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1. General introduction 

There has been increasing interest in hybrid electric vehicles (HEV s)う plug-inhybrid 

electric vehicles (PHEV s) and electric vehicles (EV s) using rechargeable batteries because 

environn1ental problems and energy problems such as global warming and finite fossil-fuel 

supplies have become aggravated. The key to the deployment of PHEV s and EV s is the 

development of next generation rechargeable batteries because the vehicles need lnore energy 

than HEV s to increase the mileage per charge [1]. 

Among the various available energy storage technologiesラ lithium-ionsecondary 

batter允shave becolne the prime candidate for power sources of large lnachines. The 

lithimn-ion secondary batteries have been used as power sources of VaI・iouspOliable 

electronic devices such as cell phones， laptop computersラ digitalcatneraぇetc. 1n recent 

years， their‘applications have statied to towards use as a power source for larger machines [斗.

Lithium-ion secondary batteries are composed of positive and negative electrodes 

connected with a lithiuln-ion conducting electrolyte. Co∞n1lne位rciall片うyp伊rodlむlced1日ith註iumト綱柿刷.酬刊.

sec∞onda訂rybatteries ロS印uall片うyu邸I路sela可うye白re吋dlit白hi凶ummetal oxide (ιLi出M02，ラwhe児er陀?芯eM is usuall y 

C∞obaltラnickelor manganese) as a positive electrodeラ carbonas a negative electrodeち andan 

organic electrolyte solution. The average voltage for single cell is normally 3.5 to 4.0 V. 

Lithium四ionsecondary batteries have about five times larger energy density per mass than 

lead側acidbatteries [1ラ3].

There are fundmnental safety concerns in lithium-ion secondary batteries because of the 

co幽presenceof a f1amn1able organic electrolyte solution and charged electrode materials with 

high energyラ whichcanies a risk of runaway reactions resulting in fires or explosions. 1n 

additionラ theincrease in the battery size needed for high power devices raises further safety 

concerns. To I1nprove the safety of the batteriesラ lithium幽ionsecondary b試teriesused in 



cu汀entEV s have lower energy density than those used in portable electronic devices [4]. 

The development of large岬scalelithium凶ionsecondary batteries combining high safety and 

high energy density has thus been strongly desired for increasing mileage per charge ofEVs. 

Next generation lithium-ion secondary batteries using nonflammable electrolytes 

such as ionic liquid electrolytes [5田町 and solid electrolytes using organic polymers [9う 10]， 

inorganic crystals [1ト14]，glasses [15ヲ 16]，and glass-ceramics [17-19] have been studied 

because the batteries are expected to be safer and more reliable than conventionallithium-ion 

secondary batteries using 01・ganicelectrolyte solutions. In particular， all-solid田statelithium 

secondary batteries using inorganic solid electrolytes have been studied as promising next 

generation batteries. Because of the use of inorganic solid electrolytes instead of organic 

elecなolytesolutionラthebatteries have lnany advantagesラ suchas high safetyラnoleakageラa

long charge叫dischargelife [18う 20]ラ awide operation temperature rangeラ andthe potential 

application of new electrode materials that are difficult to use in conventional batteries. 

The key material for all-solid四statebatteries is a solid electrolyte. To construct 

alトsolid-statebatteriesラ asolid electrolyte with excellent properties is needed [21]. The 

requirements which should be satisfied as a solid electrolyte for a battery are listed here: 

(a) high lithium-ion conductivity over the temperature range ofbattery operation 

(not the bulk conductivity but total conductivity including grain boundary conduction 

should be high) 

(b) negligible electronic conductivity 

( c ) transference number σLi/ Gtotal close to 1ラ where Gtotal includes conductivity 

contributions from other ions in the electrolyte as well as lithium ions and electr・ons

(d) wide electrochemical window 

(e) high chemical stability with the positive and negative electrode materials 

(f) high chemical stability with the positive and negative current collectors 

n
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(g) good press formability to construct all-solid-state batteries 

(h) low f1ammabilityラtoxicityラandcost 

In general， sulfide巴basedsolid electrolytes show higher lithium四ionconductivity 

compared with oxide田basedsolid electrolytes because of high polarizability of sulfide ions. 

The conductivity of sulfide由basedsolid electrolytes is usually more than 10-4 S cm-1 [22-26]; 

the conductivity of oxide四basedsolid electrolytes is usual1y less than that of sulfide-based 

ones. Among many sulfide四basedsolid electrolytesラLh.2SGeO.2SPO.7SS4Cthio・-LISICON) [23]ラ

and LhS-P2SS glasses and glass田ceramics[24-26] show significantly high lithium-ion 

conductivity of more than 10-3 S cmぺ atroom temperature. The conductivities of the 

LhS-P2SS glasses increase with an increase in the LhS content up to 80 mol% LbS. 

FUlihermoreラ theconductivities of the LhS-P2SS glasses are increased by heat treatmentラ

which comes from the fOIτnation of super lithium-ion conductive glass四ceramics. The 

lithium四ionconductivities at room temperature are almost comparable to that of liquid 

electrolytes. In addition， the formability of sulfide岬basedsolid electrolytes is superior to that 

of oxide-based solid electrolytes. As a result， relatively smooth contacts of interface 

between electrode and electrolyte are able to be formed in al1.幽・，solid四statebatteries using 

sulfide幽basedsolid electrolytes. They have a wide electrochemical window and negligible 

electron conductivity. The lithiuln四iontransference number is cIose to 1. The f1ammability 

is negligible compared with organic electrolytes. The sulfide四basedsolid electrolytes satisfy 

important re弓uirementsas solid electrolytes; they are thus a strong candidate as a solid 

electrolyte for all-solid聞statelithium secondary batteries. 

Oxide七asedsolid electrolytes usually show lower lithium-ion conductivity than 

sulfide田basedsolid electrolytes. Therefore， the oxide-based solid electrolytes have been 

used as a solid electrolyte for thin film batteries. The most common oxide四basedsolid 

electrolyte for all四solid田statebatteries is amo中houslithiuln phosphorous oxynitride (LiPON) 

吟
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[2下29]. In generalラ theamorphous thin films which have high lithium同ionconcentration 

have high conductivity. LiPON is usually prepared by a RF sputtering of lithium 

orthophosphate (LhP04) target under N2 gas atmosphere to introduce nitrogen into lithium 

phosphate to increase the lithium開ionconductivity. The conductivity at room temperature is 

reported to be 2x 10“6 S cmぺ [27四29]. The glasses in t出hesy戸st臼emswith two lithium 

or抗thoか申oxosaltssuch a部sLiら3B03一Li日4Ge04and Li4Si04一LhB03have also been repOI託iedto show 

high lit白hi山um任n-トトトト.圃田網必.

Li仏4S臼i04-一Li3B03sy戸st民emぅatthe middle composition of two ortho-oxosaltsラtheglasses showed 

the highest conductivity of 6x 10幽6S cm齢 1at 300 K [31]. This phenomenon is called the 

“mixed anion effect門 [31う32]. The glasses were prepared by rapid quenching of melts with 

a twin-roller quenching apparatus [30]. Amorphous thin films in the system Li4Si04-LbP04 

have been prepared by RF-sputtering and the thin films showed the high lithium-ion 

conductivity of 10-6 S cm・1at room temperature [33]. 

Two types of all-solid-剛statebatteries have been studied to date. One is thin四film

batteries and the other is bulk幽typebatteries. Thinイilmbatteries， which are composed of 

electrode and solid electrolyte thin filmsうareanticipated for application as power sources of 

microdevices. Bulk-type batteries， which are composed of composite electrodes of active 

material and electrolyte powdersラareanticipated as power sources with high-energy density 

for use in PHEV s and EV s. 

In order to construct a thin fihn batteryヲitis necessary to fabricate a multi同layerfilm of 

negative electrode， solid electrolyteラ andpositive electrode films sandwiched with current 

collector films using appropriate techni弓ues. The films for thin film batteries have been 

prepared using vacuum thelmal vapor deposition (VD)， various sputtering， chelnical vapor 

deposition (CVD) and electrostatic spray deposition (ESD)， pulsed laser deposition (PLD)， 

and sol田geltechniques. The thin田filmbatteries reported so far exhibit excellent long由cycling

-4-



performance at room temperature [34-36]. 

PLD can prepare thin films with high quality. The important characteristics in PLD 

are the ability to transfer almost stoichiometrically a bulk target to the deposited filmsぅcontrol

many parameters such as ambient gas pressure and laser fluenceラandeasily prepare thin films 

with high melting point. This technique has been mainly used for the preparation of 

crystalline electrode thin films such as LiCo02 [37]ラLiMn204[38]ヲandLiFeP04 [39] in the 

field of lithium-ion secondary battery. Recently， some research groups have reported the 

preparation of amorphous oxide由basedsolid elec柱。1yte thin filmsラ suchas LixLa(2-x)/3 Ti03 

[40]ラLi3.4VO.6Si0.404[41-43]ラLhSi03[44ラ45]ラLi3P04[46] and LiPON [47] by PLD. Onlya 

couple of papers have described sulfide由basedsolid electrolyte thin films prepared by PLDう

amorphous LhぉGeO.2SPO.7SS4(thio-LISICON) [48] and LhS-P2SS [49] thin films. The 

S叩ul出f五ide-七.

moぽret出ha飢n1ω0-4 S cm 欄ぺ:人. 

The use of solid electrolytes with high conductivity is indispensable in the fabrication 

ofbulk四typebatteries. Thereforeラsulfide-basedsolid electrolytes have been mainly used as 

solid electrolytes for bulk type all-solid四statebatteries [1ト19]. The bulk勾peall-solid-state 

batteries exhibit long cycle performance. The batteries In / LiCo02 using LhS-P2SS 

glass甲ceramicsolid electrolytes were reversibly charged and discharged for more than 700 

cycles at the cuηent density of 0.064 mA cm幽2[20]. 

Secondary batteries with large scale are required to show excellent perforτnances such 

as high energy density， high power operationラhighvoltage， wide temperature range operationヲ

long cycle lifeラhighsafety， and low cost. There are some issues to be resolved in bulk四type

alトsolid-statebatteries. For exampleヲ theoperation under a high current density of more 

than several milliamperes per s弓uarecentimeters is difficult; the cycle performance at a high 

cu打entdensity is needed to be improved [50]. The increase of energy density is also 

r円
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desired. 

The satisfaction of the requirement shown below should lead to better perfOIτnance ln 

a11-s01id田statebatteries: 

(i) use of solid electrolytes with high performance 

(ii) selection of electrode materials which are suitable for alトsolid時statebatteries 

(iii) formation of favorable lithium-ion and electron conducting path to the electrode 

materials 

(iv) formation of low resistance solid/solid interfaces between electrodes and electrolytes 

over the temperature range of battery operation 

(v) use of composite electrode with high packing density of electrode materials. 

(vi) decrease of the thickness of solid electrolyte layer 

(vii) retention of the contact between electrodes and elec仕olytesduring cycling when the 

electrode patiicles are changing their volume 

(viii) decrease of the damage to electrode caused by volume change during charge and 

discharge 

(ix) suppression of the decomposition of the interface between electrodes and elec廿olytes

In generalラ a11四solid岬statebatteries show higher intelual resistance than conventional 

batteries. As a resul江tラa討11-幽-s也.

(οIR drop) in the operat討lona抗ta hi甘ighcur訂Tentdensity. In order to I1nprove a rate capability of 

a11-s01id叫statebatteriesラ decreasingthe intelual resistances is very important. Highly 

conductive solid electrolytes such as LI2S-P2SS glass田ceramicshave been applied to decrease 

the resistance of the solid electrolyte layer of a11-s01id四statebatteries [17-19]. The design of 

composite electrodes composed of electrode active materials and solid electrolytes is also 

important. The立seof suitable conductive additives and the optimization of the composite 

ratio of active materials and solid electrolytes have been carried out; the charge and discharge 

p
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under a high cu汀entdensity more than 1 mA cm-2 were achieved in the bulk type 

a11田solid田statebatteries [50ラ51].

Oxide coatings on positive active materials had been reported to improve cyc1e 

performance and rate capability of conventional batteries [52ラ53]. LiCo02 is typica11y used 

at the voltage up to 4.2 V vs. Li; the available capacity is about 140 mAh g-l， which is only a 

half of the theoretical capacity of about 280 mAh g幽1 In order to increase the available 

capacity of the LiCo02， it needs to be charged at above 4.2 V. Howeverラ asignificant 

capacity fading is observed at such a high voltage region. Oxide coatings such as Sn02ラ

Ah03， Zr02， MgOヲ AIP04，LhP04， and Lil.sAlo.sGel.s(P04)3 and other coatings such as 

LhC03 and A1F3 on LiCo02 have been reported as an effective approach to improve cyc1e 

performance at a high voltage above 4.2 V in the batteries with organic liquid [54-65]， 

polymer [10， 66]ラ andionic liquid electrolytes [67]. The effects of the modification are 

reported as (i) suppression of structural change caused by phase tr註nsitionof LiCo02， (ii) 

decrease of cobalt dissolution from LiCo02 to liquid electrolyteラand(iii) suppression of side 

reactions between the electrode and electrolyte. The coatings are also effective in improving 

rate capability. The batteries using coated LiCo02 show a higher voltage and a larger 

capacity on discharge process than those using uncoated LiCo02・

Modification of interface between LiCo02 electrode and the sulfide electrolyte by the 

coatings of oxide thin films has been reported to improve rate capability of all-solid-state 

batteries. Ohta et al. have reported that the coatings of Li4 Tis012ぅLiNb03，and LiTa03 on 

LiCo02 partic1es by spray coating brought about an excellent rate capability in the 

al1-s01id時statebatteries using crystalline Li3.2SGeO.2SPO.7SS4 (thio-LISICON) as a solid 

electrolyte [12ラ 13ラ68]. Figure ト1shows the impedance profiles of all-solid-state batteries 

Li-In ILi3.2SGeO.2SPO.7SS4/LiCo02 with various thicknesses of Li4 Tis012 coating [From Ref. 12]. 

A semicirc1e in the high田frequencyregion (> 0.5 Hz) is assigned to the interfacial resistance. 

-7-
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The impedance profi1es clearly demonstrated the reduction of the interfacia1 resistance by the 

interposition of Li4 Tis012・ Thecoating 1ayers suppressed the formation of a high皿resistive

1ayer between the LiCo02 positive e1ectrode materia1 and the su1fide solid e1ectro1yte. As a 

resu1tラthebatteries using the coated LiCo02 were discharged even at a high current density of 

10 mA cm -2. Ohta et al. have proposed a“space charge mode1" to exp1ain the decrease of 

interfacia1 resistance. Howeverラ theca註seof the 1arge resistance at the interface between 

Li Co02 and su1fide田basedsolid electro1ytes has not been clarified yet. The requirements of 

coating materia1s to decrease the interfacia1 resistance have not been studied. C1arification 

of these points will1ead to a breakthrough in the deve10pment of a1トsolid四statebatteries. 

Inforτnation about the interface between e1ectrode and e1ectro1yte particles is necessary 

to construct an idea1 elecむode-e1ectro1yte interface in alトsolid-state batteries. 

E1ectrochemica1 impedance spectroscopy (日S)is a usefu1 measurement used to ana1yze the 

intenla1 resistance of the all-solid田statebatteries. There are some components which may 

have a large resistance; EIS offers the ability to separate different resistance components. 

This allows us to clarify large resistance components which shou1d be reduced. 

Transmission e1ectron microscopy (TEM) is a1so a powerfu1 too1 to obtain infoffilation of the 

e1ectrode-e1ectro1yte interface. The morpho1ogy， structure， and elemental distribution at the 

interfacia1 region direct1y affect the e1ectrochemical perfo口nanceof the all-solid-state 

batteries; their investigation enab1es 立sto obtain guide1ines for the deve10pment of 

all-solid四statebatteries with high performance. As an examp1e of the research on 

all-so1id-state batteries using TEM observation， Brazier et al. reported TEM observation of 

the e1ec柱。de-e1ectro1yteinterface on the thin fihn batteries using oxide田basedsolid electro1yte 

(amorphous LhO-V20S-Si02). Their TEM observations suggested that the deterioration of 

the interface upon cycling was caused by the migration of the chemica1 elements between 

stacked 1ayers [69]. 
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The aim of this thesis is the improvement of electrochemical performance such as rate 

capability， energy density and cycle life of bulk四typeall-solid-state lithium secondary 

batteries. 

In this thesisラ thefocus is on lithium-ion conductive solid electrolyte films. Solid 

elec仕olytethin films will be anticipated for use not only for thin四filmbatteries but also for 

bulk四typebattery applications. There is a strong possibility that an ideal interface between 

electrode and solid electrolyte is constructed. 

New all-solid四statebatteries using solid electrolyte films have been designed in this 

study. Figure 1-2 shows schematic diagrams of (a) bulk-type all-so1id-state batteries usually 

studiedラ (b)all-so1id-state batteries using a Solid四Electrolyte-coatedLiCo02 (SE四coated

LiCo02)， (c) alトsolid-statebatteries with a thin solid electrolyte layerラand(d) alトsolid血state

batteries with the SE田coatedLiCo02 and the thin solid electrolyte layer. In alトsolid幽state

batteries usually studied as shown in Fig. 1-2 (a)， a composite electrode composed of LiCo02 

electrode particles and LhS-P2SS solid electrolyte particles is used as a positive electrode to 

provide lithiuln-ion conducting path to LiCo02・ Theamounts of the solid electrolyte 

particles needed in the composite electrode are about 20-30 wt% at the present stage [51]. In 

additionラelectronconducting additives such as acetylene black (AB) and vapor grown carbon 

fiber (VGCF) are required in the case using electrode active materials with low electronic 

conductivity [51]. The decrease in contents of the solid electrolyte and the conducting 

additive is effective in increasing energy density of composite electrode. In the 

all-so1id由statebatteries using the Sιcoated LiCo02 shown in Fig. 1-2 (b)， a favorable contact 

between LiCo02 electrode and LhS-P2SS solid electrolytes can be fonned. In addition， the 

contents of solid electrolyte in the positive electrode would be considerably reduced. This 

will lead to a dramatic improvement of energy density of all-so1id田statebatteries. In the 

all-solid-state batteries with the thin solid electrolyte layer shown in Fig. 1-2 (c)ラthepositive 
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composite electrode and the negative electrode were separated using the thin solid electrolyte 

layer. High energy density and high rate capability are expected by using the solid 

electrolyte thin film because of decreasing thickness and resistance of solid electrolyte. The 

construction of all-s01id由statebatteries with both the SE田coatedLiCo02 and the thin solid 

electrolyte layer shown in Fig. 1-2 (d) is an ultimate goal in the alトsolid-statebatteries. 

The solid electrolyte thin films for SE田coatedLiCo02 particles require high lithium寸on

conductivity to form lithium田ionconducting path in the composite electrolyte. The highly 

conducting thin films are also preferred to be used for the thin solid electrolyte layer for the 

improvement of rate performance. In this thesisラsulfide田basedsolid electrolyte films in the 

system LhS-P2SS with high lithium-ion conductivity were prepared using a PLD technique. 

As described aboveラonlya couple of articles have reported sulfide四basedsolid electrolyte thin 

films prepared by PLD. Although it is important to clarify the effects of preparation 

conditions on the structurιcompositionラ andionic conductivity of the sulfide filmsう such

effects have not been reported so far in detail [48ラ 49]. The influence of preparation 

conditions such as chemical cOlnposition of targetラgaspressure during depositionラandlaser 

power on the film properties such as chemical compositionラ localstructure and ionic 

conductivity of thin films was investigated to develop solid electrolyte thin films with high 

performance. 

In order to reduce the ratio of the amount of solid electrolyte in the composite electrode 

layerう theimprovement of the electrode四electrolyteinterface is essentia1. Therefore， this 

thesis focuses on the interface between electrode and solid electrolyte. Characterization of 

the interface between electrode and solid electrolyte was carried out. Although a few studies 

on the investigation of the interface between electrode and electrolyte in alトsolid-state

batteries have been reported so far， more detail investigations are required for the 

enhancement of battery performance. Electrochemical impedance spec柱。scopyand TEM 
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observation for the electrode開electrolyteinterface were conducted in this thesis. There are 

few reports for TEM observation of the interface between electrode and solid electrolyte. 

The TEM observation of the interface gives us useful information to develop the study of 

all-solid四statebatteries. 

One of the approaches for the improvement of the property of the interface is the 

interfacial modification using coatings of various materials on electrode particles. By 

inserting coating layer at the interfaceラtheinterfacial properties were changed; the effects of 

the coatings on the properties were investigated. Oxide films with various lithium田lon

conductivities and metal sulfide materials with electronic conductivities were used as coating 

materials. 

This doctoral thesis consists of five chapters indicated below: 

Chapter 1 

This chapter describes the backgroundラtheobjectives and the contents ofthis thesis. 

Chapter 2 

This chapter describes electrochemical performance of alトsolid-statecells improved by 

interfacial modification between LiCo02 electrode and LhS-P2SS solid electrolyte. Firstラthe

rate capability of all-solid叩statecells using bare LiCo02 and LhS-P2SS solid electrolyte was 

investigated; the resistance components of alトsolid田state cells were analyzed by 

electrochemical impedance spectroscopy. An interfacial modification between layered lnetal 

oxide electrodes of LiCo02 and LhS-P2Ss solid electrolytes was carried out to unprove the 

electrochemical perforτnance of all-solid-state cells. Coatings of oxide and sulfide films 

such as LhO…SiOぉ LhO-Ti02， Li4Si04-LhP04， CoSヲ andNiS were formed on the oxide 

electrode particles using sol四gelラ PLDラ andthermal decomposition techniques as a way to 
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Chapter 5 

This chapter summarizes all the conclusions in this thesis. 
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modify the interface between the electrode and the solid elecなolyte. The effects of the 

coatings on electrochemical perforτnance ofthe alトsolid田statecells are discussed. 

Chapter 3 

This chapter reports interfacial observation between LiCo02 electrodes and LhS-P2SS 

solid electrolytes using transmission electron microscopy. The interface between the 

LiCo02 electrode and the 80LhS' 20P2SS glass田ceramicsolid electrolyte of all-solid同statecells 

was studied using TEM. In additionラtheelectrode-electrolyte interfaces of the cell using the 

coated LiCo02 were compared with that using uncoated LiCo02 to clarify the coating effect 

from the perspective of structural changes. 

Chapter 4 

This chapter reports preparation and application of sulfideωbased solid electrolyte (SE) 

thin films by PLD. Thin films of LhS-P2SS and LhS-GeS2 system were selected because 

these sulfide-七asedglass systelns exhibited high conductivity of lithium ion. The chemical 

compositionラlocalstructur久andionic conductivity of the films prepared under various Ar gas 

pressure were studied to clarify the effect of ambient gas pressure on s叫fide-film properties. 

U sing the sulfide四basedsolid electrolyte filmsラtwokinds of new all-solid由statebatteries were 

designed and constructed. One is the alトsolid四statebatteries using SE-co註tedelectrode 

particles shown in Fig. 1-2 (b) and the other is bulkωtype all四solid四statebatteries with solid 

electrolyte thin layer shown in Fig.ト2(c). The structure of alトsolid-statebatteries was 

characterized using SEM and TEM observations; the electrochemical performance of the cells 

was investigated. 
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2. Improvement of Electrochemical Performance of All-Solid酬StateCells 

by Interfacial Modification between Layered Metal Oxide Electrode and 

LizS-P2SS Solid Electrolyte 

2.1. Introduction 

Lithium田ionsecondary batteries have been widely used as power so立rces. Improved 

battery safety is necessary to realize advanced devices. Organic electrolytes have been used 

in commercial lithium-ion batteries. The lithium田ionsecondary batteries have the safety 

concel11s. For the improvement of safety and reliability of the batteriesヲthedevelopment of 

all-solid-state lithium secondary batteries using inorganic solid electrolytes is anticipated. 

Bulkωtype alトsolid-statebatteries with the LI2S-P2S5 glass甲cera1nicelectrolytes exhibit long 

cycle performance [1]. Actually， the all-solid-state battery InJLhS-P2S5 glass四

ceramics/LiCo02 was charged and discharged for lnore than 700 cycles with retaining high 

capacity of about 110 mAh g -1 at a cu汀entdensity of 0.064 mA cm-2 [1]. Howeverラthere

are some challenges to be overcome in all-solid-state lithium secondary batteries. One is the 

enhancement of rate capabilityラ whichis one of the most important issues for the 

commercialization of bulk同typeall由soliιstatebatteries. It is difficult for all同solid幽state

batteries to operate under a high cu町entde註sityof lnore than several millimnperes per square 

centimeterラ despitethe use of solid electrolytes with high lithium寸onconductivity. The 

second is the Ilnprovement of energy density. At the present stage， energy density of 

bulk-type all-solid信statebatteries is less than that of conventional batteries. The third is the 

improvement of cycle perfonnance. All-solid田statebatteries show excellent cycle 

perfonnance with a lnild operation condition. The Ilnprovelnent of cycle performance of 

all-solid四statebatteries under a severe condition， such as a large cu汀entdensity， high cut-off 

voltageラandhigh temperatureラisanticipated. 
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One disadvantage of al1-solid四statebatteries is the difficulty of forming an effective 

electrode-electrolyte interfacial contact. In the batteries using a liquid electrolyt久 acontact 

between electrode and electrolyte is effectively formed just by soaking an electrode active 

material into an electrolyte solution. In contrastラbothelectrode and electrolyte materials are 

solid in the all-solid-state batteries. It is necessary to form favorable interface between 

electrode and electrolyte to fabricate all由solid-statelithium secondary batteries with high 

performance. 

A composite electrode which consists of electrode active materialsヲ conductive

additives and solid electrolytes has been used as an electrode layer to fonn lithium-ion and 

electron conducting path in an all-solid-state battery system. The design of composite 

electrodes is important. The use of suitable conductive additives and the optimization of the 

cOlnposite ratio of active materials and solid electrolytes were carried out to improve rate 

capability; the charge and discharge under a high current density more than 1 mA cln-2 were 

achieved in the bulk-type alトsolid-はatebatteries [2， 3]. 

