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1. General introduction 

Currently, energy demand is increasing all over the world. Energy consumption continues to 

increase year by year. According to the world energy outlook in 2017 by International Energy Agency, 

the consumption in 2040 will increase about 1.3 times compared to the current value [1]. Most of 

energy is now created by thermal power generation, and it releases a large amount of carbon dioxide 

which is a greenhouse gas to promote global warming. As decided by the Kyoto Protocol in 1997 [2] 

and the Paris Agreement in 2015 [3], reduction of carbon dioxide emissions is required. 

Environmentally friendly power systems with solar or wind instead of thermal power are required for 

the fabrication of low-carbon economy in addition to the viewpoint of the possibility of depletion of 

fossil fuels [4-7]. Because of the intermittent character of these power generation systems, energy 

storage systems should be generated to keep a constant power supply [8]. Lithium-ion batteries have 

several advantages as energy storage devices because of their high energy density. In 1976, lithium 

battery (Li/TiS2) was first proposed by Whittingham et al. [9]. After that, lithium battery (Li/MoS2) 

became first practically available by Moli Energy in 1986. However, in the battery, there were safety 

issues for using lithium metal negative electrode. As lithium is a highly reactive material; it easily 

burns in normal atmospheric conditions because of spontaneous reactions with water and oxygen [10，

11]. In the previously reported positive electrode materials such as TiS2 and MoS2 do not contain any 

lithium ions in the structure, therefore, it is necessary to use lithium-containing negative electrodes for 

the construction of the rocking chair-type batteries. By using lithium-containing positive electrode, it 

become possible to be used the lithium non-containing negative electrodes such as graphite instead of 

lithium metal. In 1980, Mizushima and Goodenough reported the electrochemical activity of the 

layered LiCoO2 positive electrode active material [12]. In 1991, lithium-ion batteries (LIBs; 

Graphite/LiCoO2) were commercialized by SONY Energy Co. Ltd. Now, LIBs have been used not 

only for small electronic devices such as mobile phones, but also as a power source for electric vehicles 

and power storage facilities because of its high energy density, low self-discharge, and tiny memory 

effect. As stated in the Paris Agreement, reduction of greenhouse gases is required, therefore, shifting 

from gasoline-powered vehicles to electric vehicles has been strongly required to suppress global 

warming [3]. Especially, in European countries, overall shift from gasoline-powered vehicles to 

electric vehicles is being considered by about 2040, thus demand for lithium batteries is expected to 

increase year by year, and energetic battery development is required [13]. However, in LIBs, there are 
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risks of leakage, fire and explosion due to the use of inflammable organic liquid electrolytes. The safety 

problems should be eliminated before the further large-scale application. Various studies have been 

made all over the world to ensure safety for lithium ion batteries. One of the most attracted answers is 

solidification of battery [6,14-16].  

 

1.1  All-solid state batteries using inorganic solid electrolytes 

All-solid-state batteries using inorganic solid electrolytes have been regarded as a leading 

candidate for “next-generation innovative battery system” because of the high safety without leakage 

of electrolytes. The risks of fire and explosion in the conventional Li-ion batteries will be eliminated 

by the practical application of all-solid-state batteries. Higher energy density is possibly obtained in 

all-solid-state batteries by utilizing high voltage, high capacity positive electrode materials and lithium 

negative electrode [17-19]. Moreover, much higher energy density is potentially achieved by stacking 

single cells. Therefore, application of all-solid-state batteries to large-scale use have been urgently 

awaited. There are two types of all-solid-state batteries; one is thin-film-type and the other is bulk-

type. Thin-film type battery shows an extremely high cycle stability of more than 30000 cycles [20,21]. 

However, capacity of thin-film type battery is quite low because of the low loading amount of active 

materials. On the other hand, bulk-type is a battery form in all-solid-state battery obtained by stacking 

and pressing electrode and electrolyte powders. Larger capacity is potentially obtained by adding large 

amount of active material powders to an electrode layer, and thus bulk-type all-solid-state battery is 

expected as an energy storage device for large-scale application such as electrical vehicle and power 

plant. For the construction of bulk-type all-solid-state batteries, solid electrolytes with high lithium 

ionic conductivity should be developed.  

 

1.2  Sulfide-based solid electrolytes 

Inorganic solid electrolytes are roughly categorized into two type of materials; one is sulfide and 

the other is oxide materials. Sulfide materials have much attention because of their high ionic 

conductivity and favorable ductility to be densified just by pressing at room temperature because of 

the high polarizability of sulfide ions. This ductility is the most important character as an electrolyte 

in all-solid-state battery. Generally, a mixture of electrode active material and solid electrolyte powders 

is used to secure ionic conduction pathways in an electrode layer. One of the most important matters 
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for the operation of all-solid-state batteries is how to achieve a good contact for charge transfer between 

active material and electrolyte powders. Because of the favorable ductility of sulfide electrolytes, large 

contact area between active material and electrolyte is easily achieved, and all-solid-state batteries 

become to work with excellent cycle performance [22-24]. Previously various sulfide materials have 

been reported as a solid electrolyte in this three decades [25-31]. Classically, various sulfide 

electrolytes such as Li2S-MxSy type glass and glass-ceramic (M=B, P, Si, Ge, Sn etc.) [32-35], Li2S-

SiS2-LixMOy (M=Si, P, B etc.) glass [36-38] and Li2S-P2S5-GeS2 [39-40] materials are extensively 

studied as a candidate solid electrolyte. Moreover, Argyrodite-type Li6PS5X (X=Cl, Br) crystals have 

attracted much attention because of high lithium ionic conductivity of more than 10-3 S cm-1 at room 

temperature [41-42]. Most of these sulfide electrolytes exhibit high ionic conductivity of more than 

10-4 S cm-1 at room temperature as stated above. However, some of the sulfide electrolytes (Li7P3S11 

glass-ceramic [43], Li10GeP2S12 [44], Li9.54Si1.74P1.44S11.7Cl0.3 [24], and Li10.35[Sn0.27Si1.08]P1.65S12 [45]) 

shows extremely high conductivity of more than 10-2 S cm-1 at room temperature, which is higher than 

that of the conventional liquid electrolytes [46]. Because the batteries with high safety and reliability 

is possibly constructed by using sulfide-based solid electrolytes, many companies are now trying to 

apply all-solid-state batteries with sulfide electrolytes to the practical use. However, there are several 

challenges in sulfide-based all-solid-state batteries; one is the low chemical stability of the sulfide 

electrolytes and the other is the high interfacial resistance with electrodes [26,47-49]. To improve the 

chemical stability, many studies have been done all over the world. Sulfide materials are generally 

unstable in regular air atmosphere. Because of the low chemical stability, they easily react with 

moisture and then harmful H2S gas is generated [50]. To avoid the H2S generation, various approaches 

have been carried out [47,48,51]. Especially, substitution of oxide or nitride for sulfide ions is effective 

for decreasing the amount of the H2S generation [47,48,51]. However, among sulfide electrolytes, 

SnS2-based electrolytes have attracted much attention because of high chemical stability without 

generation of H2S gas even in exposed with regular air atmosphere [52,53]. Moreover, sulfide 

electrolytes easily react with oxide electrode materials in highly charging state, and a highly resistive 

reacted layer is generated around the electrode/electrolyte interface, which leads the poor battery 

performance [49, 54-56]. The coating on the electrode active materials with some of oxide electrolytes 

is effective to decrease the interfacial resistance. Coatings of amorphous LiNbO3, Li2SiO3 and Li3PO4 

dramatically decreased the interfacial resistance and sulfide-type all-solid-state cells based on the 
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coated active materials successfully worked as secondary battery [49,54,57]. 

 

1.3  Oxide-based solid electrolytes 

1.3.1 Crystalline oxide solid electrolytes 

Oxide-based electrolytes have attracted great attention because of their high chemical and 

electrochemical stabilities, which means that safe batteries are potentially developed by using oxide 

electrolytes. Moreover, in the oxide-type all-solid state batteries, potential gap between active 

materials and solid electrolytes would be lower than that of the sulfide case, which leads to lower 

interfacial resistance [55,57]. Various crystalline oxide electrolytes have been reported showing the 

conductivity of 10-7-10-3 S cm-1 at room temperature so far. LISICON (LIthium Super Ionic 

CONductor)-type material (e.g. Li14Zn(GeO4)4, Li3PO4, and Li4SiO4) is one of the most traditional 

oxide electrolytes [58-61]. LISICON-based materials generally show relatively low conductivity of 

about 10-6 S cm-1 at room temperature. Recently, Masquelier et al. reported that high conductivity can 

be obtained in multicomponent LISICON-type materials by mixed anion effect [62,63]. However, the 

conductivity of the LISICON-type materials is not enough high to be utilized as the solid electrolytes 

in all-solid-state battery in the present stage. NASICON (Sodium(Na) Super Ionic CONductor)-type 

material is also attracting solid electrolytes. NASICON structure was first reported in Na1+xZr2SixP3-

xO12 (0<x<3), which exhibits high Na+ ion conductivity of more than 10-3 S cm-1 at room temperature 

[64]. As lithium-ion conducing NASICON-type materials, LiTi2(PO4)3; LTP [65-67], 

Li1.3Al0.3Ti1.7(PO4)3; LATP [68,69], and Li1.5Al0.5Ge1.5(PO4)3; LAGP [70-72] are famous solid 

electrolytes because of their high conductivity of more than 10-4 S cm-1 at room temperature and high 

chemical stability against moisture [73]. This excellent stability makes easy to handle the electrolyte 

in regular air atmosphere. Because of the excellent stability against water and high conductivity, LATP 

is applied as a separator in Li-O2 batteries [73-75]. Moreover, glassy material is possibly obtained by 

using ball-milling technique [76]. By pressing the glass powder at glass-transition temperature 

(~600oC) and heating to crystallize glass electrolyte at 900oC, a further densified pellet with 96% of 

relative density was obtained. The densified pellet showed the high conductivity of more than 10-3 S 

cm-1 at room temperature.  

