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Chapter 1 

 

Introduction 
 

 

1.1 History of lithium battery 

  The first rechargeable lithium battery using an intercalation compound was 

demonstrated by Whittingam in 1976 [1, 2]. The battery consisted of a layered 

chalcogenide TiS2 as the cathode, Li metal or Li-Al alloys as the anode, and lithium 

perchlorate in dioxolane as the electrolyte. Lithium has the most negative 

electrochemical potential of -3.04 V vs. SHE and the lowest volume density of 0.53 g 

cm-3, which leading to high energy density of batteries. Thus, the lithium metal batteries 

were much attracted in 1970’s. However, dendrite of lithium metal formed during 

charge-discharge operation may lead to explosion of the batteries shown in Figure 1a, 

which is the critical disadvantage. To solve the safety problem, the concept of 

rocking-chair type batteries using lithium intercalation materials was demonstrated, 

which are so-called lithium-ion batteries [3-6]. As shown in Figure 1b, lithium ions 

deintercalate from an anode material and intercalate into a cathode material at 

discharging, and the reactions reversibly proceed at charging. As lithium metal does not 

participate the battery reaction, the growth of the lithium dendrites can be suppressed. In 

1980s, layered rocksalt-type LiMO2 (M= Co, Ni, Mn) [7, 8] and carbonaceous materials [9, 

10] were discovered as intercalation cathodes and anodes, respectively. Following these 

groundbreaking researches, the first commercial lithium-ion batteries was introduced by 

Sony in 1990, and the successful rechargeable lithium battery represented a revolution 

in the power source industry [12-14].  
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Figure 1. Schematic representation and operating principles of (a) Li-metal batteries and (b) 

Li-ion batteries [11]. 

 

  The electrochemical reactions in lithium-ion batteries with the LiCoO2 cathode and  

the graphite anode are expressed as follows.  

Cathode: LiCoO2 ↔ Li 1-xCoO2 + xLi+ + xe-  

Anode:  nC + xLi+ + xe- ↔ LixCn  

Total: LiCoO2 + nC ↔ Li1-xCoO2 + LixCn 

Lithium-ion batteries have the following advantages over other rechargeable batteries. 

! high voltage  

! high specific energy, light weight, small volume 

! wide operation temperature range 

! large specific power, large current discharge 

! good cycle performance, long life 

© 2001 Macmillan Magazines Ltd

structural data on the inorganic layered chalcogenides5,6, and merging
between the two communities was immediate and fruitful.

In 1972, Exxon7,8 embarked on a large project using TiS2 as the 
positive electrode, Li metal as the negative electrode and lithium 
perchlorate in dioxolane as the electrolyte. TiS2 was the best intercala-
tion compound available at the time, having a very favourable 
layered-type structure. As the results were published in readily avail-
able literature, this work convinced a wider audience. But in spite of
the impeccable operation of the positive electrode, the system was not
viable. It soon encountered the shortcomings of a Li-metal/liquid
electrolyte combination — uneven (dendritic) Li growth as the metal
was replated during each subsequent discharge–recharge cycle 
(Fig. 2a), which led to explosion hazards. Substituting Li metal for an
alloy with Al solved the dendrite problem9but, as discussed later, alloy
electrodes survived only a limited number of cycles owing to extreme
changes in volume during operation. In the meantime, significant
advances in intercalation materials had occurred with the realization
at Bell Labs that oxides, besides their early interest for the heavier
chalcogenides10,11,  were giving higher capacities and voltages. More-
over, the previously held belief that only low-dimensional materials

could give sufficient ion diffusion disappeared as a framework struc-
ture (V6O13) proved to function perfectly12. Later, Goodenough, with
LixMO2 (where M is Co, Ni or Mn)13,14, would propose the families of
compounds that are still used almost exclusively in today’s batteries.

To circumvent the safety issues surrounding the use of Li metal,
several alternative approaches were pursued in which either the elec-
trolyte or the negative electrode was modified. The first approach15

involved substituting metallic Li for a second insertion material (Fig.
2b). The concept was first demonstrated in the laboratory by Murphy
et al.16 and then by Scrosati et al.17 and led, at the end of the 1980s and
early 1990s, to the so-called Li-ion or rocking-chair technology. The
principle of rocking-chair batteries had been used previously in
Ni–MeH batteries18,19. Because of the presence of Li in its ionic rather
than metallic state, Li-ion cells solve the dendrite problem and are, in
principle, inherently safer than Li-metal cells. To compensate for the
increase in potential of the negative electrode, high-potential inser-
tion compounds are needed for the positive electrode, and emphasis
shifted from the layered-type transition-metal disulphides to layered-
or three-dimensional-type transition-metal oxides13. Metal oxides are
more oxidizing than disulphides (for example, they have a higher
insertion potential) owing to the more pronounced ionic character of
‘M–O’ bonds compared with ‘M–S’ bonds. Nevertheless, it took
almost ten years to implement the Li-ion concept. Delays were attrib-
uted to the lack of suitable materials for the negative electrode (either
Li alloys or insertion compounds) and the failure of electrolytes to
meet — besides safety measures — the costs and performance
requirements for a battery technology to succeed. Finally, capitalizing
on earlier findings20,21, the discovery of the highly reversible, low-
voltage Li intercalation–deintercalation process in carbonaceous
material22 (providing that carefully selected electrolytes are used), led
to the creation of the C/LiCoO2 rocking-chair cell commercialized by
Sony Corporation in June 1991 (ref. 23). This type of Li-ion cell, 
having a potential exceeding 3.6 V (three times that of alkaline 
systems) and gravimetric energy densities as high as 120–150 W h kg–1

(two to three times those of usual Ni–Cd batteries), is found in most of
today’s high-performance portable electronic devices.

The second approach24 involved replacing the liquid electrolyte by a
dry polymer electrolyte (Fig. 3a), leading to the so-called Li solid 
polymer electrolyte (Li-SPE) batteries. But this technology is restricted
to large systems (electric traction or backup power) and not to portable
devices, as it requires temperatures up to 80 !C. Shortly after this, 
several groups tried to develop a Li hybrid polymer electrolyte 
(Li-HPE) battery25, hoping to benefit from the advantages of polymer
electrolyte technology without the hazards associated with the use of 
Li metal. ‘Hybrid’ meant that the electrolyte included three compo-
nents: a polymer matrix (Fig. 3b) swollen with liquid solvent and a salt.
Companies such as Valence and Danionics were involved in developing
these polymer batteries, but HPE systems never materialized at the
industrial scale because Li-metal dendrites were still a safety issue.

With the aim of combining the recent commercial success enjoyed
by liquid Li-ion batteries with the manufacturing advantages 

insight review articles
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Figure 2 Schematic representation and operating principles of Li batteries. 
a, Rechargeable Li-metal battery (the picture of the dendrite growth at the Li surface
was obtained directly from in situ scanning electron microscopy measurements71). 
b, Rechargeable Li-ion battery.

a b cFigure 3 Schematic representations of polymer
electrolyte networks. a, Pure (dry) polymer
consisting of entangled chains, through which
the Li ions (red points) move assisted by the
motion of polymer chains. b, A hybrid (gel)
network consisting of a semicrystalline
polymer, whose amorphous regions are swollen
in a liquid electrolyte, while the crystalline
regions enhance the mechanical stability. 
c, A poly-olefin membrane (Celgard for
instance) in which the liquid electrolyte is held
by capillaries.
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! no memory effect 

! environment friendly, green source 

Thus, lithium-ion batteries have been widely used in potable electronic devices such as 

mobile phones, laptops, and digital cameras, etc.  

 

1.2 All solid-state battery 
1.2.1 Demands for all solid-state batteries 

  In spite of the advantages described above, lithium-ion batteries are facing safety 

issues due to the risk of leakage and flammability of liquid organic electrolytes [13, 15]. 

When the batteries are overcharged, the electrolyte species are decomposed with gasing 

and increasing the cell temperature, which could cause an explosion. These issues are 

becoming more serous in lithium ion batteries when applied for large scale devices such 

as electric vehicles and load-leveling apparatuses. To address these issues, the 

development of all-solid-state lithium batteries using inflammable solid electrolytes has 

been anticipated [16, 17]. 

 

1.2.2 Advantage of all solid-state batteries 

  Figure 2 shows the schematic diagram of bulk-type all solid-state lithium-ion 

batteries using sulfide solid electrolyte [18]. Battery reaction proceeds by lithium 

intercalation, which is same with traditional lithium-ion batteries. The advantages of all 

solid-state lithium-ion batteries are as follows: 

1. Extreme reliability: No leakage, vaporization and combustion of solid electrolytes. 

It absolutely needs for large-scale application. 

2. High energy density: Solid-electrolytes have a wide potential window [12-14], 

which could enable to apply high capacity cathodes with high reaction voltages. 

3. Ideally high current drain: Lithium ion is the sole conductive specie in 

solid-electrolytes, which should provide a fast reaction field. No other species 

diffuse to the electrode surface to take part in the side reactions [19]. 
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4. High volume density: Bipolar stack structure of cells has a higher energy density 

than organic liquid electrolyte battery as shown in Figure 3 [20]. 

Based on these virtues, research of all solid-state battery began start. In the early stage, 

it is the history of materials research of highly conductive ionic conductors. After some 

lithium ion conductors with high conductivities were developed as the solid-electrolyte 

in all solid-state batteries, large electrochemical resistance at the solid/solid interface 

has been focused as another issue, which should be addressed.   

 

 
Figure 2. Schematic diagram of bulk-type all solid-state lithium battery using sulfide solid 

electrolyte [18]. 

 

Figure 3. Outline of battery packages of (a) liquid type battery and (b) all solid-state battery [20]. 

a bulk-type (or composite-type) ASLB suitable not only
for portable electronic devices, but also for large-scale ap-
plications.[3a,4,9] As shown in Figure 1, a critical feature of

the bulk-type ASLB is its composite electrode structure,
in which the active materials, SE powders, and the con-
ductive materials, such as carbon, exist as particulate mix-
tures. Bulk-type ASLBs do not need any expensive
vacuum deposition process to be fabricated, which is
promising for large-scale applications. In the bulk-type
ASLBs, SE particles replace the LE typical of conven-
tional LIBs. The thick composite-structured electrode in
the bulk-type ASLBs is an indication their energy density
can be increased, thus making them compete with con-
ventional LIBs. However, this requires highly conductive
SEs which exhibit ionic conductivity comparable to that
of LEs (~10ˇ2 S cmˇ1 at RT).

To date, many SEs with conductivities over 10ˇ4–
10ˇ3 S cmˇ1 at RT have been developed, as seen in Fig-
ure 2.[3a,4,10] Among the materials suitable to be used as
SEs, oxides[10f–h] and sulfides[3a,4,10a–d] have been extensively
investigated for ASLBs.