Modification of interface betweer註1 LiCo02 elect廿rodeand the sulf五ide-酬酬醐聞ゐ.刷剛剛七.刷刷七.basedsolid 

ele氏ct仕ro叶ly戸teby the c∞oat討ingsof oxide t出hinfilms has been repor託:te吋dtωolmp伊1

decreasing interfacial resistance between electrode and solid electrolyte. Ohta et al. first 

reported that the coatings of Li4 TiS012， LiNb03ラandLiTa03 on LiCo02 particles formed by 

spray coating brought about an excellent rate capability in the all-solid-state batteries using 

crystalline Li3.2SGeO.2SPO万S4(thio由LISICON)as a solid electrolyte [4-6J. 

Oxide coatings on positive electrode materials were repolied to improve cycle 

performance of the conventional batteries. So far， LiCo02 has been widely used as a 

positive electrode material for lithium-ion secondary batteries. LiCo02 has a layered 

structure and lithium ions deintercalate and intercalate during the charge-discharge process; 

LiCo02 shows excellent electrode perfonnance as positive electrode. LiCo02 is typically 
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used at the potential up to 4.2 V vs. Li; the available capacity is about 140 mAh g-l， which is 

only a half of the theoretical capacity of about 280 mAh g-l. ln order to increase the 

available capacity of the LiCoOぉitneeds to be charged above 4.2 V. However.ラ asignificant 

capacity fading is observed at such a high potential region. Oxide coatings such as Sn02， 

Ah03， Zr02， MgOラAIP04，LhP04， and Lh.sAlo.sGel.s(P04)3 and the other coatings such as 

LhC03 and AIF3 on LiCo02 have been reported as an effective approach to improve cycle 

performance at a high potential above 4.2 V in the batteries with organic liquid [7-18]ラ

polymer [19ラ 20]ラ andionic liquid elec仕olytes[21]. The effects of the modification訂e

reported as (i) suppression of structural change caused by phase transition of LiCo02， (ii) 

decrease of cobalt dissolution from LiCo02 to liquid electrolyteラand(iii) suppression of side 

reactions between the electrode and electrolyte. Okamoto et al.， have reported the 

performance at a high cutoff voltage of the all-solid-state batte~ies with LiCo02 electrode and 

the 0.01 Li3P04. 0.63LhS' 0.36SiS2 glass electrolyte [22]. They investigated the 

charge四dischargeperforτnance at various charging cutoffpotentials between 3.5 and 4.1 V vs. 

Li-1n (4.1 and 4.7 V vs. Li) as shown in figure 2-1; initial capacities of the batteries increased 

with increasing the cutoff voltage as expected. Howeverラthecharge田dischargecurves of the 

batteries which operated at a high cutoff potential above 3.9 V vs. Li-1n were affected by 

large polarizationラ resultingin the capacity fading of the batteries. lt is expected that the 

oxide coatings are effective in decreasing the interfacial resistance at the high potential. 

1n the present chapterラ thinfilms of various lnaterials were prepared and applied to 

alトsolid田statebatteries. The thin films are coated on a positive active material of LiCo02 to 

investigate the effects of the coatings on the electrochemical perforτnance of all-solid-state 

cells. As the thin films， lithium-ion conducting solid electrolytes were mainly selected. 

The solid electrolyte films have been usually used in the research field of all-solid-state thin 

film lithium batteries. In this studyラ solidelectrolyte films were used as coatings for 
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200 

Figure 2田 1 Dependence of the upper voltage limit: (a) 4.3， (b) 4.1ラ(c)3.9， (d) 3.7ラ(e)3.5 
Vラoffirstラfifthラandtenth charge and discharge curves for all四solid骨stateInJLiCo02 cells. 

[Ref. 22] 
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modification of the interfacial properties between positive electrode materials and 

sulfide巴basedsolid electrolytes. 

The electrochemical perforτnance such as rate capability of all開solid-statebatteries 

using uncoated LiCo02 and LhS-P2SS solid electrolytes was studied to investigate the effects 

of the interfacial modifications on the electrochemical performance. Rate capability is 

strongly related with intemal resistance in a battery. Impedance compoぉentsof the 

all-solid皿statecells with LiCo02 electrode and LhS-P2SS solid electrolytes were identified 

using electrochemical impedance spectroscopy (EIS). 

The interface between LiCo02 and LhS-P2SS solid electrolyte was modified by coating 

oxide and sulfide materials on the LiCo02 particles. The coatings were introduced as a 

buffer layer between LiCo02 electrode and LhS-P2SS solid electrolyte to improve interfacial 

properties. Althoughラtheelectrochemical perforτnance of the batteries should be affected by 

the type of coating materialsラtheinfluence of coating materials has not been clarified yet. 

To investigate the importance of lithium酌ionand electron conductivity of the coating lnaterialsラ

(i) inslative coatings such as Si02， (ii) low lithium四ionconductive coatings sむchas LhSi03， 

(iii) high lithium-ion conductive coatings such as amorphous LhP04、and(iv) electron 

conductive coatings such as CoS were coated on LiCo02 particles; their electrode 

perfonnances in the alトsolid-statecells using LhS-P2SS solid electrolytes were evaluated. 

The coatings were carried out using various techniques such as sol-gelう pulsedlaser 

deposition (PLD)ラ andthermal decomposition techniques to investigate coating effects on 

various types of materials. By using a sol四geltechniqueう lithiummetal oxide such as 

amorphous Li20-Si02 and LhO-Ti02 were coated on LiCo02 pmiicles. PLD was used to 

prepare amorphous oxide films with high lithium-ion concentration， which are difficult to 

prepare using the soトgeltechnique. To investigate the effect of coatings of sulfide lnaterialsラ

metal sulfide such as CoS and NiS were coated on LiCo02 particles; the electrochemical 
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performance of the all-solid申statecells using metal sulfide四coatedLiCo02 was investigated. 

The coatings of the metal sulfide were formed using a thermal decomposition of 

dietyldithiocarbamates [M(S2CN(C2Hs)2)2] [23-26]. 

The coating amounts of the oxides and sulfides were varied to examine effects of 

thickness and coverage of the coating materials on electrochemical performance of 

all-solid嗣statecells. The effects of the interfacial modification are mainly investigated using 

electrochemical measurements such as EIS and charge“discharge measurements on the 

all-solid-state cells using coated LiCo02 particles. 

2.2. Experimental 

2.2.1. Preparation of LhS-P2SS solid electrolytes 

ln this study， an 80LhS. 20P2SS (mol %) glass-ceramic among LhS-P2SS solid 

electrolytes was mainly used as a solid electrolyte. The 80LhS' 20P2SS (lnol 0/0) 

glass田ceramicfor solid electrolytes was prepared using mechanical milling and subsequent 

heat treatment [27]. For preparation of the 80LhS， 20P2SS glassラ LhS(99.90/0; Idemitsu 

Kosan Co. Ltd.) and P2SS (99%; Aldrich Chemical Co. Inc.) were used as starting materials. 

These matεrials were mechanically milled at 510 rpm for ふ10h at room temperature using a 

planetary ball mill (Pulverisetteブ;Fritsch GmbH) with a zirconia pot (45 mL volume) and 

160 zirconia balls of 5 mm diatneter or 500 zirconia balls of 4 mm diameter. The obtained 

glassy powder was heated at 210 OC for 1-4 h to yield highly conductive 80LhS.20P2SS 

glass-ceramic. The conductivity of the 80LhS. 20P2SS glasトceramicwas ca. 6x 10-
4 S cm-1. 

The resistance for the pellet of 10 mm diameter and 500μnl thicknesses was ca. 100-200 n. 

The conductivity was lneasured using the pelletized 80LhS， 20P2SS glass由ceratnicparticles in 

a cell with stainless steel current collectors. 
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2.2.2. Preparation of oxide幽coatedLiCo02 by soトgeltechnique 

Amorphous Si02， Ti02， LhO-Si02 with the Li20 contents of 50 mol% (LhSi03)ラ

and LhO-Ti02 with the Li20 contents of 33 mol% (Lh ThOs) films were coated on LiCo02 

particles using a sol-gel technique. Scheme 2-1 shows the schematic diagram of the 

preparation procedure of oxide-coated LiCo02 particles using a sol-gel technique. The 

LhO-Si02 sols were prepared from lithium ethoxide (LiOEt) and tetraethoxysilane [Si(OEt)4] 

under a N2 gas atmosphere. Lithium metal (Liヲ86mmol) was added in dry ethanol (EtOHラ

90 mL) and the mixture was refluxed until Li was dissolved to obtain LiOEt in ethanol 

(EtOH) solution. Si(OEt)4 (43 mmol) was then added to the resultant solution and the 

solution was stirred at room temperature. Si02 sols were also prepared from EtOH (90 mL)， 

Si(OEt)4 (65 mmol)ラand0.1 wt % hydrochloric acid aqueous solution [0.1 % (HCl)aも 260

mmol]. The Lh ThOs sols were prepared from EtOH (10 mLラ99.5%)，LiOEt (1 mmolラ 1M

solution in ethanol)ラ titaniumtetra叩iso-propoxide[Ti(O千Pr)4ラ 1lnmolラ 95%]ラ andacetyl 

acetone (AcAcラ 1mmolラ 99%). The Ti02 sols were also prepared from ethanol (10 mL)ラ

Ti(O-i幽Pr)4(l mmol)ラandAcAc (l mmol). 

The sols were diluted with dry ethanol. Then the diluted sols were mixed with 

LiCo02 particles (DI0， Toda Kogyo Corp.). After drying at room ten1perature， the mixture 

was heated at 3500C for 30 lnin. The weight ratios of the coatings to LiCo02 particles were 

varied from 0.061100 to 0.6/100. 

2.2.3. Preparation of oxide圃coatedLiCo02 by pulsed laser deposition technique 

The target at the composition 50Li4Si04・50Li3P04(mol%) was prepared using lithium 

carbonate (LbC03， 99.997%)， silica (Si02， 99.9%)， and lithium orthophosphate (Li3POも

98%) as starting materials. The mixture of the starting materials was calcined at 7500C fOI・

12 h and the obtained ceramics were milled with dehydrated EtOH using ball milling for 12 h 
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to obtain fine powder. After the ball millingぅtheobtained powder was dried at 80 OC for 24 

hours. The powder was pressed into a pellet (20 or 23 mm in diameter)ラandthe pellet was 

sintered with following steps of heating: at 4000C for 1 hラ8000Cfor 1hラandat 1100 Oc for 2 

h. The lithium orthosilicate Li4Si04 target was also prepared from LbC03 and Si02・ The

mixture was calcined at 7500C for 12 h and then milled for 12 h with dehydrated EtOH. 

The obtained powder was pressed into a pellet and sintered at 7500C for 6 h. The LhP04 

target was prepared from LhP04 particles. The LbP04 powder milled for 12 h with 

dehydrate EtOH was pressed into a pellet and it was heated at 6000C for 6 h [28]. The thin 

films were prepared by PLD with a KrF excimer laser (入=248 nm， LPXProラLambdaPhysik). 

The deposition condition is summarized in Table 2-1. Argon gas (99.99%) was used as an 

ambient gas. Laser f1uence and argon gas pressure were changed; 2-6 J cm・2of laser f1uence 

and 0.0ト5Pa of Ar gas pressure were used. In a PLD vacuum chamber used in this studyうa

target holder was attached at an upper side and substrates were put at a bottom side in order to 

deposit thin films on particles in the later experiment. Silicon or弓uartzsubstrates were 

placed parallel to the target at a distance of 70 mm. The deposition was operated at room 

temperature. The LiCo02 particles modified with the Li3P04， 50Li4Si04・50Li3P04，and 

Li4Si04 thin film were prepared by coating the fihns on LiCo02 particles (D-10うTodaKogyo 

Corp.). The LiCo02 particles were f1uidized by a vibration system (VIB田FB，Nara 

Machinery Co・ラ Ltd.) during the deposition. 

2.2.4. Preparation of sulfidかcoatedLiCo02 by thermal decomposition technique 

(i) Preparation of diethyldithiocarbamato metal complexes 

Bis(diethyldithiocarbamato) cobalt (II) [CO{S2CN(C2註s)2hJwas prepared by the 

reaction between sodium diethyldithiocarbamate [NaS2CN(C2Hs)2J and cobalt (II) chloride 

(CoCh) in distilled water at room tempera抗lre. Obtained precipitate was washed with 
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Table 2-1 Deposition condition of amorphous Li4Si04-Li3P04 solid electrolyte thin films 

Laser KrF excimer laser (248 nm) 

Target Li3PO 4' Li48iO 4' Li48iO ;Li3PO 4 

Laser fluence ca. 2-6 J cm-2 (200刷600mJ / pulse) 

Freq百ency 10 Hz 

Temperature Room temperature 

Ambient gas Ar gas 

Gas pressure 10-2圃 5Pa

T -8 Distance 7 cm 

(Target幽substratedistance) 
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distilled water to remove N aCl and water-soluble impurity and was recrystallized using 

CH2Ch/n-hexane solvent. Similar1y， Bis( diethyldithiocarbamato) nickel (II) 

[Ni {S2CN(C2Hsh}2] was prepared by the reaction between sodium diethyldithiocarbamate 

[NaS2CN(C2Hs)2] and nickel (II) chloride (NiCh) in distilled water at room temperature. 

Obtained precipitate was washed with distilled water to remove NaCl and water-soluble 

impurity and was recrystallized using CH2Ch/n-hexane solvent. 

(ii) Preparation of metal sulfides 

Scheme 2-2 (a) shows the preparation procedure of cobalt sulfide (CoS) and nickel 

sulfide (NiS) by thermal decomposition of the respective dithiocarbamato complexes. The 

CoS was prepared by heat treatment of CO[S2CN(C2Hshh at 4000C for 2 h in an N2 

atInosphere. Sunilarlyラ theNiS was prepared by heat treatment of Ni[S2CN(C2Hs)2h at 

4000C for 2 h in an N 2 atmosphere. The thelmal decomposition behavior of the 

dithiocarbamato complexes was characterized with differential thermal analysis (DTA) / 

thermogravimetry (TG， Thermo plus 2 TG由8110ラ Rigaku). The X-ray diffraction (XRD) 

measurements were conducted to identify CoS and NiS prepared by thermal decolnposition of 

CO[S2CN(C2Hs)2h and Ni[S2CN(C2Hshhラrespectively.

(iii) Preparation of metal岡引Ilfide岬coatedLiCo02 particles 

Scheme 2-2 (b) shows the preparation prひcedureof CoS四coatedLiCo02 and NiS由coated

LiCo02 particles. The CO[S2CN(C2Hs)2h was dissolved in CH2Ch・ Thenthe solution was 

mixed with LiCo02 particles (D10う TodaKogyo Corp.) and dried at room temperature to 

obtain LiCo02 particles coated with CO[S2CN(C2Hshh・ TheLiCo02 particles coated with 

CO[S2CN(C2Hs)2h were heated at 4000C for 2 hours in an N2 atmosphere to obtain 

CoS-coated LiCo02 particles. NiS-coated LiCo02 particles were prepared with the same 
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in Ar 
CoS or NiS 

(M = Co or Ni) 

(b) 
Co[S2CN(C2H5)2bor Ni[S2CN(C2H5)2b + CH2CI2 

LiCo02paはicles

Drying at R.T. for 1 h 

↓ 
LiCo02 pa凶clescoated with Co (or Ni) complex 

Heating at 400 oC for 2 h 

LiCo02 pa出clescoated with CoS or NiS films 

Scheme 2-2 Preparation procedure of (a) CoS and NiS and (b) metal sulfide.“coated LiCo02 
particles by a thermal decomposition technique. 
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procedure to CoらcoatedLiCo02 using Ni[S2CN(C2Hshh as a precursor coating material. 

2.2.5. Preparation of all醐solid-statecells 

A11-s01id四statecells were constructed as fo11ows. The LiCo02 particles (D-10; Toda 

Kogyo Corp.) used for a positive electrode material were dried at 3500C before fabricating the 

a11-solid-state ce11s. The LiCo02， LhS-P2SS solid electrolytesラ andconductive additive 

(vapor growth carbon fiber; VGCF) with a weight ratio of 70 : 30 : 0 or 40 : 60 : 4 were 

mixed using an agate mortar to prepare positive composite electrodes‘Indium foil 

(99.999%; Furuuchi Chemical Corp.) was used as a negative electrode. A bilayer pe11et 

consisting of the cOlnposite positive electrode (10 mg) and LhS-P2SS solid electrolytes (80 

mg) was obtained by pressing under 360 MPa (φ=10 mm); the indium foil was then attached 

to the bilayer pe11et by pressing under 240 MPa. The pe11et was pressed using two stainless 

steel rods; the stainless steel rods were used as cu汀entco11ectors for both positive and 

negative electrodes. A11 the processes for preparation of solid electrolytes and fabrication of 

a11-s01id-state batteries were perfo口nedin a dry Ar-fi11ed glove box. 

2.2.6. Characterization 

Morphologies of prepared materials were observed using a field再emission(FE) 

scanning electron microscope (FE-SEM/S4500; Hitachiヲ Ltd.)，SEM (JSM-5300; JEOL， or 

Tiny SEM Mighty-8; Technex Lab. Co・ラ Ltd) equipped with an energy-dispersive X田ray

spectroscopy (EDX) systemヲanda field四emissiontransmission electron microscope (FE国TEMヲ

JEM-2010F; JEOL) operated at 200 kV. The cross section ofthe coated LiCo02 particle was 

obtained立singa focused ion beam system (FB-2000A; HitachiラLtd.).

Electrochemical impedance spectroscopy measurements of the a11四solid-statece11s were 

performed using an impedance analyzer (SI 1260; Solartron) coupled with a 
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potentiostat/galvanostat (SI 1287; Solartron). The applied voltages used were 10-50 m V and 

the frequency range was from 10 mHz to 1 MHz. The cells were charged and discharged 

using a charge四discharge measuring device (BTS四2004; Nagano Co. Ltd.). The 

measurements were mainly conducted at 250C. 

2.3. Results and discussion 

2.3.1. Rate capability of all-solid酬statecells using uncoated LiCo02 and LizS-P2SS 

solid electrolytes 

Figure 2-2 (a) shows the discharge curves of all-solid時statecell In/80LhS' 20P2SS 

glass田ceramic/LiCo02at various cu汀entdensities of 0.13ラ1.3ぅ2.6ラand6.4 mA cm-
2 after 

charging to 3.6 V vs. Li-Inぅwhichcorresponds to 4.2 V vs. Liうata low current density of 0.13 

mAcm大 Ona discharge process at a large current density.ラ alarge polarization (a decrease 

in the discharging voltage) is observed. The resistance of the solid electrolyte layer used for 

the preparation of the cell was estimated as 150 O. The intemal resistanceラ whichis 

calculated from the potential drop and the current density， is about 300 to 400 O. The result 

shows that there is a large resistance except for the resistance of solid electrolyte layer. 1n 

addition to the decrease of the discharge voltageラ thedecrease of discharge capacities are 

observed with increasing the cu汀entdensity. The discharge capacities at 0.13ラ1.3う2.6ラand

6.4 mA cm酔2are 64ラ46ぅ36ラand10 mAh g-l， respectively. Figure 2-2 (b) shows the cycle 

performance of all-solidωstate cell at the current density of 1.3 mA cm・2 The cutoff voltages 

for charging and discharging are 1.0 and 4.0 V vs. Li-In， respectively. The all-solid-state 

cell can be reversibly charged and discharged under a relatively high cuηent density of 1.3 

mAcm・2 The decrease of capacity is observed during charge-discharge measurelnent. T百h碍e 

rate capability of all-温.幽幽-s幽幽幽-s副副
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2.3.2. Impedance analysis on all由solid幽statecells 

As shown aboveヲtherate capability of all-solid田statecells using LiCo02 as a positive 

electrodeラindium(In) as a negative electrodeラ and80LhS， 20P2SS glass-ceramic as a solid 

electrolyte is limited by the intemal resistance. In order to improve rate capability of the 

all田solid開statecellラ thedecrease of the intemal resistance is essential. Thereforeヲ the

resistance component of alトsolid時statecell was identified to clarify which part of the 

all-solid田statecell was the cause of the large resistance. Ohta et al. has reported that there is 

a large resistance between LiCo02 and Lb.2SGeO.2SPO.7SS4 after charging [4， 5]. 

Figure 2-3 shows impedance profiles of the all-solid由statecells with various electrodes. 

Figure 2-3 (a) shows the impedance profile of the Inl80LhS.20P2Ss/LiCo02 cell after 

charging to 3.6 V vs Li-In at the CUITent density of 0.13 mA cm矢 Theimpedance profiles 

are shown as connected dots. The impedance profile of panel (a) is separated into three 

resistance components: one is the resistance observed in the high帥freq百encyregion (> 100 

kHz)ラandthe others cOITespond to two semicircles (the peak top fre号uenciesof 500 and 1 Hz). 

Figure 2-3 (b) shows the unpedance profile of pure solid electrolyte with stainless steel (SS) 

electrodes as an ion blocking electrode (SS/80LhS' 20P2SS/SS). In this impedance profileう

the resistance in the highイrequencyregion (> 1 00 kHz) and the straight line at the 

low-frequency region are observed. The impedance profile provides the resistance of solid 

electrolyte (RsE). Thereforeラ theresistance at the high-frequency region (>100 kHz) is 

identified as the resistance of solid electrolyte. An lnI80LhS' 20P2Ss/Li-In cell was 

fabricated to clarify the resistance related with the In electrode. The impedance 

measurement of the cell was caITied out after charging. Figure 2-3 (c) shows the impedance 

profile of the In/80LhS' 20P2Ss/Li-In cell. The impedance lneasurelnents were caITied out 

after charging at 0.64 mA cln-2 for 10 min. Two resistance components were observed in this 

profile. The resistance observed at the high frequency region (> 100 kHz) is the RSE. The 
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resistance at the low frequency region (the peak top frequency of 1 Hz) is attributable to a 

resistance of the Li-In electrodeラwhichis the negative electrode (RNE). Figure 2-4 shows 

impedance profiles of Inl80LhS'20P2Ss/Li-In cell for different charging states. The 

impedance profiles of the resistance observed at the low 合equencyregion was dramatically 

changed by the charging state of the cells; consequentlぁ RNE relates to lithium-ion 

concentration in the indium negative electrode. RNE would relate to the lithium diffusion in 

Li-In alloy. Figure 2-3 (d) shows the impedance profile of the SS/80LhS'20P2SS/LiCo02 

cell. The impedance measurement was carried out after charging to 4.2 V vs Li. During the 

charging process， metal lithium was deposited on the SS electrode surface. In this profileラ

the resistance at the high-frequency region (RSE) and the resistance at the middleイrequency

region (the peak top frequency of 500 Hz) were observed. The middleイrequencyregion 

resistance is observed only in the cells using the positive electrode. As a resultラ the

middle四frequencyregion resistance is regarded as the resistance at the interface between 

LiCo02 and 80LhS' 20P2SS solid electrolyte (RpE). Figure 2-5 shows identification of 

impedance components of all-solid-state cells In/80LhS' 20P2SS/LiCo02 after charging to 3.6 

V vs. Li-In. All-solid田statecells have large resistances at the solid electrolyte layer and the 

interface between LiCo02 electrode and 80LhS' 20P2SS solid electrolyte. The resistance 

between LiCo02 and 80LhS' 20P2SS solid electrolyte would result from formation of a 

high-resistance layer between LiCo02 and 80LhS' 20P2SS solid electrolyt久whichis discussed 

in Chapter 3. To improve the rate capability of the alトsolid由statebatteriesラitis necessary to 

reduce the RpE. In particular， improvement of the interface between electrodes and 

electrolytes engenders a low RpE and high rate capability. 

2.3.3. All-solid岡statecells using coated LiCo02 electrode 

2.3.3.1. Oxide圃coatedLiCo02 prepared by sol圃geltechnique 
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(1) LhO-Si02 system 

(i) Morphology of coated LiCo02 

XRD measurements were carried out for LhSi03 powder prepared using the sol-gel 

method to determine the heat田treatmenttemperature of coating films. XRD pattems of the 

LhSi03 powder heated at (a) 350 and (b) 500
0C for 30 min are shown in Fig. 2-6. The 

LhSi03 particles after heat申treatmentat 350
0C are amorphous. The diffraction patten1s 

attributable to LhSi03 crystal are observed for the LhSi03 patiicles after heat申treatmentat 

500oC. Because amorphous LhSi03 exhibits higher lithium幽ion conductivity than 

crystalline LhSi03 [29Jラ theheat treatment temperature was determined as 350
0C in this 

study. 

The surface morphology of the coated LiCo02 was investigated using FE-SE孔4

observationsラTEMobservationsう andEDX measurements. Figure 2-7 shows the FιSEM 

images of LiCo02 coated with Si02 (b聞の and LbSi03代田g). Uncoated LiCo02 is also 

shown in Fig. 2ヴ (a). The surfaces of the uncoated and the Si02-coated LiCo02 are 

basically smooth. In the LhSi03-coated LiCo02， a sOlnewhat rough surface caused by 

coating materials is observed. The Si02 sols were prepared in acidic conditions and LhSi03 

sols were prepared in basic conditions. In basic conditionsラathree四dimensionalnetwork of 

silica tends to grow to fonn nanosize patiicles [30]. Thereforeぅnanoparticlesand fihns are 

preferentially formed in basic and acidic conditionsう respectively. As a resultう arough 

surface is observed on the LhSiO}-coated LiCo02 patiicle. 

The EDX mappings of the 0.6 wt 010 LhSi03-coated LiCo02 are showed in Fig. 2-8. 

Both Si at01ns of LhSi03 and Co atoms of LiCo02 are detected in the same areaラindicating

that the LiCo02 particles are covered with coating lnaterials. Figure 2-9 shows a 

cross-sectional FE-TEM image of 0.6 wt % Li2Si03-coated LiCo02 patiicles. The coating 

layer was confinned on the LiCo02 pmiicles; the coating layer thickness was cα. 10 nm. 
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300 nm 300nm 

Figure 2-7 FE-SEM images of (a) uncoatedラ (b)0.006 wt% Si02-coated， (c) 0.06 wt% 
SiOrcoatedラ(d)0.6 wt% Si02-coatedラ(ε)0.006 wt% Li2SiOγcoatedラ(f)0.006 wt% 
Li2SiOγcoatedラand(g) 0.6 wt % Li2Si03-coated LiCo02 particles. 
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(a) 0.6 wt%しI2Si03-coated

Figure 2-8 SEM image (a) and EDX mappings for (b) Co atom and (c) Si atom of 

Li2SiOγcoated LiCo02 particles. 
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Figure 2-9 TEM images of Li2SiOrcoated LiCo02 partic1e. 
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The crystalline lattice is observed for the LiCo02 particle. In contrastヲthecrystalline lattice 

is not observed for the LhSi03 coating layerヲindicatingthat the LhSi03 coating is amorphous. 