Perovskite-type (e.g. Li0.29La0.57TiO3; LLT) electrolyte also shows high bulk conductivity of more 

than 10-3 S cm-1 at room temperature [77,78]. Although the bulk conductivity is high, it shows large 
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grain boundary resistance due to the grain boundary mismatch even when it sintered at high 

temperature of 1450oC, and total conductivity including bulk and grain boundary is 10-5 S cm-1 at room 

temperature [79,80]. Unfortunately, LTP, LATP, and LLT contain Ti4+ ions in the structure which are 

possible to be reduced in the lower voltage region around 1.7-2.5 V vs. Li; lithium metal or graphite 

negative electrodes with low redox potential is not compatible [55,81,82]. However, among the high 

lithium ion conductors, LTP and LATP show the high oxidation stability, which is advantageous to be 

utilized with high voltage positive electrode materials [83,84]. 

Garnet-type Li5La3M2O12 (M=Ta, Nb) oxide materials are first reported by Weppner et al. in 2005 

[85]. After the report by Murugan et al. in 2007, a garnet-type Li7La3Zr2O12 material has been regarded 

as the most attracting solid electrolyte because of their high conductivity of more than 10-4 S cm-1 at 

room temperature and high chemical stability against lithium metal negative electrode [86]. Now, some 

of the garnet materials exhibits higher conductivity of more than 10-3 S cm-1 at room temperature by 

the partial substitution of Ga3+ ions for Li+ ions [87,88]. Moreover, the high electrochemical stability 

against lithium metal is attractive for constructing high energy density all-solid-state batteries, because 

lithium metal is the most ideal negative electrode material with the high capacity (3862 mAh g-1) and 

the lowest electrochemical potential (-3.045 V vs. SHE) [11]. Several researches have been conducted 

to investigate whether Li7La3Zr2O12 (LLZ) crystal is stable against lithium metal electrode or not [89-

93]. Insertion of an interlayer between garnet electrolyte and lithium metal negative electrode has been 

proposed to improve the cycle performance [82,94-98]. However, dendritic lithium metal easily grows 

up from the lithium metal negative electrode to the opposite positive electrode side through grain 

boundaries even in the extremely dense electrolytes with relative density of over 97% during the 

galvanostatic cycling tests [91]. Therefore, how to protect the dendrite growth is the big issue for the 

commercialization. Recently, Akimoto et al reported that LLZ single crystal shows the excellent 

cycling performance without short circuit [99,100]. It shows the potential for the application of lithium 

metal batteries using garnet materials. For the practical use of lithium metal batteries using the LLZ 

polycrystal is now being regarded as a challenging issue. However, there is another problem that LLZ 

crystal is not stable in air atmosphere and LLZ can react with the moisture and CO2 gas, which 

generates LiOH and Li2CO3 at the surface of the electrolytes. These impurity phases prevent the 

lithium ion conduction for LLZ crystal. Therefore, chemical stability should be improved for the 

practical application. 
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1.3.2 Amorphous oxide solid electrolytes 

In contrast to crystalline materials, there is also a possibility for oxide glass materials as an 

electrolyte. Glassy materials tend to show a better ductility and higher conductivity than crystalline 

ones because of their open and random structure [101]. Moreover, super ion-conducting 

thermodynamically metastable phases can be precipitated by crystallization of glass electrolytes, 

which are hardly obtained via conventional solid-state synthesis [43,102-104]. Previously, lithium-ion 

conducting glass electrolytes have been extensively synthesized via vapor phase, melt-quenching and 

ball-milling techniques. Lithium ortho-phosphate (Li3PO4) is one of the famous oxide glass electrolyte. 

Although this glass electrolyte is hardly prepared by conventional melt-quenching or ball-milling 

techniques, it can be synthesized via vapor phase techniques. The Li3PO4 glass thin-film showed the 

conductivity of about 10-7 S cm-1 at room temperature [105]. To increase the conductivity, nitrogen 

doping is widely known to be effective, and the lithium phosphorous oxynitride (LiPON) glass is a 

practical material for thin-film type all-solid-state batteries. By the nitride replacement, conductivity 

of the glass electrolytes increased and the oxynitride glass electrolyte exhibited the conductivity of 

about 10-6 S cm-1 at room temperature [105]. In oxynitride glasses, glass transition temperature and 

crystallization temperature increased with increasing nitrogen contents, which means that the thermal 

and chemical stabilities were improved by the substitution of nitrogen [106]. Nitrogen is believed to 

replace the bridging oxygen to increase crosslinking of glass network [107]. Recently, the nitrogen-

doping is reported to be effective even in the sulfide-based electrolytes for improving conductivity and 

chemical stability [51]. 

   Moreover, the other lithium ion conducting oxide glass electrolytes in the system Li2O-P2O5, Li2O-

SiO2 [108], and Li2O-B2O3 [109] have also been synthesized. In the glass electrolytes, their ionic 

conductivities increase with an increase in the Li2O content. Glassy materials are possibly obtained in 

a lower Li2O content even by using a conventional melt quenching technique. In the higher alkaline 

content, it is very difficult to get a glassy material because of the crystallization in the cooling process. 

However, by using mechanochemical technique, glass forming region is expanded, and glassy 

materials can be obtained even in a higher Li2O content such as lithium ortho-composition [109]. 

Moreover, various pseudobinary or pseudoternary glass systems based on lithium oxyacids have been 

also synthesized and their conduction properties have been evaluated [110-112]. By increasing the 
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number of components, glassy materials are successfully obtained even by a melt-quenching technique, 

and furthermore conductivity increased by the mixed anion or former effect [110-112]. Recently, by 

crystallization of the pseudobinary glass system Li3BO3-Li2SO4, highly conducting metastable phase 

was precipitated and this glass-ceramic electrolyte showed the conductivity of about 10-5 S cm-1 at 

room temperature [111]. Moreover, this glass electrolyte has a relatively good ductility to be densified 

just by pressing at room temperature, which phenomenon is generally seen in the sulfide materials. 

This ductility is advantageous for forming a favorable contact with electrode materials. All-solid-state 

(In/LiCoO2) cells using the 90Li3BO3‧10Li2SO4 (mol%) glass-ceramic electrolytes operated as a 

secondary battery at room temperature. Such oxide materials with high conductivity and ductility are 

a suitable electrolyte for fabrication of oxide-based bulk-type all-solid-state batteries.  

 

1.4  Positive electrode materials 

1.4.1 Positive electrode materials practically used in LIBs 

For the commercial use of oxide-based bulk-type all-solid-state batteries, the development of 

electrode materials with high energy density is also necessary as well as the improvement in 

conductivity of solid electrolytes. In general, active materials conventionally used for LIBs have been 

diverted to all-solid-state batteries. Positive electrode material is the most important material for the 

improvement of the energy density of batteries. Previously, sulfide and oxide-types positive electrode 

materials are mainly studied for four decades. First of all, in 1976, Whittingham reported the topotactic 

lithium insertion/extraction reaction in layered TiS2 positive electrode [9]. Topotactic reaction without 

bonding change is favorable for the structural reversibility during cycling. In 1980, Goodenough and 

Mizushima reported that electrochemical activity of layered rocksalt-type LiCoO2 (space group: R3̅m) 

as an intercalation positive electrode active material [12]. The theoretical capacity of LiCoO2 is 274 

mAh g-1 if all the lithium ions are extracted from the structure. In fact, only the 0.4 mol of Li+ ion can 

be extracted from the LiCoO2 structure to maintain the layered structural, and it shows the limited 

capacity of about 120 mAh g-1 with average operation voltage of 3.8 V vs. Li. After that, Thackeray 

and Goodenough et al. proposed the LiMn2O4 with the spinel structure in 1983 [113]. This spinel 

electrode shows the theoretical capacity of 148 mAh g-1 by the charge compensation of Mn3+/Mn4+ 

redox reaction with high redox potential of 4.1 V vs. Li. However, the spinel has a poor thermal 

stability; manganese ions can be dissolved into an electrolyte at temperatures more than 60oC, and thus, 
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it is necessary to be operated under controlled temperature. In 1997, Pahdi and Goodenough reported 

the olivine-type LiFePO4 positive electrode with high chemical stability [114]. The olivine works as a 

positive electrode showing the capacity of 170 mAh g-1 by the topochemical between LiFePO4 and 

FePO4. Although the safety battery system can be constructed because of high chemical stability of 

poly-anion materials, olivine-type materials show quite low electronic conductivity. Therefore, it is 

necessary to take large amount of carbon conductive additives to secure electronic conduction in an 

electrode layer, leading to the decrease of energy density of batteries.  

 

1.4.2 Layered rocksalt-type lithium transition metal oxides  

Now, layered rocksalt, spinel, and olivine materials have been practically used as an oxide-based 

positive electrode material in LIBs. Especially, LiCoO2 with a layered rocksalt structure has been used 

as a positive electrode material in the battery for small electronic devices such as mobile phones. 

However, cobalt is one of the expensive transition metal elements. For the decrease in the battery price, 

the replacement of Co by the other inexpensive transition metal such as Mn or Ni is required [115]. 

The structure of layered LiMnO2 was reported to be monoclinic with the space group of C2/m [116]. 