The perovskite-structured Li3xLa2/3ˇ2x&1/3ˇ2xTiO3

(0<x<0.16) (LLT),[10f] the NASICON-structured
Li1.3Al0.3Ti1.7(PO4)3,[10g] and the garnet-structured
Li7La3Zr2O12 (LLZ)[10h] are the most famous oxides used
as SE materials. They exhibit conductivities in the range
of 10ˇ4–10ˇ3 S cmˇ1 at RT, which is acceptable for bulk-
type ASLBs, although not ideal. They can be handled in
an atmospheric environment, which is another advantage.
However, their brittleness poses a critical restriction for
the fabrication of bulk-type ASLBs.[9,11] Cold pressing of
a mixture of active materials with a selected oxide as the
SE is not enough to form the favorable two-dimensional
contacts necessary for an effective Li+ ionic conduction
throughout the three-dimensional composite electrode
structure.[9,11] Instead, a sintering process at elevated tem-
perature is necessary.[11] This kind of heat treatment gen-
erates unwanted interfacial reactions, resulting in the fail-
ure of bulk-type ASLBs using one of these oxides as the
SE during operation.[11] However, several exceptions
exist. ASLBs with the phosphate-based material,
Li3V2(PO4)3, used as the electrode, and the phosphate-
based material, Li1.5Al0.5Ge1.5(PO4)3, used as the SE by
sintering via the spark plasma method, gave a per-
formance of ~100 mAh (g of Li3V2(PO4)3)ˇ1.[12] The addi-
tion of Li3BO3 and Al2O3 to Ca- and Nb-doped LLZ

Yoon Seok Jung is a Professor in the
School of Energy and Chemical Engi-
neering at UNIST, Korea. He received
his BS degree (2001) and Ph.D. (2008)
in Chemical Engineering from Seoul
National University, Korea. Before he
joined UNIST in 2011, he worked as
a postdoc fellow at the University of
Colorado in Boulder (2008–2009), at
the University of Texas at Austin
(2009), and at the National Renewable
Energy Laboratory (2009–2011), USA.
His current research is focused on
electrode materials and solid electro-
lytes for rechargeable batteries.

Figure 1. Schematic diagram of bulk-type all-solid-state lithium
batteries (ASLBs) using sulfide solid electrolyte (SE).

Figure 2. Ionic conductivity of various sulfides suitable for SEs as
a function of temperature. The ionic conductivities of other liquid
and solid electrolytes (LEs and SEs) are shown for comparison.[3a,4]
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Discharge Performance of All-Solid-State Battery
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ABSTRACT
A solid electrolyte, Li10GeP2S12, exhibits a high lithium ionic conductivity of 12mS/cm at room temperature.
Because of its high ionic conductivity, high charge-discharge performance would be expected for the all-solid-state
batteries using the Li10GeP2S12 electrolytes. In this study, all-solid-state batteries using Li10GeP2S12, were
constructed and their battery performances were examined. The batteries using the Li10GeP2S12 electrolyte showed
higher discharge capacities than those with glass electrolyte, 75Li2S·25P2S5, particularly under the high-rate
current discharge.
© The Electrochemical Society of Japan, All rights reserved.

Keywords : All-Solid-State Battery, Super Lithium Ion Conductor, Solid Electrolyte

1. Introduction

Recently, depletion of oil and global warming due to CO2

emission are serious issues in the world, and reduction of CO2

emission and improvement of fuel efficiency are required for cars.
One of solutions to those issues is to produce cars powered by
batteries, such as hybrid electric vehicle and electric vehicle. For
such an electric powered vehicle, high energy density of battery is
required for long range electric drive. And high energy batteries are
also required in smart grids to store solar and wind energy. An all-
solid-state battery using solid electrolyte instead of organic liquid
electrolyte is expected to be a higher energy density one than a
lithium ion batteries using organic liquid electrolyte, because bipolar
stack structure, shown in Fig. 1, could be taken with all-solid-
state battery owing to no liquidity of solid electrolyte. However,
none of solid electrolytes have their conductivities comparable to
organic liquid electrolyte. In previous study, we found a lithium
super ionic conductor Li10GeP2S12 and that exhibits extremely high
lithium ionic conductivity of 12mS/cm at room temperature.1

Figure 2 shows thermal evolution of ionic conductivity of the
new Li10GeP2S12 phase, together with those of other lithium solid
electrolytes, organic liquid, ionic liquids.19 Li10GeP2S12 is com-
parable to or even higher than liquid organic electrolyte in lithium
ion conductivity. Because of its high ionic conductivity, high charge-
discharge performance would be expected for the all-solid-state
batteries using the Li10GeP2S12 electrolytes. In this study, all-solid-
state batteries using Li10GeP2S12, were constructed and their battery
performances were examined. An all-solid-state battery using
another electrolyte was also constructed to investigate the influence
of lithium ion conductivity of solid electrolyte on the power of all-
solid-state battery. In this study, 75Li2S·25P2S5 glass was used as
comparison because of its lower lithium ion conductivity, shown in
Fig. 2, and easiness of synthesize.

2. Experimental

The starting materials were Li2S (NIPPON CHEMICAL
INDUSTRIAL), P2S5 (Aldrich), and GeS2 (Kojundo Chemicals).

To synthesize Li10GeP2S12, starting materials were weighted, mixed
in an appropriate molar ratio in an argon-filled glove box, put into a
quartz glass tube and heated at 550°C. Another solid electrolyte,
75Li2S·25P2S5 glass was synthesized by ball milling method.6

Starting materials were mixed in an appropriate ratio and the
mixture was put into the ZrO2 pot with T10mm ZrO2 balls and then
the mixture was mechanically milled by planetary ball milling
apparatus at the rotating speed of 370 rpm. Two type of all-
solid-state batteries using Li10GeP2S12 and 75Li2S·25P2S5 glass as
electrolyte respectively, were consisted. The ion conductivity of
solid electrolytes were examined by the AC impedance method. The
outline of an all-solid-state battery is shown in Fig. 3. The cathode

Anode

Cathode

Organic electrolyte
(Liquid)

Solid electrolyte

(A) Liquid type battery

(B) All-solid-state battery

+-

+-

Current collector

Anode

Cathode

Figure 1. (Color online) Outline of battery package. (A) Liquid-
type battery, (B) All-solid-state battery. (Energy density of battery
pack would be increased by bipolar-stacking in all-solid-state
battery.)
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1.3 Solid electrolytes for all solid-state batteries 
1.3.1 Classification  

  Solid electrolytes are divided two kinds by polymeric and inorganic electrolytes. 

Polymer electrolytes contain solid polymer, gel polymer and polyionic liquid materials. 

The ionic conductivities are from 10-4 to 10-6 S cm-1 [21]. Polymer electrolytes have been 

used for hydrogen fuel cells and water electrolysis. However, some problems still do 

exist with polymeric systems like flammability and low ion conductivity at room 

temperature [22]. Inorganic electrolytes are divided to oxide and sulfide systems. Each 

system is divided to glass and crystalline systems.  

 

1.3.2 Oxide systems 

  Lithium ion conductors with a LISICON (Li superionic conductor) type structure 

were developed in 1970-1980s such as Li14Zn(GeO4)4, γ-Li3PO4, and Li4SiO4 [19, 23]. 

However, these materials show low ionic conductivity at room temperature. For 

example, the lithium ion conductivity of Li3.6Si0.6P0.4O4 is 5�10-6 S cm-1. Amorphous 

Li3.3PO3.9N0.17 (LiPON) has also the low conductivity 2�10-6 S cm-1 at room 

temperature. In contrast, the LiPON has a wide electrochemical window from 0 to 5.5 V 
[24]. Thus, the LiPON has been used as the solid electrolyte in thin film batteries, which 

shows excellent cycle performance [25]. LiTi2(PO4)3 [26] and Li1.3Al0.3Ti1.7(PO4) [27] with 

a NASCION-type structure and perovskite-type Li3xLa2/3-xTiO3 [28-30] have been 

reported to exhibit high ionic conductivities of over 10-3 S cm-1. However, there are 

some technical issues to be addressed for the development of all solid-state batteries 

with these oxide solid electrolytes. First, Ti4+ ion is electrochemically instable against 

low voltage region below 2 V vs. Li. Second, oxide solid electrolytes show high grain 

boundary resistance [28, 31], although the bulk conductivities are enough high. Third, high 

interfacial resistance exists between oxide electrodes and those solid electrolytes [32, 33]. 

Thus, there is no bulk-type all solid-state batteries available for practical application. 
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1.3.3 Sulfide systems 

  Sulfide electrolytes have some advantages over the oxide electrolytes. First, sulfides 

show small grain boundary resistance for lithium diffusion, even in a cold-pressed pellet 

[34]. Second, sulfides have higher ionic conductivity because sulfide ions have larger 

ionic radii and more polarizable character improve the mobility of the conducting 

species [35]. Table 1 summaries sulfide solid electrolytes and their ionic conductivity [19].  

  Glass and glass-ceramic sulfide electrolytes in the Li2S-P2S5 system have been 

reported to exhibit ionic conductivities of 10-5~10-3 S cm-1 such as 75Li2S·25P2S5 [39], 

70Li2S·30P2S5 [39], 80Li2S·20P2S5 [36] glasses and 70Li2S·29P2S5·1P2S3 glass-ceramics 
[37]. Bulk-type all solid-state batteries have been developed with these sulfide 

electrolytes [38-40].  

  Crystalline materials should have higher conductivity than the corresponding glasses, 

if their crystal structures have been well designed for high ionic conduction [35]. The 

material design of crystalline ionic conductors is based on certain structural criteria: (1) 

mobile ions should have a suitable size for conduction pathways in the lattice, (2) there 

should be disorder in a mobile ion sublattice, and (3) highly polarizable mobile ions and 

anion sublattices are preferable [35, 41]. Based on the criteria, thio-LISICON family was 

discovered found on 2000 [42]. The thio-LISICON family is expressed by a general 

formula, Li4-xM1-yM'yS4 with M= Si, Ge and M'= P, Al, Zn, Ga, and the substitutions 

of aliovalent cations improve the ionic conductivity [43]. Among the thio-LISICONs, 

Li4-xGe1-xPxS4 (x= 0.75) shows ionic conductivity 2.2×10-3 S cm-1 [35]. Recently, new 

super ionic conductor sulfide Li10GeP2S12 (LGPS) was developed. The Li10GeP2S12 

shows the highest ionic conductivity 1.2×10-2 S cm-1 at room temperature [44]. The 

LGPS has a three-dimensional structure, which is constructed by (Ge0.5P0.5)S4 tetrahedra, 

PS4 tetrahedra, LiS4 tetrahedra, and LiS6 octahedra. The anisotropic conduction of Li+ 

ions is along one crystal direction, namely through partially occupied LiS4 tetrahedra 

and interstitial positions that are connected by a common edge, which is a characteristic 

of superionic conductors [44, 53]. The LGPS has been reported to have advantages of 
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chemical and electrochemical stability, and high ionic conductivity over previous 

sulfide electrolytes. Figure 4 shows the view of the all-solid-state lithium-ion battery 

with LGPS electrolyte. During charging, lithium ions (grey balls) with high mobility 

move from the positive LiCoO2 electrode to the negative indium electrode through the 

LGPS electrolyte [53]. However, there has been few report about all solid-state batteries 

with the LGPS-type electrolytes.  

Table 1 Conductivities at room temperature of sulfide solid electrolytes. 