The presence of Si and 0 atoms in the coating layer was supported by EDX point analysis of 

the coating layer as shown in Fig. 2-10. In the EDX profilesヲtheexistence of Co element of 

LiCo02 is not observedラindicatingthat cobalt dif白sionfrom LiCo02 to LhSi03 during heat 

treatment is negligible. 

(ii) Electrochemical performance 

Figure 2-11 presents impedance profiles of the as-prepared all-solid-state cells with 

uncoatedヲ 0.06wt % Si02-coatedラ and0.6 wt % SiOγcoated Li Co02・ Similarprofiles to 

SS/80LhS・20P2SS/SScel1sラ aspresented in Fig. 2-3 (b)， were obtained in each cell; no 

remarkable difference is observed between uncoated and coated LiCo02・ Figure2-12 shows 

the impedance profiles of cells after charging to 3.6 V vs Li-In at a cu汀entdensity of 0.13 

mA cm -2. The total resistances of the cells using uncoatedぅ0.06wt % Si02-coatedラand0.6 

wt % Si02-coated LiCo02 are about 500ラ440ラand630 Qラrespectively. In factうRSEat >100 

kHz and RNE at 1 Hz show almost the same values in the three cells. RpE at 500 Hz of 

uncoated， 0.06 wt % SiOγcoatedラand0.6 wt % Si02-coated LiCo02 are 270ラ220ラand450 Qラ

respectively. Although the Si02 coating contains no lithium ionsヲ0.06wt % of Si02 coating 

reduces RpE， where the coating layer is expected to be sufficiently thin. The coating layer is 

expected to play a role in a buffer layer to prevent direct contact between LiCo02 and sulfide 

solid electrolyte. Consequentlyラtheforτnation of a higlトresistancelayerラwhichwould form 

between bare LiCo02 and sulfide solid electrolyt久 issuppressed. RpE of 0.6 wt % of the 

Si02 coating is larger than that of no coatingラbecausethe Si02 coating itself acts as a highly 

resistive layer for a case in which the coating layer is thick. Figure 2-13 shows impedance 

profiles of al1-s01id田statecells with uncoatedヲ 0.06wt 010 LhSi03-coatedう and0.6 wt 0/0 
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Figure 2-13 Impedance profiles of InJ80Li2S'20P2Ss glass四ceramic/LiCo02
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Li2Si03-coated LiCo02・ RpEat 500 Hz of the cell with 0.06 wt % LhSi03 coating is 160 n. 

Unlike the Si02 coatingラ 0.6wt % LhSi03 coating further reduces RpE to 130 n. The 

LhSi03 coatingsラwhichcontain lithium ionsラaremore effective in reduction of RpE than the 

Si02 coatingsラ indicatingthat lithium-ion conductivity of the coating layer is important to 

form a better interface between LiCo02 and LhS-P2SS solid electrolytes. Temperature 

dependence of these resistances was investigated to elucidate in greater detail the coating 

effects on the RSE and RpE resistance. 

Figure 2-14 shows the temperature dependence of (a) RSE and (b) RpE of uncoated and 

coated LiCo02・ Reciprocalresistance (lIRsE， 1IRpE) obeys the Anhenius equationう

expressed as 

1 'R(SE.PE) =.4. eXp(-Ea;iRT) 

where Eαis the activation energy， A is the pre四exponentialfactorヲandR is the gas constant. 

Figure 2四 14(a) indicates that almost identical profiles are observed in all the cells. Their 

activation energies were calculated from the slope of the plots to be 36 kJ mol-1 in each cel1ラ

which is similar to the activation energy of the 80LhS， 20P2SS glass-ceramic solid elec柱。lyte

(about 30 kJ moC1) [31]. These results support that the value of RSE is attributable to the 

resistance of the solid electrolyte layer. Figure 2-14 (b) indicates that ahnost equal 

activation energies are obtained in all the cells. The activation energies of lithium“10n 

conduction at the interface between the LiCo02 and solid electrolyte of the cells with 

uncoatedラSiOγcoatedラandLhSi03-coated LiCo02 were calculated as 61， 62ラand61 kJ 1nol-
1， 

respectively. These results indicate that the decrease of RpE was not caused by a decrease of 

activation energy but rather by an increase of pre-exponential factor for conduction in the 

Anhenius equation. The activation energy of about 61 kJ lnoC1 resembles that in the 1 lnol 

dln-3 LiCI04-propylene carbonate/LiCo02 systen1 (61 kJ lnol-
1
) [32] and the LiPON/LiCo02 
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system (57 kJ mol-1) [33]. Iriyama et al. reported that the decrease of interfacial resistance 

and the increase of pre四exponentialfactor by a thermal treatment of LiPON/LiCo02 interface 

are brought about by an increase in the electrochemically active area at the interface between 

LiPON and LiCo02 [33]. In the present studyラonepossible explanation for the increase in 

pre由exponentialfactor is that the oxide coating increases the electrochemically active area. 

The pre.也xponentialfactor would also be affected by the lithium田ionconcentration at the 

interface. The LhSi03 coating is more effective in increasing the pre-exponential factor than 

the Si02 coatingラsuggestingthat the high lithium蜘ionconcentration at the interface increases 

the pre田exponentialfactor. 1n ion conductorsうionconductivity is usually related dir・ectlyto 

the mobile ion concentration， which is mainly included in the pre由exponentialfactor in the 

Arrhenius equation; the ion concentration does not exponentially depend on temperature [34]. 

The pre-exponential factor of the cell with uncoated LiCo02 is the smallest in each cell. 

Uchimoto and Wakihara repolied from X-r・ayabsorption spectroscopy that a C01llpound whose 

electronic state resembles that of CoS formed at the interface between LiCo02 and sulfide 

electrolyte during charge-discharge cycling [35]. The compound at the interface would have 

poor lithium-ion concentration. Consequently， the pre四exponentialfactor for the uncoated 

LiCo02 is the smallest. The coatings of Si02 and LhSi03 suppress the reaction between 

LiCo02 and sulfide electrolyte by preventing their direct contact; the coatings also increase 

lithiunトionconcentration at the LiCo02-sulfide electrolyte interface. These results suppoli 

the findings in the Li-1n/thio時L1S1CON/LiCo02syste1ll reported by Ohta et al. [4ラ5]. They 

described that the high interfacial resistance between LiCo02 and thio由L1S1CONwas 

originated from the forτnation of a lithium-deficient layer at the interface; the lithium四10n

conducting oxides prevented the forτnation of the lithiur百四deficientlayer. Thereforeラit¥vas 

inferred in this study that the highly resistive layer was attributable to poor lithiu1ll四10n

conductivity at the interface between the LiCo02 and sulfide electrode. 
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After charging the cells to 3.6 V vs. Li-In at the cu汀entdensity of 0.13 mA cmーへ

discharge measurements were carried out at the various current densities of 0.13-6.4 mA cm -2. 

Figure 2-15 shows discharge curves of the cell InI80LhS'20P2S5/LiCo02・ lna high-rate 

discharge at current densities more than 1.3 mA cmーへ the cutoff voltage is 1 V vs Li-In 

electrodeぅwhichcorresponds to 1.6 V vs. Li. At a low四ratedischarge (0.13 mA cm -2)ぅthe

discharge capacities of the uncoatedラSi02-coatedヲandLhSi03-coated LiCo02 are 63， 70うand

95 mAh g-lラrespectively. The discharge capacities depend on the charge capacitiesぅwhich

are increased by somewhat lowering the charging plateau in the case using coated LiCo02・

The difference of discharge-voltage plateaus between the cells with uncoated and coated 

LiCo02 is more relnarkable in discharge at higher cu訂entdensities. The average discharge 

voltages of uncoatedぅSi02-coatedラandLhSi03-coated LiCo02 at 1.3 mA cm -2 are 2.5ラ2.75ラ

and 2.9 V vs. Li-In， respectively. The cells can be discharged at a high cu町entdensity of 6.4 

mA cm-2. At the current densityぅthecapacity of the cell with the LhSi03-coated LiCo02 is 

30 mAh g-lラ whereasthat of the uncoated Li Co02 is less than 10 mAh g -1. The rate 

capability of the alトsolid皿statelithium secondary batteries is strongly related to the RpE. The 

decrease of the RpE by oxide coating would lead to a high voltage plateau and large discharge 

capacity. Rate capability of the cell with lithium-ion-conductive LhSi03-coated LiCo02 is 

lnuch better than that of the cell with insulative SiOγcoated Li CoOぉ suggestingthat the 

lithium田ionconductivity of coating materials affects the electrochemical perfOIτnance of 

all四solid田statecells at higher current densities. 

Figure 2-叩-1凶6shows the discharge cωurves of the cell using O.β06 a釦nd0.6 wt % 0ぱf 

S臼i02網欄-c

voltage and capacity of the cel日1using 0.6 wt % LhS臼i03γ由C∞oat匂edLi Co02 are somewhat 1記1註ighεぽr 

t出ha出nthose using O.β06 wt % LhSi03・・.coatedLiCo02・ Howeverラ the discharge voltage and 

capacity of the cell using 0.6 wt % SiOγcoated LiCo02 are lower than those using 0.06 wt % 
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Si02-coated LiCo02・ Theseresults correspond to the cell resistanceぅasshown in Fig. 2-12 

and 2-13. The interfacial modification using LhO-Si02 glass coating is an effective 

technique to improve the rate capability of the alトsolid由statebatteries. 

The charge-discharge performance at a high cutoff voltage was investigated for 

all-solid岬state1nJLiCo02 cells. Figure 2-17 (a) shows the charge田dischargecurves of the 

all-solid田statecells with uncoatedラ 0.06wt% SiOγcoatedラ and0.06 wt% LhSi03-coated 

LiCo02・ Thecutoff voltage is 2.0-4.0 V vs. Li-1n， which is equivalent to 2.6-4.6 V vs. Li. 

The cutoff voltage of 4.0 V vs. Li-1n was selected as a standard of high voltage in order to 

evaluate coating effects at high voltage cutoff. The cu町entdensity used was 0.13 mA cm-2. 

The initial charge capacities of the cells using uncoatedラ SiOγcoatedヲ andLhSi03-coated 

LiCo02 are respectively 120ぅ160ラand190 mAh g-l. The initial discharge capacities of the 

cells are respectively 90ぅ120ぅand130 mAh g-l . The average discharge voltages of those are 

3.7ラ 3.9ヲ and4.0 Vヲ respectively. For comparisonラ thecharge田dischargecurves of the 

all-solid-state cells with uncoatedうSi02-coatedラandLi2Si03-coated LiCo02 using the cutoff 

voltage of2.0-3.6 V vs. Li-1n are shown in Fig 2-17(b); the initial discharge capacities ofthe 

cells using uncoatedラ Si02-coatedラ andLhSi03-coated LiCo02 with 3.6 V charging cutoff 

were respectively 63ぅ 70ラ and95 mAh g← 1 The discharge capacities were increased by 

increasing cutoff voltage from 3.6 V to 4.0 V vs. Li-1n. Larger reversible capacities and 

higher discharge voltages are obtained in the cells with LhSi03-coated and Si02-coated 

LiCo02 than in the cell with uncoated LiCo02・ Thecell with LhSi03-coated LiCo02 

showed superior charge-discharge capacity to the cell with Si02-coated LiCo02・ 1norder to 

investigate the coating effect in the high cutoff voltage of 4.0 V vs. Li-In， the electrochelnical 

impedance spectroscopy lneasurements of the all皿solid四statecells were carried out. 

Figure 2-18 shows the impedance profiles of the all-solid四statecel1s after the 1 st charge 

process to 4.0 V vs. Li-In at a cu立entdensity of 0.13 mA cm-2. The resistance ofthe solid 
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figure 2-17 Chargc-discharge curves of the all-solid-state cclls InJ80Li2S'20P:!Ss 
glass-cer加nic/LiCo02with uncoatcd， Si02・coated，and Li2SiOrcoated LiCo02 with 
thc cutoff voltages of (a) 3.6 V and (b) 4.0 V vs. Li・1n，respectively. The current 
densitics for charging and discharging were 0.13 mA cm 2. 
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elec仕olytelayer (RSE) shows almost no difference between the cells with coated LiCo02 and 

the cell with uncoated LiCo02; the resistance does not increase during a charge process. The 

interfacial resistances (RpE) of uncoatedラ Si02-coatedラ andLhSi03田coatedLi Co02 are 

respectively 1700ラ900ラ and750 Q. The RpE after charging to 4.6 V vs. Li is larger than 

those after charging to 3.6 V vs. Li-In shown in Figs. 2-12 and 2-13. The charge transfer 

resistance of the cell using LiCo02 is reported to increase at a high potential above 3.6 V vs. 

Li-In [15ラ36ラ 37]. Similar behavior is observed in the all阻solid巴statecel1s with LhS-P2SS 

solid electrolytes. 

Figure 2-19 shows the potential dependence of (a) RSE and (b) RpE in the al1-solid-state 

cel1s using uncoated and LhSi03-coated LiCo02・ TheRSE shows almost constant values of 

about 200 Qラwhilethe RpE changed with the cell potentials. The small resistance of ca. 100 

Q is observed below 3.6 V in each cel1s. The resistance increases with increasing the 

potential over 3.6 V vs. Li-In; the RpE of al1-s01id四statecel1s using uncoated and 

Li2Si03-coated LiCo02 after charging to 4.0 V vs. Li-In are 1730 and 950 Qラrespectively.

The RpE of the cells with LhSi03-coated and SiOγcoated LiCo02 is smaller than that with 

uncoated LiCo02， indicating that the coatings are effective in suppressing an increase of the 

RpE at a high potentia1. 

Figure 2-20 shows the cycle performance of 1が80LhS.20P2SSglass幽ceramic/LiCo02 

cells at the current density of 0.13 lnA cm-2 in the potential range of 2.0-4.0 V vs. Li-In. The 

reversible capacities of the cells with uncoatedラ SiOγcoatedラandLhSi03-coated LiCo02 at 

the 50th discharge process are respectively 60ぅ 80ラ and110 mAh g -1. All the cells retain 

charge-discharge efficiency of almost 100% except for initial a few cycles. Al1 the cells 

show relatively good capacity retention at a cutoff voltage of 4.0 V vs. Li-In. The cells with 

coated LiCo02 have better capacity retention than the cell with uncoated LiCo02・ Inthe 

case of using liquid and polymer elec甘olytesラitis reported that the capacity of the cells with 

-60-



3.8 
1000 

800 

E
£
0¥ωυcmwvω

一ωω
区

600 

400 

200 

Cell potential VS. Li / V 
4 4.2 4.4 4.6 

(a) o Uncoated LiCo02 
・し12Si03・coatedLIC002 

一

--

-__...." r==:戸--.r-ー 〕ー「ア←竺=
~-ーー 一一

。
3.2 3.4 3.6 3.8 4 

Cell potential VS. Li-In / V 

Cell potential vs Li / V 
3.8 4 4.2 4.4 4.6 
3000 

(b) o Uncoated LiCo02 
2500 1-

• LI"SIO 3-coated LiCo02 

E 
2000 エニ。

‘、、

ω ω 
1500 C 

‘c田u圃.
(/) 

tω n 1000 
立

500 

。
3.2 3.4 3.6 3.8 4 

Cell potential VS. Li-In / V 

Figure 2・19Potential dcpcndcl1cc of (a) resistance of solid elcctrolyte laycr (RSI:) and 
(b) intcl'facial I'esistance between LiCo02 and Li2S-P2SS solid elcctrolyte (RpE) in all・
solid-state cells using uncoated and Li2Si03・coatedLiCo02・

-61-



注円、
句、、

〉。、
c 

マー・ ω 
' 。〉 。
..c 150 E UJ 〈
ε Li2SIOγcoated 

、- 。
4〉・d、
100 。

何
Q. 

句。
ω 50 ~ Uncoated e> 

a 

何
工こ。
(J) 。。 。10 20 30 40 50 

Cycle number 

Figure 2-20 Cyclc pcrformance for dischargc capacity and columbic efficjency of thc all-
solid-state cells lnJ80Li2S.20P2Ss glass-ceramic/LiCo02. Thc current density and cutoff 
voltagc wcrc 0.13 mA cm-2 and 4.0V VS. Li・In‘respectively.

-62-



uncoated LiCo02 decreased drastically during charge-discharge cycling at 0.1-1 C under the 

cutoffvoltage above 4.6 V vs. Li [10ヲ14ラ15ラ19ヲ21]. The alトsolid-statecells operate stably 

even in the case using uncoated LiCo02 at 0.13 mA cm-
2 (0.1 C) under the high cutoffvoltage 

of 4.0 V vs. Li-1n (4.6 V vs. Li). This result indicates that the LhS-P2SS solid electrolyte is 

more stable than the other electrolytes at the high potential. 1n the cells with liquid and 

polymer electrolytesラthedegradation of the cells at high potential is explained as follows: (i) 

cobalt dissolution from LiCo02 to liquid electrolyteラ (ii)structur討 changedue to phase 

transition of LiCo02 between a hexagonal phase and a monoclinic phaseラand(iii) impedance 

growth with cycling [9ラ 15ラ 16ラ21ラ37ラ38]. 1n the all-solid-state systemヲtheCo dissolution 

would be suppressed at the interface between LiCo02 and the solid electrolyt久 andthus the 

degradation of LiCo02 is restrained even in the case using uncoated LiCo02・ Howeverラthe

Co diffusion from LiCo02 to solid electrolyte could be strongly related to impedance growth. 

The capacity after 50th cycle of the all-solid却statecells using oxide帽coatedLiCo02 is larger 

than that using uncoated LiCo02・ Chenand Dahn have reported that oxide coatings 

suppress side reactions between electrode and electrolyte [14ラ 15]. 1n this study， it is also 

assumed that oxide coatings act as a buffer layer and suppress the reaction which forms highly 

resistive layer at the interface between LiCo02 and LhS…P2SS solid electrolyteラwhichwill be 

discussed in Chapter 3 using TEM observations. The electrochelnical perfonnances of the 

cell with LhSi03-coated LiCo02 at the high cutoff voltage are superior to those with 

Si02-coated LiCo02 

Figur・e2-21 (a) shows the charge田dischargecurves of the alトsolid-statecells using 

uncoated and 0.6 wt% LhSi03-coated LiCo02 at a relatively high cunent density of 1.3 mA 

cln・2 The cutoff voltage is 2.0-4.0 V vs. Li-1nヲwhichis equivalent to 2.6-4.6 V VS. Li. 

Average voltage for discharging of the cell using Li2Si03-coated LiCo02 is higher than that of 

the cell using uncoated LiCo02・ Thereversible capacities of the cells with uncoated and 
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LhSi03-coated LiCo02 are respectively 69 and 74 mAh g-l for the 1st cycle. Figure 2-21 

(b) shows the cycle performance of the all-solid皿statecells. The capacity of the cell using 

uncoated LiCo02 decreases to 47 mAh gぺafter20 cycles. 1n contrastぅthecapacity of the 

cell using LhSi03-coated LiCo02 after 100 cycles is 56 mAh gぺ TheLhSi03 coating 

significantly suppresses capacity fading. The cyclability of the alトsolid四statecells at high 

C日立entdensity can be improved by interfacial modification using LhSi03 coating. 

All-s01id四state batteries using LhSi03-coated LiCo02 particles show good 

electrochemical perfoロnanceat room temperature as shown above. Hereinラelectroche1nical

performaぉceof the all-solid四statebatteries using LiCo02 electrode and LhS-P2SS solid 

electrolytes at extremely low and high temperatures will be shown. 

Figl山1口汀re2 岬22 shows i白mp己danイlceprofiles of the a討11.桐欄剛-s

LhS臼i03γ幽由.c∞oat臼edLiCo02 a抗t帽300C af武te釘rcha出rちgingtω03.6 V VS. Li←一1n工. T羽h児eint匂emalr陀es訂1Sはtar註lceof 

the cells at the low temperature of -300C is much larger than that at room temperatureう as

presented in Fig. 2-13. The resistances attributed to a solid electrolyte layer (RSE) are ca. 

3000 Q in each cell. This resistance cOITesponds to that calculated from the conductivity 

and activation energy as descried in Fig. 2-14 (a). The interfacial resistances between 

LiCo02 and solid electrolytes (RpE) areぅrespectivelyラ1.6x10
S
Q (a) and 6.0x104 Q (b). The 

RpE of the cell using LhSi03-coated LiCo02 is about one四thirdof that of a cell using uncoated 

LiCo02・ Figure2-23 presents discharge curves of the al1-s01id-state cel1s under the current 

density of 0.064 mA cm-2 at -30oC. The al1-s01id由statecells are discharged even at the low 

te1nperature of -30oC. The discharge capacity of the cell using the LhSi03-coated LiCo02 is 

60 mAh g七althoughthat of the non巴coatedLiCo02 is less than 40 mAh gぺ Thedecrease 

of the RpE by oxide coating contributes to a high voltage plateau and large discharge capacity. 

The al1-solid四statebatteries are expected to operate even under high temperatures at 

which the operation of conventional batteries is difficult. Figure 2-24 presents the 10th 

rnu 

n
h
u
 



(a) UncoatedしiCo02

ε 
ぷこ ι 

O醐 5x10吋

ト、J

。
(b)しi2Si03-coatedLiCo02 

ε 
工こ A 

0-5x10斗

ト占

。。 1.5x10
5 
2x10
5 

Figure 2-22 Impedance profiles of the alトsolid四statecells 111 / Li2S-P 2S5 solid electrolyte / 
uncoated (a) and Li2Si03

田coated(b) LiCo02 at -30
oC after charging to 3.6 V VS. Li-In. 

-66-



4 

> 
、-
モ3
町 J しi2Si03-coatedLiCo02 

U
〉
3 / 3 ~ 
c2 ro 

司且・E 24
右

c 
ω 。同
d

帽

斗

c
幽 d 崎

司陶
司'.. ... .. 

噌
ω
0 E4 
L1 

.. .. .. .. 
ノ¥、

0 
ω 

、
Uncoated 、

‘ LiCo02 
、
も

01 
、

。10 20 30 40 50 60 70 
Capacity川内g

嶋1

Figure 2岬23Discharge curves of the all-solid-state cells under the current density of 0.064 
mA cm-2 at -300C. 

-67-



6 

100oC， 1.3 mA cm-2 

> 
しi2Si03-coated

、-c 
4 

同 J
闘臨模溺囲瞳圃瞳

園調掴圃盟副陣

'崎同崎司圃 __fIII1IIJ"'" 
圃ーも唱嗣.... -:.:回・咽醐'国間橿鏑 割帽

ぴ〉〉 p 田園園田 町匝

3 
田臨踊園田副司匂

ro “ 
暗c闘 d

ちωCL 2 

o c 

。。20 40 60 80 100 120 
Capacity / mAhg酬1

Figure 2四24 Charge-Discharge curves of 10th cycle of the all-solid-state cell In I Li2S-

P 2SS solid electrolyte I Li2Si03四coatedLiCo02 under the cu訂entdensity of 1.3 mA cm-
2 at 

1000C. 

-68… 



charge-discharge curves of the all-solid四statecells using LiCo02 coated with 0.06 wt% 

LhSi03 at 100
0C under the cuπent density of 1.3 mA cnl-2. A1トs01id田statecells operate 

even under the high temperature of 100oC. The charge-discharge curves show a1most no IIミ

drop because of a 10w intema1 resistance at a high temperature 100oC. Figure 2-25 shows 

the charge-discharge curves of the a1トs01id-向statecells using LiCo02 coated with 0.06 wt% 

LhSi03 at 100
0C under the cu汀entdensity of 40 mA cm大 Thea1トsolid-statecell using 

LhSi03-coated LiCo02 works at an extreme1y high cuηent density of 40 mA cmへwhich

corresponds to 40 C; the charge-discharge capacity is more than 100 mAh gぺ.

(11) LhO-Ti02 system 

The results of the study for the LhO-Si02 coatings on LiCo02 patiic1es indicated that 

the 1ithium-ion conductivity of coating materials is important for good e1ectrochemica1 

performance. The e1ectrochemical perf01mance of the batteries is affected by lithium-ion 

and e1ectron conductivities of coating materials. The influence of lneta1田ionsin metal oxide 

coatings is worth investigating. Hereラ atnorphousLhO-Ti02 films were used as coating 

materials by changing meta1 oxide from si1icate to titanate which is a common transition 

metal oxide. This substitution was performed in order to examine what kinds of materia1s 

are suitable in alトsolid四statebatteries using LhS-P2SS g1ass聞ceramicsolid electro1ytes.τhe 

LhO-Ti02 fi1ms at two different compositions of 33 mol% LbO (Lh ThOs) and 0 m01% LhO 

(Ti02) were used as coating lnaterials in order to study the influence of 1ithiuln-ion 

conductivity in the coating fi1ms. Moreover.ラ theelectrochemical performances such as rate 

capability and cyclability of the a11闇solid-statecells using Li2S-P2SS solid electrolytes and 

LiCo02 coated with titanate fi1ms were cOlnpared with those of the cells using LiCo02 coated 

with si1icate fi1ms. 
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(i) Morphology of coated LiCo02 

The surface morphology of the coated LiCo02 partic1es was investigated using 

FE四SEMobservation. Figure 2-26 shows FE柚SEMimages of the surface of the LiCo02 

partic1es coated with 0.1 wt% ofTi02 and LhThOs. The surface ofuncoated LiCo02 is also 

shown for comparison. The surface of the LiCo02 pa口ic1eswith or without oxide coatings 

is relatively smooth. Average thickness of coating materials estimated from the weight of 

coating materials and BET surface area of LiCo02 was ca. 2 nm. Since the coating 

thickness is very sma11ラthecoating layer would not be confirmed in FE-SEM observation. 