LiMnO2 is less attractive as an electrode material because its unfavorable layered-spinel phase 

transition during the charge-discharge process cannot be suppressed, which is probably associated with 

a mobile character of trivalent Mn ions [116-118]. LiNiO2 was prepared as an alternative material to 

LiCoO2 due to the relatively low material cost of Ni and the high capacity [119,120]. However, it is 

difficult to synthesize stoichiometric LiNiO2, due to the inevitable Li+/Ni2+ cation disorder. In 

particular, a disordered phase is easily formed in the high temperature solid-state reaction. Besides, 

during the charging-discharging cycling, Ni2+ ions can migrate from the transition metal layer (3a site) 

to the lithium layer (3b site), which leads to a subsequent structural transformation (layered to defect 

spinel/disordered rock-salt transition) and block Li+ ion migration channels. This phase transformation 

is the primary factor for the capacity fade and safety issues in Ni-rich cathode materials. Therefore, 

partially replacement of Ni2+ by alternative cations such as Co3+, Mn4+ and Al3+ were carried out for 

improving cycle life and thermal stability, and reducing initial capacity loss due to oxygen gas 

evolution reaction. Currently, the LiNi0.8Co0.15Al0.05O2 (NCA) is an important positive electrode 

material for commercial application, which has relatively high specific energy of approximately 200 

mAhg-1, reasonably good specific power, and a long cycle life. 
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Yabuuchi and Ohzuku et al., reported the electrochemical performance of the LiNi1-x-yMnxCoyO2 

(NMC) positive electrode materials [121-123]. By optimizing transition metal compositions, thermal 

stability, capacity, operation voltage and rate performance for NMC can be tuned [124-127]. Moreover, 

among NMC materials, Ni-rich materials have attracted much attention because of the possibility to 

obtain higher energy density; by increasing the Ni content in NMC, higher capacity is obtained because 

of the two electron reaction by the Ni2+/Ni4+ charge compensation. In spite of its merit in energy density, 

there are some issue in stability for the Ni-rich NMC materials. Noh et al. studied the impact of the Ni 

concentration on the thermal stability of these NMC layered oxides using TGA and DSC, and high Ni 

content would not benefit for their thermal stability [127]. Moreover, due to the oxygen release from 

the particle surface and the formation of densified NiO structure, cycle performance for the Ni-rich 

materials deteriorates with increasing the Ni content [127-132]. 

 

1.4.3 Layered rocksalt-type lithium-excess transition metal oxides 

Recently, lithium-excess or lithium-rich positive electrode materials have attracted great attention 

because of the possibility to obtain high capacity of more than 250 mAh g-1 by the cumulative cationic 

and anionic redox reactions. As a lithium-excess material, Li2MnO3 (C2/c) is one of the most famous 

positive electrode active materials [133-135]. The structure of Li2MnO3 consists of cubic close-packed 

oxide ions with alternate sheets of octahedral sites between the close-packed layers occupied by Li and 

[Li1/3Mn2/3], and due to the ordering of Li and Mn ions in the transition metal layers, the space group 

for Li2MnO3 is determined in C2/c instead of R3̅m [136]. In the Li2MnO3, manganese ions are already 

in tetravalent state, and they are hardly oxidized in the initial charging state. However, lithium ions 

can be extracted from the structure because of the oxygen oxidation reaction, and the high initial 

charging capacity more than 300 mAh g-1 is obtained. Detail analysis on the structural and electronic 

state changes in Li2MnO3 during the charge-discharge process has been reported by Oishi et al., by 

using soft X-ray absorption measurement [137,138]. Due to the oxygen gas elimination reaction in 

charging state, the cycle performance of the Li2MnO3 is too low to be applied as an active material in 

practical use. Therefore, lithium-excess materials in the binary system Li2MnO3-LiNi1-x-yMnxCoyO2 

(e.g. 0.5Li2MnO3‧0.5LiNi1/3Mn1/3Co1/3O2 (mol%); Li1.2Mn0.54Ni0.13Co0.13O2) are extensively studied as 

a candidate positive electrode material with high capacity [139-146]. However, there are several 

challenges in lithium-excess NMC electrode materials for practical application such as voltage decay, 
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slow kinetics, layered-spinel structural change. To clarify the deterioration mechanism in lithium-

excess layered materials, various analyses have been carried out so far [147-158]. Especially, oxygen 

gas evolution from the surface of active materials is the main reason for these deterioration [141,159]. 

After the oxygen elimination around the surface of particle, transition metal ions migrate to Li sites in 

the Li layer, and then spinel structure formed at the particle surface. Because of the existence of 

transition metal ions in Li sites, Li migration pathway is blocked, which leads to slow kinetics and 

voltage decay. To improve the electrochemical performance of Li-excess NMC materials by 

suppressing oxygen elimination reaction, surface modification of the NMC particle is proposed to be 

effective [160-162].  

 As the practical materials, 3d transition metal oxides have generally been used in terms of cost. 

However, layered materials with 4d or 5d transition metal elements such as Li2RuO3 and Li2IrO3 have 

attracted great attention as a model high capacity positive electrode material with the stable oxygen 

redox reaction [163-165]. To achieve high capacity by the oxygen redox reaction, partial substitution 

of other ions has been carried out [164,166-168]. Tarascon et al. proposed the electrochemical 

performance was improved by the substitution of Sn4+ ions for Ru4+ ions (Li2Ru1-xSnxO3). In the cell 

with the Li2Ru0.75Sn0.25O3 positive electrode material, cationic oxidation reaction (Ru4+/Ru5+) mainly 

occurred in the earlier SOC, and then in the latter oxidation state, anionic oxidation reaction (O2-/On-) 

were proceeded. Because of the existence of Sn4+ ions which do not have any d electrons in the 

outermost shell, O-O homo bond was created after the oxidation reaction [164,170,171]. Moreover, 

because of the highly covalent character of the M(4d or 5d)-O bonding, oxygen elimination reaction 

can be suppressed even in highly oxidation state, which is the reason why better cycle performance 

have successfully achieved.  

Although various lithium-excess positive electrode materials which have the anionic redox reaction 

so far have been reported, the detail mechanism for oxygen redox reaction has not been clarified. The 

important argument is whether oxygen oxidation can create extra capacity beyond what is predicted 

from the transition-metal content alone. In 2016, Ceder’s group and Bruce’s group have reported that 

the labile Li–O–Li configurations essentially unhybridized with transition metal ions in Li-excess 

materials explains why oxygen oxidation can be substantial [172,173]. As the electrons in the Li–O–

Li states are higher in energy than those in the other O2p states, oxygen oxidation preferentially occurs 

from the orphaned Li–O–Li states. Moreover, Bruce et al. have reported the direct evidence of anion 
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redox for Li1.2Co0.13Ni0.13Mn0.54O2, and the possibility of hole creation and stabilization on oxide ions 

[173]. On charging Li1.2[Ni0.13
2+Co0.13

3+Mn0.54
4+]O2, localized electron holes are formed on the O ions 

coordinated by Mn4+ and Li+. The O–(Mn4+/Li+) interactions are more ionic (less covalent) than O–

(Ni4+/Co4+) interactions, which is consistent with hole localization on the O coordinated by Mn4+/Li+. 

The same ionic interactions place the localized O hole near the top of the oxygen valence band. 

Thackeray et al. have investigated which metal elements should be used in the Li2MⅠO3-Li2MⅡO3 

structure by DFT calculation to utilize reversible oxygen redox reaction with maintaining the layered 

structure with space group of C2/c [174]. From the DFT calculation, the selected metal ions are Pd, 

Rh and Rt, which are all the expensive noble metal elements. Therefore, achieving the reversible 

oxygen redox reaction in layered compounds is regarded as a challenging issue. Recently, Zuo et al. 

reported that O2-type Li2MnO3 shows the extremely high capacity of more than 400 mAh g-1 (energy 

density of 1360 Wh kg-1) and relatively good cycle characteristics [175]. The incorporation of the 

single-layer Li2MnO3 superstructure alters the oxygen redox process and leads to small structural 

changes during cycling. This can resolve issues resulting from the irreversible Li2MnO3 activation 

even with significant oxygen redox activity [175].  

 

1.4.4 Disordered rocksalt-type lithium-excess transition metal oxides 

Previously, layered materials have been applied as an electrode active materials. On the other hand, 

there is also possibility in cation-disordered rocksalt-type materials to be a candidate electrode material. 

In the disordered rocksalt structure with the space group of Fm3̅m, oxygen atoms occupy the sites of 

a face-centered cubic (fcc) lattice, and the cations (lithium and other metal atoms) randomly occupy 

the fcc sub-lattice of octahedral interstices [176]. Good lithium transport throughout the bulk of 

particles is essential in order to achieve high capacity in positive electrode materials. In the rocksalt 

structure, lithium migration between two octahedral sites proceeds via a tetrahedral activated state (o-

t-o diffusion). The activation barrier for this process is mainly determined by the electrostatic repulsion 

between the tetrahedral activated Li and the species (metal cation or vacancy) on its two face-sharing 

sites. Because of the existence of transition metal ions in or around the lithium migration pathway, 

lithium migration would be prohibited due to the electrostatic repulsion. Therefore, disordered 

rocksalt-type materials have been generally regarded as electrochemically inactive due to the limitation 

of lithium migration pathway in the structure so far [177]. However, in 2014, Ceder et al. reported that 
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electrochemical activity and high capacity are possibly obtained even in the disordered rocksalt 

materials by the creation of lithium migration pathway with the introduction of excess lithium [178]. 

After this report, lithium-excess disordered rocksalt materials have started to be regarded as a candidate 

positive electrode material. Various disordered materials have been synthesized and their 

electrochemical performance is extensively studied by Ceder’s group, Yabuuchi’s group and others 

[176,178-192]. Recently, Yabuuchi et al. reported the disordered Li1.3Nb0.3Mn0.4O2 or Li1.2Ti0.4Mn0.4O2 

positive electrode materials. These electrodes show the high reversible capacity of about 300 mAh g-1 

because of the stable cationic and anionic redox reaction [188,189,191].  

 

1.4.5 Fluorination of disordered rocksalt-type materials for high capacity 

In the lithium excess electrode materials with higher voltage trivalent couples such as Mn3+/4+, 

Fe3+/4+ and Co3+/4+, only small capacity can be obtained on their own, and typically require additional 

anion redox for high energy density, which is accompanied by irreversibility due to oxygen loss and 

surface densification [193]. Fluorination has been focused to improve charge-discharge performance 

of lithium-excess positive electrode materials. By the O2- replacement by F- in the oxide structure, 

there are several merits as an electrode material. Increase in the redox potential can be expected by 

inductive effect because of the high electronegativity of fluoride ions [194,195]. It is able to lower the 

valence for the transition metal in the electrode material by the fluorination, which makes lowering the 

contribution of charge compensation of oxide ion in charging and discharging and it suppress the 

oxygen elimination reaction in highly oxidation state [196]. As a result, high capacity can be obtained 

by the multiple electron reaction of transition metal with maintaining high cycle characteristics. 