Solid electrolyte  Conductivity (S cm-1) 

Glassy materials  

0.5Li2S–0.5 GeS2 [45] 4.0×10-5 

0.66Li2S–0.33P2S5 [46] 10-4 

0.45LiI–0.37Li2S–0.18P2S5 [46] 1.7×10-3 

Li2S–B2S3 [47] 10-4 

0.44LiI–0.30Li2S–0.26B2S3 [47] 1.7×10-3 

0.5Li2S–0.5SiS2 [48] 1.2×10-4 

0.3LiCl–0.35Li2S–0.35SiS2 [48] 2.7×10-4 

0.40LiI-0.36Li2S-0.24SiS2 [49] 1.8×10-3 

0.6Li2S–0.4SiS2 [50] 5.0 ×10-4 

0.3LiI–0.42Li2S–0.28SiS2 [50] 8.2×10-4 

0.01Li3PO4–0.63Li2S–0.36SiS2 [51] 1.5 ×10-3 

0.6Li2S–0.4SiS2 [52] 1.5×10-4 

Crystalline materials  

Li3.25Ge0.25P0.75S4 [35] 2.2×10-3 

Li10GeP2S12 [44] 1.2×10-2 

Li6PS5Cl [89] 1.33×10-3 

Li7P3S11 [90] 3.2×10-3 

Li3.25P0.95S4 [91] 3.2×10-3 
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Figure 4. Schematic view of the all solid-state lithium-ion battery [53].  

 

1.4 Electrodes for all solid-state batteries  

1.4.1 Cathodes 

  Oxide and sulfide materials have been proposed as the cathode in all solid-state 

batteries such as LiCoO2, LiNixMnyO4 [54], LiMn2O4 [55, 56], Li2FeSiO4 [57], TiS2 [58, 59], 

and Li3PS4 [60]. LiCoO2 is the most famous cathode, which has high operating voltage 

up to 4.2 V (vs. Li/Li+) and high specific energy. Although there are many reports about 

LiCoO2 cathode all solid-state battery [16, 20, 38-40, 61-63], very few reports have been 

available for the batteries using LGPS-type electrolytes. In this study, LiCoO2 and TiS2 

will be focused on as cathodes in all solid-state batteries with the LGPS electrolyte.  

LiCoO2:  Electrochemical lithium intercalation into LiCoO2 was reported by 

Goodenough et al [64]. LiCoO2 has a layered rocksalt-type structure where oxide ions 

adopt a cubic close-packed arrangement with Co3+ ions occupying octahedral sites 

between adjacent oxide ion layers (Figure 5) [15, 65]. When lithium ions deintercalate 

from Li1-xCoO2 in the region of 0 ≤ x ≤ 0.5, the lattice slightly expands along the c axis 

and shows no significant change in the a and b axes. The small change in the host lattice 

leads to highly reversible structural changes during electrochemical 

650 NATURE MATERIALS | VOL 10 | SEPTEMBER 2011 | www.nature.com/naturematerials

news & views

everyday life, and it is regarded as the key 
technology for the further development 
of hybrid or all-electric cars2,3. It followed 
the demonstration of facile and reversible 
lithium-ion insertion and extraction 
from LiCoO2 (the positive electrode) 
and graphite (the negative electrode), 
respectively. Besides the positive and 
negative electrodes, the electrolyte through 
which the ions move during charge and 
discharge cycles has a critical role in the 
performance of lithium-ion batteries. It is 
the subject of extensive scrutiny, because it 
impacts the safety, toxicity and long-term 
cyclability of such high-energy-density 
electrochemical storage systems4. Writing 
in Nature Materials, Kamaya et al.5 now 
report the discovery of a crystallized solid 
inorganic electrolyte whose lithium-ion 
conductivity even exceeds that of solvent-
based systems, and which can be applied in 
all-inorganic energy storage systems.

!e high operating voltage of a 
lithium-ion electrochemical cell (~4 V) 
prohibits the use of aqueous electrolytes, 
and most commercial cells use solutions 
of dissociated salts such as LiPF6, LiBF4 
or LiBC4O8 in organic alkyl carbonate 
solvents. !ese solvents are usually 
complex mixtures of ethylene-, dimethyl-, 
diethyl- and ethylmethyl carbonates with 
additives. Despite the great advances in 
volumetric and gravimetric energy and 
power density that have been made, such 
electrolyte compositions pose a number 
of challenges, in particular for large-
scale applications in electric vehicles or 
stationary energy storage. At high operating 
voltages, these electrolytes can undergo 
unwanted reactions with electrodes 
made from structurally unstable layered 

transition-metal oxides that are detrimental 
to the long-term cyclability of such energy 
storage systems. Furthermore, they may 
decompose and generate dangerous thermal 
runaways4. Many alternatives to purely 
organic solvent-based liquid electrolytes 
have hence been proposed in the literature, 
and some have been implemented in real 
batteries. !ese materials include solid 
polymers, ionic liquids, inorganic (ceramic) 
electrolytes and their combinations in 
so-called hybrid electrolyte systems, 
which, however, still su#er from slow ionic 
transport (particularly at low temperature) 
and high cost6.

!e new inorganic crystallized 
composition that Kamaya et al. report — 
Li10GeP2S12 — shows the highest lithium-
ion conductivity ever measured for a solid, 
about 12 mS cm–1 at 300K. !e material 
possesses a three-dimensional structure 
that consists of (Ge0.5P0.5)S4 tetrahedra, 
PS4 tetrahedra, LiS4 tetrahedra, and LiS6 
octahedra. Based on careful structural 
determination from powder neutron 
di#raction data, the researchers at Tokyo 
Institute of Technology and Toyota Motor 
Corporation found highly anisotropic 
conduction of Li+ ions along one crystal 
direction, namely through partially 
occupied LiS4 tetrahedra and interstitial 
positions that are connected by a common 
edge (see Fig. 1). !ey derive a low 
activation energy for ionic conduction 
(24 kJ mol–1) in this new material, which 
enables its use at low temperature and 
leads to a conductivity of 10–3 S Cm–1 at 
245 K. Moreover, a wide electrochemical 
stability versus Li0 is demonstrated, which is 
particularly important for cycling stability 
and safety issues, which have been major 

drawbacks in existing systems such as 
Li3N, Li1/3–xLi3xNbO3, LiTi1.7Al0.3(PO4)3 
and LiBH4–LiI superionic conductors. 
Finally, the researchers realize all-solid-
state batteries using LiCoO2 and indium 
as positive and negative electrodes, 
respectively, which operate at 3.3 V with 
excellent reversibility.

!e results by Kamaya et al. 
demonstrate how continuous investment 
into energy storage systems — such 
as the 30-year-long e#ort that 
Japanese authorities and companies in 
particular have made in lithium-ion 
technology — can lead to signi$cant 
breakthroughs arising from previously 
disregarded chemistries. Other examples, 
which were inspired by the pioneering 
work of Takahashi7, include sulphide 
glassy and crystallized compositions in 
the Li2S–SiS2–LiI, Li2S–SiS2–Li3PO4 and 
Li2S–GeS2–P2S5 systems8,9.

Most certainly, the work of 
Kamaya et al. will be followed by further 
studies from other groups, as the 
implementation of the new superionic 
conductor Li10GeP2S12 in real lithium-ion 
energy storage systems will be contingent 
on, for instance, the large-scale ceramic 
processing of air-sensitive sulphides, the 
cost-e#ective use of Ge and the mechanical 
stability of such a battery over prolonged 
cycling. Overall, the work of Kamaya et al. 
will probably stir signi$cant and renewed 
interest in ceramic solid electrolytes, 
and it may lead to breakthroughs similar 
to the discoveries of beta alumina and 
NASICON-type structures, which 
are nowadays used in Na–S batteries. 
Recent demonstrations of all-solid-state 
batteries9,10 illustrate the wide variety 
of chemistries and ceramic processing 
techniques that could be envisaged to 
further improve the performance of 
energy storage systems based on this 
new solid electrolyte, for example by 
reducing the interfacial resistance between 
active components. ❐

Christian Masquelier is at the Université de Picardie 
Jules Verne, Amiens, France.  
e-mail: christian.masquelier@u-picardie.fr
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Figure 1 | Schematic view of the all-solid-state lithium-ion battery reported by Kamaya and colleagues. 
During charging, lithium ions (grey) travel with high mobility from the positive LiCoO2 electrode to the 
negative indium electrode via partially occupied LiS4 tetrahedra and interstitial positions in the new 
superionic conductor Li10GeP2S12 (ref. 5).
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deintercalation/intercalation cycling 
[67]. The LiCoO2 cathode delivers a highly 

reversible capacity of 130 mAh g-1 in the composition range in lithium-ion batteries.  

Furthermore, the LiCoO2 cathode exhibits high current drain. Thus, LiCoO2 is used as 

the cathode in present lithium ion batteries.   

 

 

 

Figure 5. Crystal structure of layered rocksalt type LiCoO2 [66]. 

 

TiS2:  TiS2 has a hexagonal close-packed structure where each Ti is surrounded by six 

S in an octahedral structure. TiS6 octahedra shared the edges to form a layered structure 
[68]. The individual layers of TiS2 are bound together by van der Waals forces [65]. Li can 

intercalate into possible spaces between the TiS6 layers [68] (Figure 6). The 

electrochemical reaction is as follows: TiS2 + Li+ + e- � LiTiS2. The theoretical 

capacity is 239 mAh g-1, which is much higher than that of LiCoO2 (130 mAh g-1). An 

all solid-state battery of TiS2 with a glass sulfide electrolyte has been reported to deliver 

the first discharge capacity over 200 mAh g-1 [58].  

 

 

 

LETTERS
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LiCoO2 is the most common lithium storage material for lithium
rechargeable batteries, used widely to power portable electronic
devices such as laptop computers1–3. Operation of lithium

rechargeable batteries is dependent on reversible lithium insertion and
extraction processes into and from the host materials of lithium
storage. Ordering of lithium and vacancies3–6 has a profound effect on
the physical properties of the host materials and the electrochemical
performance of lithium batteries. However, probing lithium ions has
been difficult when using traditional X-ray and neutron powder
diffraction techniques due to lithium’s relatively low scattering power
when compared with those of oxygen and transition metals. In the
work presented here, we have succeeded in simultaneously resolving
columns of cobalt,oxygen and lithium atoms in layered LiCoO2 battery
material,using experimental focal series of LiCoO2 images obtained at
sub-ångstrom resolution in a mid-voltage transmission electron
microscope. Lithium atoms are the smallest and lightest metal atoms,
and scatter electrons only very weakly. We believe our observations of
lithium to be the first by electron microscopy, and that they show
promise for direct visualization of the ordering of lithium and
vacancies in transition metal oxides.

Although X-ray and neutron powder diffraction are insensitive to
lithium ion arrangements, columns of lithium in host structures can
potentially be imaged (along with the columns of other atoms
present) by making use of their interactions with an electron beam in
the high-resolution transmission electron microscope (HRTEM).
In the TEM, a beam of electrons is passed through the LiCoO2 lattice
and scatters from the three-dimensional potential field produced by
the arrangement of cobalt, oxygen, lithium nuclei and their electron
clouds. The results of the interaction of incident electrons with the
LiCoO2 lattice are encoded on the emergent electron wave as changes
in the phase (and, to a lesser extent, the amplitude) of the original
incident electron wave.The phase of this exit-surface wave (ESW) is a
function of the LiCoO2 potential projected in the direction of the
incident electron beam7. In the HRTEM, the ESW phase is imaged
with an objective lens that imposes additional phase changes due to
aberrations such as defect of focus (defocus) and spherical
aberration. These phase changes limit the resolution of mid-voltage
(200–300 kV) HRTEMs to about 1.6 Å native resolution8. Atoms of
metals such as cobalt can be easily imaged at resolutions of 1.6 Å, but

better resolution is required to ‘see’ lighter atoms such as oxygen,
nitrogen, carbon and lithium.