(ii) Electrochemical performance of all醐solid醐statecells using coated LiCo02・

The a11田solid田statecells In/80LhS' 20P2SS glass悶ceramic/Li Co02 were constructed and 

their electrochemical performance was investigated. F日igure2-由2幻7shows the unpedance 

pro 五les of the a討11.開閉-s

af長te釘rcha但r宮gingtωo 3.6 V vs. Li-In， which corresponds to 4.2 V vs. Li， at the current density of 

0.13mAcm竺 Twosemicirc1es are observed and their peak top frequencies are about 1 kHz 

and 1 Hz in each impedance profile. As shown in Fig. 2-5ラtheresistance observed at the 

high-frequency region (> 100 kHz) corresponds to the resistance of the solid electrolyte layer 

(RSE); the semicirc1es observed in the medium-fI芯quency(about 1 kHz) and the low frequency 

region (about 1 Hz) are due to the interfacial resistance between LiCo02 and solid electrolyte 

(RpE) and negative electrode layer (RNE)ラrespectively. RSE and RNE of the three cells are 

about 150 and 50 QラrespectivelμSimilarvalues of the resistances are observed in the three 

ce11s. RpE of the ce11s with uncoatedうTi02-coatedラandLb ThOs-coated LiCo02 are 270， 200ラ

and 140 Qヲrespectively. The RpE are decreased by the oxide coatings. The RpE of the cel1 

with Lh ThOs-coated LiCo02 is lower than that with TiOγcoated LiCo02・ Thelithium 

containing oxide is more effective in decreasing the RpE・ Thisresul t corresponds to the 
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Figure 2-26 FE-SEM images of (a) uncoatedラ (b) Ti02くoatedラ and (c) Li2 Ti20S・・coated
LiCo02 particles. 
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results using the cells with the LiCo02 coated with LhO-Si02 glassy films shown in Figs. 

2申 12and 2-13. The RpE of the cell with Ti02-coated LiCo02 and LhThOs-coated LiCo02 

are respectively as small as those with Si02-coated LiCo02 and LhSi03-coated LiCo02， 

indicating that the presence of transition metal oxide in coating materials is not so important 

to decrease the RpE. The RpE would be caused by the formation of high-resistance interface 

between LiCo02 and sulfide electrolyte. The oxide coatings would act as a buffer layer to 

prevent direct contact between LiCo02 and the sulfide solid elec柱。lyt民 resultingin the 

suppression of the formation of the highly resistive layer. Ohta and Takada etαl. reported 

that the coatings of oxide films on LiCo02 brought about a significant decrease of the 

interfacial resistance [4田6]. They used Li4Tis012， LiNb03， and LiTa03 as coating materials 

in the alトsolid由statecells Li-In /LhぉGeoぉPO.7SS4(thio由LISICON)/LiCo02・ Thecoating 

layers suppressed the fOIτnation of a highly resistive layer between the LiCo02 and solid 

electrolyte. They suggested that LiNb03 and LiTa03 were more effective in improving the 

battery perfoIτnance than Li4 Tis012 because LiNb03 and LiTa03 show higher lithium-ion 

conductivities. The results in this thesis are consistent with the conclusion by Ohta and 

Takada [6]. 

Figure 2-28 shows discharge curves of the all-solid-state cells In/LiCo02 with uncoated 

and LbThOs-coated LiCo02 at a relatively high cu汀entdensity of 1.3 mA cm-
2 after charging 

to 3.6 V vs. Li-In at the current density of 0.13 mA cln-2. The average discharge voltages of 

the cells with uncoated and Lh Ti20S-coated LiCo02 are 2.5 and 2.8 V vs. Li-トト-一一一一一-1一-一-

τhe di臼scha出rgecapacities of those cells are 47 andブ2mAh g齢」七l¥?1Y.志εspecはti竹vely. The discharge 

perfonnance of the cell with Lh ThOs-coated LiCo02 is better than that with uncoated LiCo02 

in a high current density operation. This improvelnent is attributable to the decrease of the 

RpE by Lh ThOs coating. 

The charge由dischargemeasurements of the all-solid四statecells were carried out at 
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different cutoff voltages to investigate coating effects on the cell performance in different 

cutoff voltage operations. Cycle performances of the all-solid-state cells with uncoatedラ

Ti02-coatedラand LhThOs・幽・coatedLiCo02 are shown in Fig. 2-29. The current density was 

0.13 mA cm-2. The cutoffvoltages were 2.0-3.6 V (until the 15th cycle) and 2.0-4.0 V (after 

the 16th cycle) vs. Li-Inぅrespectively. The measurements were carried 0百tafter PI沼田cycles

under high cu立entdensities over 1 mA cm-2. The three cells are charged and discharged 

with the capacity of ca. 80 mAh g-l at a charging cutoff voltage of 3.6 V vs. Li-In. In this 

cutoff voltageヲ thethree cells do not show fading capacity. The capacities of the cells 

increase by increasing cutoff voltage from 3.6 to 4.0 V vs. Li-In. The 16th discharge 

capacities of the cells using uncoatedヲ Ti02-coatedラ andLh ThOs-coated LiCo02 are 

respectively 113ぅ 121and 129 mAh g-l. At the high cutoff voltageラ thedecreases of the 

capacity are confinned. The 50th discharge capacities of the cells using uncoatedう

TiOγcoatedラ andLb ThOs-coated LiCo02 are respectively 73ぅブ9and 103 lnAh g-l. The 

cells with coated LiCo02 have better capacity retention than the cell with uncoated LiCo02; 

the cell with Lh ThOs-coated LiCo02 exhibits better cycle performance than that with 

Ti02-coated LiCo02・The16th and 50th charge-discharge curves of the all-solid-state cells 

with uncoated and Lh ThOs-coated LiCo02 are shown in Fig. 2-30. The charge-discharge 

capacities decrease during charge田dischargecycles in the cells with both uncoated and 

Lh ThOs-coated LiCo02・ Thecharging plateau voltages of the both cells increase during 

charge幽dischargecycles. The discharging plateau voltage of the cell with uncoated LiCo02 

slightly decreases with charge幽dischargecycles at a high charging cutoff voltage of 4.0 V vs. 

Li-In， whereas the cell with Lb ThOs-coated LiCo02 keeps almost the smne discharging 

plateau voltage even after the 50th charge叩dischargecycles. One of the causes of the fading 

capacity is the resistance increaseラresultingin the decrease of the discharging plateau voltage. 

The discharging plateau voltage of the cell with uncoated LiCo02 decreasesうindicatingthat 
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the resistance of the cell increases. This resistance increase wou1d be caused by the 

forτnation of high1y resistive interfacia1 1ayer between LiCo02 and su1五dee1ectr01yte by 

charging to a high potentia1. The discharging p1ateau v01tage of the cell with 

LhThOs-coated LiCo02 hard1y decreasesラ indicatingthat the resistance of the cell using 

Lh ThOs-coated LiCo02 wou1d not increase significant1y. The Lh ThOs coating is effective 

in suppressing the resistance increase. 

The coatings of LhO-Si02 fi1m on LiCo02 improved cyc1abi1ity of the all-s01id-state 

cells at the high cutoff v01tage of 4.6 V vs. Li as shown in Fig. 2-20; coatings of 1ithium-ion 

conducting LhSi03 were more effective in improving cyc1e performance than those of an 

insu1ative Si02・ TheLhO-Ti02 fi1ms with transition meta1 coated on LiCo02 by a s01-ge1 

technique are a1so effective in improving cyclability of the a1トsolid“statecells at the high 

cutoff voltage as the LhO-Si02 coating films without transition meta1. 1n addition， the 

Lh ThOs coating is lnore effective in improving cyc1ability than the Ti02 coating. The 

existence of lithium in coating materials on the LiCo02 partic1es was more important than the 

kinds of coating oxide (Si02 or Ti02) for e1ectrochemica1 perfonnance of all-s01id-state 

lithium secondary batteries using LhS-P2SS solid e1ec甘01ytes.

2.3.3.2. Oxide圃coatedLiCo02 prepared by pulsed laser deposition technique 

1n Section 2.3.3.1， it has been indicated that oxide coatings on LiCo02 are effective in 

decreasing the interfacial resistance (RpE) and the lithium-ion conductivity of the coating 

materials is important in further decrease of the resistance. The amorphous thin films which 

have high lithium田ionconcentration show high lithium-ion conductivity. Such materials are 

expected to be more effective in decreasing RpE. In oxide時basedsolid electr01yt久theglasses 

in the systems with two lithium orthかoxosaltssuch as Li3B03-Li4Ge04 and Li4Si04-LhB03， 

have been prepared by rapid q田 nchingof melts with a twin-roller quenching apparatus. 
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Howeverラtheyare difficult to be prepared by a sol-gel technique. Amorphous thin films in 

the system Li4Si04-LbP04 were prepared by vapor世phaseprocess (rf-sputtering) [39]. In 

this s印dy，a pulsed laser deposition (PLD) technique was used to prepare the lithium 

orthかoxosalts film because PLD can prepare thin films with high quality. The 

characteristics in PLD are the ability to transfer almost stoichiometrically a bulk target to the 

deposited films by controlling many parameters such as ambient gas pressure and laser 

f1uence. U sing PLD techniqu久 lithiumortho四oxosaltfilms such as LhP04 [40， 41] and 

LiPON [42] have been prepared. The preparation of Li4Si04-LhP04 thin fihnsちyPLD has 

not been reported so far. 

In this sectionラ amorphouslithium 011ho-oxosalt films such as Li4Si04-LbP04 were 

prepared by PLD as coating lnaterials on LiCo02 particles. To obtain good quality filmsラ

laser f1uence and Ar gas pressure of PLD were varied. The lithium田ionconductivities of the 

prepared films were evaluated. The amorphous lithium ortho-oxosalt films were coated on 

LiCo02 particles to obtain oxide問coatedLiCo02・ Thelithium田011ho四oxosalt四coatedLiCo02 

particles were applied to bulk type all-solid時statecells using LhS-P2SS solid electrolytes to 

improve the electrochemical performance of the cells. 

(i) Pre予arationof lithium ortho酬oxosalts

The X世間ydiffraction pattem of the prepared target was shown in Fig. 2-31 (a). The 

diffraction pattem is almost consistent with that of the 50Li4Si04・50Li3P04solid solution 

reported so far [43]. A typical amorphous pattelTI is observed in the 50Li4Si04'50LbP04 

thin film prepared under the laser f1uence of 6 J Cln働2and Ar gas pressure of 10幽2Pa on a 

quartz substrateラasshown in Fig. 2-31 (b). All the other films prepared showed no X四ray

diffraction peaksラsuggestingthat these thin films were amorphous. 

The morphology of the thin fihn depends on the deposition condition for each target 
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material. The parameters such as laser fluence and ambient gas pressure influenced the 

morphology of thin film. Figure 2-32 shows the cross sectional FE-SEM image of the 

50Li4Si04・50LhP04thin film deposited under the laser fluence of 6 J cm-
2 and the Ar gas 

pressure of 10-2 Pa on a silicon substrate. The thin film is dense and its surface is flatラ

suggesting that good contact with LiCo02 particle will be obtained. By the deposition for 60 

mlnラthefilm with the thickness of 1.2μm was obtained; the deposition rate was 20 nm min-1. 

Conductivities of the films of 50Li4Si04・50LhP04，Li4Si04 and LhP04 parallel to the 

film surface were measured. Figure 2-33 shows the complex impedance plots at 346 K of 

the 50Li4Si04. 50LhP04 thin fihn prepared under the laser fluence of 6 J cm“2 and Ar gas 

pressure of 10欄2Pa. A large semicircle and a subsequent straight line are observed by using 

Au electrodes as iOIトblockingonesラ indicatingthat the thin film is an ion conductor. The 

peak top frequency of the semicircle is 60 kHz; the estimated capacitance is 4x 10ぺ2Fぅwhich

suggests that the resistance of the semicircle is attributable to the bulk resistance of the film 

because the capacitance of typical oxide bulk materials (grain interior) is known to be 

10・11“10ぺ2F [44]. The ionic conductivity of the 50Li4Si04・50LhP04thin film at room 

temperature was 1.6x 10働6S cm開 1which was calculated with the film thicknessぅareaof the 

comb-like electrode， the interelectrode distance and the film resistance. The impedance of 

the film vertical to the film surface was also measured. The ionic conductivity was in good 

agreelnent with that parallel to the film surface. The temperature dependence of ionic 

conductivity of the 50Li4Si04・50LhP04，Li4Si04 and Li3P04 thin films is shown in Fig. 2臨-34.

Ionic conductivities we釘recalcl叫1辻la抗tedwi江ththe unpedances at each t臼εm百peぽra託ture担m己asむuredusing 

C∞olnb-酬胸-li

activation en ε f培gyfor ionic c∞onduction was calcl立叫lla抗tedfrom the slope of the plots. Table 2-2 

summarizes the ionic conductivities at room temperature and activation energies for ionic 

conduction. The ionic conductivity of LhP04 thin fihn was 5.l x 10-
7 S cm“1 at room 

-82-



Figure 2-32 Cross sectional FE由SEMimage of the 50Li4Si04・50Li3PO4 thin film 

prepared under laser fluence of 6 J cm-2 on silicon substrate. 
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Figure 2-33 Complex impedance plots ofthe 50Li4Si04・50Li3P04thin film at 346 K. 
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Table 2-2 Lithium ion conductivities at room temperature (σ298K) and the activation 
energies for conduction (Ea) of thin films. 

Thin film 
。298K Ea 
( S cm-1 ) ( kJ mol-1 ) 

50Li4SiO 4. 50Li3PO 4 
1.6 x 10附6 52 

Li3P04 5.1 x 10-7 57 

Li4Si04 1.2 x 10-8 62 
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temperature and the activation energy was 57 kJ mol“1 Kuwata et al reported that the 

LhP04 thin film prepared by PLD (ArF excimer laser) showed the ionic conductivity of 

4.6x10-7 S cmぺandthe activation energy of 56 kJ mor1 for ionic conduction [40ぅ41]. The 

ionic conductivity and the activation energy of LhP04 thin film in this study well agree with 

the reported ones. The ionic conductivity of Li4Si04 thin film at room temperature 

determined by the extrapolation of the Arrhenius equation was 1.2 x 10-8 S cmぺ Onthe other 

handぅtheionic conductivity of the 50Li4Si04. 50LhP04 thin film was 1.6x 10“6 S cm-
1 at room 

temperatureラ whichwas higher than that of the Li4Si04 and LhP04 thin films. The 

activation energy of the 50Li4Si04・50LhP04thin film was the lowest among them. This 

result indicates that the lithium-ion conductivity becomes higher by the coexistence of Si04
4幽

and pol-， which can be called as the mixed anion effect [45]. 

The thin films were applied as the coatings on LiCo02 particles. The surface 

morphology of the coated LiCo02 particles was investigated using FE岬SEMand EDX 

observation. Figure 2-35 shows the FE田SEM images of uncoated and 

50Li4Si04・50Li3P04-coatedLiCo02 particles. The surface of uncoated LiCo02 particles is 

relatively smooth. On the other hand うfor the 50Li仏4Si04.50Li3P04-凶心.

a rough surface caused by coating materials is observed. Both Si and P atolTIS of the 

50Li4Si04.50LhP04 and Co atoms of the LiCo02 were detected at the smne area in EDX 

mapplngsラ which indicates that the LiCo02 paliicles were covered with the 

50Li4Si04・50LhP04electrolyte. 

(ii) Electrochemical performance of a虫歯solid-statecells using coated LiCo02・

The alトsolid四statecells ln / 80LhS. 20P2SS glass同ceramicelectrolyte / LiCo02 were 

constructed using uncoated and 50Li4Si04・50LhP04-coated LiCo02 particles. The 

electrochemical propeliies of the cells were investigated with electrochelnical unpedance 
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Figure 2-35 FE問SEMimages of (a) Uncoated and (b) 50Li4Si04・50Li3P04-coatedLiCo02 
pmiicles. 
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specせoscopy(EIS) and charge叩dischargemeasurements. Figure 2-36 shows impedance 

profiles of the all-solid-state cells with uncoated and 50Li4Si04' 50LhP04-coated LiCo02 

after the first charge process. The cells were charged at 0.13 mA cm-2 and the cut-offvoltage 

was 3.6 V vs. Li-In. The resistances of solid electrolyte (RSE) and negative electrode (RNE) 

are almost the same in the two cells. On the other handラTheinterfacial resistance between 

LiCo02 and LhS-P2SS solid electrolyte (RpE) of uncoated and 50Li4Si04・50LbP04四coated

LiCo02 are 190 and 48 nうrespectively. In other wordsうRpEwas decreased considerably by 

the coating of 50Li4Si04・50LbP04on LiCo02 electrode. The RpE of the cell using 

50Li4Si04・50Li3P04-coatedLiCo02 particles was significantly small compared with that of 

the cell using LhSi03-coated LiCo02 particles which was prepared by the sol-gel method; the 

RpE of the cell was 160 n as shown in Fig. 2-13. The conductivity at room temperature of 

the LhSi03 thin film prepared by the sol-gel method was 1.0x10-
9 S cln-1

ラ
whichis three 

orders of magnitude lower than that of the 50Li4Si04. 50LhP04 thin film prepared by PLD. 

The high lithium ion conductivity of the 50Li4Si04. 50LhP04 thin film is probably 

responsible for the significant decrease in the RpE of all-solid-state cells. 

The cells were discharged at the high cぽrentdensity of 6.4 mA cm・2after charging the 

cells to 3.6 V vs. Li-In at the current density of 0.13 mA cm-2. Figure 2-37 shows the 

discharge curves at 6.4 mA cm大 The discharge potential of the cell with 

50Li4Si04・50Li3P04-coatedLiCo02 is higher than that of the cell with uncoated LiCo02・

The discharge capacity of the cell with uncoated LiCo02 is 33 mAh g-I， while that of 

50Li4Si04・50LhP04-coatedLiCo02 is 46 mAh g幽1 The decrease of the RpE by oxide 

coatings with high lithium ion conductivity prevents IR drop and brings about a high voltage 

platea民 whichlead to a large capacity at the discharge process. 
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2.3.3.3. Sulfide-coated LiCo02 prepared by thermal decomposition technique 

(i) Preparation of cobalt sulfide and nickel sulfide by thermal decomposition technique 

The thennal decomposition behavior of the dithiocarbamato complexes was 

characterized with DTA同TGmeasurements. Figure 2-38 shows DTA-TG curves of (a) 

CO[S2CN(C2Hshh and (b) Ni[S2CN(C2Hs)2h with a heating rate of 10 K miぜ1 In the 

DTA-TG curves of CO[S2CN(C2Hshhぅtwoendothennic peaks with weight loss from 250 to 

3500C are observed. The sharp endothennic peak observed at 270
0
C is due to melting of the 

Co complex. The broad endothennic peak near 3100C accompanied with weight loss is 

attributable to the decomposition of the Co complex. The weight change before and after the 

decomposition is 72 010ラ whichclosely corresponds to the theoretical weight change from 

CO[S2CN(C2Hs)2h to CoS (710/0). Similar to Co complexラ theDTA田TGcurves of 

Ni[S2CN(C2Hs)2h give two endothennic peaks with weight loss 合om320 to 370
o
C. The 

weight change before and after the decomposition is 74 % which also corresponds to the 

theoretical weight change企omNi[S2CN(C2Hshh to NiS (74010). 

The XRD measurements were conducted to identify CoS and NiS prepared by thennal 

decomposition of CO[S2CN(C2Hshh and Ni[S2CN(C2Hs)2hラ respectively. Figure 2-39 

shows XRD pattems of Co and Ni complexes before and after heat treatment at 4000C under 

N2 atmosphere. The XRD pattems show that CoS and NiS are prepared after the heat 

treattnent of CO[S2CN(C2Hshh and Ni[S2CN(C2Hs)2hラrespectively.

(iiり)真1orpho叫logyof sulfide.幽幽幽-c

ThεCo[伊S2CN呼(C2Hshhand Ni[S2CN(C2Hs)2h wεre coated on LiCo02 pa討i允cles(Ho吋O

chemical) and heated a抗t4000C under N2 a抗tmosphereto coat CoS a但n吋dNi出So註 LiCo02particles. 

The XRD measurements were conducted on the Coふcoatedand NiS-coated LiCo02 particles. 

Only XRD pattelTIS of LiCo02 were observed in all the coated LiCo02 particles; the pattelTIS 
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Figure 2-39 XRD pattems of (a) Co and (b) Ni complexes before and after heat 
treatment at 400oC. 
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of CoS and NiS were not observed because the coating amounts were very small. The 

surface mor予hologyof the coated LiCo02 partic1es was investigated using FE-SEM 

observation. Figure 2-40 shows FE-SEM images of the surfaces of the LiCo02 partic1es 

coated with CoS and NiS. The surface of uncoated LiCo02 is also shown for comparison. 

The surface of the uncoated LiCo02 partic1es is relatively smooth. 1n contrastうroughsurface 

due to coating materials is observed for 1 wt% Coふcoatedand 1 wt% NiS田coatedLiCo02 

partic1es. The LiCo02 partic1es are almost covered with the sulfide coatings. The surface 

of NiS四coatedLiCo02 was also characterized using TEM observation. Figure 2-41 (a田c)

shows TEM images of the surface of 0.1 wt% NiS-coated LiCo02 partic1e. The coating 

layer with ト10nm thick is observed on each coated LiCo02 particle. 

(刷i詰iiり)E日lect白rocl註lemica討1perflお'ormanceof all-so叫lid幽 Sはtatecel自lsusi加ngsu凶lf白ideか園coat校edLiCo02 

i予larticles

All-solid時statecells were constructed using composite electrode of the nlixture of 

LiCoOぉ80LhS.20P2SSsolid electrolyteラandVGCF with weight ratios of 40 : 60 : 4. 

Figure 2-42 shows impedance profiles of the all鵬solid-statecells using uncoatedヲ0.01

wt% Coらcoatedラ0.1wt% CoS-coatedラand1 wt% CoふcoatedLiCo02・ Themeasurelnents 

were conducted after charging to 110 mAh g-l， which is the capacity corresponding to 

Lio.6Co02・ Theresistance of the solid electrolyte layer (RSE) was 12ふ130Q in all the four 

cel1s. The semicirc1es are attributable to the interfacial resistance between LiCo02 and 

LhS-P2SS solid electrolyte (RpE). The RpE of the cel1s using uncoatedラ0.01wt% Coふcoatedう

O.lwt% CoS田coatedラ andlwt% CoふcoatedLiCo02 are 800う 230ヲ 130ラ and230 Qラ

respectively. The RpE was decreased by the CoS coatings. The favorable coating amount 

was near 0.1 wt% in this case. Figure 2-43 shows the charge皿dischargecurves of 

alトsolid-statecells using uncoated and 0.1 wt% CoS-coated LiCo02・ Thecells were 

F
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Figure 2-40 FE-SEM I1nages of (a) uncoatedラ(b)1.0 wt% Coふcoatedヲand(c) 1.0 wt% 
NiS田coatedLiCo02 particles. 
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Figure 2-41 TEM images ofO.1 wt% NiS田coatedLiCo02 particles. 
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Figllre 2・43 Charge~discharge curves of a1J-solid-state cell In / 80Li1S'20P2SS 
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charged up to 110 mAh g-l and discharged to 1.0 V vs. Li-In and the cu汀e註tdensity was 1.3 

mA cm-2. The discharge capacities of the cells using uncoated and CoS coated LiCo02 are 

respectively 64 and 83 mAh g-l. The average charge voltages of those are 3.8 and 3.6 Vぅ

respectively. The average voltages for discharge plateau are 1.9 and 2.6 Vラ respectivel y. 

The IR drop was decreased by the CoS coatingラwhichresults from the lower RpE shown in 

Fig. 2-42. Figure 2-44 shows the charge-discharge curves of all-solidωstate cells using 0.1 

wt% CoS四coatedLiCo02 at various current densities of 1.3ラ 3.8ラ and13 mA cm-
2. The 

charging voltage increases with increasing the cunent density. The alトsolid幽statecell can be 

charged and discharged at a high cunent density of 13 mA cm醐2with a reversible capacity of 

53 mAh g耐久

Figure 2-45 shows impedance profiles of the all-solid四statecells using uncoatedラ and

0.1 wt% NiS-coated LiCo02・ Themeasurements were conducted after charging to 110 mAh 

g-l. The RSE was 120四 130Q in each cell. The RpE of the cells using uncoated and 0.1 wtOIo 

NiS-coated are 800 and 60 Qラrespectively. The interfacial lnodification using NiS brings 

about the significant decrease of the RpE. Figure 2-46 (a) shows initial charge-discharge 

curves of all-solid同statecell In / 80LhS' 20P2SS glass四ceramics/ LiCo02 with uncoated and 

0.1 wt% NiS叩coatedLiCo02 at the cunent density of 1.3 mA cm-
2. The charge同discharge

curves of all-solid四statecell using 0.1 wt% NiS coated LiCo02 for 10 cycles are shown in (b). 

The discharge capacities of the cells using uncoated and NiS coated LiCo02 are respectively 

61 and 83 mAh g-l. The average charging voltages of those are 3.9 and 3.5 Vぅrespectively.

The average voltages for discharge plateau are 2.0 and 3.1 Vう respectively. The 

all-solid凹statecell was charged up to the capacity of 110 mAh g-l and discharged to 2.0 V 

until the 3rd cycleラandthen charge-discharge cycles were repeated between 4.0 V and 2.0 V 

after the 4th cycle. At the 2nd and 3rd discharging processesラahigh capacity more than 100 

mAh g-l is obtained at the current density of 1.3 lnA cm矢 Thecapaci ty 0 f the 10th 
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discharging is 87 mAh gぺ Thecycle perfoIτnance of the all-solid-state cell using 

NiS皿coatedLiCo02 shown in Fig. 2-46 (b) is better than that using uncoated LiCo02 reported 

in Ref. 37. Figure 2-47 shows the charge discharge curves of all-solid由statecells using 0.1 

wt% Ni-coated LiCo02 at cu立entdensities of 1.3 and 13 mA cm欄2 The all-s01id-state cell 

can be charged and discharged at a high current density of 13 mA cm-2 with a reversible 

capacity of 72 mAh g・1 The capacity ofthe cell using 0.1 wt% NiS相coatedLi Co02 is larger 

than that using 0.1 wtOIo CoらcoatedLiCo02 shown in Fig. 2-44. The discharge voltage of 

the cell using NiS由coatedLiCo02 is also higher than that using CoS四coatedLi Co02 at the 

current density of 13 mA cm-2. Results show that NiS coating is more effective in improving 

battery perfoI百lanceof the all-solid-state batteries when coating amount is 0.1 wt%. 