However, it is difficult to synthesize the fluorinated structure for layered compounds due to the 

structural instability. The equilibrium fluorine solubility in the stoichiometric-ordered LiMO2 

compounds is extremely small, but the solubility of fluorine dramatically increases upon disorder of 

the lithium and transition metal cations [196]. In 2015, Fichtner et al. first reported the synthesis and 

the electrochemical performance of the Li2VO2F and Li2VxCr1-xO2F disordered oxyfluoride materials. 

This result suggests that the fluorine substitution may be facile up to a relatively high fluorination level 

in the disordered structure. [197-199]. Therefore, fluorination of the lithium-excess disordered 

materials has been extensively done especially in this five years [196,200-205]. Among them, Ceder 

et al. have reported synthesis of the Li2Mn2/3Nb1/3O2F and Li2Mn1/2Ti1/2O2F and electrochemical 
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performance of them [201]. By combining the introduction of high-valent cations such as Nb5+ or Ti4+ 

and the partial substitution of fluorine for oxygen in a disordered-rocksalt structure, reversible 

Mn2+/Mn4+ double redox couple was incorporated into lithium-excess cathode materials. The use of 

the Mn2+/Mn4+ redox reduces oxygen redox activity, thereby stabilizing the materials, which leads to 

high-capacity Mn-based Li-excess cathodes (capacity of more than 300 mAh g-1, energy density of 

around 1,000 Wh kg-1) without an excessive use of O redox. Because of lowering the oxygen redox 

contribution, oxygen evolution reactions even in highly oxidation state from the active materials were 

successfully suppressed, and better cycle performance was achieved.  

 

1.4.6 High capacity Li2O-based positive electrode materials 

To increase the energy density of the active materials, transition metal content should be decreased 

[206]. The Li/O ratio is one of the key factors to determine the utilization extent of oxygen 

electrochemistry activity [206]. Recently, a new type of oxide positive electrode material Li4Mn2O5 

(LiMnO2‧0.5Li2O) with the disordered rocksalt structure was synthesized, and this electrode shows the 

high reversible capacity of 355 mAh g-1, which is ascribed to the redox of Mn3+/Mn4+, and O2−/O2
2- 

redox couples [182,183]. Ultimately, Li2O with the highest Li/O ratio is considered to be the electrode 

material with the highest energy density. Therefore, Li-O2 battery is regarded as the battery system 

with the highest energy density. The redox mechanism in Li2O electrode has been studied in Li-O2 

batteries. Because of the intrinsic property of Li2O, a large polarization in oxygen oxidation reaction 

is observed. Moreover, in the oxygen reduction reaction, polarization is also generated due to the 

nucleation reaction of On- condensed phase from the O2 gas phase. Because of the large polarization 

in both reactions, the energy efficiency is quite low. Therefore, decreasing polarization and increasing 

energy efficiency should be done. To decrease the polarization, solid-state redox reaction in Li2O/Li2O2 

or LiO2 has been focused. Because Li2O shows the insulation properties, therefore, in order to obtain 

the electrochemically activated Li2O, substitution of a small amount of transition metal has been 

examined [207-215]. 

 

1.4.7 Amorphous positive electrode materials 

These positive electrode active materials as mentioned above are categorized to crystal; there is a 

possibility for amorphous materials as an alternative candidate for positive electrode active materials. 
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Amorphization of active materials is potentially capable of achieving higher capacity and reversibility 

because of the presence of additional stable sites for lithium ions on the basis of open and random 

structure in amorphous materials. Machida et al. reported the charge-discharge performance of the 

electrochemical cells based on crystalline and amorphous V2O5 positive electrode materials [216-219]. 

The chemical diffusion coefficient of V2O5 is also increased by amorphization, and amorphous V2O5 

exhibits better charge-discharge property than crystalline V2O5. Moreover, Matsuyama el at. reported 

the preparation and the electrochemical performance of amorphous TiS3 and MoS3 positive electrode 

materials in bulk-type all-solid-state batteries [220-223]. The all-solid-state cells with crystalline and 

amorphous TiS3 showed the initial discharge capacity of about 560 mAh g-1, corresponding to the 

theoretical capacity of TiS3. However, the cell using crystalline TiS3 had an irreversible capacity at the 

1st cycle. The cell showed the reversible capacity of about 400 mAh g-1 at the corresponding cycles. 

On the other hand, in the cell with amorphous TiS3, irreversible capacities were not observed for 10 

cycles. Amorphous TiS3 maintained amorphous state for 10 cycles, which brought about the better 

cyclability compared to crystalline TiS3. Manthiram et al. reported the synthesis and electrochemical 

performance of an amorphous manganese oxide cathode, the oxyiodide Li1.5Na0.5MnO2.85I0.12 [224]. 

The amorphous oxyiodide electrode material exhibits a high reversible capacity of ca. 260 mAh g-1 in 

the range 1.5–4.3 V with excellent cycling characteristics. Furthermore, the amorphous nature of the 

material may help to overcome the problems associated with lattice distortions that have plagued 

manganese oxides with crystalline structures. Recently, Sabi et al. proposed the amorphous electrode 

materials based on the lithium transition metal oxide and lithium oxyacids such as Li3PO4 and Li3BO3 

synthesized via vapor-phase technique [225]. Thin film-type all-solid-state batteries based on the 

amorphous positive electrode show an extremely high capacity more than 300 mAh g-1 with the 

average operation voltage of about 3.0 V vs. Li. The synthesis on the such amorphous materials is 

limited to the vapor phase techniques, and it has never been reported on the preparation of such 

amorphous electrode powders by using the other techniques. Therefore, there is a possibility to obtain 

novel positive electrode materials with high capacity by optimizing the synthesis condition and 

composition in amorphous materials, which leads to the construction of bulk-type all-solid-state 

batteries with high energy density.  

 

1.4.8 Issues of construction of all-oxide solid-state batteries  
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Bulk-type all-solid state batteries using oxide-based solid electrolytes have been regarded as an 

ideal battery system with high safety and energy density. The most important things for the operation 

of all-solid-state batteries are forming electrode-electrolyte interfaces with charge-transfer and 

designing favorable lithium ionic conduction pathways in an electrode layer. Since the formability of 

conventional electrode materials is not enough high, it is mandatory to use large amount of highly 

moldable solid electrolytes for the interfacial construction. Unfortunately, crystalline oxide electrolytes 

(e.g. LATP, LLT, and LLZ) have a poor formability unlike sulfide materials, which generates a huge 

grain boundary resistance in powder-compressed pellets [226]. Thus, high temperature sintering and 

densification should be carried out for achieving high ionic conductivity. However, in the composite 

electrode composed of active material and crystalline oxide electrolyte powders, unfavorable side 

reactions may occur at the high temperature, which also generates interfacial layers with a high 

resistance [227-229]. Therefore, fabrication and operation of bulk-type all-solid-state batteries using 

oxide electrolytes are challenging issues.  

 There are some possible strategies for the realization of oxide-type all-solid state batteries. The 

first one is a direct deposition of an electrode film on the surface of an electrolyte sintered body. An 

all-solid-state battery possibly works as a secondary battery, but, the loading amount of the electrode 

is quite low compared to the electrolyte sintered body, and therefore energy density of the battery 

should be low [84,222,230]. Another idea is using lithium-ion conducting polymer electrolytes in 

addition to crystalline oxide electrolytes to achieve an interfacial contact with electrode materials [231-

233]. These batteries generally operate at the medium temperature range of 50-100oC to increase 

lithium ion conductivity of polymer electrolytes [234-236]. Interfacial contact with electrode materials 

is successfully obtained because of the soft character of polymer electrolytes and all-solid-state 

batteries operated as a secondary battery. The other strategy is lowering the sintering temperature. If 

the crystalline oxide electrolytes are densified at lower temperature, the interfacial side reaction with 

active materials can be suppressed. Many efforts on the low temperature sintering have been reported 

by using liquid phase sintering or cold-sintering techniques [237-249]. Ohta et al. proposed sintering 

with Li3BO3 and Al2O3 as a sintering additive, LLZ can be densified even at 790oC [244]. Interfacial 

side reaction is suppressed because of the low sintering temperature, and bulk-type all-oxide solid-

state batteries worked as a secondary battery. In the composite positive electrode layer, Li3BO3 was 

used as a solid electrolyte whose conductivity is about 10-7 S cm-1 [109, 250]. In the high temperature, 
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Li3BO3 melts spread around the active material particles to form a well-contacted electrode-electrolyte 

interface. This interfacial construction is important as well as an ionic conductivity of solid electrolytes 

used in electrode layers. In fact, the all-solid-state cells operated as a secondary battery even when the 

low-conducting Li3BO3 electrolyte was used in electrode layer. However, the rate performance should 

be improved by using oxide materials with higher conductivity. Therefore, for the construction of bulk-

type all-solid-state batteries, oxide-based solid electrolytes with high ionic conductivity and ductility 

like sulfide electrolytes should be developed. Very recently, Ohta et al. have a great success in the low 

temperature sintering of crystalline oxide materials, proposing the reaction sintering method at around 

400-650oC [251]. By hot-pressing the H+-exchanged garnet materials with a lithium-containing flux 

such as LiOH or LiNO3, the H+ in the garnet structure and the lithium ions in the flux are replaced. By 

utilizing the driving force of this chemical reaction, further densified sintered bodies are successfully 

obtained at a lower temperature than the conventional one. Conductivity for the pellet hot-pressed at 

400oC under the molding pressure of 1 ton cm-2 was 4.5×10-4 S cm-1 at room temperature.  

In general, energy density of the all-solid-state batteries is decided by the capacity and operation 

potential of active materials. For the increase in energy density of all-solid-state batteries, there are 

two possible strategies; one is to develop high capacity or high voltage electrode materials, and the 

other is to increase the content of active materials in electrode layers. Application of high capacity 

positive electrode materials such as lithium-excess materials to all-solid-state batteries has never been 

reported so far probably because of both the oxygen gas generation from the active materials and the 

large interfacial resistances between active materials and solid electrolytes. Moreover, in order to 

enhance the energy density of batteries, active materials content should be increased, and the electrode 

layer composed only by active materials is the most ideal configuration for high energy density. To 

fabricate such a monolithic electrode layer, it is necessary to impart the ductility and the 

ionic/electronic conductivities into electrode active materials itself to compensate these conductivities 

which the solid electrolyte and carbon have played in the composite electrode layer. Therefore, 

development of active materials with favorable ductility and high ionic/electronic conductivities in 

addition to high capacity is also indispensable for energy density enhancement. 

