in a
system incorporating a high-ion-conductive Lis.4(PS4)(S0.4Cli.0Bros) solid electrolyte.

This high ionic conductivity is also attributed to the high discharge capacity at 0.5 C
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[54, 55]. Compared with the discharge capacity (<10 mAh/g) of the Li | -Li3PS4 |
Li(Nio.8Co0.1Mn1,0)O2—B-Li3PS4 battery [50], the all-solid-state battery with 5 vol% CA

recorded 137 mAh/g and 134 mAh/g at the 3rd and 49th cycles, respectively. (Figure. 1

(©)

4.3.2 Impedance spectra of Li | Lis.4(PS4)(S0.4Cli.0Bro.¢) | Li(Nio.8C00.1Mno.1)O2—

Lis.4(PS4)(S0.4Cl1.0Bro.c)-CA batteries
Impedance spectra are shown in Figure. 3(a)-(d). We previously reported that
Lis.4(PS4)(S0.4Cl1.0Bro6) showed constant resistance at high frequency due to its high

chemical stability [19]. In the present study, we found that Lis4(PS4)(S0.4Cli.0Bro.s) was
stable even at up to 10 vol% CA in the all-solid-state battery comprising Li |

Li5‘4(PS4)(SO.4C11,0BI’0,6) | Li(Nio,SCOQ1Mno,1)02—Li5,4(PS4)(So,4C11,oBI‘o,(,)-CA. Table 1-4

show the impedance estimates calculated using an equivalent circuit model (Figure. 4

(2)-(d)).
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Figure. 3 Impedance spectra of battery using (a) 0 vol%, (b) 5 vol%, (¢) 10 vol%, and
(d) 25 vol% CA, respectively, after 50 cycles

Table 1 Equivalent circuit parameters obtained by fitting the impedance spectrum of the

battery using 0 vol% CA cathode mixture

Cycle |RO |RI1(Q)|TI al |R2(Q) | T2 w2 | T3
Q) (F s(1-aD) (F s(-2)) (F s°5)
& 25.12 | 76.55 |2.13x10° | 0.51 | 164.43 | 1.92x10* | 0.58 | 1.77x107
10" (2521 [212.30 | 4.29%10° | 0.47 | 317.88 | 1.77x10° | 0.67 | 8.64x107
200 |25.16 | 263.31 | 4.39x10° | 0.46 | 384.57 | 8.59x10° | 0.70 | 7.75%107
300 | 25.15 | 29223 | 4.10x10° | 0.47 | 476.43 | 7.89x10° | 0.69 | 7.15%107
40h | 25.16 | 326.91 | 4.10x10° | 0.47 | 546.79 | 7.21x10° | 0.70 | 6.73x107
500 | 25.17 |343.92 | 4.03x10° | 0.47 | 604.40 | 7.21x10° | 0.70 | 6.56x10°3
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Table 2 Equivalent circuit parameters obtained by fitting the impedance spectrum of the

battery using 5 vol% CA cathode mixture

Cycle RO R1 Tl al R2 T2 o2 T3
Q@ (@ [Fs') (D) (F s (F s

1 25.82 | 9.61 2.26x10° | 0.85 | 19.49 |3.93x10° | 0.40 | 0.403
10t 2544 |3.16 |5.26x10° |0.88 |20.13 |5.22x10° | 0.40 | 0.371
20t 2535 | 2.15 |5.87x10° | 0.91 | 18.66 |4.75x10° | 0.40 | 0.363
30t 2549 | 1.49 |6.63x10° [0.99 | 19.58 |5.92x10° | 0.40 | 0.366
40t 2475 12.01 3.98x10° | 0.94 | 20.58 | 5.80x107 | 0.40 | 0.351
50t 25.77 |2.87 |3.58x10° | 0.91 |23.14 |4.97x107 | 0.40 | 0.330

Table 3 Equivalent circuit parameters obtained by fitting the impedance spectrum of the

battery using 10 vol% CA cathode mixture

Cycle RO R1(Q) | T1 al R2 T2 02 T3
) (F st Q) | (Fs") (F s

1 2493 | 11.85 |5.62x107 | 1.00 | 26.30 |5.60x10° | 0.40 | 0.383
10t 2543 | 6.98 3.34x107 | 1.00 | 28.47 |3.57x107 | 0.40 | 0.346
20t 2547 | 6.84 3.21x107 | 1.00 | 30.55 |3.85x107 | 0.40 | 0.356
30t 25.03 | 7.89 3.06x107 | 1.00 | 30.54 |3.72x107 | 0.40 | 0.356
40t 25.62 | 8.52 3.05x107 | 1.00 | 31.84 | 4.85x107 | 0.40 | 0.352
50t 2491 | 11.80 |3.42x107 |{0.82 [ 33.97 |[5.99x10° | 0.40 | 0.400