The native resolution of a HRTEM can be improved either by
increasing its electron beam energy or by reducing the spherical
aberration of its objective lens7. Increasing electron beam energy has
enabled the resolution of oxygen atoms9 in ZrO2 at 1.3 MeV and carbon
atoms10 in diamond at 1.25 MeV. Reducing the spherical aberration of
the objective lens requires the use of a hardware spherical aberration
corrector11 to extend image resolution to the information limit7 of the
TEM, and has resulted in the resolution of atoms as light as oxygen12.
Another way to mitigate the effects of spherical aberration, and move
beyond the native resolution of a TEM to its information limit7, is by
focal-series reconstruction of the ESW from a series of images obtained
over a range of defocus values13. This method avoids the difficulties
associated with high-voltage microscopy and hardware aberration
correction14,and has achieved resolution of oxygen atoms in staurolite15

and BaTiO3 perovskite16, as well as nitrogen atoms in GaN

Atomic resolution of lithium ions in LiCoO2
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Figure 1 Models of the layered LiCoO2 structure with space group R3–m.
a,Drawn with lithium ions horizontally between CoO2 octahedra.Lattice parameters 
ahex. = bhex. = 2.8138 Å and chex. = 14.0516 Å.b, Projection along the [110] zone axis
shows lithium,cobalt and oxygen atoms in columns.The projected cell is 2.44 Å by
14.05 Å.
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Figure 6. Crystal structure of LixTiS2 [65]. 

 

1.4.2 Anodes  

  Various types of anode materials have been proposed for all solid-state batteries such 

as carbon [76], Li [77], In [38], In-Li alloy [78] and Li4Ti5O12 [79]. The lithium anode has a 

very low potential, leading to a high operating voltage of the batteries. However, most 

of the solid electrolytes could be decomposed under the low potential. Furthermore, 

growth of the lithium dendrite causes short circuit of the batteries during the 

electrochemical cycling. The Li-M alloys (M= In, Al, Sn, Si, Ge) have been widely 

investigated as the anode in all solid-state battery. Table 2 summaries the capacity and 

the reaction potential of the anodes used with different solid electrolytes [19]. The In-Li 

alloy anode has a specific capacity of 180 mAh g-1. The In-Li alloy formation from In 

proceeds at a potential of around 0.6 V vs. Li, which could suppress side reactions at the 

electrochemical interface such as the decomposition of solid electrolytes. Thus, the 

In-Li alloy shows a high coulombic efficiency of almost 100 % [78]. Interfacial 

resistances between anode and electrolyte have been reported to be relatively small 

compared to oxide cathode side interfaces. Glasses and crystalline-type electrodes have 

very high capacities. The electrochemical reaction proceeds by conversion reaction, 

which is the redox reaction between the transition metal the corresponding transition 

by LiCoO2, LiNi1-yCoyO2, and today LiNiyMnyCo1-2yO2.
The spinels may be considered as a special case
where the transition-metal cations are ordered in all
the layers. The materials in the second group have
more open structures, like many of the vanadium
oxides, the tunnel compounds of manganese dioxide,
and most recently the transition-metal phosphates,
such as the olivine LiFePO4. The first group, because
of their more compact lattices, will have an inherent
advantage in energy stored per unit of volume, but
some in the second group, such as LiFePO4, are
potentially much lower cost. The following discussion
will center predominantly on these two classes of
materials.

2. Origins of the Lithium Battery
2.1. Early Concepts

Some of the earliest concepts came from Japan,
where Matsuchita developed1 the Li/(CF)n battery
that was used, for example, in fishing floats. Lithium
fluoride and carbon are the final reaction products,
but the cell potential of 2.8-3.0 V suggests a different
electrochemical reaction. It was proposed that lithium
initially intercalates the carbon monofluoride lattice
and subsequently the lithium fluoride is formed:2 Li
+ (CF)nf Lix(CF)nf C + LiF. Although much work
has continued sporadically on the carbon fluorides,
by Exxon and others, the major challenge has been
to make this reaction reversible even when lower
fluoride levels were used. Sanyo, the largest manu-
facturer today of both lithium rechargeable and
nickel metal hydride batteries, developed3,4 one of the
earliest lithium batteries with the Li/MnO2 system
that they initially sold in solar rechargeable calcula-
tors.5 Some early work on ambient systems was also
underway in the United States by 1970, for example,
by Dey et al.6 on the lithium reactivity with a range
of metals, such as aluminum.

Many primary lithium batteries have been devel-
oped for use in the medical field starting with the

lithium iodine cell. The majority of the implantable
cardiac defribrillators use in the last 20 years have
used, as active cathode material, silver vanadium
oxide, Ag2V4O11.7-9 During discharge the silver is
reduced to silver metal, and in addition, more than
one lithium per vanadium can be reacted, giving it a
capacity over 300 mAh/g. The presence of metallic
silver greatly improves the electronic conductivity
and thus the rate capability. Future medical devices,
such as heart-assist devices, will require rechargeable
systems because the capacity of primary cells cannot
provide the power needed for active medical devices.
The copper analogue also reacts by exuding the
metal.

2.2. Molten Salt Systems at Argonne National
Laboratory and General Motors

Most of the early work10-12 on lithium rechargeable
batteries used a molten salt as electrolyte and oper-
ated at around 450 °C. The earliest cells used molten
lithium and molten sulfur as the two electrodes, but
the problems with electrode containment proved
insurmountable. The anode used in the final versions
was the lithium aluminum alloy, LiAl, and iron
sulfides, such as FeS and FeS2, which replaced the
molten sulfur of the early designs. Development
ceased around 1990 when corrosion, temperature,
and other issues overwhelmed the advantages of the
system, the sodium sulfur system appeared more
promising, and early results on ambient lithium
rechargeable systems began to show promise. These
low-cost iron sulfides were also considered in the
1970s in ambient temperature cells. Iron pyrite was
found13 to react with an initial constant potential of
1.5 V, allowing it to replace the more expensive Ag-
Zn button cells and later making it a drop-in replace-
ment for the Zn/MnO2 alkaline cell. It is presently
marketed by Eveready as a primary high-energy cell.
On recharge the structure changes and the subse-
quent discharge has a two-step profile with an initial
discharge of around 2 V.13

It is still the dream of battery researchers to
develop a cell based on the lithium/sulfur couple
which on paper has a simple chemistry, has a much
higher energy density than most of the cathode
materials to be discussed below, and should be
capable of high rates if the sulfur is in solution.
Recent work14 has achieved high capacities at 2 V
even at as low temperatures as -40 °C in electrolyte
solvents of dioxolane and dimethoxyethane. These
cells with their liquid polysufide cathode have gener-
ated specific power exceeding 750 W/kg at 25 °C.
However, such cells still have significant issues with
self-discharge on standing, lithium recharging, and
the highly resistive nature of the cathode. Whether
all these issues will be overcome is still much
debated. A recent concept15 to protect the lithium
anode from the reactive polysulfide medium is to coat
it with a single-ion conducting glass.

2.3. Concept of Mixed Conductors
In 1967 Yao and Kummer reported16 the remark-

able electrolytic behavior of the !-alumina class of

Figure 1. Layered structure of LiTiS2, LiVSe2, LiCoO2,
LiNiO2, and LiNiyMnyCo1-2yO2, showing the lithium ions
between the transition-metal oxide/sulfide sheets. The
actual stacking of the metal oxide sheets depends on the
transition metal and the anion.

Lithium Batteries and Cathode Materials Chemical Reviews, 2004, Vol. 104, No. 10 4273
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metal oxide. However, the conversion electrodes show severe capacity fading during the 

charge-discharge [80, 81, 88].  

 

Table 2 Capacities and reaction potentials of anodes for all solid-state batteries. 

Anode Solid electrolyte 
Capacity  

(mAh g-1) 

Potential 

 (V vs. Li/Li+) 

Alloys 

In-Li [78] Li2S-SiS2-Li3PO4 glass 180 0.6 

GexSi1-x [82] Li2S-SiS2 glass 190 0.5 

Glasses 

SnO-B2O3 [83] Li2S-SiS2-Li3BO3 glass 650 0.5 

SnS-P2S5 [84] Li2S-P2S5 glass ceramics 600 0.5 

Crystals 

Li2FeS2 [85] Li2S-SiS2-Li3PO4 glass 400 1.6 

FeS [86] Li3.25Ge0.25P0.75S4 450 1.6 

NiP2 [87] Li2S-P2S5 glass ceramics 600 0.5 

Li2SiS3 [88] Li2S-P2S5 glass ceramics 1200 1.5 

 

1.5 Electrochemical activity of composite electrodes 

  The electrochemical reaction in bulk-type all solid-state batteries initiates at the point 

of contact interface between the particles of the electrode and the solid electrolyte.  

The reaction rate is limited due to a contact area at the interface. To secure the contact 

points of the particles, the positive electrodes for all solid-state batteries are composed 

of an active material together with a solid electrolyte using mechanical milling which 

leads to the highly-efficient utilization of the active material [16, 20, 40, 55, 61-63]. The best 

contact situation of active material and solid electrolyte is every active material particle 

could contact with solid electrolyte, which means solid electrolyte disperse around 
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active material to become a homogeneous dispersion system. This situation requires a 

high demand for particle size of active material and solid electrolyte. And the mix 

condition also could influence the contact area of them, especially, mix speed, mix time 

and the mill ball size. These conditions make sure active material and solid electrolyte 

particles could not aggregate by themselves or over disperse with each other.   

  So improve the composite condition is very important to fabricate composition 

cathode. However, there have been few reports investigating all solid-state batteries 

incorporating LGPS electrolytes, so little is know about the key factors associated with 

the fabrication process that may be able to improve the battery performance. In this 

thesis the composite cathode mixing conditions will be discussed to provide effective 

data for preparing composite cathode. Figure 9 is the schematic diagram of typical all 

solid-state battery, which shows a composite electrode composed of cathode particles 

and solid electrolyte particles is used as a working electrode to provide a lithium ion 

conductive path to the cathode [40]. 

 

 
Figure. 9 Schematic diagram of typical all solid-state battery with composite cathode [40]. 

 

  The electrochemical reaction in the composite electrodes initiates at the between the 

electrode and the solid electrolyte. It has been recognized that a highly-resistive layer is 

formed at oxide electrode/sulfide electrolyte interfaces during the electrochemical 

process, which limits the current density of the batteries. Mechanisms of the high 

interfacial resistance have been proposed as follows. 