 

1.5  Objective of this study 

The present study focuses on developing bulk-type all-oxide solid-state batteries. Operational 
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difficulty in bulk-type all-oxide solid-state batteries is generally how to construct the electrode-

electrolyte interface. Typical oxide-based electrolytes and electrodes show poor deformability. By 

improving ductility in these materials, the performance of all-oxide solid-state batteries would be 

enhanced. As mentioned above (Chapter 1.3.2 and 1.4.7), amorphous materials generally show a better 

formability and a higher ionic conductivity than crystalline materials. Therefore, this study focuses on 

amorphous materials as a candidate of electrodes and electrolytes for the application to bulk-type all-

oxide solid-state batteries. In this study, two strategies to construct the all-oxide solid-state batteries 

with high energy density are proposed by using amorphous materials. One is to synthesize oxide-based 

electrolytes with high ductility and conductivity. Based on low-melting point of Li3BO3 crystal 

(~823oC), the Li3BO3 glass electrolyte shows a good ductility and a relatively high ionic conductivity 

among the oxide electrolytes. However, these properties are not sufficient for the application in bulk-

type all-solid-state batteries. By the incorporation of other low-melting oxides in the glass electrolyte, 

improvement of formability and conductivity by mixed anion effect is attempted. Moreover, by heating 

the glass, crystallization of a highly conducting metastable phase is expected. The other strategy is to 

prepare amorphous positive electrode materials with high ductility and electronic/ionic conductivities. 

Incorporation of low-melting oxides to typical layered rocksalt electrodes is also investigated. 

Moreover, this study focuses on the anionic redox reaction in addition to the cationic redox reaction to 

obtain high capacity in the amorphous electrode materials. As mentioned above, utilization of oxygen 

redox reaction is effective to obtain high capacity in layered and disordered lithium excess electrode 

materials. Many researchers are trying to resolve the anionic redox mechanism in the lithium excess 

materials [172,173]. However, the detailed mechanism for the anionic redox reaction has been still 

unclear even in layered lithium excess electrodes. Therefore, elucidating the charge-discharge 

mechanism in high capacity electrode materials is quite important for designing novel electrode 

materials. In this study, lithium excess amorphous electrode materials suitable for all-solid-state cells 

are developed, and the charge-discharge mechanism is evaluated. In general, it is very difficult to clear 

the redox mechanism for amorphous electrodes because of limited techniques for structural analysis. 

In this study, the electronic state changes of oxygens in the electrodes are focused on and analyzed by 

using O1s XPS and O K-edge XAFS measurements.  

  

 This doctoral thesis consists of five chapters indicated below: 
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Chapter 1 

This chapter describes the background, the objectives and the contents of this thesis. 

 

Chapter 2 

This chapter reports the preparation of Li3BO3-based glass-ceramic electrolytes for the application 

to all-solid-state batteries. For improving high conductivity and ductility in oxide-based electrolytes, 

pseudo-binary or pseudo-ternary glass electrolytes where various lithium oxyacids are added into the 

Li3BO3 glass structure, are synthesized and their mechanical and electrochemical properties are 

investigated. As a lithium oxyacid, Li2SO4, and Li2CO3 are selected. Moreover, by heating the glass 

electrolytes, the corresponding glass-ceramic electrolytes are also synthesized. Their structures are 

evaluated by X-ray diffraction (XRD) measurement and Raman spectroscopy. Moreover, the 

deformation and conduction properties of the electrolytes are also investigated by scanning electron 

microscopy (SEM) observation and alternating current (AC) impedance measurements. Moreover, all-

oxide solid-state cells using the synthesized glass-ceramic electrolytes are fabricated and their battery 

performance is examined.  

 

Chapter 3 

Based on the results in the chapter 2, interfacial construction is much important to achieve a better 

cycle performance. Therefore, preparation of active materials with high ductility and ionic 

conductivity suitable for the application to all-solid-state battery are investigated. In this chapter, the 

novel amorphous LiMO2-based (M=Co, Mn, Ni) positive electrode materials are synthesized and 

electrochemical performance in oxide-type all-solid-state batteries are investigated. Various lithium 

oxyacids such as Li2SO4, Li3BO3, Li3PO4, Li2CO3 and LiNO3 are introduced to form the amorphous 

matrix with high ductility and ionic conduction pathway. LiCoO2-based amorphous positive electrode 

materials with one of these lithium oxyacids are developed by high energy ball-milling to optimize 

which oxyacids should be used. Electronic and ionic conductivity of amorphous materials are 

examined by direct current (DC) polarization and alternating current (AC) impedance measurements. 

Ductility of the electrode materials are investigated by the scanning electron microscopy (SEM) 

observation. All-solid-state cells based on the synthesized amorphous electrode materials with a ductile 
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Li3BO3-based electrolyte are fabricated and their charge-discharge performance are investigated. The 

structural and electronic state changes in the amorphous electrode materials during the charge-

discharge processes are evaluated by using XRD, transmission electron microscopy (TEM), X-ray 

photoelectron spectroscopy (XPS), and X-ray absorption fine structure (XAFS) measurements to 

elucidate the reason for high reversible capacity. 

 

Chapter 4 

In this chapter, synthesis of amorphous positive electrode active materials with anionic redox 

reaction in addition to cationic redox is examined in order to obtain the electrode materials with much 

higher capacity. As such a lithium transition metal oxide, Li2RuO3 is regarded one candidate material 

where the reversible anionic redox reaction is expected. Therefore, according to the results in the 

chapter 3, amorphous positive electrode materials in the system Li2RuO3-Li2SO4 are synthesized by 

high energy ball-milling. The electronic and ionic conductivity for the Li2RuO3-Li2SO4 positive 

electrode are measured by the AC impedance and DC polarization methods. The ductility in the 

electrode materials is also investigated by SEM observation and density measurement. Moreover, their 

electrochemical performance of the Li2RuO3-Li2SO4 positive electrode materials in all-solid-state 

batteries and liquid-type batteries are investigated. The structural and electronic state change during 

charge-discharge process are investigate by XRD, TEM, XPS and XAFS measurements. Moreover, 

lithium diffusion properties in the amorphous electrode materials and the resistance in the interfacial 

charge-transfer process for the cell based on the amorphous materials are also evaluated by using an 

electrochemical technique. 

 

Chapter 5 

This chapter summarizes all the conclusions in this thesis. 
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2. Preparation of the Li3BO3-based glass-ceramic electrolytes and their application to bulk-type 

all-oxide solid-state batteries 

For the fabrication of all-solid-state battery, highly conducting solid electrolytes must be developed. 

Moreover, solid electrolytes should have a high ductility as to create a good interfacial contact with 

active material particles just by pressing [1]. Although sulfide electrolytes show extremely high ionic 

conductivities of more than 10-2 S cm-1 at room temperature and excellent ductility [2–5], most sulfide 

electrolytes are not stable in regular air atmosphere with generating hydrogen sulfide [6–8]. There are 

challenging issues in terms of the chemical stability for the sulfide electrolytes [6–10]. However, such 

a high ductility of the sulfide materials to be densified just by pressing is one of the most important 

features to design a well-contacted electrode-electrolyte interface for operation of all-solid-state 

batteries.   

On the other hand, oxide materials are other candidate electrolytes because of their high chemical 

and electrochemical stabilities. Highly safe batteries are potentially constructed by using oxide-based 

electrolytes. However, typical crystalline oxide electrolytes, such as garnet-type Li7La3Zr2O12 (LLZ) 

[11], NASICON-type Li1.3Al0.3Ti1.7(PO4)3 [12–14], and perovskite-type Li0.29Li0.57TiO3 [15], cannot 

be densified just by room temperature pressing due to their poor ductility. Therefore, high temperature 

sintering at around 1000°C is mandatory to decrease the grain boundary resistance and to achieve high 

ionic conductivity. However, unfavorable side reactions with electrode active materials in the 

composite electrode layers at such a high temperature are serious problems for the operation of all-

solid-state batteries [16–18]. Lowering the sintering temperature is desired to avoid the unfavorable 

side reactions [19–23]. Among the oxide electrolytes, this study focuses on glassy materials instead of 

the conventional crystalline materials from the view point of the superior ductility of glassy materials. 

Previously, various lithium-ion conducting glass electrolytes synthesized by melt quenching and ball-

milling techniques have been widely studied [24–27]. Oxide glasses with much higher Li2O contents 

have been prepared by the mechanochemical method and the conductivity of the glasses increases with 

an increase in Li2O content in the lithium borate glass electrolytes [27]. Glassy material was obtained 

even in a high alkaline content such as an ortho-composition which cannot be obtained by the 

conventional melt quenching technique. The lithium ortho-borate (Li3BO3, 75Li2O·25B2O3 in mol%) 

glass exhibited a relatively high conductivity of 3.4×10-7 S cm-1 at room temperature. Conductivity 

enhancement has been reported by blending two components of Li3BO3 and Li4SiO4 in the glass 
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electrolytes, which is so called “mixed anion (or former) effect” [28]. However, the conductivity of 

these glass electrolytes is not sufficiently high for the application to bulk-type all-solid-state batteries. 

There is a possibility to enhance the ionic conductivity of glass electrolytes by crystallization and 

stabilization of highly ion-conducting metastable crystalline phases [3,29–32]. Very recently, 

Tatsumisago et al. reported that the 90Li3BO3·10Li2SO4 (mol%) glass-ceramic electrolyte showed a 

relatively high ionic conductivity of 9.4×10-6 S cm-1 at room temperature and a favorable ductility 

[33]. Incorporation of lithium sulfate effects on the ductility and conductivity, but the detail reason for 

the enhancement has not been clarified yet. In general, melting point of the starting crystalline 

materials is thought to effect on the properties of the glass electrolytes. Glass electrolytes prepared 

from the crystals with lower melting point tend to show a better ductility and higher ionic conductivity.  