Figure 2-48 shows the charge-discharge curves of the alトsolid四statecells using 

uncoated and NiS情coatedLiCo02 with the charging cutoff voltage of 4.0 V VS. Li-In at the 

current density of 0.13 mA cm矢 Byusing the relatively low cu口entdensity and high cutoff 

voltageぅhighcharging capacities of more than 150 mAh g-l are obtained in each cell. The 

discharge capacities of the cell using uncoated and NiS山coatedLiCo02 are 75 and 148 mAh 

gぺラ respectively. The alトsolid岨statecell using NiS四coatedLiCo02 showed much better 

perfoIτnance. After charging to 4.0 V at a low current densityラ theall-solid四statecells 

showed large charging capacity， indicating that the cells underwent the high potential. At the 

high potential regio九 theR陀 increasedas shown in Fig 2ぺ9(b). This is the cause of the 

large IR drop observed at the discharging process of the cell using uncoated LiCo02・ Inthe 

cell using NiS四coatedLiCo02， the increase of the RpE was suppressed; the cell using 

NiS由coatedLiCo02 showed a higher voltage discharging. 

As shown aboveラ theinterfacial modification using CoS and NiS was effective in 

improving the electrochelnical performance of the all-solid冊statebatteries. The CoS analog 

cOlnpounds produced at the interface between LiCo02 and sulfide electrolyte [35]ラindicating
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that the reaction between LiCo02 and the sulfide electrolyte. The reaction causes the 

decomposition of the particle surface of the sulfide electrolyte and LiCo02 particle surface. 

The interfacial reaction is discussed in details using the result obtained by TEM observation 

in Chapter 3 in this thesis. The CoS coating preformed on LiCo02 suppresses the interfacial 

decomposition reactions and decreases the RpE. It is considered that the cause of the large 

RpE is not the existence CoS-analog layer itself but decomposition of the solid electrolyte 

and/or LiCo02 electrode surface. Thin CoS and NiS coatings rather acts as a buffer layer to 

suppress the decomposition at the highly reactive interface between charged LiCo02 and 

LhS-P2SS solid elec柱。lyt民althoughthick coatings should be act as a high resistive layer. 

2.4. Summary 

This chapter described the identification of the resistance components of alトsolid-state

cells and the unprovelnent of electrochemical perfonnance of all-solid-state cells by 

interfacial modification between LiCo02 electrode and Li2S-P2SS solid electrolyte. 

Electrochelnical impedance spectroscopy measurelnents revealed that the cells after the 

initial charge process have a large resistance component at the interface between LiCo02 and 

LbS…P2SS solid electrolyte. The large resistance is the main cause of the low rate 

performance of alトsolid-statecells using LiCo02 and LhS-P2SS solid electrolytes. 

An interfacial modification between layered metal oxide electrodes of LiCo02 and 

LhS-P2SS solid electrolytes was carried out to study the effects of the modification on the 

electrochenlIcal performance of alトsolid働statecells. Oxide films such as LhO-Si02， 

LhO-Ti02， and Li4Si04-LhP04 were coated on the electrode particles by soトgeland PLD 

techniques to lnodify the interface between electrode and solid electrolyte. 

The interfacial resistance between LiCo02 and LhS-P2SS solid electrolyte was 

decreased with the coatings. It has been clarified that the lithium四ionconductivity of coating 
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materials on the LiCo02 particles is important for high rate perfo口nanceof the all-solid申state

lithium secondary batteries; coating materials with higher lithiumイonconductivity are more 

effective in decreasing the interfacial resistance. The alトsolid田statecells using Li Co02 

particles coated with 50Li4Si04・50LbP04 solid electrolyte coating showed the lowest 

interfacial resistance of 48 Q and the highest rate performance among the oxide solid 

electrolyte coatings studied in this thesis. Neverthelessラ insulativeSi02 and Ti02 coatings 

were also effective in decreasing the interfacial resistance when coating amounts were small. 

The interfacial resistance increased with increasing the charging voltage of the cells. When 

the alトsolid四statecells were charged to 3.6 V vs. Li-Inぅtheactivation energies of lithium四10n

conduction at LiCo02/ solid electrolyte interface were approximately 60 kJ molぺ;they were 

almost the same in the cells using coated LiCo02・ Theinterfacial resistance decreased by an 

increase of the pre四exponentialfactor in the Arrhenius equation. The charge田discharge

perf01mance of the all皿solid四statecel1s is improved by the interfacial modifications. The 

decrease of the interfacial resistance led to a high voltage plateau and large discharge capacity. 

The average discharge vol託tagesat high current densities increased because of the resistance 

decreased by the coat討1ngs町;the all.醐輔醐4向.剛-s

a剖textremely hi註ighcurrent d必en凶S1凶t討1e岱smoぽret出han5 mA ClTI幽2 at room temperature. The 

aι11.刷-s

The oxide coat丘ingssuppress the increase in resistance during charge岬-dischムargecycles. 

The in凶1託teぽrf;白acia討1modifica抗tionusing CoS ar註ldNi出Swa部salso ef:b白ecti討v己inimproving t出he

electrochemi民calperformance of t註heal江1-踊酬酬醐削4向嗣鮒酬-s剛剛向嗣向

aおsa buffer laye釘rtωo s叩uppressthe decomposition at the interface between charged LiCo02 and 

LhS-P2SS solid electrolyte. 

The use of coated LiCo02 showed many advantages as (i) suppression of the increase in 

interfacial resistanceう(ii)large capacityラ(iii)high voltage dischargingラand(iv) long cycle life. 
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The interfacial modification between positive electrode and LhS-P2SS solid elec甘olyteis 

essential to develop alトsolid由statebatteries with high performance. 
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3. Interfacial Observation between LiCo02 Electrode and LhS-P2SS Solid 

Electrolytes Using Transmission Electron Microscopy 

3.1. Introduction 

Commercially produced lithium田ionsecondary batteries consist mainly of LiCo02 as 

a positive electrodeラcarbonas a negative electrodeラandan organic liquid electrolyte. As an 

effective approach to improve the electrochelnical performance of batteriesラ interfacial

modifications between the positive electrode and electrolyte by coatings such as Ah03， Zr02， 

Si02， AIP04ラ andAIF3 on the LiCo02 positive electrode have been studied [ト6]. That 

modification efficiently IInproves the cycle performanceラratecapabilityラandthern1al stability 

of batteries. The effects of the modification are (i) suppression of structural change caused 

by phase transition of LiCo02， (ii) decrease of cobalt dissolution fron1 LiCo02 to liquid 

electrolyteラand(iii) suppression of side reactions between the electrode and electrolyte. 

The interface between the electrode and electrolyte in all-solid-state batteries differs 

fron1 that in conventional batteries using liquid electrolytes. Both electrode and electrolyte 

lnaterials in alトsolid田statebatteries are solid; electrochemical reactions occur through the 

solid四solidinterface between the electrode and solid electrolyte n1aterials. Thereforeち

fonnation of an effective electrode四electrolyteinterface is impoliant for alトsolid-state

batteries to achieve high perforn1ance [7]. Many studies have been conducted to form an 

effective electrode四electrolyteinterface in all-solid-state batteries [8田12and Chapter 2 in this 

thesis]. Alnong thelnラinterfaciallnodification between electrode and solid electrolyte is an 

effective technique to in1prove electrochen1ical perfonnance of batteries using liquid 

electrolytes. Alトsolid聞statebatteries using LiCo02 positive electrodes and sulfide solid 

electrolytes showed a large interfacial resistance between LiCo02 and solid electrolytes. 

The interfacial resistances were decreased greatly through the use of coatings using LiNb03， 

-113-



Li4Tis012， LiTa03ラ LhO-Si02，LhO-Ti02， 50Li4Si04・50LhP04，CoSラ andNiS on LiCo02 

[10田12and Chapter 2 in this thesis]. The reason for decreasing an interfacial resistance 

remains unclear. 

Observation and structural analysis of the interface between LiCo02 and sulfide solid 

electrolyte is beneficial to reveal the reasons for the large interfacial resistance of the 

all-s01id相statebatteries and for the decrease of the interfacial resistance by the coatings. 

Electrochemical impe吋da釦ncωemeぬas叩ur閃ement臼shave so far been used mainly to analyze the 

ele氏ct甘rodおe田eleωct仕ro叶ly戸teinterface of the all悶-s鈎oli込d-st剛

eleωctなroly戸te白s. On the other hand， transmission electron microscopy (TEM) is a powerful tool 

to analyze structure and mo中hologyof the electrode-electrolyte interface. Brazier et al. 

reported TEM observation of the electrode田electrolyteinterface on the thin film batteries 

using oxide四basedsolid electrolyte (amorphous LhO-V20S-Si02). Their TEM observations 

suggested that the deterioration of the interface upon cycling was caused by the migration of 

the chemical elements between stacked layers [13]. The morphology， structur久 and

elemental distribution at the interfacial region directly affect the electrochemical performance 

of the alトsolid四statebatteries; their investigation enables us to obtain guidelines for an ideal 

electrode-electrolyte interface in al1-s01id四statebatteries with high performance. As 

described aboveラ itis readily apparent that the interfacial observation between positive 

electrode and sulfide solid electrolyte is unportant. Thereforeラ wehave conducted TEM 

observations of the interface between LiCo02 and sulfide solid electrolyte. 

In the present chapterラtheinterface between the LiCo02 electrode and 80LhS. 20P2SS 

glass由ceramicsolid electrol戸eof all-solid幽statecells was studied using TEM and scanning 

TEM (STEM) with energy dispersive X→~ay spectroscopy (EDX). Satnples for TEM 

observation were prepared using a focused ion beatn (FIB). The electrode-electrolyte 

interface of the cell using LhSi03-coated LiCo02 was compared with that using uncoated 
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LiCo02 to clarify the coating effect from the viewpoint of structural changes. 

3.2. Experimental 

3.2.1. Cross醐sectionalobservation of electrode欄electrolyteinterface 

After charge-discharge measurementsヲ thelayered pellets of InJ80LhS. 20P2SS1 

LiCo02 were obtained by removing of stainless steel current col1ector from the all-solid鳳state

cells. Samples of the LiCo02/solid elec仕olytecross section for TEM observations were 

obtained using focused ion beam (FIB) milling of the positive electrode layer. The 

electrode由electrolyteinterface was analyzed using TEM (JEM2100F; JEOL). An elemental 

mapping analysis for the cross-section of the positive electrode layer was conducted using 

STEM equipped with EDX (JED同2300T;JEOL). The samples were transferred in Ar 

atmosphere from a glove box to the equipments for FIB and TEM. 

3.3. Results and discussion 

3.3.1. Interfacial observation between LiCo02 electrode and LhS-P2SS solid electrolyte 

To analyze the interface between LiCo02 electrode and LhS-P2SS solid electrolyteラ

we conducted TEM observations of the positive electrode layer of the all皿solid-statecells. The 

all-solid田statecell using uncoated LiCo02 after charging to 3.6 V vs. Li-In at the current 

density of 0.13 mA C1TI・2was used for observations. 

Figure 3-1 (a) shows cross四sectionalhigh国angleannular dark field (HAADF) TEM 

images near the interface between uncoated LiCo02 and LhS…P2SS solid electrolyte. The 

measurements were conducted after 1 st charging to 3.6 V vs. Li-In at the current density of 

0.13 mA cm-2. Figure 3-1 (b) shows a n1agnified image of LiCo02/LhS-P2SS interface 

presented as a square in Figure 3-1 (a). The TEM images show that LiCo02 electrode and 

LhS-P2SS solid electrolyte retains a smooth contact after charging. An interfacial layer is 
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Figure 3-1 (a) Cross田sectionalhigh-angle annular dark field (HAADF) TEM 
images of the interface between the LiCo02 electrode and the Li2S-P 2SS solid 
electrolyte. (b) Magnified image of the area described by the square in Fig. 3-1 a. 
Observations were conducted after initial charging to 3.6 V vs Li-In. 
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visible at the interface between LiCo02 e1ectrode and LhS-P2SS solid electrolyte in Figure 

3皿l(b).The layer thickness is ca. 10 mn. 

Figure 3之 showsa HAADF-STEM image and EDX mapping for the Co element 

near the LiCo02 electrode/LhS-P2Ss solid electrolyte interface. Existence of a Co element 

of LiCo02 electrode is observed in LhS…P2SS solid electrolyte， indicating that Co diffusion 

from LiCo02 to LhS-P2SS occurs. More details are available from EDX line profiles at the 

region near the LiCo02 electrode/LhS…P2SS solid electrolyte interface. 

Figure 3-3 (a) shows the HAADιSTEM image of the LiCo02/LhS-P2SS interface. 

Figure 3-3 (b) presents the EDX line profiles of the existence ratio for Co， SラandP elements 

at the position indicated by the aITOW in Fig. 3-3 (a). The coexistence of Coラ Sラ andP 

elements is observed at the interfacial layerラ indicatingthat the elelnents of LiCo02 and 

LbS-P2SS solid electrolyte mutually diffuse. In particular， the Co diffusion from LiCo02 to 

LhS-P2SS is outstanding; the Co element is observed even at a distance of 50 mn合omthe 

interface. Moreover.ラ theEDX line profile shows small S diffusion into LiCo02・ Themutual 

diffusion of CoラS，and P is related to the formation of the interfaciallayer. 

The nanostructure at the interfacial region was analyzed using nanoarea electron 

diffraction (rトED). Figure 3-4 presents a cross四sectionalHAADドSTEMI1nage and the 

IトEDpattenl at several points of the LhS-P2SS solid electrolyt久interfaciallayer，and LiCo02 

electrode. The n-ED pattem of the solid electrolyte (position 1) shows that the solid 

electrolyte is amorphous. The n-ED pattems of LiCo02 electrode show the same diffraction 

pattems from inside to the surface (position 4 and 5)ラindicatingthat the LiCo02 is a single 

crystal and that large degradation does not occur. On the other handラthen-ED pattems of the 

interface layer (position 2 and 3) show pattenls suggesting the prese註ceof a nanosize 

polycrysta1. The EDX analysis shows that the interfaciallayer mainly comprises Co and S. 

UchI1noto et al. reported froln X-ray absorption spectroscopy that a cOlnpound whose 
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(a) 

Figure 3-2 (a) Cross-sectional HAADF-STEM image and (b) the corresponding 
EDX mapping for the Co element near the LiCo02 eJectrode/Li2S-P2SS solid 
electrolyte interface after initial charging. 
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Fjgure 3・3 (a) Cross-sectional HAADF-STEM image of LiCo02 clcctrode / Li2S-
P2S5 solid elech'olyte intcrfacc after initiaJ charging and (b) cross-sectional EDX line 
profiles f01" Co， P， and S elements. The anow in Fig. 3・3(a)presents the positions at 
which EDX measurements were taken. 
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Figure 3-4 Cross由sectionalHAADF-STEM image and the n-ED pattems of the 

Li2S-P 2SS solid electrolyteラ theinterfacial layerラ andthe LiCo02 electrode after 

initial charging. The numbered points in the HAADF-STEM image co町espondto 

the positions of n-ED measurements. 
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electronic state resembles that of CoS is produced at the interface between LiCo02 and a 

sulfide electrolyte during charge同dischargecycling [14]. Consequently， it is assumed that 

polycrystalline cobalt sulfides with nanosize exist at the interfacial layer. However， 

identification of the polycrystals is difficult because there are no remarkable spots in the n-ED 

pattem. 

The interfacial TEM observation revealed that the interfaciallayer was formed at the 

interface between LiCo02 and LhS-P2S5 solid electrolyte. Moreoverラ mutualdiffusion of 

CoラP，and S was observed at the interface. The forτnation of the interfacial layer and the 

mutual diffusion indicates the degradation of the LiCo02 electrode and LhS-P2S5 solid 

electrolyte near the interface. Degradation of the interface is inferred as one cause of the 

large interfacial resistance of the electrode田electrolyteinterface of the all-solid-state batteries 

using LiCo02 electrode and LhS-P2S5 solid electrolytes. Suppression of both the formation 

of the interfacial layer and the diffusion is expected to be effective in decreasing the 

interfacial resistance and bringing about improvement of the electrochemical performance of 

all-s01id-state cells. 

3.3.2. Interf:臼'acialobserva託tionbetween LhS鈍i03"舗酬酬-c網-c剛.

solid electrolyte 

In Section 3.3.1， it has been revealed that the interfacial layer was formed and that 

the elements of Co， P， and S mutual1y diffused at the interface between LiCo02 and the 

LhS-P2S5 solid electrolyte. These results s百ggestthat the interfacial structural changes 

cause the high interfacial resistance for lithium-ion conduction between LiCo02 and solid 

electrolyte. Oxide coatings have been reported as an effective means to decrease the 

interfacial resistance of the alトsolid自statecells using sulfide solid electrolyte， as presented in 

Chapter 2. In this sectionラ theelectrode-solid electrolyte interface of the cell using 
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LhSi03-coated LiCo02 particles as a positive electrode material was investigated. The 

LhSi03 coating is effective in decreasing the interfacial resistance and improving the high 

rate performance of the all-s01id田statecells using LiCo02 electrode and LhS-P2SS solid 

electrolyte. The LiCo02 / LhS-P2SS interface of the cell using Li2Si03皿coatedLiCo02 after 

charging to 3.6 V vs. Li-In. was specifically examined. 

Figure 3δ(aラb)shows the HAADF-STEM image and (c) the EDX mapping for Co 

element near the LhSi03-coated LiCo02 electrode / LhS-P2SS solid electrolyte interface. 

The LiCo02 and LhS-P2SS solid electrolyte retain their smooth contact (Fig. 3づい))ー The

EDX mapping shows that the Co diffusion from LiCo02 to LhS-P2SS is suppressed by 

LhSi03 coatings. Figure 3-6 (a) shows the HAADF-STEM Ilnage and Fig. 3-6 (b) shows 

EDX line profiles of the existence ratio for Co， PラSラandSi elements at the position indicated 

by the arrow in Fig. 3-6 (a). In the STEM imageヲtheinterfaciallayer is visible. The EDX 

line profile shows that the Si element of the LhSi03 coating' is visible at the interface. The 

EDX line profile also shows coexistence of Co， P， and S elements at the interfacial region. 

Figure 3-7 presents the cross田sectionalHAADF-STEM image and the n-ED pattems of the 

interface between LhSi03-coated LiCo02 electrode and LhS-P2SS solid electrolyte. The 

n-ED pattem of LhS-P2SS solid electrolyte (position 5) shows that the solid electrolyte is 

amorphous. The n-ED pattem of the interfacial layer (position 4) shows that the interfacial 

layer is alnorphous. The n-ED pattems of LiCo02 (positions 1…3) show the same patternsヲ

indicating that the LiCo02 particle is single四crystaland that large degradation does not occur. 

The Co and S elements were observed at the interfacial layer， where the LhSi03 thin films 

were present; cobalt sulfides would form partially at the interfacial layer. HoweverラtheCo 

diffusion at the interface in the presence of the LhSi03 thin film decreases compared to that at 

the interface without LhSi03 thin film (Figs. 3-2 and子3). The Co diffusion is thus 

suppressed by the LhSi03 coating layer. The LhSi03 acts as a buffer layer preventing the 
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(b) 

Figure 3・5(a) Cross-scctional HAADF-STEM imagc ncar the Li2SiO)・coated
LiCo02 clcctrodelしI2S-P2SSsolid electrolytc intcrface after initial charging. (b) 
Magnified image of cross-sectional HAADF-STEM image. (c) EDX mappIng for 
the Co e)ement in thc arca corrcsponding to (b). 
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lァigure3~6 (a) Cross-sectional HAADF-STEM image of the Li2SiOrcoated 
LiCo02/Li2S-P2SS interface after initial charging and (b) cross-sectional EDX line 
profiles for Co， P， S， and Si elements. The arrow in (a) indicates the positions of the 
EDX measurements. 
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Figure 3-7 Cross崎sectionalHAADF-STEM image and the n-ED patterns of the 

interface between Li2Si03田coatedLiCo02 electrode and Li2S-P2SS solid electrolyte 
after initial charging. The numbered points in the HAADF-STEM Ilnage correspond 

to the positions of n-ED meaSUI・ements.
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elemental diffusion from the LiCo02 electrode to LhS-P2SS solid electrolyte. 

Nanocrystal1ine materials are not observed in the n-ED pattems when using LhSiOγcoated 

LiCo02・ Theinterfaciallayer in this case is considered as an amorphous LhSi03 coating 

layer. The LhSi03 coatings suppress formation of the polycrystalline interfacial products. 

The LhSi03 coating layer is effective in preventing the direct contact between LiCo02 and 

LhS-P2SS and suppressing degradation ofthe interface such as the mutual elemental diffusion 

and the forτnation of interfacial products. 

Ohta et al. proposed a “space-charge layer model" to explain the large interfacial 

resistance between LiCo02 and the sulfide solid electrolytes in all-s01id町statebatteries using 

LhぉGeO.2SPO.7SS4(thio-LISICON) as a solid electrolyte [1か12]. In the modelう thereason 

for the large interfacial resistance is considered to be formation of a lithium田deficientlayer 

(space時chargelayer) at the interface. The space-charge layer results from lithium-ion 

transfer from the sulfide electrolyte to LiCo02 because of the large difference of 

electrochemical potentials in these lnaterials. The coatings of Li4 Tis012， LiNb03， and 

LiTa03 on the LiCo02 electrode yielded a low interfacial resistance in the all-s01id岬state

batteriesラandOhta et al. suggested that the oxide coatings act as a buffer layer to suppress the 

formation of the space-charge layer [10-12]. Structural changes caused by the diffusion of 

Co， P， and S elements and the formation of new interfaciallayers mainly cOlnposed of Co and 

S at the LiCo02 / LhS-P2SS interface were identified. These phenomena are one reason for 

the large interfacial resistance of the all-s01id-state batteries. The coatings of LhSi03 on 

LiCo02 were effective in suppressing the interfacial layers. The suppression of the 

interfacial layers would be the main reason for the reduction of interfacial resistance between 

LiCo02 electrode and LhS-P2SS solid electrolyte. 

So far， observations of the electrode-electrolyte interface of al1-s01id世statecells after 1 st 

charging to 3.6 V vs. Li-In at the current density of 0.13 mA cm-2 were discussed. The 
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interface of the al1-solid-state cell after charge間dischargeprocess for 100 cycles at the cuηent 

density of 1.3 mA cm-2 has been analyzed. The cycle performance of the cell was shown in 

Fig.2-21. 

Figure 3-8 presents the cross側sectionalHAADF-STEM images and the n-ED pattems 

of the interface between LhSi03-coated LiCo02 electrode and LhS-P2SS solid electrolyte 

after the charge-discharge processes at 1.3 mA cm大 TheHAADF-STEM images show that 

the contact between the LhS-P2SS solid electrolyte and the LiCo02 electrode is maintained 

after charge-discharge measurements. The n-ED pattems shows that the crystal structure of 

the LiCo02 particle near the interface shown as positions 3 and 4 is similar to that of the 

inside shown as positions 1 and 2. N everthelessラlatticeparameter of c axis at the interface is 

smaller than that at the particle inside. The relationship between the lattice parmneter and 

electrochemical performance is not clear at the present stage and further studies are needed to 

explain this result. Figure 3θshows cross岬sectionalHAADF-STEM image and EDX 

mappings for 0， Si， P， SラandCo elements at the LhSi03-coated LiCo02 electrode/LhS-P2Ss 

solid electrolyte interface after charge目dischargecycles for 100 times at the current density of 

1.3 mAcm“2 At the interface between LiCo02 particles and LhS-P2SS solid electrolyteヲSi

element of the LhSi03 coating is observed. The Co diffusion from LiCo02 to LhS-P2SS is 

not visible. Figure 3-10 (a) shows the HAADF-STEM image and Fig.子10(b) shows EDX 

line profiles of the existence ratio for P， SラCo，Si and 0 elements at the position indicated by 

the aITOW in Fig. 3-10 (a). The Si element ofthe LhSi03 coating is visible at the interface. 

The EDX line profile shows coexistence of Co， P， and S elements at the interfacial region. A 

large Co diffusion is not observed; the di:Dおsionis suppressed by the LhSi03 coatingう

although the existence of about 1 atoln% Co is observed at a distance of 50 nm frOlTI the 

interface. After 100th charge四dischargemeasurement at the cu口entdensity of 1.3 mA cmへ

the formation of the high resistive interfacial layer between LiCo02 and LhS-P2SS would be 
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(a) HAADF-STEM Image (b) HAADF-STEM Image 
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Figure 3-8 Cross聞sectionalHAADF-STEM image and the n-ED patterns of the 
interface between Li2Si03田coatedLiCo02 electrode and Li2S-P2SS solid electrolyte 
after 100 the charge-discharge process at the current density of 1.3 mA cn1矢 The
numbered points in the HAADF-STEM image correspond to the positions of n-ED 
measurements. 
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HAADF-STEM Image 
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Figurc 3-9 Cross-sectional J IAADF-STEM image and EDX mappings fol' 0， Si， P， 
S、andCo elements ncal' thc Li2Si03・coatedLiCoO:! electrodc/Li2S-P2S5 soJid 
electrolyte intcrfacc aftcr 100 cycles at the current density of卜3mA cm-2， 
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Figure 3-10 (a) Cross-sectional HAADF-STEM image of the Li2SiOγcoated 
LiCo02/Li2S-P2SS interface aftcr 100th discharging and (b) cross-sectional EDX line 

profiles fo1'・P，S， Co， Si and 0 elements. The an‘ow in (a) indicates the positions of 
the EDX measurements. 
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suppressed by the LhSi03 coating. These resul比tssupport the good cycle perfor口m立nanceofthe 

all-s個

the all-同soliほd-s託ta拭tecells operated a抗ta high cu汀entdensity i臼simproved by oxide coatings 

because of the suppression of th児einterfacial reaction between LiCo02 and LhS-P2SS solid 

electrolytes during charge四dischargeprocess. The effects of the oxide coatings are 

significant in the interface with a high reactivity such as that of the alトsolid-statecells 

charged to a high potential. The interfacial resistances of the cells using uncoated and 

LhSi03-coated LiCo02 after charging to 4.0 V vs. Li-In were respectively 1700 and 750 Q as 

shown in Fig. 2-18. The increase in impedance was effectively suppressed by the LhSi03 

coating. Results showed that suppression of the formation of the high resistive interfacial 

layer was effective in in1proving the electrochemical performance of the alトsolid蜘state

batteries. 