Table 4 Equivalent circuit parameters obtained by fitting the impedance spectrum of the

battery using 25 vol% CA cathode mixture

Cycle RO R1 Tl al R2 () | T2 o2 T3

@ @ | Fst) (F ) (F %)
1 25.00 | 7.48 |4.40x107 | 1.00 | 78.77 | 1.03x10* [0.61 | 0.118
10t 2491 | 721 |4.46x107 | 1.00 | 96.09 |1.22x10* | 0.58 | 0.0725
200 25.05 | 6.31 |3.85x107 | 1.00 | 97.68 | 1.23x10* | 0.56 |0.0715
30t 25.02 | 621 |533x107 [ 1.00 | 105.64 | 1.21x10* | 0.53 | 0.0729
40t 2547 | 6.43 |3.77x107 | 1.00 | 99.63 | 1.21x10* | 0.56 | 0.0701
50t 2431 |5.92 |4.51x107 | 1.00 | 106.24 | 1.39x10* | 0.53 | 0.0713
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Figure. 4 Impedance spectra at the 10th cycle using (a) 0 vol%, (b) 5 vol%, (¢) 10

vol%, and (d) 25 vol% CA cathode mixture fitted using the inset equivalent circuit

models, as previously reported [19]. The spectra were fitted using Zmeam software [49]

In the battery using the highest-capacity 5-vol% CA cathode mixture, resistance

increased from 53 to 56 Q during 50 cycles. We previously reported that the impedance

of a high-capacity battery increased from 85 to 135 Q during 50 cycles [19], which was

presumed to be due to the formation of amorphous impurities. We also found that

Lis 4(PS4)(S0.4Cli.0Bros) was stable against Li metal [18]. Lis.4(PS4)(S0.4Cli.0Bros) is

electrochemically stable during cycling because the calculated resistances at high
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frequency using an equivalent circuit model remained unchanged during 50 cycles
(Figure. 4(a)-(d), Table 1-4). Previous results indicated that the battery using the 5 vol%

CA cathode mixture was highly stable after 50 cycles.

'80 | | |
60k i
)
> 40 -
E
N
20k i
0 ! WW

0 20 40 60 80
Zreal (Q)

Figure. 5 Impedance spectrum of Li | Lis.4(PS4)(S0.4Cli.0Bros) | Li cell configuration.
This cell was fabricated using the same method as an all-solid-state battery, except in

replacing Li with a cathode

Assuming a homogeneous electrode, Warburg impedance can be measured at low
frequencies as a finite length of material diffusion [56, 57]. In all-solid-state batteries,
the Warburg coefficient reflects the ease with which lithium-ion diffuses within the
electrode [58]. Warburg impedance did not appear when measuring impedance in a L1 |
SE | Li cell configuration after flowing a current equivalent to 50% of SOC (Figure. 5).
When the Warburg coefficients were compared, it was observed that lithium-ion tended
to diffuse more easily into positive electrodes incorporating 5 and 10 vol% CA-
modified cathodes. In contrast, Li diffusion was limited at 0 and 25 vol% (Table 1-4),
reflecting the change in capacity. Although Warburg impedance in this study is assumed

to be homogeneous in cathodes, actual cathodes are composites of cathode active
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materials, solid electrolytes, and CA. In the case of a composite structure, macroscopic
Li diffusion would be strongly influenced by its morphology [56, 57]. However, we did
not analyze morphology-dependent changes in Li diffusion during cycling. Therefore,
clarifying the relationship between cathode performance, impedance spectra, and
cathode morphology will be the next step in manufacturing high-performance
composite cathodes.

CA modification was previously reported to increase capacity by increasing cathode
active material [Li(Nio.sCo0.6Mno.6)O2] utilization rates. However, as the utilization rate
increased, deterioration reactions at the 3-Li3PS4/CA interface progressed, causing a
decrease in capacity during cycling [23]. In this study, the utilization rate of
Li(Nio.8Co0.1Mno.1)O2 increased by adding CA, capacity decrease during cycling was
small, and there was little increase in impedance, indicating limited decomposition

reactions at the Lis.4(PS4)(S0.4Cl1.0Bro.s)/CA interface.

4.4 Conclusion
This study evaluated the discharge capacity of an all-solid-state battery with a Li |

Li5.4(PS4)(S0.4Cl1.0Bro.6) | L1(Nio.8C00.1Mno.1)O2—L15.4(PS4)(S0.4Cl1.0Bro.)-CA structure.
In conventional all-solid-state batteries, the initial capacity was high with a CA but
decreased with cycling. The CA improved the electronic conductivity of the cathode
mixture and increased the discharge capacity from 3.1 to 167 mAh/g after 50 cycles.
The resistance of the battery increased from 53 to 56 Q during 50 charge/discharge
cycles. These findings demonstrate that the battery capacity of an all-solid-state battery
employing a high-ionic conductive Lis4(PS4)(S0.4Cli.0Bro6) can be increased with a CA

modification that enhances the electronic conductivity of the cathode. This study
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presents a proven framework for developing an all-solid-state battery comprising
halogen-rich argyrodite (Li7-o(PS4)(S2-0Xa); @ > 1) with enhanced ionic conductivities
by controlling the electronic conductivity of the cathode. We plan to further improve
battery performance by elucidating the relationship between the battery performance,

actual cathode structure, and impedance during cycling in a future study.
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5. General conclusions

In this thesis, the crystal structure and lithium conduction path of novel halogen-rich
argyrodite Lis4(PS4)(S0.4Cli.0Bros) in a ternary system, Li7(PS4)(S2)-Lis(PS4)(Cl)—
Lis(PS4)(Br2), with high ionic conductivity were investigated and examined the stability

of Lis.4(PS4)(S0.4Cli1.0Bros) as a solid electrolyte for all-solid-state batteries. In addition,
the enhanced discharge capacity of Li | Lis.4(PS4)(S04Cli 0Bros) |

Li(Nio.8C00.1Mno.1)O2—Lis 4(PS4)(S0.4Cl1.0Bro.s) was examined. The following results and

considerations were obtained.