Therefore, this chapter focuses on the Li3BO3-based glass electrolytes synthesized from various 

lithium salts with a low melting point. As an additive lithium salt, Li2SO4, Li2CO3 are selected because 

of their low melting points, and the pseudobinary glass systems Li3BO3-Li2SO4 and Li3BO3-Li2CO3 

and the pseudoternary glass system Li3BO3-Li2SO4-Li2CO3 were synthesized by a high energy ball-

milling technique. The structure, ionic conductivity, and mechanical properties of the glass and glass-

ceramic electrolytes were evaluated. All-oxide solid-state cells (Li-In/LiNi1/3Mn1/3Co1/3O2) using the 

synthesized Li3BO3-based glass-ceramic electrolytes were constructed and the charge-discharge 

properties of the cells were evaluated at 100°C. The influence of the ionic conductivity and ductility 

of the Li3BO3-based electrolytes on the charge-discharge properties of all-solid-state cells was 

investigated. 

 

2.1. Pseudobinary glass and glass-ceramic electrolytes in the system Li3BO3-Li2SO4 

2.1.1. Experimental procedure 

2.1.1.1. Preparation of the Li3BO3-Li2SO4 glass and glass-ceramic electrolytes   

Starting materials were LiOH·H2O (>99%; Wako Pure Chemical Inds. Ltd.), H3BO3 (>99%; Wako 

Pure Chemical Inds. Ltd.), and Li2SO4·H2O (99%; Wako Pure Chemical Inds. Ltd.). A mixture of 

LiOH·H2O and H3BO3 was heated in an Al2O3 crucible at 500°C for 1 h and then sintered at 600°C for 

2 h in air to obtain a Li3BO3 crystal. A crystalline Li2SO4 was obtained by heating Li2SO4·H2O at 

300°C for 3 h in a dry Ar atmosphere. The Li3BO3-Li2SO4 glasses were prepared by a 

mechanochemical technique using a planetary ball-milling apparatus (Pulverisette 7; Fritsch GmbH). 

-34-



A mixture (1.0 g) of the crystals of Li3BO3 and Li2SO4 was put into a 45 mL zirconia pot with 160 

zirconia balls (5 mm in diameter, 65 g) and milled at the rotating speed of 370 rpm with the milling 

period of 40-144 h. All processes were conducted in a dry Ar atmosphere. The obtained glass powder 

was pressed into the pellet form under 720 MPa at room temperature. Then, the glass pellets were 

heated to the temperatures beyond the crystallization temperatures to obtain their glass-ceramics.  

 

2.1.1.2. Characterization of the synthesized electrolytes 

X-ray diffraction (XRD) (CuK) was conducted using a diffractometer (Smartlab; Rigaku Corp.) 

to identify crystalline phases of the glass-ceramic samples. Raman spectra of the glasses were obtained 

using the 325 nm line of a He-Cd laser with a Raman spectrometer (LabRAM HR800; Horiba Ltd.). 

Differential thermal analysis (DTA) was performed using a thermal analyzer (Thermo-plus 8120; 

Rigaku Corp.) to observe glass-transition and crystallization temperatures of the prepared glass 

electrolytes. The glass samples were heated at 10°C min-1 under N2 gas flow up to 900°C. 

Bulk densities of the powder-compressed pellets were calculated from the weight and volume of 

the pellets. Relative densities were calculated by dividing the bulk density by the apparent density of 

the obtained powder determined by an Ar gas pycnometer (AccuPyc II 1340, Shimadzu). Elastic 

moduli were evaluated for the hot-pressed glass pellets by the ultrasonic pulse-echo technique using 5 

MHz frequency transducers (5077PR, Olympus). Hot-pressed pellets were prepared by pelletizing the 

glass powders at 360 MPa at around each glass-transition temperature for 4 h in an Ar-filled glove box. 

The thickness and diameter of the prepared pellets were about 2 mm and 10 mm, respectively. 

Ionic conductivities were measured for the green compacts of the glasses and glass-ceramic 

powders pressed under 720 MPa at room temperature. Gold electrode was deposited on both faces of 

the pellets by using a sputter apparatus (Quick coater SC-701; Sanyu electron Corp.) Then, stainless 

steel disks were attached to the pellets as current collectors. The prepared cells were sealed in a silica 

glass tube. Alternating current (AC) impedance measurement was conducted using an impedance 

analyzer (SI-1260; Solartron). The frequency range and the applied voltage were respectively from 8 

MHz to 0.1 Hz and 50 mV. First, the AC impedance measurement was conducted at 25°C for the glass 

pellets. Then, the glass pellets were heated to the temperatures beyond the crystallization temperatures 

to obtain their glass-ceramics. After cooling the pellets to 25°C, the impedances of the glass-ceramics 

were measured. A cross-section of the fractured compacts was observed with a field-emission scanning 
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electron microscopy (FE-SEM, SU8200; Hitachi High-Technologies). Transmission electron 

microscopy (TEM) images and corresponding electron diffraction (ED) patterns was obtained using 

JEM-2100F field-emission-type TEM systems (JEOL) with acceleration voltages of 200 kV at room 

temperature. To avoid the effects of moisture from the air, a double-tilt vacuum transfer TEM folder 

(Gatan model 648) was employed during the observation.  

To evaluate the electrochemical stability of the synthesized electrolytes, cyclic voltammetry (CV) 

and galvanostatic cycling test were carried out. The 90Li3BO3·10Li2SO4 glass powder was pressed 

into pellet form under 720 MPa at room temperature, and the green compact was sintered at 290°C to 

be crystallized. Then, a lithium metal foil with a stainless steel foil as a current collector were attached 

to the pellet surface for single or both sides. The cells were shielded in a pouch, then they were pressed 

under 70 MPa by using cold isostatic pressing (CIP) apparatus, to achieve a superior contact and 

decrease an interfacial resistance between the electrolyte and the lithium metal. The CV test was 

carried out at 25°C under the constant voltage step of 0.1 mV s-1 using a potentiogalvanostat (Celltest 

1470E; Sorlatron Analytical). Galvanostatic cycling test was carried out to investigate the 

electrochemical stability of the glass-ceramic electrolyte against lithium dissolution and deposition. 

The direct current of a constant current density of 0.13 or 0.26 mA cm-2 for 1 h was applied for the 

fabricated cells. The measurement was performed at 100°C using a charge-discharge measurement 

device (BTS-2004, Nagano Co. Ltd.). Before and after the CV and galvanostatic cycling measurements, 

AC impedance measurement was conducted using an impedance analyzer (SI-1255B; Sorlatron 

Analytical) 

X-ray photoelectron spectroscopy (XPS) was carried out to investigate the interface reaction 

between lithium metal negative electrode and the 90Li3BO3·10Li2SO4 glass-ceramic electrolyte. 

Photoelectron spectra was obtained by using a spectrometer (K-Alpha, Thermo Fisher Scientific). A 

lithium metal thin-film was deposited onto the surface of the 90Li3BO3·10Li2SO4 glass-ceramic pellet 

using a thermal evaporator placed in Ar-filled grove box. The thickness of the thin-film was about 1 

μm. The samples were transferred to the analysis chamber using a vessel packed with a dry Ar gas. 

Monochromatic Al-Kα radiation (1486.6 eV) was used as the X-ray source. To remove the influence 

of the charging effect on the spectra, neutralization of the samples was performed during the 

measurement by the combined use of a flood gun. The samples were etched by Ar+ ion monomer and 

depth analyses were carried out from the top of the Li thin-film into the 90Li3BO3·10Li2SO4 electrolyte. 
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The obtained spectra were calibrated by setting the measured binding energy (BE) of the C1s peak to 

284.7 eV of adventitious carbon accumulated in the analysis chamber of the spectrometer. 

  

2.1.2.  Results and discussion 

The glass-forming region by twin-roller melt quenching was already reported for the pseudobinary 

system Li3BO3-Li2SO4 [24]. Glass formation by mechanochemical synthesis was tried for x = 0, 10, 

25, 50, 60, 70, 80 and 90 of (100-x)Li3BO3·xLi2SO4; all the compositions are the nominal ones. Figure 

2-1-2-1 (a) shows the XRD patterns of the as-prepared Li3BO3-Li2SO4 samples by a ball-milling 

technique for appropriate milling periods of time; the milling period for each sample was determined 

as an enough time to observe no diffraction peaks of starting materials. Halo patterns typical in 

amorphous materials are observed up to x = 80 prepared by 40-110 h ball-milling of the mixture of 

Li3BO3 and Li2SO4 crystals, suggesting a very large glass-forming region in this system also in the 

case of mechanochemical process. 

Figure 2-1-2-1 (b) shows the Raman spectra of mechanochemically prepared Li3BO3-Li2SO4 

glasses. The Li3BO3 glass exhibits an intense band at around 930 cm-1, which is assigned to the 

stretching mode of ortho-borate BO3
3- ions [34]. The Li2SO4 crystal exhibits an intense band at around 

1010 cm-1, which is assigned to the stretching mode of sulfate SO4
2- ions [35]. The glasses containing 

both Li3BO3 and Li2SO4 show two bands near 930 and 1010 cm-1. The 930 cm-1 band is weakened and 

the 1010 cm-1 band is strengthened with increasing the Li2SO4 content. Since there are no marked 

Raman bands other than these in any glass, these glasses contain no macroanions forming networks 

and consist only of Li+ ions and discrete BO3
3- and SO4

2- ions. These glasses thus can be called as “ion 

glasses.” 

Figure 2-1-2-2 (a) shows the DTA curves of the (100-x)Li3BO3·xLi2SO4 (x = 0, 5, 10, 15, 25, 50, 

60, 70, 80 and 90 mol%) samples prepared by mechanical milling and crystalline Li2SO4 (x = 100). 