6736 A. Sakuda et al. / Journal of Power Sources 196 (2011) 6735–6741

Fig. 1. Schematic diagrams of (a) a typical all-solid-state cell and (b) an all-solid-state cell based on SE-coated LiCoO2 particles.

and lithium-ion conducting paths to the electrode active materi-
als is also important. Fig. 1 shows schematic diagrams of typical
bulk-type all-solid-state cells (a) and all-solid-state cells using
solid-electrolyte-coated LiCoO2 (SE-coated LiCoO2) (b). In typical
all-solid-state cells, a composite electrode composed of LiCoO2
electrode particles and Li2S–P2S5 solid electrolyte particles is used
as a working electrode to provide a lithium ion conducting path to
the LiCoO2. The amount of solid electrolyte particles needed in the
composite electrode is currently approximately 20–30 wt.% [27]. In
addition, electron conducting additives such as acetylene black (AB)
and vapor grown carbon fiber (VGCF) are required when using elec-
trode active materials with a low electron conductivity. A decrease
in solid electrolyte content combined with the use of a conducting
additive can effectively increase the energy density of a composite
electrode. Recently, we reported that a highly conductive Li2S–P2S5
solid electrolyte was coated on LiCoO2 particles using pulsed laser
deposition (PLD) [28]. A schematic diagram of an all-solid-state cell
using SE-coated LiCoO2 is shown in Fig. 1(b). In the all-solid-state
cells using SE-coated LiCoO2, favorable contact between the LiCoO2
electrode and the Li2S–P2S5 solid electrolytes may be possible. In
addition, the solid electrolyte content of the composite electrode
would be reduced significantly. In the previous study [28], an all-
solid-state cell based on SE-coated LiCoO2 was successfully charged
and discharged, indicating that the coated solid electrolyte acted
as a lithium ion conducting path to the electrode particles. How-
ever, the reversible capacity of the all-solid-state cells was limited
to 30 mAh g−1, and this low cell capacity required improvement.
The conductivity of an Li2S–P2S5 solid electrolyte film prepared
on a quartz substrate by PLD was reported to increase after heat
treatment at 200 ◦C [29]. The conductivity of an Li2S–P2S5 solid
electrolyte on LiCoO2 should therefore also increase with heat
treatment.

In this study, we fabricated all-solid-state cells based on a com-
posite electrode composed of SE-coated LiCoO2, and examined the
amount and conductivity of an SE coating on the LiCoO2. The effect
of the coating amount on the capacity was investigated by prepar-
ing all-solid-state cells with SE-coated LiCoO2 using various SE
coating times. The importance of the lithium ion conductivity of the

coating layer was studied by increasing the lithium ion conductivity
of the SE on the LiCoO2 particles by heat treatment at 200 ◦C. Cross-
sections of the composite electrodes in the all-solid-state cells were
observed using a transmission electron microscope (TEM) to inves-
tigate the packing morphology of the SE-coated LiCoO2 particles
and the elemental distribution at the interfaces between the parti-
cles. Moreover, all-solid-state cells based on composite electrodes
using both a solid electrolyte coating and added solid electrolyte
particles were fabricated in an attempt to improve the capacity of
the cells.

2. Experimental

An 80Li2S·20P2S5 solid electrolyte (SE) was coated on LiCoO2
particles using pulsed laser deposition (PLD). SE thin films of
80Li2S·20P2S5 (mol.%) SE were fabricated using PLD with a KrF
excimer laser (! = 248 nm, LPXPro, Lambda Physik) [29]. The depo-
sition conditions are summarized in Table 1. A pelletized mixture
of Li2S (99.9%; Idemitsu Kosan Co., Ltd.) and P2S5 crystalline pow-
der (99%, Aldrich Chemical Co. Inc.) with a molar ratio of 80:20
was used as a target. The 80Li2S·20P2S5 films deposited on Si sub-
strates were amorphous. The atomic ratio of Li:P in the film was
determined by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) to be 80:20, which corresponds to the Li:P ratio
of the target. The lithium ion conductivity of the 80Li2S·20P2S5
was 7.9 × 10−5 S cm−1 at 25 ◦C [29]. An 80Li2S·20P2S5 SE film was

Table 1
Deposition condition of Li2S–P2S5 solid electrolyte film.

Laser KrF excimer laser (248 nm)
Target Li2S:P2S5 = 80:20 (molar ratio)
Laser fluence ca. 2 J cm−2 (200 mJ per pulse)
Frequency 10 Hz
Temperature Room temperature
Ambient gas Ar gas
Gas pressure 5 Pa
Deposition time 10 min, 20 min, 40 min, 120 min
T–S distance (target–substrate distance) 7 cm
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1) Space charge layer formation [16, 19, 56] : Lithium ions diffuse at the oxide electrode 

and sulfide electrolyte interface due to the difference in electrochemical potentials.  

As lithium ions have a higher electrochemical potential in sulfide lattices compared 

to oxide lattices, lithium ions diffuse from the sulfide electrolyte to the oxide 

electrode to decrease the difference in electrochemical potentials. The lithium 

depletion region is formed in the sulfide-side interface prior to the electrochemical 

cycling and is considered to lead to a high resistance for lithium diffusion at the 

interface.  

2) Interfacial reaction during the initial electrochemical cycle [38]: An interfacial layer 

is formed at the initial charge-discharge reactions. Figure 7 shows the TEM/EDX 

images of an interfacial layer between oxide cathode LiCoO2 and sulfide electrolyte 

Li2S·P2S5 after the initial charging. The TEM image confirms the formation of the 

interfacial layer with a thickness of about 10 nm. Both Co and P atoms are observed 

in the interfacial layer from the EDX line profiles. These results indicate that the 

interfacial layer is formed by mutual diffusion of cations between the oxide 

electrode and the sulfide electrolyte. 

  The formation of the resistive layer can be suppressed by surface coating of active 

materials with lithium metal oxides such as Li4Ti5O12
[16], LiNbO3

[61], LiTaO3
[63], 

Li2SiO3
[38], Li2ZrO3

[69], and LiAlO2
[70]. These materials are coated in amorphous states 

due to their higher lithium ion conductivity than that in crystalline states, since the 

lithium ions must diffuse in the coating layer at the electrochemical process. The roles 

of the coating layer have been considered as follows: 1) Decreasing the difference in the 

electrochemical potentials of lithium, which eliminates the space charge layer formation 

between the oxide electrode and the sulfide electrolyte. 2) Suppressing the direct contact 

of the oxide electrode with the sulfide electrolyte, which eliminates the mutual diffusion 

of cations between the oxide electrode and the sulfide electrolyte. Figure 8 shows the 

cross-section TEM image of Li2SiO3-coated LiCoO2/Li2S·P2S5 solid electrolyte 

interface after the first charging. No interfacial layer is observed after the 
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electrochemical reaction, leading to a low interfacial resistance. Ohta et al. have 

reported that the interfacial resistance of LiNbO3-coated LiCoO2 depends on the 

thickness of LiNbO3 coating layer [61]. 

 
Figure 7. (a) Cross-section HAADF-STEM image of LiCoO2 electrode/ Li2S·P2S5 solid 

electrolyte interface after initial charging and (b) cross-sectional EDX line profiles for Co, P, 

and S element [38].  

 

Table 3 summarizes various surface-coating oxide cathodes and their rate-capability in 

all solid-state batteries with sulfide solid electrolytes. The interfacial resistances depend 

on the combination of active material, coating species, and sulfide electrolyte. Whereas 

the interfacial reactions of oxide cathodes with Li2S–P2S5 glass and thio-LISICON type 

include lithium.[3a,14d,36a,42n] However, a good ion conduc-
tivity was also found in a lithium-free tantalum oxide, in
which openings in the crystal structure were large enough
for Li+ ions to pass through.[47] The majority of conven-
tional coatings were applied using wet-chemical meth-
ods.[3a,14d,36a,42n,46c] Recently, however, it has been reported
that coatings applied via atomic layer deposition (ALD)
on various electrode materials enhanced the performance
and safety of LIBs containing LEs.[34,46d,e,48] Since ALD is
based on a sequential and self-limiting surface reaction,
ultra-thin coatings, with a thickness lower than 1 nm, can
be obtained, with an accuracy of one atomic layer.[49]

Al2O3 was also applied via ALD to LiCoO2 ASLBs, sig-
nificantly improving their performance.[42x]

5.3. Sulfur and Li2S

Elemental sulfur is a promising cathode material for re-
chargeable lithium batteries, due to its theoretically ex-
tremely high capacity (S+2Li+ +2eˇ$Li2S, 1672 mAh (g
of S)ˇ1 or 1167 mAh (g of Li2S)ˇ1).[38b] Although the low
operating voltage (~2.1 V vs. Li/Li+) is disadvantageous
for the energy density, it avoids any noticeable decompo-
sition of the sulfide SE.[35,36] Moreover, the problem of
the dissolution of polysulfide intermediate products, en-
countered in the LE-based LIBs, and leading to an ex-
tremely poor coulombic efficiency, is not a concern for
the ASLBs.[14a,38b] Therefore, sulfur and lithiated sulfur,
Li2S, are regarded as ideal cathode materials for achiev-
ing a high energy density in ASLBs. However, the electri-
cal insulation properties[14a,38b] and the massive volume
change during charge and discharge (~179%)[14e,f] remain
obstacles to be overcome for the eventual success of
sulfur-based ASLBs.

The formation of a nanocomposite structure from the
combination of sulfur or Li2S with carbon is the most ver-
satile strategy to improve the performance of
ASLBs.[14a,50] The size of sulfur or Li2S particles is critical,
not only to relieve the stresses induced by the volume
changes during charge and discharge, but also to maxi-
mize the extension of the electrically active domains.
Carbon can provide conduction pathways for the insulat-
ing sulfur or Li2S, and at the same time, can act as a buf-
fering phase for the volume change. Nanostructured
sulfur-carbon or Li2S-carbon materials for ASLBs were
prepared by ball-milling (BM)[14a,50b,d–f] and gas-phase
mixing (or melt diffusion mixing).[50a,c] Table 2 summarizes
the performance of various sulfur-based and Li2S-based
cathode materials for ASLBs. Notably, the intimate ionic
contacts achieved by BM between the sulfur-carbon or
Li2S-carbon and the SE are critical for the enhancement
of the capacity and rate capability, as shown in Fig-
ure 9.[14a,50b,d–f] For example, the BM of a mixture of sulfur,
activated carbon, and amorphous Li1.5PS3.3 resulted in
a capacity of ~1600 mAh (g of S)ˇ1, which is close to the
theoretical capacity.[44e] The phosphorus/sulfur ratio was

Figure 7. a) Cross-sectional high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) image of LiCoO2/
Li2S · P2S5 interface after initial charging; and b) cross-sectional
energy dispersive X-ray spectroscopy (EDX) elemental line profiles.
Adapted with permission from Ref. [5a].

Figure 8. Comparative a) Nyquist plots; and b) discharge voltage
profiles, of the bare and Li2SiO3-coated LiCoO2/Li2S · P2S5/In cells at
ˇ30 8C. Adapted with permission from Ref. [5a].
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sulfide electrolytes have been investigated, no reports have been available regarding to 

the interface between oxide electrodes and LGPS-type electrolytes. 

 

Figure 8. Cross-sectional TEM image of 0.6 wt % Li2SiO3-coated LiCoO2 particles [38].  

Table 3 Surface-coating enhancing the rate-capability of oxide cathodes in sulfide solid 

electrolytes.  