1. There are the optimum compositions of Li7.x-,(PS4)(S2-x,ClBr,) to obtain a high
lithitum-ion conductivity when (x + y = 1.6) because impurity was not formed and Li
site vacancy promoted ionic conductivity. The highest conductivity was obtained
when x = 0.6-1.0 (y = 0.6-1.0) in Li7.x-,(PS4)(S2-+5,CliBry).

2. The crystal structure of novel halogen-rich argyrodite was elucidated combining the
Rietveld refinement of Synchrotron XRD, neutron diffraction, ICP and *'P NMR.
For the anion composition, bigger anions preferably occupy 4a site and smaller
anions occupy 4d site. The vacant space around 4a site is bigger than 4d site. This is
derived from the space size around 4a site and 4d site. For the lithium existing site,
the existence of the 16e site has been revealed, in addition to the previously reported
48h, 48h’ and 24g sites.

3. The study also revealed that the 48h'—48h’ (T2—T2) is not the path for the inter-cage
conduction in the halogen-rich Li7.x(PS4)(S2-x-,CLiBr,) with (x + y > 1); instead, it is
the 48h—16e—48h conduction path that is used because the 48h site shows the

greatest occupancy. This result was supported by the combined BVS and MEM
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calculations. This is the first study to propose such a difference in the inter-cage
conduction path of halogen-rich argyrodite. This difference in the conduction path
comes from the existence of 16e site.

The electrochemical stability of a investigated solid electrolyte,
Lis4(PS4)(S0.4ClioBros), against Li metal was confirmed by prolonged
stripping/plating in symmetric cells. The Lis4(PS4)(S04Cli.0Bros) also has high
stability within the applied voltage window (0 - 10V).

The electrochemical stability of a investigated solid electrolyte,
Lis4(PS4)(S0.4Cl1.0Bros), mixed with the Li(Nio8Coo.1Mno.1)O2 cathode active
material was evaluated for an all-solid-state battery with a Li | Lis 4(PS4)(S0.4Cli.0Bro.6)
| Li(Nio.8C00.1Mno.1)O2—Lis5 4(PS4)(S0.4Cli.0Bros) structure. At a high frequency of
~10% Hz, the resistance of the solid electrolyte remained unchanged during 50
charge/discharge cycles. No evidence of the formation of crystalline byproducts was
observed in the XRD patterns of any cathode mixtures from the all-solid-state
batteries after 50 cycles. These results demonstrate the superior stability of
Lis.4(PS4)(S0.4Cli.0Bros) against Li(Nio§Coo.1Mng1)O2 for all tested cathode
compositions.

The discharge capacity of an all-solid-state battery with a Li |

Lis 4(PS4)(S0.4Cli.0Bro.6) | Li(Nio.sC00.1Mno.1)O2—Lis 4(PS4)(S0.4Cl1.0Bro.c) was
enhanced by CA modification to the cathode. In conventional all-solid-state
batteries, the initial capacity was high with a CA but decreased with cycling. The
CA improved the electronic conductivity of the cathode mixture and increased the

discharge capacity from 3.1 to 167 mAh/g after 50 cycles. The resistance of the

battery increased from 53 to 56 Q during 50 charge/discharge cycles. These findings
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demonstrate that the battery capacity of an all-solid-state battery employing a high-
ionic conductive Lis 4(PS4)(S0.4Cl1.0Broe) can be increased with a CA modification

that enhances the electronic conductivity of the cathode.

These results revealed that the crystal structure and lithium conducting path of novel
Lis5.4(PS4)(S0.4Cl1.0Bro.s) and the high stability of Lis.4(PS4)(S0.4Cl1.0Bro.) in all-solid-
state batteries. It has also proved that the discharge capacity of all-solid-state batteries
using Lis 4(PS4)(S0.4Cli.0Bros) can be enhanced with CA modification to the cathode.
Therefore, halogen-rich (Li7-o(PS4)(S2-0Xa); o> 1) is considered as a candidate solid
electrolyte for the all-solid-state battery with enhanced discharge capacity.

These studies present a fundamental understanding of crystal structure and lithium
conduction path of (Li7-o(PS4)(S2-aXa); o > 1). These studies also presents a proven
framework for developing an all-solid-state battery comprising halogen-rich argyrodite
(L17-o(PS4)(S2-0Xa); o > 1) with enhanced ionic conductivities. The present study must

contribute to further development of all-solid-state batteries.
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