Since the amorphous samples tend to show small endothermic shifts typical of glass transition, these 

amorphous samples with x = 0-80 are considered as glassy materials. These glasses with x = 0-70 

exhibited very sharp exothermic peaks. These exotherms are due to crystallization of these glasses 

because crystalline products were obtained after the heat treatments at temperatures beyond these 

exothermic peaks as shown later in Figure 2-1-2-7. At higher temperature region, endothermic peaks 

due to phase transition or melting were observed. The endothermic peaks at the highest temperature in 
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Figure 2-1-2-1 (a) XRD patterns (b) for the (100-x)Li3BO3·xLi2SO4 glass electrolytes

synthesized via mechanochemistry of Li3BO3 and Li2SO4 crystals.
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Figure 2-1-2-2 (a) DTA curves for the (100-x)Li3BO3·xLi2SO4 glass

electrolytes synthesized via mechanochemistry of Li3BO3 and Li2SO4 crystals.

(b) Composition dependence of melting point determined from the DTA curves.
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the DTA curves for the glass electrolytes were read and plotted in Figure 2-1-2-2 (b). These DTA data 

suggest that the Li3BO3 crystal exhibits melting temperature of 820°C and the liquidus temperatures 

decrease from 820 to 630°C with increasing x from 0 to 70. An eutectic composition should be around 

x = 70 and the eutectic temperature around 630°C as shown in Fig. 2-1-2-2 (b).   

Figure 2-1-2-3 shows the SEM images for the as-synthesized (100-x)Li3BO3·xLi2SO4 (x = 0, 10, 

60, and 70 mol%) particles. After the mechanochemical synthesis, fine particles with a primary particle 

radius of ca. 5 μm were obtained at all the compositions. The primary particles formed agglomerates 

with ca. 20 μm.  

Ductility of the (100-x)Li3BO3·xLi2SO4 glass electrolytes were evaluated by measuring the relative 

density of the green compacts. Figure 2-1-2-4 (a) shows the relationship between the apparent density 

of the obtained glass powder and the Li2SO4 content in the system (100-x)Li3BO3·xLi2SO4. The density 

for the synthesized particles was measured by an Ar gas pychnometer. The density as well as its molar 

volume increases with increasing the Li2SO4 content, indicating that the addition of Li2SO4 instead of 

Li3BO3 brings a volume increase of the glass. The (100-x)Li3BO3·xLi2SO4 glass powders were cold-

pressed from 0 to 360 MPa and each relative densities were calculated. The correlation between 

molding pressure and relative density for the glass electrolytes are described in Figures 2-1-2-4 (c,d). 

Figure 2-1-2-4 (b) shows the relative density of the glass electrolytes pressed at 360 MPa at room 

temperature, and it suggests that the relative density increases linearly with increasing the Li2SO4 

content. 

Figure 2-1-2-5 shows the SEM images (surface and cross-section) for the green compacts of 

the(100-x)Li3BO3·xLi2SO4 (x = 0, 10, 60, 70, 80, and 90 mol%) glass electrolytes pressed at 360 MPa. 

These SEM images also suggest that the glass is densified with the addition of Li2SO4. This change is 

probably brought by a larger molar volume of the glass with a higher amount of Li2SO4.  

Figure 2-1-2-6 (a) shows the correlation between molding pressure and conductivity of the (100-

x)Li3BO3·xLi2SO4 (x = 0, 10, 60, 70, and 80 mol%) glass electrolytes. Figure 2-1-2-6 (b) shows SEM 

images for the green compacts of the 90Li3BO3·10Li2SO4 glass electrolyte pressed under 72, 180, and 

360 MPa at room temperature.  

The (100-x)Li3BO3·xLi2SO4 glasses were hot-pressed at around each glass-transition temperature 

to prepare further densified pellets and examine their elastic properties. The ultrasonic pulse-echo 

measurements were conducted for the hot-pressed pellets with the relative densities of 92-96 % and 
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40Li3BO3·60Li2SO4 glass90Li3BO3·10Li2SO4 glassLi3BO3 glass 30Li3BO3·70Li2SO4 glass

20Li3BO3·80Li2SO4 glass 10Li3BO3·90Li2SO4 after MM Li2SO4 crystalLi3BO3 crystal
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Figure 2-1-2-3 SEM images for the (100-x)Li3BO3·xLi2SO4 glass electrolytes synthesized via

mechanochemistry of Li3BO3 and Li2SO4 crystals. SEM images for the Li3BO3 and Li2SO4

crystals as starting materials are also shown as a comparison.
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Figure 2-1-2-4 (a) Dependence of apparent density and molar volume on the Li2SO4 content of

the (100-x)Li3BO3·xLi2SO4 glasses. (b) Relative density of the (100-x)Li3BO3·xLi2SO4 glasses

cold-pressed at 360 MPa. (c,d) Correlation between molding pressure and packing ratio of (100-

x)Li3BO3·xLi2SO4 samples.
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Figure 2-1-2-5 SEM images for surface and cross-section of the powder compressed pellets for

the (100-x)Li3BO3·xLi2SO4 glass electrolytes synthesized via mechanochemistry of Li3BO3 and

Li2SO4 crystals. SEM images for the Li3BO3 and Li2SO4 crystals as starting materials are also

shown as a comparison.
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the results are summarized in Table 2-1-2-1. The elastic moduli are roughly decreased with increasing 

the Li2SO4 content. This might be related to the molar volume of the glass. In typical oxide glasses, 

the elastic moduli decrease with increasing their mean atomic volumes [36]. Thus, the larger molar 

volume with increasing the Li2SO4 content (see Fig. 2-1-2-4 (a)) mainly contributes to the elastic 

modulus change. 

Figure 2-1-2-7 shows the XRD patterns of the heat-treated Li3BO3-Li2SO4 glasses; the heat-

treatment temperatures, ranging from 250 to 290°C, are just after the first sharp exothermic peaks in 

Fig. 2-1-2-2 (a). The XRD patterns of the samples from x = 10 to x =25 are attributable to solid solution 

phases of high temperature phase of Li3BO3 and Li2SO4. These phases are probably precipitated only 

from glass as metastable ones. A high temperature phase of Li3BO3 was reported to be stabilized with 

the substitution of Al3+ ions for Li+ ions in the Li2.46Al0.18BO3 crystal [37]. In Figure 2-1-2-2 (a), 

several exothermic and endothermic peaks other than the first exothermic peaks due to crystallization 

are observed in the temperature range 300-900°C. Figure 2-1-2-8 shows the XRD patterns of the 

90Li3BO3·10Li2SO4 and 50Li3BO3·50Li2SO4 glass and glass-ceramics heated at various temperatures. 

After heating the 90Li3BO3·10Li2SO4 glass at 400°C, the diffraction peaks assigned to 

thermodynamically stable Li3BO3 and Li2SO4 were observed, indicating that the obtained crystalline 

phase after heating the glass at 290°C was a metastable one. On the other hand, for the 

50Li3BO3·50Li2SO4, much complicated structural change occurred by heating the glass. After heating 

the glass at 420°C, all the peaks can be assigned to stable Li3BO3 and Li2SO4 crystalline phases. There 

are two crystalline phases at the lower temperature region, which was matched with the DTA results. 

By heating the glass at 260°C, the diffraction peaks appeared and they were similar to the diffraction 

pattern of -Li2SO4 phase. All the diffraction peaks were shifted to higher angle side, meaning that the 

obtained crystal was a solid-solution with Li3BO3. This -Li2SO4 is a well-known super ion-

conducting crystalline phase [38–40]. A monoclinic -Li2SO4 crystal transforms to a cubic -Li2SO4 

at around 600°C. In the cubic structure, the ionic conduction is promoted by the rotation of sulfate 

anions, which phenomenon is well-known as “paddle wheel effect” [40–43]. The -Li2SO4 showed 

the high ionic conductivity of 1.08 S cm-1 at 600°C [38]. Various trials to stabilize the cubic phase at a 

lower temperature have been carried out [40,44–46]. However, the cubic structure was stabilized only 

at such a high temperature, there have been no reports of succeeding in achieving the cubic phase at 

room temperature. Therefore, this is the first report on the stabilization of the single phase of -Li2SO4. 
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Composition

Molding

temperature

/ oC

Bulk

density

/ g cm-3

Relative 

density

/ %

VL

/ m s-1

VS

/ m s-1

G

/ GPa

E

/ GPa

K

/ GPa
ν

90Li3BO3·10Li2SO4 240 1.92 91.8 6980 3180 19.4 53.1 67.6 0.37

40Li3BO3·60Li2SO4 195 2.10 94.7 5760 2830 16.8 45.0 47.2 0.34

30Li3BO3·70Li2SO4 160 2.13 95.7 6040 2820 17.0 46.2 55.2 0.36

20Li3BO3·80Li2SO4 105 2.07 92.3 5530 2400 11.9 33.0 47.4 0.38

Table 2-1-2-1 Molding temperature, bulk density, relative density, longitudinal velocity (V
L
),

shear velocity (V
S
), shear modulus (G), Young’s modulus (E), bulk modulus (K) and Poisson’s

ratio (v) of the (100-x)Li3BO3·xLi2SO4 glasses
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Figure 2-1-2-7 XRD patterns for the (100-x)Li3BO3·xLi2SO4 glass-ceramic electrolytes

after the heat treatment.
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Figure 2-1-2-8 XRD patterns for the (a) 90Li3BO3·10Li2SO4 and (b)

50Li3BO3·50Li2SO4 glass and glass-ceramics heated at various temperature.

Heat-treated 

at 400oC

(a) (b)

Heat-treated

at 330oC

Heat-treated 

at 420oC

90Li3BO3·10Li2SO4 glass 50Li3BO3·50Li2SO4 glass

-48-



The detail reason has not been clarified yet, incorporation of Li3BO3 is an effective for the stabilization. 

Moreover, by heating the glass at 330°C, the second metastable phase was obtained. Unfortunately, 

the detail crystal structure analysis has not been conducted yet. 