3.4. Summary 

In this chapter， the interface between the LiCo02 electrode and the 80LhS， 20P2SS 

glass-ceramic solid electrolyte of all-solid四statecells was studied using TEM. In addition， 

the electrode-electrolyte interface of the cell using the coated LiCo02 was compared with that 

using uncoated LiCo02 to clarぜythe coating effects from the perspective of structural 

changes. 

The interfacial TEM observation revealed that the interfacial layer formed after 

charging the all-solid引 atecel1s was observed between the electrode and the solid electrolytes. 

Moreover.う Co，PうandS elements mutually difJおsedbetween LiCo02 and the LhS-P2SS solid 

electrolyte. These results reflect that side reactions occurred at the electrode甲electrolyte

interfaceラ whichindicates the degradation of the LiCo02 electrode and LhS-P2SS solid 

electrolyte near the interface. Degradation of the interface is inferred as one cause of the 
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large interfacial resistance of the electrode-elec位。lyteinterface of the all-solid開statebatteries. 

Those phenomena at the interface were suppressed using LhSi03 coatings. The LhSi03 

coatings act as a buffer layer to suppress the side reaction at the interface such as the mutual 

diffusion of CoラP，and S. The suppression of the interfaciallayers is the main reason for the 

reduction of interfacial resistance between LiCo02 electrode and LhS-P2SS solid electrolyte. 

-132-



3.5. References 

[1] J. Cho， Y.-J. KimラB.ParkヲChem.Mater.， 12 (2000) 3788. 

[2] J. Cho， Y.-J. Kim， J.四T.Kim， B. ParkラAngew.Chem. lnt. Ed.， 40 (2001) 3367. 

[3] J. Cho， B. KimヲJ-GLeeラY.-W.KimラB.ParkラJ.Electrochem. Soc. 152 (2005) A32. 

[ 4] Z. Chen， J .R. Dahn， Electrochem. Solid四StateLett.， 6 (2003) A221. 

[5] Z. ChenヲJ.R.Dahn， Electrochim. Acta 49 (2004) 1079. 

[6] Y.由K.Sun， S.-W. ChoラS.世T.M戸lng，K. AmineラJ.Prakash， Electrochim. Acta 53 (2007) 

1013. 

[7] T. Minami， Solid State lonics for Batteriω; Springer-Ver1agラTokyoラ2005.

[8] F. MizunoラA.HayashiヲK.Tadanaga， M. Tatsumisagoラ J.Electrochem. Soc. 152 (2005) 

A1499. 

[9] A. HayashiうY.NishioラH.Kitaura， M. TatsumisagoラElectrochem.Commun. 10 (2008) 

1860. 

[10] N. Ohta， K. Takada， L. Zhangう R.Ma， M. Osada， T. Sasaki， Adv. Mater. 18 (2006) 

2226. 

[11] N. OhtaヲK.Takada， 1. SakaguchiうL.ZhangラR.Ma， K. Fukuda， M. Osada， T. Sasakiラ

Electrochem. Commun. 9 (2007) 1486. 

[12] K. Takada， N. OhtaラL.ZhangヲK.Fukuda， 1. SakaguchiラR.MaヲM.Osada， T. Sasakiラ

Solid State lonics 179 (2008) 1333. 

[13] A. Brazier， L. DupontラL.Dantras-Laffont， N. KuwataラJ.Kawamura， J.四M.Tarascon， 

Chem. Matelて， 20 (2008) 2352. 

[14] Y. UchimotoラM.Wakihara， in Solid Stαte lonics for BαtterieムMinmniラT.Editor， Solid 

State lonics for Batteries; p. 126ラSpringer-VerlagラTokyoラ2005.

-133… 



4. Enhancement of Performance of All醐Solid-StateCells U sing Highly 

Conducting Solid Electrolyte Films 

4.1. Introduction 

All山solid四statelithium secondary batteries with nonf1ammable solid electrolytes have 

attracted attention because of their excellent potential for improving the safety of lithium-ion 

secondary batteries. One disadvantage of alトsolid田statebatteries is the difficulty of 

formation of an effective electrode世electrolyteinterface. Designing a favorable composite 

electrode is important for the development of all-solid-state batteries. In all-solid田state

battery s勾ys坑temsusing Sl叶1註lf自ide.桐ゐ

positive electrode and solid electrolyte was observed after the initial charging process when 

LiCo02 was used as the electrode active material [1-3 and Chapter 2]. As described in 

Chapter 3ラthehigh resistance was caused by degradation of the interface between LiCo02 

and LhS-P2SS solid electrolytes. For官1Inga favorable electrode/electrolyte interface by 

interfacial modification effectively decreased the interfacial resistance. Coatings of oxides 

such as Li4Tis012， LiNb03， LiTa03， LhO-Si02， LhO-TiOぉandLi4Si04-LhP04 on LiCo02 

particles have been reported as an effective modification technique [ト3and Chapter 2]. 

The fonnation of effective electron and lithium-ion conducting paths to the electrode 

active lnaterials in composite electrode is also unpoliant in addition to the 

electrode/electrolyte interfacial modification. In this chapterラ newall-solid田statebatteries 

using highly conducting solid electrolyte films as shown in Fig.ト2in Chapter 1 have been 

prepared. In typical all-solid-state cells (Fig.ト2(a))， a cOlnposite electrode c01nposed of 

LiCo02 electrode particles and LhS-P2SS solid electrolyte pmiicles is used as a working 

electrode to provide a lithium四ionconducting path to the LiCo02・ Theamount of solid 

electrolyte pmiicles needed in the composite electrode is currently approximately 20-30 wt% 
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[4]. A decrease in solid electrolyte content can effectively increase the energy density of a 

composite electrode. ln the all-solid軸statecells using Solid四Electrolyte(SE)-coated LiCo02 

shown in Fig.ト2(b)， a favorable contact between LiCo02 electrode and LhS-P2SS solid 

electrolytes can be formed. In addition， the contents of solid electrolyte in the working 

electrode would be reduced effectively. This willlead to a dramatic improvement of energy 

density of all田solid由statebatteries. ln the all時solid田statecell based on thin solid electrolyte 

layer shown in Fig.ト2(ゅう thepositive composite electrode and the negative electrode are 

separated using thin solid electrolyte layer. High energy density and high rate capability are 

expected by using solid electrolyte thin film because of decreasing thickness and resistance of 

solid electrolyte. 

The solid electrolyte thin films for SE田coatedLiCo02 particles require high lithium時10n

conductivity to fonn lithiumイonconducting paths in the c01nposite electrode. The highly 

conducting thin films are also preferred to be used for the thin solid electrolyte layer for the 

improve1nent of rate perfonnance. Sulfide-based solid electrolytesラ especiallyLhS-P2SS 

systemsラ exhibithigh ionic conductivity of 1nore than 10画3 S c1n・1at 250C and high 

electrochemical stability [5-9]. 

Pulsed laser deposition (PLD) is a useお1tool to prepare thin films with good quality. 

lt has been used for preparation of thin films designed for use in lithium secondary batteries 

[10-14]. Only a couple of miicles have described sulfide.幽basesolid electrolyte thin films 

prepared using PLD: mnorphous LhぉGeoぉPO.7SS4(thio四LISICON)[15] and LhS-P2SS [16] 

thin films. Sulfide thin films prepared using PLD exhibited high lithium田ionconductivity of 

more than 10-4 S cm-1
• Although it is I1nportant to clarify the effects of preparation 

conditions on the structure， compositionラ andionic conductivity of the sulfide film民 such

effects have not been reported in detail. 

ln this chapterヲ thepreparation of highly conducting sulfide-based solid electrolyte 
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films and their application to new bulk四typeall-solid-state batteries are described. 

Firstly， the LhS-P2SS glassy solid electrolyte thin films were prepared by PLD. Thin 

films with composition of xLhS'(100-X)P2SS (mol%; x = 50田80)were investigated. The 

chemical composition， local struct町民 andionic conductivity of the films prepared under 

various ambient gas pressures were studied to clarify the effect of ambient gas pressure on 

sulfide film properties. 

Secondly， Solid-Electrolyte (SE)-coated LiCo02 particles were prepared by coating 

LhS-P2SS solid electrolyte films onto LiCo02 particles using PLD; the battery performance of 

all-solid-state cells using the SE-coated LiCo02 particles were evaluated. Cross-sections of 

the composite electrodes in the all-solid四statecells were observed using a transmission 

electron microscope (TEM) to investigate the packing morphology of the SE四coatedLiCo02 

particles and the elemental distribution at the interfaces between the particles. 

Finallyラ thesulfide-based solid electrolyte thin films were applied to the electrolyte 

layer which separates the positive composite electrode and the negative electrode. 

The possibility of those new types of all-s 

4.2. Experimental 

4.2.1. Preparation of sulfide based solid electrolyte thin films 

Thin films of the solid electrolyte were fabricated using PLD with a KrF excimer 

laser (λ= 248 nm， LPXPro， Lambda Physik). The deposition condition was summarized in 

Table 4-1. The pulse energy was 200 mJ/pulse and the repeating frequency was 10Hz. 

The energy density of the focused laser beam was estimated as about 2 J/cln2 at the target. 

Argon gas (99.99%) was used as an atnbient gas; various pressures of the atnbient argon gas 

(10-2 -10 Pa) were used. The distance from the target to the substrate was 7 cm. The 

pelletized mixture of LhS (99.9%) and P2SS (990/0) crystalline powder was used as a target 
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Table 4-1 Deposition condition 

Laser 

Frequency 

Laser fluence 

Target 

Substrate temperature 

Target-substrate distance 

Alnbient gas 

Gas pressure 

Substrate 

KrF eximer laser (248 nln) 

10 Hz 

2 J cm-2 

Li2S : P 2S5 == 80 : 20 (molar ratio) 

== 75 : 25 

== 70 : 30 

== 50 : 50 

Room temperature 

7cm 

Ar gas 

10-2 - 10 Pa 

SiラSi02glass 
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without sintering for the preparation of LhS-P2SS films. Similarly， the pelletized mixture of 

(99.9%) and GeS2 (99%) crystalline powder was used as a target without sintering for the 

preparation of LhS-GeS2 films. Solid electrolyte thin films were deposited on a silicon 

substrate and a qua社zglass substrate with comb-like gold electrodes. The deposition was 

conducted at room temperature. To avoid air exposure of the deposited thin filmsラ an

Ar-filled glove box was connected to a vacuum chamber. 

The thin film morphology was observed using a scal111ing electron microscope (SEMラ

VE四8800;Keyence Co・ラ or.Tiny SEM Mighty四8;Technex Lab. Co.). The film thickness was 

measured using SEM and a thin film measurement system (F20; Filmetrics Inc.). X同ray

diffraction (XRD) measurelnents (CuKα) were performed using a diffractometer 

(MI8XHF22但SRA;Mac Science Ltd.). Local structures of the samples were analyzed using 

Raman spectroscopy with a spectrometer (RMP-210; Jasco Inc.) equipped with a green laser 

(532 nm). Lithium-ion conductivities were measured for the thin films deposited on a quartz 

glass substrate with comb-like gold electrodes. Electrochemical impedance spectroscopy 

measurelnents of the thin films were performed using an impedance analyzer combined with a 

dielectric interface (SI 1260 and SI 1296; Solatiron Analytical). Measurements were 

conducted under an Ar atmosphere. The chemical cOlnposition of the thin filn1s and targets 

were detennined as an elemental analysis of Li and P using inductively coupled plasma 

atomic elnission spectroscopy (ICP-AES， SPS7800; Seiko Instrulnents Inc.). 

4.2.2. Preparation of LhS-P2SS solid electrolyte酬coatedelectrode particles 

The Li2S-P2SS solid electrolyte was coated on LiCo02 particles (DI0; Toda Kogyo Co.) 

using a PLD technique. The solid electrolyte thin films of the 80LhS.20P2SS (mol%) solid 

electrolyte were fabricated using PLD with a KrF excin1er laser as shown above. The 

LiCo02 particles used in this study were coated with LiNb03 film in advance because 
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LiNb03-coated LiCo02 shows a good rate performance in the all-solid四statebatteries using 

sulfide甲basedsolid electrolyte [2]. In the PLD vacuum chamber used in this study， target 

holders were attached at the upper side and a sample holder with a vibrator was equipped at 

the bottom side. This PLD system allows us to form the solid electrolyte films on electrode 

particles. During deposition of the solid electrolyteラ LiCo02particles were fluidized by a 

vibration system (VIB-FBラNaraMachinery Co.) in order to form the solid electrolyte layer 

uniformly on LiCo02 particles (Fig. 4田1). The frequency of square pulse for fluidizing the 

patiicles was 50 Hz. Deposition time was varied from 0 min to 240 min to obtain the 

LhS-P2SS coatings with different thickness. Heat treatment of SE四coatedLiCo02 was 

canied out in the Ar atmosphere. Morphology of LiCo02 particles was observed using a SEM 

equipped with an energy dispersive X四rayspectroscopy (EDX) system. 

4.2.3. Preparation of aIl-solid圃statecells 

All-solid冊statecells (ln / 80LhS' 20P2SS glass-ceramic solid electrolyte / LiCo02) 

were constructed to investigate electrochemical perfonnance of LiCo02 coated with 

80LhS.20P2SS solid electrolyte. lndium foil (99.999%; Furuuchi Chemical Corp.) was used 

as a counter electrode. The LhS-P2SS solid electrolyte particles were usually added to the 

working electrode layer in previous repolis; the working electrode consisting of 70 wt% 

LiCo02 particles and 30 wt% LhS-P2SS glass田ceratnicsolid electrolyte particles. In contrastヲ

the solid electrolyte patiicles were not added to the working electrode layer in this study to 

investigate the effect of the solid electrolyte coating on LiCo02 particles; the working 

electrode consisting of only SE田coatedLiCo02 particles. ln additionうtheworking electrode 

consisting of 90 wt% SE四coatedLiCo02 particles and 10 wt% LhS-P2SS solid electrolyte 

particles was also preparedラwherethe contents of solid electrolyte particles were reduced. A 

bilayer pellet consisting of the working electrode (10 mg) and glass-・ceramicsolid electrolytes 
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(80 mg) was obtained by pressing under 360 MPa (O = 10 mm); then indium foil was attached 

to the bilayer pellet by pressing under 240 MPa. The pellet was pressed using two stainless 

steel rods; the stainless steel rods were used as cu汀entcollectors for both working and 

counter electrodes. 

The all-solid町statecells were charged and discharged using a charge-discharge 

measuring device (BTS-2004; Nagano Co・， Ltd.) at room temperature. Electrochemical 

impedance spec仕oscopymeasurements of the all-solid-state cells were performed using an 

impedance analyzer (SI 1260; Solatiron) after charging them to 3.6 V vs. Li-In under 0.13 

mAcm・2at room temperature. The applied voltage was 50 m V and the frequency range was 

from 1 Hz to 1 MHz. The interface among LiCo02 patiicles coated with the 80LhS.20P2SS 

film in the working electrode was observed using TEM (JEM2100F; JEOL) to investigate 

how the coated LhS-P2SS solid electrolyte films exist among LiCo02 particles. Samples for 

TEM observations were obtained using FIB milling. The samples were transfeITed in Ar 

atInosphere from the glove box to the equiplnents for FIB and TEM. 

4.3. Results and discussion 

4.3.1. Preparation of sulfide solid electrolyte films by pulsed laser deposition 

4.3.1.1. LizS-P2SS solid electrolyte films 

To determine preparation conditions of sulfide thin film民 thecomposition of 

80LhS・20P2SS (mol%) was firstly selected because the composition has the highest 

lithiuln-ion conductivity in the LhS-P2SS glass system [9]. The XRD pattem of the 

80LhS.20P2SS thin film prepared under 10幽2Pa is presented in Fig. 4-2. The 80LhS. 20P2Ss 

thin film as-deposited shows no peaks in the XRD pattemラ suggestingthat the thin film 

prepared at room temperature is amo中hous. Figure 4-3 shows an SEM image of 

cross四sectionof the 80Li2S. 20P2SS thin film deposited under 10幽2Pa on a Si substrate. The 
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Figure 4-2 XRD pattem ofthe 80Li2S.20P2SS thin film prepared under ambient Ar 
gas pressure of 10-2 Pa. 
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Figure 4-3 SEM image of the cross section of the 80Li2S・20P2SSthin film prepared 

under ambient Ar gas pressure of 10-2 Pa. 
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prepared thin film is dense and has a generally smooth surface without large droplets. The 

film thickness is ca. 3ト1m;the thicknesses of all thin films prepared in this study were several 

mlcrometers. 

The atomic ratios of Li and P in the targets and the prepared thin films were determined 

by ICP-AES. Table 4-2 presents chemical compositions ofthe 80LhS.20P2SS (mol%) target 

and the thin film prepared under various Ar gas pressures. The a託tomi比cratio 0ぱfLi:P 0ぱfthe 

target determined by ICP i臼s80:ヨ20ラ whi比chcorresponds to the nomina討1compos註it託ion. The 

films p戸re句pa訂re吋dun吋deぽrAr gas pressures of 10-へ1，ラand5 Pa aぽreヲrespectivelyぅ85:15ぅ82:18ラand

80:20. The atomic ratio of Li ofthe films prepared under low Ar gas pressures is larger than 

that of the target. Moreover.ヲ itdecreases concomitant1y with increasing Ar gas pressure. 

The atomic ratio of the thin film prepared under 5 Pa shows good agreement with that of the 

target. Figure 4-4 shows the Raman spectra of the 80LhS. 20P2SS thin films prepared by 

PLD under various Ar gas pressures (10-2-10 Pa). Peaks at around 385ぅ420，and 475 cm-1 are 

observed for the fihns obtained. Tachez et al. [17J have reported that the Raman peaks at 

382 and 418 Clnぺwereラrespectivel yラattributedto P2S6
4伽 ionsin the Li4P2S6 crystal and PS/欄

ions in the LbPS4 crysta1. The Raman peak at around 475 cm-
1 is attributable to S-S bonds 

in elelnental sulfur and/or lithiuln polysulfides: LhSx. [18J The films obtained comprise 

P2S64-， PS4
3
二andS-S bonds. The relative intensities of Raman peaks at 385 and 475 Clnぺ

against that at 420 cm-1 decrease with increased Ar gas pressure during deposition; the thin 

films deposited under 5 and 10 Pa are composed mainly of PS/-ions. Lithium polysulfides 

LhSxラwhichgive the peak at 475 cm七wouldbe present in the thin films prepared under high 

vacuuln because the lithium content of the films determined by ICP analysis (Table 4-2) was 

relatively higher than the targeted composition. Figure 4-5 shows Raman spectra of (a) the 

80LhS' 20P2SS targetうwhichis the pelletized mixture of LhS and P2SS crystal powders， (b) the 

80Li2S. 20P2SS glass powder prepared using a mechanical milling techniqueラwhichexhibits 
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Table 4-2 Chemical compositions of the target and the thin film prepared by PLD 

under the Ar gas pressure of 10-2ラ 1，and 5 Pa determined by ICP-AES 

Ar gas pressure しi P 
I Pa (Atomic ratio) 

80Li2S・20P2S5target 80 20 

10-2 85 15 

Thin film 82 18 

5 80 20 
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Figure 4-4 Raman spectra of the 80Li2S.20P2SS thin films prepared under Ar gas 
pressure of (a) 10冊2Paヲ(b)10ぺPaヲ(c)1 Pa， (d) 5 Paラand(e) 10 Pa. 
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(b) 80Li2S・20P2S5glass powder 

(
t
C
3
.
心
」
の
)
と I (c)しらScrystal 
ω 
c 
c 
c 

(d) P2S5 crystal 

500 450 400 350 
Wavenumber / cm・1

300 

Figure 4づ Ramanspectra of(a) the 80Li2S'20P2SS target (mixture ofLi2S and P2SS 
crystals)ぅ(b)the 80Li2S・20P2SS glass powder prepared using a mechanical milling 

techniqueぅ(c)Li2S C巧rstalpowderラand(d) P 2SS crystal powder. 

-147… 



high lithium-ion conductivity， (c) LhS crystal powder， and (d) P2Ss crγstal powder. The 

peaks observed in the target compr・isepeaks of LhS and P2Ss・ TheRaman spectrum of the 

80LhS.20P2SS glass powder prepared by milling shows a peak at 420 cmぺぅ which 

corresponds to the peak of the psl幽 ions. Results show that the local structures of the 

80LhS， 20P2SS thin films prepared at 5 and 10 Pa resemble those of the glass powder. 1n 

general， it is necessary to use the sintered compound as a target for the preparation of oxide 

thin films by PLD. It is noteworthy that amorphous thin films with a similar local structure 

to the cor・respondingglass were obtained even in the case using the mixture of starting 

materials as a target. Although fundamental processes occurring during laser ablation and 

deposition remain unclear， ambient Ar gas pressure is an important factor for the preparation 

of sulfide-based solid electrolyte thin fihns by PLD. 

Lithium-ion conductivities of the 80LhS.20P2SS films were measured using 

comb由likegold electrodes. Figure 4-6 shows an impedance plot of the 80LhS， 20P2SS thin 

film prepared under 10-2 Pa at 250C. A large semicircle and a subsequent straight line are 

observed in the plotラ whichindicates that the thin fihn is an ion conductor. The peak top 

frequency ofthe semicircle is 10 kHz; the estimated capacitance is 2.8x10・11F， indicating that 

the resistance of the semicircle is attr均utableto the bulk resistance of the fihn because the 

bulk capacitance is known to be 10“11_10世12F. Figure 4-7 shows the temperature dependence 

of ionic conductivities of the as-deposited and the heat伽treated80LhS.20P2SS thin films 

prepared under the Ar gas pressure of 5 Pa. Heat treatlnent was conducted at 2000C for 1 h. 

Conductivities of the films follow the Arrhenius equation; the activation energy for ionic 

conduction was calculated froln the slope of the plots. Table 4-3 presents the ionic 

conductivities and activation energies for ionic conduction of the 80LhS・20P2SSthin films 

prepared under 10酬2plラ and5 Pa. The respective ionic conductivities at 250C of the 

aトpreparedfilms deposited under 10へ1，and 5 Pa are 7.2xlOて6.2x10-sラand7.9x 10δScmぺ.
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Figure 4-6 Impedance plot of the 80Li2S.20P2SS thin film prepared at 10幽2Pa. 
Measurements were perfOlmed using comb-like gold electrode. 
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Figure 牛7Temperature dependence of ionic conductivities of the as甲depositedand 

heat-treated 80Li2S. 20P 2SS thin films prepared at 5Pa. Heat treatment was 

conducted at 2000C for 1 h. 
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Table 4-3 Ionic conductivities at 250C (σ25) and activation energies (Ea) for 
conduction of the as田depositedand heat-treated 80Li2S' 20P 2S5 thin films prepared 
under 10白人 1うand 5 Pa 

Pressure Heat treatment σ25 Ea 

/ Pa /oc / S cm-1 / kJ lTIol-1 

10-2 ブ.2X 10-5 40 

6.2xl0づ 42 

5 7.9x 10づ 43 

5 200 2.8 X 10-4 38 
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The activation energies of the thin films are 40-43 kJ mor1. All as田preparedfilms show 

similar ionic conductivity and activation energy. Although structural units of S-S and P2S6
4-， 

which decrease the ionic conductivity of glass [18]ラexistin the thin films deposited under 10・2

and 1 Pa， the conductivities of all the thin films are similar. The lithium田ionconductivities 

of the glasses in the system LhS-P2SS are known to increase with increased LhS contents and 

to attain a maximum at the composition of around 80 mol % LhS [19]. A possible reason for 

the similar ionic conductivity of the films is the fact that the higher lithium-ion content of the 

films deposited under 10-2 and 1 Pa compensates for the decrease of the lithiunトlon

conductivity because of the existence of the low-conductivity structures such as S-S and 

P2S6
4-. The lithium四ionconductivities of the as-deposited and heat-treated films prepared 

under the Ar gas pressure of 5 Pa are 7.9xl0“S and 2.8xl0・4S cm・1at 250C; their activation 

energies for ionic conduction ar久 respectively，43 and 38 kJ molぺ. The heat四treatedfilm 

exhibits higher conductivity and lower activation energy than the as由depositedfilm. The 

80LhS'20P2SS glass prepared by bal1 milling exhibited a crystal1ization peak at 21 OOC and the 

highly lithium四ionconducting thio岬LISICONanalog crystal was precipitated over the 

temperature. As a resultラtheconductivity of the glass was increased by crystallization [9ラ

20]. However.ラ clearcrystal1ine XRD peaks were not observed for the film with heat 

treatment at 200oC. This is probably because the crystal1ite size is too small to be detected by 

XRD. Taking into consideration the fact that the crystalline phase was fOlmed from the 

ball-milled glass powderラahighly conducting phase would be formed in the 80LhS.20P2SS 

films. Thereforeラtheconductivity of the films was increased by the heat treatment. The 

RaInan spectra of the heat-treated films were almost the same as those of the 俗世deposited

filmsぅindicatingthat the main component ions of Li+ and PS43-were not changed by the heat 

treatment. 

The LhS-P2SS thin fihns using the targets composed of other compositions were 
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prepared. The films showed similar behavior with tableι2 and Fig. 4-4. Figure 4-8 

shows the Raman spectra of the 70LhS， 30P2SS thin films prepared under Ar gas pressures of 

(a) 10-2 and (b) 5 Pa. The Raman spectrum of 70LhS'30P2SS glass powder prepared by 

mechanical mi11ing is shown in Fig. 4-8 (c) for comparison. The Raman spectrum of 

70LhS.30P2SS film prepared under 10-
2 Pa is similar to that of 80LhS.20P2SS film prepared 

under 10-2 Pa which is shown in Fig. 4-4; the film comprises P2S64-， psl-， and ふSbonds. A 

peak at around 410 cm-1 is observed for the film prepared under 5 Pa and the 70LhS. 30P2SS 

glass powder. Tachez et al. [1 7J have reported that the Raman peaks at 406 cm幽1was 

attributed to P2S7
4・ ionsin the Li4P2S7 glass. The film prepared under 5 Pa and the 

70LhS.30P2SS glass powder comprise of PS4
3
-and P2S7

4-. Figure 4θshows the Raman 

spec仕aof (a) 50LhS'50P2SS， (b) 70LhS.30P2Sぉ (c)75LhS.25P2Sぉand(d) 80LhS.20P2SS 

thin films prepared under an Ar gas pressure of 5 Pa. The local structures of a11 the 

LhS-P2SS thin films prepared at 5 Pa resemble those of the glass powder of the each 

compos1tIon. 