Buffer layer Oxide cathode Sulfide SE Electrode 

resistance (Ω) 

Li4Ti5O12 [16] LiCoO2 Li3.25Ge0.25P0.75S4 44 

LiNbO3 
[61] LiCoO2 Li3.25Ge0.25P0.75S4 �20 

Li2O–SiO2 
[71] LiCoO2 80Li2S–20P2S5 160 

LiTaO3 [63] LiCoO2 Li3.25Ge0.25P0.75S4 �20 

Li2Ti2O5 [72] LiCoO2 80Li2S–20P2S5 100 

Li4SiO4–Li3PO4 [73] LiCoO2 80Li2S–20P2S5 48 

Li4Ti5O12
 [74] LiNi1/3Co1/3Mn1/3O2 80Li2S–19P2S5–1P2O5 100 

Li4Ti5O12 [55] LiMn2O4 80Li2S–20P2S5 100 

Li4Ti5O12 [75] LiNi0.8Co0.15Al0.05O2 70Li2S–30P2S5 48 

 

 

lyte !SE"/LiCoO2 cells were constructed and the electrochemical
properties of coated LiCoO2 were investigated with electrochemical
impedance spectroscopy and charge–discharge measurement. To
study the coating effects, impedance components of the all-solid-
state cells with LiCoO2 and Li2S–P2S5 SEs were identified. Figure 5
shows impedance profiles of the all-solid-state cells with various
electrodes. Figure 5a shows the impedance profile of the
In/SE/LiCoO2 cell after charging to 3.58 V vs Li–In. The impedance
profiles are shown as connected dots. The impedance profile is sepa-
rated into three resistance components: one is the resistance ob-
served in the high-frequency region !!100 kHz", and the others
correspond to two semicircles !the peak top frequencies of 500 and
1 Hz". Figure 5b shows the impedance profile of pure SE with SS
electrodes as an ion blocking electrode. In this impedance profile,
the resistance in the high-frequency region !!100 kHz" and the

straight line at the low-frequency region are observed. The imped-
ance profile provides the resistance of SE !RSE". Therefore, the re-
sistance at the high-frequency region !!100 kHz" is identified as
RSE. An In/SE/Li–In cell was fabricated to clarify the resistance
related with the In electrode. The impedance measurement of the

Figure 3. SEM image !a" and EDX mappings for !b" Co atom and !c" Si
atom of Li2SiO3-coated LiCoO2 particles.

Figure 4. Cross-sectional TEM image of 0.6 wt % Li2SiO3-coated LiCoO2
particles.

Figure 5. Impedance profiles of all-solid-state cells: !a" In/SE/LiCoO2, !b"
SS/SE/SS, !c" In/SE/Li–In, and !d" SS/SE/LiCoO2.

A29Journal of The Electrochemical Society, 156 !1" A27-A32 !2009" A29

www.esltbd.org address. Redistribution subject to ECS license or copyright; see 131.112.157.40Downloaded on 2012-11-12 to IP 
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1.6 Purpose of this study 
  The purpose of the study is to develop composite electrodes with the LGPS 

electrolyte for all solid-state batteries. Although the composite electrodes have been 

widely used for the cathodes in all solid-state batteries, very few reports have been 

available for the use of the LGPS as the solid-electrolyte, despite its extremely high ion 

conductivity. It is therefore importance of clarifying how the structures of the composite 

electrodes affect the all solid-state battery performance. Furthermore, electrochemical 

reactions of composite electrodes should depend on the electrode material. In this thesis, 

LiCoO2/LGPS and TiS2/LGPS are focused on as oxide/sulfide and sulfide/sulfide 

composites, respectively. As described in the above sections, LiCoO2 has been widely 

used with other solid-electrolytes for all solid-state batteries. The LiCoO2/LGPS 

composites could provide direct information regarding to the suitability of the LGPS as 

the solid-electrolyte. In contrast, the TiS2/LGPS could evaluate the diversity of cathode 

materials used with the LGPS and clarify the difference of interfacial reactions between 

oxide/sulfide and sulfide/sulfide interfaces. The present study consists of the following 

two experimental steps for different cathode materials:  

1. Fabrication and structural characterization of LiCoO2/LGPS and 

TiS2/LGPS composite cathodes with different mixing conditions and 

surface modification. 

2. Electrochemical investigation of LiCoO2/LGPS and TiS2/LGPS 

composite cathodes 

 

The results in the present study are briefly summarized as follows.  

  In chapter 3, composite cathodes consisting of LiCoO2 and LGPS were fabricated 

under various conditions to clarify the key parameters for high electrochemical activity.  

Mild mixing condition, small particle size of LGPS leaded to the well-dispersed 

composites with high contact area between LiCoO2 and LGPS. Surface coating of 
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LiNbO3 on the LiCoO2 surface coating decreased the resistance of the charge transfer 

reaction.   

  In chapter 4, TiS2/LGPS composites were fabricated and their electrochemical 

properties were investigated. The TiS2/LGPS composite prepared under the optimized 

mixing condition exhibited higher initial charge/discharge capacities than the 

LiCoO2/LGPS composite. However, severe capacity fading was caused by the decrease 

in physical contact between TiS2 and LGPS, which was induced by the large lattice 

change of TiS2 during lithium (de)intercalation. Applying a pressure to the cells during 

the electrochemical cycling drastically improved the cycle retention and the rate 

capability of the TiS2/LGPS composites. The volume change in the composites is the 

key for achieving stable battery operation. 

  These results reveal the optimized conditions for fabricating well-dispersed 

composites of LiCoO2/LGPS and TiS2/LGPS and the importance of applying cell 

pressure to secure contact area between the cathodes and the LGPS solid-electrolyte.  

The LiCoO2/LGPS and TiS2/LGPS composites deliver highly reversible 

electrochemical reactions, which demon stares that the LGPS is one of the most 

promising electrolytes for the cathode composites in all solid-state batteries.  
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Chapter 2 

 

Experiment 

 

2.1 Synthesis of Li10GeP2S12 (LGPS) 
  LGPS was synthesized by a solid-state reaction [1]. The starting materials were Li2S 

(Idemitsu Kosan, >99.9 % purity), P2S5 (Aldrich, >99 % purity) and GeS2 

(Aldrich, >99 % purity). There were weighed, mixed in the molar ratio of 

LiS2/P2S5/GeS2 to 5/1/1 in an Ar-filled glove box, placed into a stainless-steel pot and 

mixed for 30 min using a vibrating mill (CMT, Tl-100). The specimens were then 

pressed into pellets, sealed in a quartz tube at a vacuum level of 30 Pa and heated at a 

reaction temperature of 400 °C for 8 h in a furnace. After reacting, the tube was slowly 

cooled to room temperature. The sample was ground and pressed, by 380 MPa and 

sealed in a quartz tube. The sample was resintered at 550 °C for 8 h. Figure 1 shows the 

sintering processes of fabricating LGPS (RT: room temperature, N.C: nature cooling, 

Air: air atmosphere). XRD (Rigatu, Smart Lab) measurement using Cu Kα1 radiation 

was performed to confirm the formation of the single phase. The specimen was sealed 

in sample holder in a vacuum for the XRD measurements. Diffraction data were 

collected in 0.01° steps from 10° to 100° in 2�. Figure 2 shows the XRD pattern of the 

product. All diffraction peaks were attributed to Li10GeP2S12 [1].  

   
Figure 1. Sintering processes of LGPS.  
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    Figure 2. XRD patterns of Li10GeP2S12. 

 

2.2 Fabrication of all solid-state batteries with LiCoO2 cathode  

2.2.1 Surface coating of LiNbO3 on LiCoO2 

  The LiCoO2 surface was coated with a thin LiNbO3 layer using a fluidized bed 

granulator (Powrex, MP-01) to suppress formation of a highly resistive layer between 

the LiCoO2 an LGPS. LiCoO2 powder (500 g, average particle size (d50): 16.7 µm, 

surface area: 0.23 m g-1) was used as the starting material. An ethanol alkoxide solution 

consisting of anhydrous ethanol (39.68 g), Li metal (0.23 g) and niobium pentaethoxide 

(10.96 g) was sprayed onto the LiCoO2 at a rate of 2 g min-1. The weight ratio of the 

coating layer to the LiCoO2 was controlled by the duration of the spraying process. 

Each sample was annealed at 350 °C for 1 h in air to remove any organic contaminants. 

X-ray diffraction (XRD) patterns of pristine, coated and annealed samples were 

acquired with an X-ray powder diffract meter (Rigaku, Smart lab) using Cu Kα1 

radiation. The morphology of each sample was observed by SEM (VE-8600, Keyence).  
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Fig. 3 Annealing process of LiNbO3 coated LiCoO2.  

 

2.2.2 Preparation of LiNbO3-coated LiCoO2/LGPS composites  

  Composite positive electrodes of LiNbO3-coated LiCoO2 and LGPS were prepared of 

improve the lithium ion conduction between the LiCoO2 and LGPS slid electrolyte. A 

mill pot rotator (ANZ-10S, Nitto) was used to fabricate the composites because this 

device allowed ready control over the mixing conditions, such as the rotating speed, 

grinding time, mill balls size and so on.  

  The ratio of LiCoO2: LGPS is 70:30, which is tested by many reports before [2, 3]. The 

first step is deciding rotating speed. Prepare three samples with five 3 mmϕ mill balls, at 

different speed 140, 250 and 350 rpm for 10 min, and then fabricate solid-state battery 

with three samples to test the electrochemical performance of these samples, to choose 

suitable rotate speed. The second step is change mill ball size from 3 mmϕ to 5 mmϕ 

using 140 rpm speed mix LGPS and LiCoO2 for 10 min, and then fabricate batteries to 

test the electrochemical performance, to find the fit ball size. The third step is LGPS 

particle size, grind LGPS manually in an agate mortar to decrease the particle size. 

Fabricate battery and composite cathode with LGPS samples and then test the 

electrochemical performance of solid-state batteries. The fourth step, prolong the 

composite cathode mixing time from 10 to 20 and 30 min to test samples’ 

electrochemical properties. The last step is testing coating layers LiNbO3 thickness, use 

ICP method calculate the thickness of LiNbO3 and then go on the electrochemical test 

to find the best one. Finally, the composite cathode fabricated conditions are decided: 
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rotation rate is 140 rpm, mill ball size is 3 mmϕ, LGPS grinding time is 10 min, mixture 

grinding time is 30 min and the coating layer thickness of LiNbO3 on LiCoO2 around 

0.5 wt.%. In this study, the battery with the composite cathode shows a very large 

discharge capacity about 125 mAh g-1. The composite cathode fabrication process 

demonstrated that the fabricating conditions will strongly affect electrochemical 

performance of battery, so keep eye on composite cathode is very importance. Figure 4 

shows the schematic of mill pot rotator and composite cathode fabricating process.  

The morphology of all samples was observed by SEM (JSM-6610LV, JEOL). 

 

 
Figure 4. Schematic of mill pot rotator and composite cathode fabricating process.   