Figure 2-1-2-9 shows the results of the alternating current impedance measurements for the 

90Li3BO3·10Li2SO4 and 50Li3BO3·50Li2SO4 glasses and glass-ceramic electrolytes at room 

temperature as examples. These data were obtained for the glass powder-compressed pellets with ion-

blocking electrodes. The total impedance including bulk and grain boundary components is attributed 

to the semicircle observed in all the glasses. The total resistance was obtained from the intersecting 

point of the semicircle with the real axis. For the 90Li3BO3·10Li2SO4, the resistance decreased by the 

crystallization. However, for the 50Li3BO3·50Li2SO4, the resistance increased with increasing the 

heating temperature. These results suggest that the precipitated crystalline phase strongly affects the 

ion-conduction property in the glass-ceramic electrolytes.  

Figure 2-1-2-10 shows the TEM images and corresponding ED patterns for the 

90Li3BO3·10Li2SO4 and 50Li3BO3·50Li2SO4 glass-ceramics. In the DF-TEM images for the glass-

ceramic electrolytes, the bright spots assigned to crystals and dark regions to amorphous were clearly 

observed. The volumetric fraction of the crystalline region was obviously lower than that of the 

amorphous one. As mentioned above, ionic conductivity increased by the crystallization of the 

metastable solid solution in the 90Li3BO3·10Li2SO4 glass matrix, meaning that there is a possibility 

that the conductivity is further increased by increasing the crystallinity. 

Figure 2-1-2-11 (a) shows examples of the temperature dependence of electrical conductivity for 

the mechanochemically prepared 90Li3BO3·10Li2SO4 glass and the corresponding heat-treated glass-

ceramic. The data are a good fit to the Arrhenius type equation. The room temperature conductivity of 

the 90Li3BO3·10Li2SO4 glass-ceramic heated at 290°C is one order of magnitude higher than that of 

corresponding glass. The activation energies for the glass and the glass-ceramic are calculated as 56 

and 47 kJ mol-1, respectively. Figure 2-1-2-11 (b) shows the composition dependence of ionic 

conductivity at room temperature for the cold-pressed Li3BO3-Li2SO4 glasses and glass-ceramics. The 

conductivity values of Li3BO3-Li2SO4 glasses range 10-7-10-6 S cm-1 in whole the composition range 

(Table 2-1-2-2). The increase of conductivity is observed with the addition of small amounts of Li2SO4. 

This would be owing to the improvement of relative density of the cold-pressed pellet (see Figures 2-

1-2-4 and 2-1-2-5) in addition to the so-called “mixed-former effect” [47]. Both effects probably come 
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Figure 2-1-2-9 Complex impedance plots for the (a) 90Li3BO3·10Li2SO4 and (b)

50Li3BO3·50Li2SO4 glass and glass-ceramics heated at various temperature.
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Figure 2-1-2-10 Bright-field (left) and dark-field (center) TEM images and

corresponding ED patterns (right) for (a) 90Li3BO3·10Li2SO4 glass-ceramic heated at

290oC and (b) 50Li3BO3·50Li2SO4 glass-ceramic heated at 260oC.

(a)

(b)
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Figure 2-1-2-11 (a) Temperature dependence of electrical conductivity for the

90Li3BO3·10Li2SO4 (x = 10) glass and glass-ceramic. (b) Composition dependence of

electrical conductivity at room temperature for the (100-x)Li3BO3·xLi2SO4 glasses and

glass-ceramics.
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Composition

Glass Glass-ceramic

Bulk

density

/ g cm-3

Powder

density

/ g cm-3

Relative

density

/ %

σRT

/ S cm-1

σRT

/ S cm-1

Ea

/ kJ mol-1

x = 0 1.72 2.06 83.5 8.2×10-7 1.8×10-8 61.3

x = 5 1.83 — — 9.0×10-7 8.0×10-6 —

x = 10 1.84 2.09 88.0 7.3×10-7 9.5×10-6 50.5

x = 15 1.81 — — 7.1×10-7 6.4×10-6 —

x = 25 1.86 — — 5.4×10-7 3.2×10-6 —

x = 50 2.03 — — 3.3×10-7 9.4×10-8 —

x = 60 2.05 2.21 92.6 3.7×10-7 3.7×10-8 —

x = 70 2.14 2.23 96.0 4.9×10-7 1.5×10-8 —

x = 80 2.12 2.24 94.6 3.3×10-7 1.4×10-8 —

Table 2-1-2-2 Density, relative density cold-pressed at 720 MPa, conductivity and activation

energy of the (100-x)Li3BO3·xLi2SO4 glasses and glass-ceramics.
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from the anion mixing in the glasses. The glass-ceramics exhibits much higher room temperature 

conductivities around 10-5 S cm-1 with the composition range with 5 ≤ x ≤ 15 compared to the 

corresponding glasses. Such a conductivity enhancement is attributable to the fact that the metastable 

solid solution phases of high temperature phase of Li3BO3 and Li2SO4 [33]) were precipitated in these 

glass-ceramic materials as already shown in Figures 2-1-2-7 and 2-1-2-8. The disappearance of the 

metastable phase at the compositions with x ≥ 50 largely decreases the conductivity. Structural analyses 

of the metastable phases are important to determine the origin of the high conductivity of these glass-

ceramics, and further investigation is needed to improve ionic conductivity of this type of oxides as 

high as that of sulfide-based solid electrolytes. 

Finally, the electrochemical stability of the 90Li3BO3·10Li2SO4 glass-ceramic electrolyte was 

evaluated. Figure 2-1-2-12 (a) shows the cyclic voltammogram of the Li/90Li3BO3·10Li2SO4/stainless 

steel cell. There were no obvious oxidation peaks from open circuit voltage (1.5 V) to highly oxidation 

state (5.0 V vs. Li) at the initial cycle, meaning that the 90Li3BO3·10Li2SO4 glass-ceramic electrolyte 

has a high oxidation stability up to 5.0 V vs. Li. However, when the applied voltage swept to the 

negative side, the broad reduction peak was observed at lower potential region than 1.5 V. The sharp 

peaks attributable to lithium dissolution and deposition were also observed at around E = 0 V vs. Li. 

Furthermore, when the potential was swept to the positive direction from 0 V vs. Li, a broad oxidation 

peak appeared. These oxidation and reduction peaks at around 1.5 V vs. Li were reversibly observed 

at the subsequent cycles, suggesting that the glass-ceramic electrolyte was partially reduced at around 

1.5 V vs. Li and the reduction products were oxidized again in the charging state, and this redox 

reaction occurred reversibly. Figure 2-1-2-12 (b) shows the complex impedance plots for the cell 

before and after CV measurement. The impedance hardly changed before and after the CV 

measurement, suggesting that the solid electrolyte was reduced and oxidized during cycles, but this 

reduction product was not a high resistive layer.  

The electrochemical stability of the developed glass-ceramic electrolytes against lithium metal 

electrode was investigated. Lithium metal is the most attractive negative electrode active material 

because of its extremely high theoretical capacity (3860 mAh g-1) and the lowest negative 

electrochemical potential (-3.04 V vs SHE) [48,49]. Therefore, electrochemical stability against 

lithium metal electrode is particularly important for the fabrication of all-solid-state batteries with high 

energy density. Figure 2-1-2-12 (c) shows a result for the galvanostatic cycling test for the symmetric 
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cell (Li/90Li3BO3·10Li2SO4/Li) operated at 100°C. The galvanostatic cycling test was carried out at 

the constant current densities of 0.13 mA cm-2 and 0.25 cm-2 at 100°C. Stable voltage plateaus were 

observed for 100 cycles, suggesting that the lithium dissolution and deposition reactions occurred. 

Figure 2-1-2-12 (d) describes the complex impedance plots for the symmetric cells before and after 

the galvanostatic test. There were no any other semicircles delivered from the other components except 

the electrolyte bulk, meaning that the resistance of the reduction products was not large even if the 

glass-ceramic electrolytes were partially reduced and it generated some interphases. The resistance did 

not increase even after the cycling, meaning that the reduction product kinetically passivates the further 

reduction reaction. It is notable that the synthesized glass-ceramic electrolyte is kinetically stable to 

lithium metal negative electrode, which is favorable to fabrication of the all-solid-state batteries with 

high energy density. Figure 2-1-2-13 shows the cross-sectional SEM images for the symmetric cells 

before and after the galvanostatic cycling tests. A well-contacted interface between the 

90Li3BO3·10Li2SO4 and lithium metal was confirmed. Although dendrite growth of lithium metal was 

observed in the voids on the green compact surface, any secondary phase was not observed. The results 

mean that the solid electrolytes have a high electrochemical stability against lithium metal negative 

electrode. Maintaining such a highly stable interface is favorable to keep the interfacial resistance in 

low as shown in Figure 2-1-2-12 (d). However, the reversible capacity of the symmetric cell was not 

sufficiently high for the full cell application with high capacity positive electrode materials. Therefore, 

insertion of some interphase would be effective in improving the higher utilization of lithium metal 

negative electrode.  

Figure 2-1-2-14 shows the results of the XPS analysis on the Li/90Li3BO3·10Li2SO4 interface. 

The depth profile of atomic ratios for the sample with the Li/90Li3BO3·10Li2SO4 interface was 

described as Figures 2-1-2-14 (a,b). Since the sample was etched from the top of Li metal into the 

electrolyte direction, all atomic ratios approached to the constant ratios with increases in the etching 

time. The author determined interface position as about half of the constant ratios. Figure 2-1-2-15 

shows the (a) B1s, (b) S2p, (c) O1s, and (d) Li1s XPS spectra for the Li/90Li3BO3·10Li2SO4 interface 

with the various etching times. Figure 2-1-2-16 shows the (a) B1s, (b) S2p, (c) O1s, and (d) Li1s XPS 

spectra for the Li/90Li3BO3·10Li2SO4 at the surface, interface and the electrode bulk regions. For the 

outermost surface of the Li/90Li3BO3·10Li2SO4, there were two peaks attributable to Li2CO3 (O1s: 

531.4 eV) and Li2O (O1s: 528.7 eV) in the O1s spectrum [50,51]. Moreover, in the Li1s spectrum, a 
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Figure 2-1-2-13 Cross-sectional SEM images for the symmetric cell

(Li/90Li3BO3·10Li2SO4/Li) (a) before and (b) after the galvanostatic cycling tests.
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