Table 4-4 summarized the lithium四ionconductivities of the LhS-P2SS films prepared at 

5 Pa. The films with high lithium-ion contents show high lithium-ion conductivities of more 

than 5x10幽SS cm-1 at 250C. In addition， the conductivities of the films increase with the heat 

treat1nent. The conductivities are more than 10-4 S cm・1 The Li2S-P2SS thin films exhibit 

much higher ionic conductivities than oxide solid electrolyte thin films such as LiPON 

(2x10幽6S cmぺ)[21]. Ther印?芯e:Dおor印eラ the80Liら2S.20P2SSt出hi泊nfilms ar問emoぽresuitable for 

applicat託10註 not only to a11ト問solid幽statethin甲イf自ilmbat仕teriεsbut also to bulk岬-typea11ト岬solid.網欄-s向

batteries. The thin films are effective in the formation of an ideal interface between solid 

electrode and solid electrolyteラwhichis necessary to investigate electroche1nical properties at 

the electrode/electrolyte interface of the a11-s01id聞statebatteries. Moreoverラthef01τnation of 

an ideal interface by coating sulfide thin fihns on electrode particles is expected to unprove 
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Figure 4-8 Ra1nan spectra of 70Li2S' 30P 2SS thin films prepared under Ar gas 

pressures of(a) 10-2 and (b) 5 Pa and (c) 70Li2S'30P2SS glass powderprepared using 

a mechanical milling technique. 
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Figure 4田9 Ratnan spectra of (a) 50Li2S'50P2SS. (b) 70Li2S'30P2SS' (c) 

75Li2S'25P2SS' and (d) 80Li2S'20P2SS thin films prepared under an Ar gas pressure 
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Table 4-4 The lithium ion conductivities of Li2S-P 2SS thin films prepared under 5 Pa. 

Composition 
Heat treatment Conductivityat 250C 

temperature (OC) (S cm-1) 

80Li2S.20P2SS 7.9 x 10づ

80Li2S.20P2SS 2000C 3.1 x 10-4 

75Li2S罵25P2SS 8.7 x 10づ

70Li2S.30P2SS 4.2 x 10づ

70Li2S.30P2SS 2800C 3.4 X 10-4 

50Li2S・50P2SS 1.0 x 10-6 
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the rate capability ofthe bulk-type batteries. 

4.3.1.2. LbS-GeS2 solid electrolyte films 

Table 4-5 presents chemical compositions of the LhS-GeS2 thin films prepared under an 

Ar gas pressure of 5 Pa. The atomic ratio of Li:Ge of the films prepared using 

67LhS.33GeS2 and 75LhS.25GeS2 targets ar久 respectively，63:37 and 67:33. The films 

with the Li:Ge ratio of 77:23 and 80:20 in the table corresponds to the compositions 

63LhS'37GeS2 and 67LhS'33GeS2 (mol%)ラrespectively. Although the atomic ratios of Li 

of the films are lower than that of the targetsラ thefilms with high lithium contents were 

prepared. Figure 4-10 (a) shows the Raman spec仕aof the films prepared by PLD using 

67LhS'33GeS2 and 75LhS.25GeS2 (mol%) targets prepared under an Ar gas pressure of5 Pa. 

A broad peak around 370 cm-1 is observed in each film. Figure 4-10 (b) shows the Raman 

spectra of 67LhS.33GeS2 powder prepared by mechanical milling (MM) for comparison. 

The Raman spectra of obtained two films prepared using both 67LhS， 33GeS2 and 

75LhS.25GeS2 targets reassemble that of 67LhS.33GeS2 prepared by MM. The thin films 

with a similar local stlucture to glass powder with high lithium contents were obtained by the 

deposition using an alnbient Ar gas pressure of 5 Pa. 

Figure 4-11 (a) shows impedance plot of the 75LhS.25GeS2 thin film. A large 

semicircle and a subsequent straight line are observed in the plotラwhichindicates that the thin 

五1mis a註 ionconductor. Figure 4-11 (b) shows the temperature dependence of ionic 

conductivities of 67LhS' 33GeS2 andブ5LhS.25GeS2thin fihns prepared under the Ar gas 

pressure of 5 Pa. Conductivities of the films follow the Arrhenius equation; the activation 

energy for ionic conduction was calculated from the slope of the plots. Table 4-6 presents 

the ionic conductivities and activation energies for ionic conduction of the LhS-GeS2 thin 

films prepared by PLDラ theLhS-GeS2 glassy f1akes prepared by rapid弓uenchwith 
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Table 4-5 Chemical compositions of Li2S-GeS2 thin films detennined by ICP-AES. 

The ambient Ar gas pressure was 5 Pa. 

Target Li jGe Li: Ge 

66Li2S・33GeS2 3.3 77 : 23 

75Li2S・25GeS2 4.0 80 : 20 
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Figure 4-10 Raman spectra of (a) the films prepared by PLD立sing67Li
2
S. 33GeS

2 

and 75Li2S.25GeS2 targets prepared under an Ar gas pressure of 5 Pa and (b) 
67Li2S.33GeS2 glassy powder prepared by mechanical milling (MM). 
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Figure 4・11 (a) impedance plot of the 75Li2S. 25GeS2 thin film at 30 nC and (b) 
temperature dependence of ionic conductivlties of 67Li2333GeS2a11d75Lj2325GeS2 

thin films. 
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Table 4-6 The ionic conductivities and activation energy for conduction of Li2S-GeS2 thin 
films prepared under 5 Pa. Those of the Li2S-GeS2 glasses prepared by rapid quench with 
twin-rol1er (TR)， and 67Li2S' 33GeS2 glassy powder prepared by mechanical milling (MM) 
were shown for comparison. 

Composition 
Type 

Conductivity Activation 
(Experiment) at 250C energy Ref. 

(method) 
(molOIo) (S cm・1) (kJ mol-1) 

67Li2S・33GeS2 Film (PLD) 1.2x10-4 39 This study 
(63Li2S' 33GeS2) 

75Li2S・25GeS2 Film (PLD) 1.2 X 10-4 44 This study 
(67Li2S・33GeS2)

63Li2S' 37GeS2 Flake (TR) 1.5 x 10-
4 31 [23] 

67Li2S・33GeS2 Flake (TR) 1.0x 10-
4 36 [23] 

70Li2S・30GeS2 Flake (TR) 1.2x 10-
4 33 [23] 

67Li2S' 33GeS2 Powder(MM) 2.5x10-
5 38 This study 
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twin-roller [22]， and 67LhS， 33GeS2 glassy powder prepared by MM. The ionic 

conductivities at 250C of 67LhS' 33GeS2 and 75LhS， 25GeS2 thin films are 1.2x 10-4 S cmぺfor

each film. The activation energies of the thin films are 39 and 44 kJ molぺ The

conductivity of xLhS' (100四X)GeS2glassy丑akes(x = 63， 67ラand70) are 1.0x10-4 to 1.5x10-4 

S cm-1; that of the 67LhS， 33GeS2 glassy powder prepared by MM  is 2.5 x 10-5 S cm-1. The 

LhS-GeS2 films prepared by PLD show similar ionic conductivities to the LhS-GeS2 glassy 

f1akes prepared by twin-roller rapid quench. The conductivities of the LhS-GeS2 films 

prepared by PLD are similar to or higher than those of the LhS-P2S5 films shown in Table 

4幽4.

4.3.2. All-solid酬statebatteries using electrode particles coated with LhS-P2SS 

4.3.2.1. LhS-P2SS coated LiCo02 

(i) Morphology of SE田coatedLiCo02 particles 

Figure 4-12 shows SEM images of 80LhS. 20P2S5 SE coated LiCo02 (SE田coated

LiCo02) with different coating timesうrangingfrom 0 to 40 min. Figure 牛12(a) shows an 

SEM image of LiNb03-coated LiCo02 without an LhS-P2S5 SE coating. The average 

particle dialneter was ca. 10μlnぅandthe surface of the LiNbOγcoated Li Co02 patiicles was 

relatively slnooth. The particle size of the SE (10 min)田coatedLiCo02， as shown in Fig. 

4-12 (b)ヲwassimilar to that without SE coating. Figures 4ι-12 (c吋)a釦I註ld(付d)show SEM images 

ofSE (ρ20min吟1サ)叩C∞oatedand SE (件40min的l)-C

40仏臨minSE-c∞oat給edLiCo02 were ca. 20μln， which was larger than that without SE coating. 

Small aggregates were fOlmed by depositing LhS-P2S5 SE on LiCo02 patiiclesヲandthe size 

of the secondary particles increased with increasing deposition tI1ne. Figure 4-13 shows the 

SEM and EDX明mapping(Co， P， and S) images of the LhS-P2S5 solid-electrolyte-coated 

(SE-coated) LiCo02 (deposition time of 40 min). The SEM image shows that the particle 
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Figure 4-12 SEM images of Li2S-P2SS solid田electrolyte田coatedLiCo02 patiicles 

with various coating times: (a) 0 minラ(b)10 minラ(c)20 minラand(d) 40min. 

-163-



Figurc 4・13 SEM imagc and EDX mapping in1ages for Co element司 Pelement， and S 
clcment ofthc Li1S-P2SS solid-electrolyte-coated LiCoO:! particles. 
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size of the LiCo02 particles is about 20μm; the coating materials are observed on the LiCo02 

particles. Phosphorous and sulfur elements of LhS-P2SS solid electrolyte film and cobalt 

element of LiCo02 particles are detected in the same areaラindicatingthat the LiCo02 particles 

are covered with LhS-P2SS solid electrolyte film. The chemical composition and the local 

structure of the LbS-P2SS solid electrolyte fihn prepared on a Si substrate by PLD were 

almost the same as those of the LhS-P2SS glass prepared by the mechanochemical method as 

shown in section 4.3.1.1 in this chapter. The LhS-P 2S S films prepared on Li Co02 would 

also have a similar chemical composition (80LhS' 20P2SS) and local structure to those of the 

film prepared on the Si substrate. Figure 4-14 shows a cross-sectional FE…TEM image of 

SE-coated LiCo02 particles. Coatings of LiNb03 with thickness of 7 nm were formed on 

LiCo02 particles in advance. A coating of LhS-P2SS solid electrolyte was observed on the 

LiNb03-coated LiCo02 particlesラwitha film thickness of 50-70 nm. The calculated weight 

ratio of LbS-P2SS coating to LiCo02 particles is ca. 1 : 100. 

The interface of the SE四coatedLiCo02 particles with no LiNb03 coating is observed 

for comparison. Figure 4-15 presents a cross開sectionalHAADF-STEM image and the n-ED 

pattems for the SE四coatedLiCo02 particles with no LiNb03 coating. An interfaciallayer is 

visible at the interface between LiCo02 electrode and LbS-P2SS solid electrolyte film. The 

layer thickness is ca. 5 nln. The n-ED pattelTI of the solid electrolyte (n-ED四7)shows that 

the solid electrolyte is amo中hous.The n-ED pattems of LiCo02 electrode show the smne 

diffraction pattems from inside to the surface (n-ED-l and 2)， indicating that the LiCo02 is a 

single crystal and that large degradation does not occur. On the other handラ then-ED 

pattenls of the interface layer (n-ED田3to 5) show pattems suggesting the presence of a 

nanosized polycrystal. The EDX analysis showed that the interfacial layer mainly was 

composed of Co and S elements. Those results of formation of interfacial cOlnpound 

between LiCo02 and LhS-P2SS are supported by the results discussed in Chapter 3. Those 
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Figure 4-14 Cross-sectional TEM image of the Li2S-P 2S5 solid四electrolyte-coated
LiCo02 particles. 
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Figure 4-15 Cross-sectional TEM image and the n-ED pattelTIS of SE-coated LiCo02 patiicles 
with no LiNb03 coating. The numbered points in the HAADF-STEM image correspond to the 
positions of n-ED measurements. 
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results suggest that the oxide coating such as LiNb03 should be fonned on bare LiCo02 

particles in advance in order to fonn an effective electrode岬electrolyteinterface in Sιcoated 

LiCo02・

(ii) Cross圃sectionalTEM 0むser、rationof all酬solid岨statelithium secondary cells using 
SE-coated LiCo02 

Alトsolid-statecells were constructed using SE皿coatedLiCo02 particles with no SE 

particles mixed into the working electrode. Figure 4-16 shows the surface images of the 

positive electrode layer of the all-solid時statecells using (a) uncoatedラ(b)SE (40 min)田coated

and (c) SE (240 min)四coatedLiCo02 particles with no additional solid elecむolyteparticles. 

The observations were carried out after charge幽dischargeprocesses for 450 cycles for SE (40 

min)-coated LiCo02 and after the 1st charging for SE (240 min)由coatedLiCo02， respectively. 

Paliicles with a size distribution from 1 to 20μln are observed in the SEM image of the 

surface ofthe cell using uncoated LiCo02 in Fig. 4-16 (a). In contrastラparticleswith the size 

smaller than 5μm are hardly observed in the scanning ion microscope (SIM) images of the 

cells using SE (40 min)田coatedand SE (240 min)四coatedLiCo02 in Fig. 4-16 (b) and (c). 

This is due to the aggregates of the SE四coatedLiCo02 particles during deposition as shown in 

Fig. 4-12， By the cOlnparison of the surface of positive electrode using uncoated LiCo02 

and that using SE田coatedLiCo02， it is assumed that solid electrolyte films on LiCo02 

particles connected the LiCo02 particles. Figure 4-17 shows the cross田sectionalSIM images 

of positive electrode layer of the all-solid-state cells using (a) SE (40 lnin)四coatedand (b) SE 

(240 min)ーcoatedLiCo02 corresponding to the images shown in Fig.牛16(b) and (c). The 

SIM images show that the LiCo02 particles were closely packed in the composite electrode. 

Some voids are visible in the cross蜘sectionalimages of the positive electrode layer using SE 

(40 min)四coatedLiCo02・ Thevoids almost disappear in the positive electrode using SE (240 
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20μm 

Figure 4-16 (a) SEM image and (bラ c)scanning ion microscope (SIM) images of surface of 

positive electrode layer of allωsolid-state cells using (a) uncoatedヲ(b)SE (40 lnin)-coated LiCo02， 
and (c) SE (240 min)心
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Figure 4-17 Cross-sectional SIM images of positive electrode layer of all-solid四state

cells using (a) SE (40 min)-coated and (b and bう)SE (240 min)-coated LiCo02・
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min)田coatedLiCo02・ Thicksolid electrolyte coating filled in the voids. 

Figure 4-18 shows cross-sectional high-angle annular dark field (HAADF)-TEM 

images and EDX mappings of a working electrode from an alトsolid由statecell based on SE 

(40 min)田coatedLiCo02・ Thecross由sectionalTEM image in Fig. 4-18 (a) shows that the 

LiCo02 particles are closely packed in the composite electrode. Figure 4-18 (b) shows a 

magnified image ofthe selected area in Fig. 4-18 (a) and EDX mappings for 0ラPラSラCo，and 

Nb at the interface between LiCo02 particles. Niobium (Nb) is observed on the LiCo02 

particle surfaces， confirming that an LiNb03 coating forms on the LiCo02 particles. The 

observation of P and S at the interface between the LiCo02 particles indicates that an 

80LhS.20P2S5 solid electrolyte layer is present. The all-solid-state cell was prepared by 

cold pressing. As a result of this pressingラ theLiCo02 patiicles packed closely in the 

composite electrode layer and the solid electrolyte coating deposited on the LiCo02 particles 

was connected to fonn the alトsolid四statecell. As a resultうafavorable SE region was formed 

in the interfacial space between the LiCo02 patiicles. FUlihermoreうthecontact between the 

solid electrolyte layer and the LiCo02 electrode is maintained after charge同discharge

measurements. Retention of the electrode/electrolyte interface during charge四discharge

cycling is important for capacity retention in all-solid田statebatteries. Some voids at the 

interfaces between LiCo02 particles are observedラasshown in Fig. 4-18 (a). This is reduced 

by using LiCo02 with larger amounts of solid electrolyte coating as shown in Fig. 4-17. 

Figure 4-19 shows cross-sectional HAADF-TEM images and EDX mappings of a 

working electrode from an al1四solid聞statecell based on SE (240 min)-coated LiCo02 with no 

additional solid electrolyte patiicles after the 1 st charging. In an al1田solid-statecell based on 

SE (240 min)叩coatedLiCo02 patiiclesラthesolid electrolyte is formed more effectively at the 

interface than that based on SE (40 min)同coatedLiCoOぉbecausethe solid electrolyte coating 

thickness on the LiCo02 is about six times that of a composite electrode using SE (40 
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(b) 

(a) 

LiCo02 

Figure 4・18 Cross~sectional high~angle annular dal'k ficJd (HAADF) T巳Mimages 
and EDX mappings of a compositc clcctrode composed of SE (40 min)・coated
LiCo02 in an all ~solid-state cell afteI・450cycles. The composite clectrodc was 
composed of solely SE-coated LiCo02， with 110 added solid electrolytc partic1es. 
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(a) 

(b) HAAD同 T肌 mage
L1Co02 

500nm 

L1Co02 

Figul'C 4・19Cross-sectional high-angle 811l1ular dark field (HAADF) TEM images and 
EDX mappings of a composite electrode composed of SE (240 min)-coated LiCo02 in 
a11 all-solid-state cell after 1 st charging. Thc composite electrode was composed of 
solely SE-coated LiCo02， with 110 added solid electrolyte paI1icles. 
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min)柚coatedLiCo02・ Actuallyラ thethickness of solid elec仕olytelayer observed at the 

interface between LiCo02 particles increases with increasing the coating time from 40 min to 

240 min. 

Figure 4-20 shows the HAADF…STEM image of the interface between LiCo02 and 

LbS-P2SS solid elec仕olyteof alトsolid欄statecell using SE (240 min)田coatedLiCo02 after 

initial charging; figure 4-20 (b) shows EDX line profiles of the existence ratio for 0ヲP，S， Co， 

and Nb elements at the position indicated by the points in Fig. 4-20 (a). In the STEM imageヲ

the interfacial layer is visible. The EDX line profile shows that the Nb element of the 

LiNb03 coating is visible at the interface. The EDX line profile also shows coexistence of 

CoラP，and S elements at the interfacial region. The Co diffusion is observed between about 

10 nm. The LiNb03 coating on LiCo02 effectively suppresses the cobalt diffusion from 

LiCo02 to the LbS-P2SS solid electrolyte layer. 

(iii) Electrochemical performance of all-solid酬statecells based on SE圃coatedLiCo02 

All-solid四statecells using SE-除coatedLiCo02 particles with no SE patiicles mixed into 

the working electrode were charged and discharged. Figure 4-21 shows charge刷.discharge

curves of all-solid-state cel1s using uncoatedラLiNb03-coatedラandSE (x min)-coated LiCo02 

particles (x = 10ぅ 40ラ 120ラ and240 min) at the cuηent density of 0.13 mA cm・2 The 

measurelnents were carried out at 250C. The cells were charged up to 3.6 V VS. Li-In and 

dischar・gedto 2 V vs. Li-In. The solid electrolyte coatings were applied to LiNb03-coated 

LiCo02 particles. In the all田solid田statecells shown in Fig. 4-21， the solid electrolyte 

particles were not mixed into the cornposite electrodeラ andthus the working electrode was 

cornposed of only LiCo02 particles. The displayed capacity was nonnalized by the weight 

of the coated LiCo02・ Theall-solid皿statecell based on uncoated LiCo02 could not be 

charged and dischargedヲ whichagrees with the results of our previous report [23]. The 
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Figure 4-20 (a) Cross-sectional HAADF-STEM image of LiCo02 electrode/Li2S-P2Ss 
solid electrolyte interface and (b) cross-sectional EDX line pJ・ofi1esfor 0， P， S， Co， and 
Nb e]ements of the ce]J using SE (240 min)-coated LiCo02 after initial charging. The 
points in (a) presents the positions at which EDX measurements were taken. 
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Figure 4-21 lnitial charge-discharge curves of the all-solid-state cells using 
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all-solid申statecell using LiNb03-coated LiCo02 had a small reversible capacity of less than 

10 mAh t 1
• All-s01id-state cells using LiCo02 particles without LhS-P2SS solid elec廿olyte

coating were di伍ωltto charge and dischargeラ becausethe lithium由ionconductivity in the 

composite electrode was insufficient. The all-solid皿statecells using SE-coated LiCo02 

particles could be charged and discharged with a higher capacity than LiNb03-coated LiCo02， 

and the all-s01id-state cells using SE (10 min)-coatedヲ SE(40 min)由coated，SE (120 

ml血n)剛剛聞開咽心.

mAh g-l，ラ respectively. The capacity increased with increasing coating time from 0 min to 

240 minラwhichindicates that a solid electrolyte coating on LiNb03-coated LiCo02 enabled 

the formation of a lithium田ionconducting path to the LiCo02 particles. 

Figure 4-22 shows the charge-discharge curves of all-s01id軸statecells based on SE (40 

min)-coated and SE (120 min)田coatedLi Co02・ Thecells demonstrated stable charge and 

discharge curvesラ withouta significant fade in capacity， over 100 cycles in SE (40 

min)-coated LiCo02・ Thealトsolid申statecel1 based on SE (120 min)田coatedLiCo02 was also 

charged and discharged for 10 cycles with no significant reduction in capacity. 

Increasing the lithiuln-ion conductivity in composite electrodes seems to be important 

in achieving a high capacity. The conductivity of the 80LhS' 20P2SS solid electrolyte film 

prepared using PLD was increased by heat treatment at 2000C as described in section 4-3惜ト1.

Thereforeラ theeffect of heat treatment of SE四coatedLiCo02 on cell perfolmance was 

investigated. Figur・e4-23 shows the charge-discharge curves of an all-s01id四statecell based 

on SE (120 min)-coated LiCo02， after heat treatment at 200
0C for 1 hour. The current 

density was 0.13 mA cm-2. The charging and discharging capacities were 86 and 69 lnAh g七

respectively. The charging capacities of cells based on SE (120 lnin)-coated LiCo02 with 

and without heat treat1nent were similar. The discharge capacity of the heat-treated SE (120 

lnin)-coated LiCo02 cell was larger than the capacity without heat treatment. The discharge 
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Figurc 4・22Charge-discharge curves of an all-sol id-state ccll based 011 SE (40 
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capacity increased after heat treatment of the SE四coatedLi Co02・ Thelithium-ion 

conductivity of the SE coated on the LiNb03-coated LiCo02 would likely be increased by 

heat treatmentラaswas observed in solid electrolyte films deposited on substratesラresultingin 

the observed increase in capacity. 

Charge皿dischargemeasurements were conducted at high temperature. Figure 4-24 

shows the charge-discharge curves (a) and cycle perfoIτnance (b) of the alトsolid四statecell 

using SE (120 min)-coated LiCo02 without heat treatment at the cuηent density of 0.26 mA 

cm-2 at 60oC. The measurement was conducted after charge同dischargemeasurement for 10 

cycles at room temperature which is shown in Fig. 4-22. The cutoff voltage used was 3.8 V 

vs. Li-In. In this conditionラcharge帽dischargecycles with a large capacity of 107 mAh gぺ

can be achieved with no significant capacity fading. 

As shown aboveラthesolid electrolyte coating was effective in forming a lithium皿lon

conducting path to the LiCo02 particles in the electrode layer. Howeverラthecapacities of 

these all幽solid-statecells remained smaller than the 95 mAh gぺtypicalof all句solid田statecells 

containing composite electrodes cOlnposed of 70 wt% LiNb03-coated LiCo02 (with設osolid 

electrolyte coating) and 30 wt% solid electrolyte particles lnixing at a cu打entdensity of 0.13 

mAcm-2. 

To increase the lithiuln-ion conductivity in the composite electrodesラ 10wt% SE 

particles were added to the SE-coated LiCo02 pmiicles. Figure 4-25 shows the unpedance 

profiles of all皿soliιstate cells using composite electrodes consisting of uncoatedヲ

LiNb03-coated， or SE (20 min)四coatedLiCo02 with 10 wt% solid electrolyte particles. The 

measurelnents were carried out after charging to 3.6 V vs. a Li-In electrode. The large 

semicircle observed in panel (a) of Fig. 4-25 is attributable to the interfacial resistance 

between LiCo02 and LhS-P2SS solid electrolyte. The interfacial resistance of the 

all-solid-state cel1 based on uncoated LiCo02 in this study was ca. 850 Qうwhichwas higher 
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Figure 4-24 Charge-dischargc curves (a) and cycle performance (b) of all-solid-state 

cell In/80Li2S.20P2Ss/SE(l20min)-coated LiCo02 (without heat treatment) at thc 
CUITcnt dcnsity of 0.26 mA cm・2at 60oC. Thc measurcmenl was conductcd after 
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Figure4・3・2・11.
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Figure 4・25Impedance profilcs of all-soJid-state cells based 01) COl1lpositc electrodes with 90 

wt% LiCo02 and 10 wt% solid eJectrolyte particJes after charging to 3，6 V VS. Li-ln， The 

composite electrodes were prepared using (a) uncoated LiCo02• (b) LiNb03・coatedLiCo02• 

and (c) SE (20 min)・coatedLiCo02， which was coated with LiNb03 in advancc. 
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than the results in Chapter 2 of ca. 300 Q. This was because the contact area between the 

LiCo02 and the solid electrolyte particles in this section was smaller than that in Chapter 2; 

only 10 wt% solid electrolyte particles were added to the LiCo02 particles in this study， 

whereas 30 wt% SE particles were added in the previous studies. The all-solid申statecells 

based on LiNb03-coated and SE (20 min)田coatedLiCo02 and shown in Figs. 4-25 (b) and (c) 

had a low interfacial resistanceラalthoughonly 10 wt% SE patiicles were added to the LiCo02 

particles. The LiNb03 coating on the LiCo02 decreased the interfacial resistanceラ andthe 

additional SE (20 min) coating on the LiCo02 reduced the resistance further. 