 

2.2.3 Fabrication of LiNbO3/LiCoO2/LGPS/In-Li cells 

  Tow-electrode all solid-state batteries were used to investigate the electrochemical 

properties of the composites electrodes [4]. These batteries were fabricated using LGPS 

and In-Li metal as the solid electrolyte and the negative electrode, respectively. In 

making these batteries, a 100 mg sample of the LGPS electrolyte was pressed into a 

pellet with a 10 mm diameter and aluminum foil and aluminum mesh were employed as 

current collectors for the positive electrode. Composite electrode powder (10 mg) was 

pressed onto the LGPS electrolyte pellet at a pressure of 555 MPa. The negative 

electrode was composed of Li foil (5 mmϕ, 0.1 mmt) and In foil (10 mmϕ, 0.1 mmt) on 

a Cu mesh current collector. Finally, the three layers (positive electrode/electrolyte/ 
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negative electrode) were pressed together under a pressure of 19 MPa to fabricate the all 

solid-state batteries. Figure 5 shows the schematic of three layered pressed all 

solid-state battery. All the above processes were performed in a dry Ar-filled glovebox 

(DBO-1.5-T1000, Miwa). 

 

 

Figure 5. Schematic of all solid-state battery. 

 

2.3 Fabrication of all solid-state batteries with TiS2 cathode 

2.3.1 Nanosizing of TiS2 

  In order to increase the contact area between the TiS2 and the LGPS solid-electrolyte, 

a high-energy ball mill (Fritsch pulverisette 7) was performed for commercial TiS2 

powder (Kojundo Chemical Laboratory Co. Ltd, Japan). The grinding condition was 

320 rpm for 16 h. The crystal structure and morphology of the milled TiS2 were verified 

using X-ray diffraction patterns (XRD: Smartlab CuKα, Rigaku). 

Brunaure-Emmett-Teller (BET: BELSORP-mini, MicrotracBEL) was conducted to 

verify the specific surface area of TiS2 samples. 

 

2.3.2 Preparation of TiS2/LGPS composites 

  Composite cathodes were prepared to improve lithium ion conductive between the 

TiS2 and the LGPS solid electrolyte. Vortex miller (TTM-1, SIBATA) (Figure 6) was 

used to fabricate composite cathode, which is a very popular and simple mixing method. 
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The weight ratio between TiS2 and LGPS was 30:70. The rotate speed is 2500 rpm and 

the grinding time was 2, 5 and 10 min. Different durations of mixing were applied to 

find the condition for fabricating well-dispersed composites. The morphology of the 

composites was observed by SEM (JSM-6610LV, JEOL). 

 

Figure 6. Picture of Vortex mixer. 

 

2.3.3 Fabrication of TiS2/LGPS/In-Li cells 

  The Li10GeP2S12 electrolyte (100 mg) was prepared as a pellet with a 10 mm diameter. 

An aluminum foil and mesh were used as current collectors for the cathode. The 

cathode powder (10 mg) was pressed onto the Li10GeP2S12 electrolyte pellet under 555 

MPa. The negative electrode was consisted of Li foil (5 mmϕ, 0.1 mmt) and In foil (10 

mmϕ, 0.1 mmt) on a copper mesh current collector. Finally, the three-layers of the 

cathode/electrolyte/anode were pressed together at 19 MPa to fabricate the all 

solid-state batteries. A pressure of 230 MPa was applied on the battery during the 

charge-discharge operation. All the processes for the solid-state batteries were 

performed in a dry Ar-filled glovebox (DBO-1.5-T1000, Miwa). 
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2.4 Inductively coupled plasma mass spectrometry (ICP-MS) 
   Inductively couple plasma mass spectrometry (ICP-MS) is an analytical technique 

used for elemental determinations, which was commercially introduced in 1983 and has 

gained general acceptance in many types of laboratories. It has many advantages 

including, greater speed, precision, sensitivity and the ability to obtain isotopic 

information. An ICP-MS combines a high temperature ICP source with a mass 

spectrometer. The ICP source converts the atoms of the elements in the sample to ions. 

These ions are then separated and detected by the mass spectrometer.[5] 

  In this study, ICP method was used to calculate the coating layer thickness by the 

content of LiNbO3. Ten samples participated in ICP test. These samples have different 

LiNbO3 content by changing the spray time. Every sample 10 mg dissolved in 10 ml 

hydrochloric acid (20 %) to make solution. Then diluted these solutions by 50 ml 

deionized water respectively and analysis by ICP equipment. From ICP results, Li, Co 

and Nb elements concentration (mg L-1) could be known and the content of LiCoO2, 

LiNbO3 and thickness of LiNbO3 could be calculated. Compare with the values 

analyzed from the amount of applied solution, ICP results are more precise which 

shows in Figure 7. 

 
Figure 7. Analyzed thickness by applied solution and calculated thickness by ICP. 
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2.5 Electrochemical measurements 
2.5.1 Charge-discharge test 

LiNbO3/LiCoO2/LGPS/In-Li  Charge/discharge measurements were performed at 

25 °C outside glove-box using a multi-channel potentio/galvanostat (TOSCAT-3100, 

Toyo system). The upper and lower cutoff voltages were 3.6 V and 1.9 V, which could 

corresponds to 4.2 V and 2.5 V vs. Li/Li+, respectively, Because the potential of the 

In-Li alloy is about 0.6 V higher than that of Li/Li+, with an applied current rate of 7 

mA g-1 (0.05 C). Specific capacities were calculated based on the active mass of 

LiCoO2. The interfacial condition between the In/Li and the LGPS electrolyte gradually 

changed with the cycle number, as we will show later. The differences in the 

performance among composite cathodes were evaluated at the first cycle to minimalize 

effects of the anode condition on the charge/discharge capacity.  

TiS2/LGPS/In-Li  Two types of test conditions were investigated to clarify effects of 

pressure on battery performance: 1) encasing the cell in a stainless steel container and 2) 

maintaining the cells under 228 MPa using the pressure instrument during the 

charge-discharge operation. The schematic of the pressed condition is shown in Figure 8. 

Charge/discharge measurements were performed at 25 °C inside or outside glove-box 

using a multi-channel potentio/galvanostat (TOSCAT-3100, Toyo system) and 

Solartron 1287. The upper and lower cutoff voltages were 2.5 V and 1.0 V, and the 

current densities were 0.088 mA cm-2 (0.1 C) to 1.76 mA cm-2 (2 C).  

 

2.5.2 Impedance analysis 

   Electrochemical impedance spectroscopy (EIS) is a relatively new and powerful 

method of characterizing many of the electrical properties of materials and their 

interfaces with electronically conducting electrodes. The general approach is to apply an 

electrical stimulus (a known voltage or current) to the electrodes and observe the 

response (the resulting current or voltage). 
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Figure 8. Schematic of maintaining the cell under pressure using the pressure instrument during 

the charge-discharge operation. 

 

  It is assumed that the properties of electrode-material system are virtually 

time-invariant, and it is one of the basic purpose in EIS to determine these properties, 

their interrelations, and their dependences on such controllable variables such as 

temperature, oxygen partial pressure, applied hydrostatic 

pressure, and applied static voltage to the interface and measuring the phase shift and 

amplitude, of the resulting current at the same frequency. For example, any intrinsic 

property which influences the conductivity of an electrode-materials system can be 

studies by EIS. Also, the advantages of EIS measurements over other techniques are as 

follows: 

• Rapid data acquisition  

• Non-destructiveness 

• High adaptability to a wide variety of different applications 

  The parameters derived from an EIS spectrum are generally classified into two 

categories: (i) those pertinent only to the material itself, such as conductivity, dielectric 

constant, mobilities of charges, equibrium concentrations of the charged species, and 

bulk generation-recombination rates; and (ii) those pertinent to an electrode-material 
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interface, such as adsorption-reaction rate constants, capacitance of the interdace region, 

and diffusion coefficient of neutral species in the electrode itself. 

  For most solid electrolytes, EIS measurements to evaluate the electrochemical 

behaviors of electrolytes and/or electrodes are usually made with cells which have two 

identical electrodes applied to the faces of a sample in the form of a circular cylinder of 

rectangular parallelepiped. In this study, the ionic conductivity of the samples was 

measured by ac impedance methods. The AC impedance methods is a method 

consisting of separating the bulk, grain boundary, and electrode components of the 

measured sample, and then calculating the essential bulk resistance-value by applying 

an ac voltage with a frequency change during the measurements. Also, the AC method 

is hardly affected by the polarization and the interfacial reaction between the electrolyte 

and electrode, which may arise by applying a dc voltage. However, EIS measurement 

system is a black box, and there are two serious problems, how to combine various 

equivalent circuits and how to interpret such data. When combining the equivalent 

circuits, there are three typical circuit elements, which show different responses to an ac 

signal. These circuit elements are usually regarded as a resistor, a capacitor, and an 

inductor, and their electrical properties are also called resistance, R, capacitance, C, and 

inductance, L, respectively as seen in Table 1. 

 

Table 1. Electrical properties of typical circuit elements 

Circuit element Resistance Capacitor Inductor 

Symbol, Unit R, Ω C, F L, H 

Phase shift 0˚ –90˚ 90˚ 

Impedance ZR = R ZC = ( jwC )–1 ZL = jwL 
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Furthermore, there exists a circuit element called Warburg impedance, Zw besides these 

three ones. 

                  Zw = Aww-1/2 (1-j)   [Aw: Warburg coefficent]           (2.7) 

Warburg impedance shows the characteristic response which is caused by the diffusion 

process of the substance accompanying the electrode contribution, and the property in 

which the current is phase shifted -45º to the voltage with the magnitude proportional to 

w-1/2.
 
 

  In many cases, an equivalent circuit consisting of a simple RC element connected in 

parallel is used as shown in Figure 2.20. The complex impedance, Z* in Figure 2.20 is 

described by the following equation: 

                                        (2.8) 

where R: resistance, C: capacitance, w: angular frequency, j: imaginary number. (j = 

(-1)1/2) 

  Above Eq. 2.8 consist of the real and imaginary components, for example, Z* = Z’ - 

jZ”, where Z’ and Z” are the real and imaginary impedance components, respectively.  

Equation 2.8 may be transformed into: 

 

                                                                (2.9)
 

In Eq. 2.9, if the real part, Z’ is plotted on the horizontal axis, and the imaginary part, Z” 

on the vertical axis, a graph called a “Nyquist plot” can be obtained. Figure 9 (a) shows 

the Nyquist plot for the circuit in Figure 9 (b). A semicircle which crosses at Z’-axis, 0, 

and R is observed. Consequently, the resistance-value is calculated from the diameter of 

the semicircle.  

  In this study, Electrochemical impedance spectroscopy (EIS) measurements of 

LiNbO3/LiCoO2/LGPS/LiNbO3/LiCoO2 and In-Li/LGPS/In-Li symmetric batteries 

were performed to confirm the characterized frequency of cathode/LGPS and 

anode/LGSP. EIS measurements of LiNbO3/LiCoO2/LGPS/In-Li batteries were 
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performed for batteries after the 10th and 20th discharging. All measurements used an 

impedance analyzer with an electrochemical interface (1260/1287, Solartron). The 

applied voltage during these trials was 10 mV and the frequency range was 0.1 to 105 

Hz. 