Figure 4-26 shows charge田dischargecurves of all-solid四statecells based on composite 

electrodes composed of 90 wt% uncoatedラLiNb03-coated，or SE (20 min)-coated LiCo02 and 

10 wt% solid electrolyte particlesヲata current density of 0.13 mA cm大 Thecapacities of 

the al トsolid-state cells based on uncoated， LiNb03-coated ヲand SE (20 m甘in}幽幽幽-c幽幽副心.舗.

par抗iicle岱swe佼re20 ラ60 ラand 95 mAh g幽七]¥ラ r官especti討vely. The capacities of the all-solid-state cells 

were increased by using cells combining 10 wt% solid electrolyte particles and a solid 

electrolyte coatingラcomparedwith the capacity of cells based on an solid elec柱。lytecoating 

alone in the composite electrode， as shown in Fig. 4-21. 

Figure 4-27 shows charge開dischargecurves of all-solid-state cells based on (i) a 

conventional composite containing 70 wt% LiNbOγcoated LiCo02 with no solid electrolyte 

coating and 30 wt% solid electrolyte particles， (ii) a composite containing 90 wt% SE (20 

min)四coatedLiCo02 and 10 wt% solid electrolyte particlesラ and(iii) a cornposite solely 

cOlnposed of LiCo02 with 240 min solid electrolyte coating. Each cell shows a sirnilar 

capacity of about 80 to 92 mAh g・1 The solid electrolyte coating was effective in decreasing 

the solid electrolyte ratio in the composite electrodeラresulting in alトsolid田statecells with an 

improved energy density. The energy density of the cellsラnOlmalizedby the weight of the 

LiCo02 and LhS-P2S5 solid electrolyte cornposite electrodeう was calculated. The 
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Figure 4-27 Charge-dischargc curvcs of all-solid-state cells bascd 011 (i) a 

conventional composite cQntaining 70 wt% LiNb03・coatedLiCoO， with 110 solid 
clcctrolytc coating and 30 wt% solid electrolyte pal1icles、(ii)a composite containing 

90 wt% SE (20 min)-coated LiCo02 and 10 wt% solid electrolyte pal1icles， and (iii) 

a composite solely composcd of LiCo02 wilh 240 min solid electrolyte coating. 
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weight同normalizedcapacities of a composite containing 90 wt% SE (20 min)-coated LiCo02 

and 10 wt% solid electrolyte particle and a composite solely composed of SE (240 

min)四coatedLiCo02 were 86 and 80 mAh g七respectively. 1n contrast， that of a norτnal 

composite prepared using 70 wt% LiNb03-coated LiCo02 and 30 wt% solid electrolyte 

particles was 67 mAh g-l. The capacity of the ce11s was thus increased by decreasing the 

amount of LhS-P2SS solid electrolyte particles in the composite electrode. 

4.3.2.2. Other electrodes 

LiCo02 has been used in commercia11y available lithium四ionbatteries. Howeverうthe

cost of LiCo02 is very high; electrode active materials alternative to LiCo02 have been 

explored. The candidates are the layered LiM02 compoundsラ thespinels LiM204， the 

olivines LiMP04 ， and polyanions such as Lh-x V 2(P04)3 where M is a transition舗metalatom. 

The layered lithium metal oxides such as LiCo02 [24-27]ラLiNi02[27]ラLiCoO.7Nio.302[28]， 

LiNio.sMno.S02 [29]， LiNi1l3C01l3Mn1l302 [30]ラthespinel LiMn204 [30ラ 31]ラ andthe olivine 

LiCoP04 [32] have been applied as positive active materials of a11-s01id幽statelithium 

secondary batteries using sulfide-based solid electrolytes. Layered LiNh-xCOx02 compounds 

are promising electrode materials. They fonn complete solid solutions for a11 the ranges of x. 

The introduction of increasing atnounts of cobalt into the lattice of LiNi02 stabilizes the 

crystal lattice by 日ppressing"cation mixingヘwhichis the tendency for Ni2十 tooccupy the 

sites in the Lt layers [33]. Furthermoreラvolumechange in the unite ce11 of LiNiトxCOx02(x 

= 0.2 -0.4) during intercalation and de-intercalation is small. Alulninum substitution in 

LiNi02 also brings about advantages. It has been reported that a single hexagonal phase is 

preserved over the entire range of Li content in the LiNio.7sAlo.2s02 [34ラ 35]. The 

LiNio.7sAI0.2s02 is more stable compared to LiNi02 in the charged state. These features 

brought by cobalt and aluminuln substitutions are beneficial in te立nsof long cycle life and 
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large capacity; the LiNiトx_yCoxAly02(0.15話x三五0.3うy話0.1)has been reported as promising 

electrode materials [36， 37]. 

As the negative electrode materials graphite has been used in commercially available 

lithium-ion secondary batteries [38]. The theoretical capacity of graphite is about 370 mAh 

g・1 Li4 Ti5012 is known as“zero田stainmaterial" during charging and discharging. The 

feature brings an excellent cyc1ing ability. The all-s01id世statecells using graphite and 

Li4 Ti5012 have been reported to operate with good electrochemical perforτnance [39， 40]. 

In this section， LhS-P2S5 solid electrolytes were coated on Li1.o5Nio.82Coo.o5Alo.o302 

(NCA)， graphiteラandLi4 Ti5012 to confinn that the Li2S-P2S5 coatings work as lithiun1-ion 

conducting path in the many electrodes‘ 

Figure 4-28 shows the SEM and EDX四lnapping(Ni， CoラAラP，and S) images of the 

SE四coatedNCA which deposition time is 120 min. The SEM image shows that the particle 

size of the N CA paliic1es is about 3 to 10μln. The large change in morphology is not 

observed in the SEM image; the coating materials are not c1early visible on the NCA particles. 

Phosphorous and sulfur elements of LhS-P2S5 solid electrolyte film and nickelラcobalt，and 

aluminum elements of NCA partic1es are detected in the same area， indicating that the NCA 

particles are covered with LhS-P2S5 solid electrolyte film. The calculated weight ratio of 

LhS-P2S5 coating to LiCo02 pmiic1es is ca. 4 : 96. Figure 4-29 shows the charge-discharge 

curves of the alトsolid-statecells using SE (120 min)-coated NCA. The composite electrode 

used was solely composed of the SE田coatedNCA. The cel1 reversibly charged and 

discharged. The capacities for 1st charging and discharging are 115 and 62 mAh gぺ. The 

SE coating is effective in fOIτning lithium-ion conducting path in NCA. 

Figure 4-30 (a) shows the discharge由chargecurves of the all-s01id田statecell using SE 

(1201nin)世coatedgraphite particles. Working electrode was solely composed of the SE (120 

min)-coated graphite. As a counter electrodeラ Li-Inwas used in this case. The CUITent 
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Figul'C 4・28SEM itnagc and EDX mapping images fo1' Co element， P element， 
and S element of the Li2S-P2S5 solid-electrolyte-coated LiI.OSNio.82COO.ISAI0，0302 
particles. 
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densities for initial 5 cycles and after 5th cycle are 0.026 and 0.064 mA cmてrespectively.

The initial discharging capacity of all-solid田statecell is 128 mAh gぺandthe initial charging 

capacity is 82 mAh g-l. The capacity is kept for 5 cycles. The discharge-charge capacities 

are slightly decreased from 82 to 73 mAh g-l by increasing the current density to 0.064 mA 

cm-2. The capacity of about 70 mAh gぺiskept after 80 cycles as shown in Fig. 4-30 (b). 

The all-solid-state cell using SE (120 min)-coated graphite showed excellent cycle 

performance with the capacity of 70 mAh g-l. The solid electrolyte coatings on graphite 

worked as a lithium-ion conducting path although the capacity was lower than the theoretical 

capacity of 370 mAh g-l . 

Figure 4-31 shows the discharge四chargecurves of all-solid-state cells using the SE (120 

min)田coatedLi4 Tis012 at the cu汀entdensity of 0.013 mAh gぺ at25
0C. The reversible 

capacity is 49 mAh g-l. The cell was difficult to operate under the current density of 0.064 

mA cm幽2at room temperature. This would be due to the low electr・onconductivity of 

Li4 Tis012・ 1tis considered that electrode materials with low electron conductivity are 

difficult to operate at the high current densities in the all-solid四statebatteries using SE-coated 

electrode. 

All-solid田statecells using SE由coatedNCAラ graphiteラ Li4Tis012 particles operated in 

addition to that using LiCo02 particles. 

4.3.3. Bulk type all岬solid酬statebatteries based on thin solid electrolyte layer 

In this section， bulk-type all-・solid由statelithium secondary batteries based on thin solid 

electrolyte layer were fabricated; their morphology and electrochemical perfonnance were 

investigated. 
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。) Morphology of bulk type all-solid圃statebatteries based on thin solid elecII叫yte

layer 

The a1トsolid削statecells based on thin solid e1ectro1yte 1ayer were fabricated using 

80LhS.20P2SS solid e1ectrolyte fi1m prepared by PLD. Figure 4-32 shows SEM images and 

EDX e1emental mappings of the surfaces of pelletized composite electrodes without and with 

80LhS.20P2SS solid e1ectrolyte fi1m on the composite electrodes. These composite e1ectrode 

pellets contain 70 wt% LiCo02 and 30 wt% 80LhS. 20P2SS solid e1ec仕olyteparticles. Those 

two pellets present basically plane surface， although a 10t of voids are visib1e. At the surface 

of the pellet of the composite without the solid electro1yte coating shown in Fig. 4-32 (a)うCo

rich domain derived from LiCo02 particles and P and S rich domain derived froln 

80LhS.20P2SS solid e1ectrolyte particles are observed. In contrastラtheCo rich domain is not 

observed at the surface of the pellet of the composite with solid electrolyte coating shown in 

Fig. 4-32 (b); the surface of the pellets is covered with the solid electrolyte film. In additionラ

the voids are dramatically reduced by solid electrolyte coating. Figure 4-33 shows the SEM 

images and EDX mappings for P， SラCoラandFe of cross section of composite electrode pellet 

with the 80LhS. 20P2SS solid electro1yte PLD film. The composite electrode layer and 

LhS-P2SS solid electrolyte film layer are observed on stainless steel current collector layer. 

The thickness of the composite electrode is approximately 50μm; that of 80LhS. 20P2S5 is 3 

to 4μm. The solid electrolyte fihn is unifonnly formed on the composite electrode layer. 

(ii) Charge刷dischargemeasurements of bulk type all-solid圃statebatteries based on thin 

solid electrolyte layer 

An alトsolid-statecell was constructed by attaching an indium foil as a counter 

electrode on the bilayer pellet consisting of the electrode composite layer and the solid 

electrolyte film. The cuηent col1ectors for both working and counter electrode were 
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(a) (b) 

Figure 4-32 SEM images and EDX elemental mappings for Co， S， and P e1ements of 
the sUlfacc of pcJlctizcd compositc clectrodes without 80Li1S'20P1SS (11101%) soJid 
clcctrolytc film (left) and with 80Li2S'20P2SS (11101%) solid clectrolytc film on the 
composite e1ectrodes (right). 

-194-



(a) 

(b) 

Composite electrode 
Solid electrolyte fllm I Current collector 
+↓ (SUS). 

Mix: P， S. Co. Fe 

F'igll1'c 4・33(a) SEM image and EDX mappings for P， S， Co、andfe of cross sectiot1 
of composilc electrodc pcllet with 80Li2S'20P2SS (11'¥01%) solid electrolytc PLD film. 
Magnified SEM image of 80Li2S'20P:!Ss film observed near surfacc was shown In 
panel b. 
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stainless steeL Figure 4-34 shows the charge四dischargecurves of a bulk皿typeall田solid四state

cell using the solid electrolyte layer with micrometer thickness. The current densities for 

charging and discharging were 0.25 mA cm大 Theall-solid四statecell was charged and 

discharged reversibly， and the reversible capacity is 93 mAh g-l. The thickness of solid 

electrolyte layer of conventional all-solid-state cells is approximately 500μm. The 

thickness was reduced less than 1 / 100 in the all-solid聞statecell as shown here. This is the 

first repo口onthe charge時dischargemeasurements for bulk type all-solid四statecells using a 

thin elec仕olytelayer with a few J.1m thickness. 

The results obtained here are important in the development of all-solid-state batteries， 

although the details of the alトsolid田statecells using a thin solid electrolyte layer were not 

cleared at the present stage. The reduced thickness brings about the low resistance of the 

solid electrolyte layer， which leads to the enhancement of rate capability and energy density of 

the cells. 

4.4. Summary 

This chapter repolied preparation and application of highly conducting solid electrolyte 

thin films using pulsed laser deposition (PLD). As the solid electrolyte thin filmsラLhS-P2SS

and LhS-GeS2 system were selected because these sulfide四basedglass systems exhibited high 

conductivity of lithium ion. By using the prepared sulfide田basedsolid electrolyte thin filmsラ

two kinds of new all-solid凶statebatteries were constructed. One is the all四solid四statecells 

using solid-electrolyte (SE)-coated electrode particles shown in Fig.ト2(b) at Chapter 1 and 

the other is bulk由typeall-solid-state cells with solid electrolyte thin layer also shown in Fig. 

ト2(c). 

Amorphous LhS-P2SS solid electrolyte thin films were prepared using PLD at room 

telnperature. It was found that ambient Ar gas pressure during deposition inf1uences the 
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Figure 4-34 Charge-discharge curves of bulk-type all四solid四statecell with 
micrometer thick solid electrolyte layer. The cunent densities for charging and 
discharging were 0.25 mA cm-2. 
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chemical composition and local structure of the films. The chemical composition and local 

structure of the 80LhS' 20P2SS thin film prepared under 5 Pa were almost identical to those of 

the 80LhS' 20P2SS glass prepared by mechanical lnilling. 10nic conductivities of 

as田deposited LhS-P2SS solid electrolyte films with high lithium-ion contents were 

approximately 10-4 S cm・1 The conductivities were increased by heat treatment. 

N ew electrode四electrolytecomposite materials named SE田coatedLiCo02 were prepared 

by coating a highly conductive LhS-P2SS solid electrolyte onto LiCo02 electrode particles 

using PLD. Alトsolid同statecells based on a composite electrode composed entirely of 

SE-coated LiCo02 were fabricatedラ and their perfonnance was investigated. 1n 

alトsolid由statecells based on S耳目coatedLiCo02 particles， the LiCo02 particles were closely 

packed in the composite electrode， and a LbS-P2SS solid electrolyte coating occupied the 

interface between the LiCo02 particles. 

All-solid田statecells containing SE四coatedLiCo02 had a larger capacity than cells with 

no solid electrolyte coatingラ andthe charge-discharge capacity increased with increasing 

coating tI1ne. All-solid田statecells using LiCo02 with thick solid electrolyte coatings， grown 

over 240 minラ hada capacity of 80 lnAh g-l， without any addition of LhS-P2SS solid 

electrolyte particles to the composite electrode. The capacity of the all-solid-state cell 

increased向rtherafter increasing the conductivity of the Li2S-P2SS solid elec廿olytecoating 

by heat treatment at 200oC. FUlihennoreラ anall-solid田statecell based on a composite 

electrode using both a solid electrolyte coating and added solid electrolyte particles was 

fabricatedぅandthe capacity ofthe resulting all-solid-state cell increased to 95 mAh g-l. The 

LhS-P2SS solid electrolyte on the LiCo02 particles fOlmed a lithium-ion conducting path to 

the LiCo02 particles in the composite electrode. The solid electrolyte coating was also 

effective in other electrode particles such as Lil.osNio.82COO.lSAlo.0302， graphiおう andLi4 Tis012・

The coating of a highly conductive solid electrolyte on electrode particles is a promising 
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technique to form an effective electrode-electrolyte interface and a lithium四ionconducting 

path in the compositeラ whichshould both contribute to the development of advanced 

all申Sωoliほd-引.

Bulk-type allト岬soliほd-s坑ta討telithium secondary batteries based on the sol己idele∞ctなroly戸telaye釘r 

with lniおcromete釘rthickness were successfully fabricated. The thickness of the electrode 

composite was approximately 50 同町 thatof 80LhS. 20P2SS layer was 3 μm. The 

all-solid田statecell was charged and discharged reversibly， and the reversible capacity was 93 

mAh g-l. The thickness of solid electrolyte layer of conventional alトsolid四statecells is 

approximately 500μm. The thickness was reduced less than 1 / 100 in the alトsolid-statecell. 

The reduced thickness of the solid electrolyte layer brings about the low resistance of the 

solid electrolyte layerラwhichleads to the enhancement of rate capability and energy density of 

the cells. Although the details of the all-s01id-state cells using a thin solid electrolyte layer 

were not clear at the present stageラbulk四typeall-solid-state cells using a solid electrolyte layer 

with several μln thickness were charged and dischargedラ suggestingthat all-solid-state 

batteries have a strong potential as an alterτlative to conventional batteries. 
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5. General conclusions 

In this thesis， oxide-based and sulfide-based solid electrolyte films were prepared using 

liquid四phaseand vapor-phase processes; the prepared films are applied to the construction of 

electrode四electrolyteinterface to improve electrochemical performance of alトsolid-state

lithium secondary batteries. The interfacial properties between electrode and solid 

electrolyte were investigated using electrochemical impedance measurements and TEM-EDX 

observations. The battery perfonnance was improved by interfacial modification using 

oxide-based solid elecなolytefilm. Furthermoreラ twotypes of new all-solid由statebatteries 

using highly conducting sulfide electrolyte films prepared using the vaporゃhaseprocess were 

developed. 

The following results and considerations were obtained. 

1. Electrochemical impedance spectroscopy measurelnents revealed that the cells after the 

initial charge process had a large resistance component at the interface between LiCo02 

and LhS-P2SS solid electrolyte. The large resistance was the main cause of the low rate 

performance of alトsolid田statecells using LiCo02 and LhS-P2SS solid electrolytes. 

2. The interfacial resistance between LiCo02 and LhS-P2SS solid electrolyte was 

decreased by interfacial modification. As a technique for the interfacial modificationラthe

coatings of oxide-based solid electrolyte film on electrode particles by sol叩geland PLD 

techniques were effective. It has been clarified that the lithiun1-ion conductivity of 

coating materials on the LiCo02 patiicles is itnpoliant for an interfacial resistance of the 

alトsolid帽statelithium secondary batteries. Coating materials with higher lithium-ion 

conductivity were more effective in decreasing the interfacial resistance. The 
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alトsolid四statecells using LiCo02 particles with 50Li4Si04' 50LhP04 solid electrolyte 

coating showed the lowest interfacial resistance of 48 Q and the highest rate perfoI百lance

among the oxide solid electrolyte coatings studied in this thesis. Neverthelessラinsulative

Si02 coatings were also effective in decreasing the interfacial resistance when coating 

amounts were small. The activation energies for lithium-ion conduction at LiCo02/ 

80LhS' 20P2SS solid electrolyte interface were unaffected by the coatings; they were about 

60 kJ mor1 with or without LhSi03 coatings. Thereforeラ anincrease of the 

pre-exponential factor for ion conduction in the Arrhenius equation is main cause of the 

decreased interfacial resistance. 

3. The charge四dischargeperfonnance of the all-solid-state cells with LhS-P2SS solid 

electrolytes was improved by the interfacial modifications. The decrease of the interfacial 

resistance brought about a higher voltage plateau in the discharge process， larger discharge 

capacity， and longer cycle perfonnance. In patiicular.ラ improvementof rate capability due 

to decreasing the interfacial resistance was significant; the capacity of the cells using coated 

LiCo02 was larger than that of the cel1s using uncoated LiCo02 at the current densities 

from 0.064 to 6.4 mA cm大 Theal1-s01id-state cell using LhSi03-coated LiCo02 operated 

under a high cu打entdensity of 6.4 mA cm・2with a capacity of 45 lnAh g幽1 The capacity 

of the all-s01id-state cells charging to a high cut off voltage of 4.0 V vs. Li-In， which 

corresponds to 4.6 V vs. Li， increased froln 90 to 130 mAh gぺ bythe interfacial 

modification. The all-s01id四statecells functioned eve廷 atthe low temperature of -30oC. 

Moreover.ヲ thealトsolid-statecell using LhSiOγcoated LiCo02 was charged and discharged 

under a significantly high current density of 40 mA cm-2 at 100oC. The interfacial 

modification using oxide.帽basedsolid electrolytes showed lnany advantages as (i) 

suppression of the increase in interfacial resistanceラ (ii)large capacityヲ (iii)high voltage 
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dischargingラand(iv) long cycle life. It has been revealed that the formation of a favorable 

electrode-electrolyte interface with small resistance is important to obtain superior 

charge-discharge properties of the solid闘statebatteries; the interfacial modification using 

oxide田basedsolid electrolyte between positive electrode and LhS-P2SS solid electrolyte is 

effective in developing alトsolid四statebatteries with high performance. 

4. An interfacial layer was fOlmed at the interface between LiCo02 electrode with no 

coatings and LhS-P2SS solid electrolyte after the initial charge of battery. Furthermoreラ

mutual dif釦sionsof Co， P， and S at the interface between LiCo02 and LhS-P2SS were 

observed. These results ref1ect that side reactions occurred at the electrode-electrolyte 

interface. The side reaction indicated the degradation of the LiCo02 electrode and 

LhS-P2SS solid electrolyte near the interface. The large interfacial resistance observed at 

the interface between LiCo02 and LhS-P2SS results from the formation of the 

high田resistanceinterface between LiCo02 and sulfide electrolyte. The lTIutual difJ白slon

and the formation of the interfacial layer were suppressed using LiCo02 particles co丘ted

with LhSi03 thin film. The LhSi03 coatings acted as a buffer layer to suppress the side 

reaction at the interface. In conclusion予 thesuppression of the interfacial layers is the 

main reason for the reduction of interfacial resistance between LiCo02 electrode and 

LhS-P2SS solid electrolyte. 

5. Highly lithium-ion conductive LhS-P2SS thin films were prepared using pulsed laser 

deposition at room temperature. The ambient Ar gas pressure during deposition strongly 

affected the chemical compositions and local structures of the films. The chemical 

COlTIposition and the local structure of the 80Li2S. 20P2SS thin film prepared under 5 Pa 

were in good agreement with those of the highly lithiulTI自ionconducting 80LhS. 20P2SS 

-205-



glass powder prepared by mechanical milling. The ionic conductivity at 250C and the 

activation energy for conduction of the as四deposited80LhS， 20P2SS thin films were 

7.9xl0・SS cm-1 and 43 kJ mol七respectively. The ionic conductivity of the 

80LhS.20P2SS thin film was increased up to 2.8xl0-
4 S cm・1by a heat treatment at 200oC. 

6. New electrode四electrolytecomposite materials named “solid-electrolyte (SE)四coated

electrode lnaterials were prepared by coating a highly conductive LhS-P2SS solid 

electrolyte onto electrode particles using PLD. All四solid同statecells based on a composite 

electrode composed of only SE田coatedLiCo02 were fabricated. In all-solid-state cells 

based on SE-coated Li Co02 particlesヲtheLiCo02 patiicles were closely packed in the 

composite electrodeラanda LhS-P2SS solid electrolyte coating occupied voids between the 

LiCo02 particles. All-solid叩statecells with SE-coated LiCo02 had a larger capacity than 

the cells with no solid electrolyte coatingsラ andthe charge-discharge capacity inαeased 

with increasing coating titne. All-solid-state cells using LiCo02 with thick solid 

electrolyte coatings， grown over 240 min PLDラhada capacity of 80 mAh g -1， without any 

addition of LhS-P2Ss solid electrolyte paliicles to the composite electrode.τhe capacity 

ofthe alトsolid-statecell increased further after increasing the conductivity of the LhS…P2SS 

solid electrolyte coating by heat treatment at 200oC. Furthennoreラ anall-solid田statecell 

based on a cOlnposite electrode using both a solid electrolyte coating and added solid 

electrolyte particles was fabricatedう andthe capacity of the resulting all-solid-state cell 

increased up to 95 mAh g-l. The LhS-P2SS solid electrolyte on the LiCo02 patiicles 

fOlmed lithiuln-ion conducting paths to the LiCo02 patiicles in the cOlnposite electrode. 

The coatings of a highly conductive solid electrolyte on electrode particles are a promising 

technique to fonn an effective electrode四electrolyteinterface and lithium四ionconducting 

paths in the compositeラ whichshould both contribute to the developlnent of advanced 
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all四soliιstatelithium secondary batteries. 

7. Bulk-type all-solid嗣statelithium secondary batteries based on the solid electrolyte layer 

with micrometer thickness were successfully fabricated. The thickness of the electrode 

composite was approximately 50μm; that of solid electrolyte layer was 3μm. The 

reduced thickness was less than 1 / 100 of that in the conventional alトsolid四statecell. The 

all-solid四statecell using solid electrolyte layer with micrometer thickness was able to 

charge and discharge reversibly; the reversible capacity was 93 mAh g-l. The reduced 

thickness of the solid electrolyte layer brings about the low resistance of the solid 

electrolyte layerラwhichleads to the enhancement of rate capability and energy density of 

the cells. Although the details have not been clear at the present stageラ bulk-type

all-solid情statecells using a solid electrolyte layer with a few μm thickness were charged 

and dischargedヲ suggestingthat all-solid四statebatteries have a strong potential as an 

altemative to conventional batteries. 

The solid electrolyte films are useful not only for the thin film batteries but also for 

bulk-type batteries; the performance of bulk-type all四solid-statebatteries is improved by the 

application of solid electrolyte films. The construction of electrode-electrolyte interface is 

difficult in bulk四typeall-solid幽statebatteriesラbutthe favorable electrode鴫electrolyteinterface 

using solid electrolyte film is constIucted by coating solid electrolyte on electrode particles. 

A disadvantage of the difficulty of the control of electrode-electrolyte interface should be 

overcome using the solid electrolyte 臼ln. FUlihermoreラ an advantage taken by 

“all-solid-state" should be used by the application of solid electrolyte films as the bulk-type 

all-solid畑statebatteries based on solid electrolyte layer with micrometer thickness. 
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