 

 
Figure 9. Simple circuit and Nyquist plot for simple. 
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Chapter 3 

 

Fabrication and electrochemical properties of LiCoO2 and 
Li10GeP2S12 composite electrode for use in all-solid-state 
batteries 
 
3.1 Introduction 
  All solid-state lithium batteries show significant promise in large-scale applications 

such as plug-in hybrid electric vehicles and purely electric vehicles due to their inherent 

safety and high volumetric energy density [1-3]. However, the power density of these 

batteries, which is generally much lower than that of conventional lithium-ion batteries, 

must be addressed to allow their widespread use. The main rate determining step in 

all-solid-state batteries is the diffusion of lithium in the solid electrolytes since the 

lithium ion conductivity in such materials is low compared to that in liquid organic 

electrolytes, and this limits both the capacity and current density of the associated 

charge/discharge reactions [4-6]. Recently, it has been reported that a new sulfides solid 

electrolyte, Li10GeP2S12 (LGPS), exhibits an extremely high lithium ionic conductivity 

of 12 mS cm-1 at room temperature, a value that exceeds even those of the organic 

electrolytes [10-14]. All solid-state batteries with LGPS electrolytes therefore allow for 

possible improvements in power density [15]. Another rate determining step in these 

devices is the lithium diffusion at the point of contact interface between the electrode 

and electrolyte particles since a small contact area will reduce the reaction rate at the 

interface. For this reason, the positive electrodes in these devices are compared of an 

active material together with a solid electrolyte so as to increase the contact area. Hence, 

the fabrication process of such composite electrodes should be investigated with the aim 

of obtaining a highly dispersed composite electrode exhibiting minimal aggregation [6-9, 
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15-17]. However, there have been few reports investigating all solid-state batteries 

incorporating LGPS electrolytes, so little is known about the key factors associated with 

the fabrication process that may be able to improve the battery performance. 

  This part reports the effects of the LiCoO2 and LGPS mixing conditions on the 

charge/discharge properties of a LiCoO2/LGPS composite cathode/LGPS solid 

electrolyte/In-Li anode cell. The composite electrodes in this study were fabricated 

using a mill pot rotator, applying various rotation rates. The morphologies of the 

composite cathodes were investigated by scanning electron microscopy (SEM), and 

electrochemical charge/discharge and ac impedance measurements were performed to 

determine the interfacial resistance between the composite electrode and the electrolyte. 

The key factors involved with developing an all solid-state battery showing a high 

discharge capacity are discussed based on the mixing conditions and resulting 

electrochemical performances of the LiCoO2/LGPS composite cathodes. 

 

3.2 Sample characterization 

  Figure 1 shows SEM images and XRD patterns of LiCoO2 powders before and after 

spray coating with LiNbO3. Whereas the pristine LiCoO2 powder and very flat surfaces 

and sharp particle edges (Figure 1a), the spray-coated LiCoO2 powder exhibited 

rounded edges (Figure 1b). The XRD patterns showed no changes in the peak positions 

and intensities after the coating process (Figure 1c, d), confirming that no chemical 

reaction occurred between the LiCoO2 and the LiNbO3 during the coating and annealing 

processed. Table 1 summarizes the weight ratios of the LiNbO3 layer to the LiCoO2 and 

the average thicknesses of the LiNbO3 layers. The LiNbO3 weight ratios in the products 

were determined by ICP analyses and the average coating thicknesses were calculated 

using the weight ratio in the product and the surface area (0.23 m2 g-1) together with the 

weight of the LiCoO2 powder (500 g) employed during spray coating. As the spray 

coating during increased, the LiNbO3 weight ratios were gradually reduced below the 

starting values. In this study, we obtained LiNbO3-coated LiCoO2 with weight ratios 
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ranging from 0.12 to 1.76 wt.%. 

 

 
Figure 1. SEM images and XRD patterns for uncoated LiCoO2 (a,c) and LiNbO3 coated 

LiCoO2 (b, d). The weight ratio of LiNbO3 to LiCoO2 was 0.12 wt.% in the starting 

solution.  

 

Table 1. Fractions of LiNbO3 in starting materials and products and average layer 

thicknesses. 

Fraction of LiNbO3 in starting 

material (wt.%) 

0.11 0.59 1.34 2.49 

Fraction of LiNbO3 in product 

(wt.%) 

0.12 0.48 1.16 1.76 

Average thickness of LiNbO3 on 

LiCoO2 particles (nm) 

1.0 4.8 11.4 17.4 
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3.3 Electrochemical properties  
  A 1.76 wt.% LiNbO3-coated LiCoO2 sample was used to investigate the effects of 

mixing conditions when combining this material with the LGPS electrolyte to fabricate 

the composite positive electrodes. Figure 2 shows a schematic of the mixing process 

using a mill pot rotator, along with SEM images of the LiCoO2/LGPS composites 

ground for 30 min at different rotation rates. Small LGPS particles are seen to have 

been dispersed on each LiCoO2 particle in the composite ground at 140 rpm (Figure 2b). 

In contrast, some LGPS aggregates are observed on the composites as the rotation rate 

is increased (Figure 2 c,d). Thus mild mixing with a low rotation rate of 140 rpm 

generated well-dispersed composite electrodes. Figure 3a shows the first 

charge-discharge curves obtained from 1.76 wt.% LiNbO3-coated LiCoO2/LGPS 

composite positive electrodes fabricated at different rotation rates. A plateau was 

observed in the vicinity of 3.4 V (vs. In-Li anode) in these curves, corresponding to 

reversible lithium (de)intercalation into the LiCoO2. The composite ground at 140 rpm 

exhibited a first discharge capacity of 105 mAh g-1, which the first discharge capacities 

decreased to 99 and 71 mAh g-1 for the composites ground at 250 and 350 rpm, 

respectively. The well-dispersed composite electrodes could have had a greater contact 

area between the LiCoO2 and LGPS, which would serve to increase the utilization 

efficiency of the LiCoO2 active material in the composite electrode. Effects of the 

grinding time on the charge/discharge capacity were investigated at a fixed rotation rate 

of 140 rpm (Figure 3b). The first discharge capacity increased from 65 to 108 mAh g-1 

when the grinding time was increase from 10 to 20 min, and thus a short time grinding 

under the mild conditions led to insufficient mixing. No significant change in the 

capacity was observed when increasing the grinding time from 20 to 30 min. Longer 

mixing times over 20 min with low grinding energy gave better mixing of the LiCoO2 

and LGPS with no LGPS aggregation. 
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Figure 2. (a) Schematic of mixing process of LiCoO2 and LGPS using a mill pot rotator 

and SEM miages of 1.76 wt.% LiNbO3-coated LiCoO2/LGPS mixtures ground under 

different rotating rates of (b) 140 rpm, (c) 250 rpm, and (d) 350 rpm. The ground time 

was 30 min. Large particles with dark gray color and small particles with white gray 

color in Fig. (b-d) correspond to LiCoO2 and Li10GeP2S12, respectively.  
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Figure 3. The first charge/discharge curves of 1.76 wt.% LiNbO3-coated LiCoO2/LGPS 

composite electrodes fabricated (a) by grinding for 30 min at rotating rates of 140 rpm, 

250 rpm, and 350 rpm and (b) by grinding for 10, 20, and 30 min at the rotating rates of 

140 rpm. The constant current density used was 7 mA g-1.  
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  The allow fabrication of the LiNbO3/LiCoO2/LGPS composites under optimal mixing 

conditions, the LGPS was ground to reduce the particle size before mixing with the 

LiNbO3/LiCoO2. Figure 4 presents SEM images of LGPS powders ground for different 

time spans and the first charge/discharge curves of the LiCoO2/LGPS composite 

electrode fabricated using each LGPS powder. The LGPS powder ground 5 min 

(LGPS5) consisted of primary particles with particles sizes over 5 µm as well as 

micro-sized aggregates of these nanosized primary particles. The LiCoO2/LGPS 

composite electrode showed a low discharge capacity of 87 mAh g-1 compared to the 

theoretical capacity of 125 mAh g-1 when the LiCoO2 cathode is charged to 4.2 V vs. 

Li/Li+ [18]. This result indicated insufficient dispersion of the LGPS, generating a 

reduced contact area with the LiCoO2 due to the large sizes of the primary particles and 

the aggregates. The LGPS powder ground for 10 min (LGPS10) consisted of small 

particles less than 2 µm in size, and no severe aggregation was observed. The discharge 

capacity of the LiCoO2/LGPS10 increased to 124 mAh g-1, corresponding to the 

theoretical capacity. Thus the use of small LGPS particles with no aggregation let to a 

highly-dispersed composite electrode with a large contact area between the LiCoO2 with 

LGPS. The particle size gradually decrease with increasing grinding time from 10 min 

through 30 to 120 min, although aggregates of the small LGPS particles increased at 

longer grinding times. The discharge capacities of the LiCoO2/LGPS30 and 

LiCoO2/LGPS120 devices were 104 and 102 mAh g-1, respectively. Thus prolonged 

grinding of the LGPS could not improve the utilization efficiency of the LiCoO2 active 

material. This result indicated that the aggregation of LGPS had a greater impact than 

the particle size with regard to the fabrication of LiCoO2/LGPS composites with high 

electrochemical reactivity. 
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Figure 4. SEM images of LGPS powders pre-ground in a mortar of different times of (a) 

5 min, (b) 10 min, (c) 30 min, and (d) 120 min, (e) the first charge/discharge curve of 

0.48 wt.% LiNbO3-coated LiCoO2/LGPS composite electrodes using each LGPS 

powder. The composites were fabricated at a rotating rate of 140 rpm for 30 min. The 

constant current density used was 7 mA g-1.  
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3.4 Effect of coating thickness 
  Figure 5a-d shows the charge/discharge curves obtained from LiCoO2/LGPS10 

composite electrodes using LiCoO2 coated with LiNbO3, applying varying weight ratios 

between the LiNbO3 and LiCoO2 of 0.12, 0.48, 1.16 and 1.76 wt.%. The rotation rate 

and grinding time for mixing were fixed at 140 rpm and 30 min, respectively. The 

uncoated LiCoO2 electrode exhibited no reversible capacity (see Supporting 

Information), while charge/discharge reactions were observed with the composite 

electrode incorporating the 0.12 wt.%-LiNbO3 coated LiCoO2. It has been proposed that 

a high resistance layer is formed by ionic diffusion from a sulfide electrolyte to LiCoO2 

due to large difference in electrochemical potentials of Li between the sulfide and the 

oxide [6,7,19]. The LiNbO3 coating, however, suppresses the interfacial layer formation, 

leading to reduce reaction resistance. Similar to previous reports regarding other sulfide 

electrolytes, an interfacial layer with a high resistance was formed between the LiCoO2 

and LGPS electrolyte, but this resistance was decrease by the application of the LiNbO3 

layer. The discharge capacity of the 0.12 wt.%-LiNbO3/LiCoO2 specimen increased 

from 35 to 74 mAh g-1 from the first to 20th cycle with decreasing over voltages. 

Compared to this, weight ratio of 0.48, 1.16 and 1.76 wt.% LiNbO3 to LiCoO2 showed 

much higher discharge capacities of 124, 97 and 95 mAh g-1 at the first cycle. 

Furthermore, the over voltages of the 0.48, 1.16 and 1.76 wt.% LiNbO3/LiCoO2 were 

much smaller than that of the 0.12 wt.% LiNbO3/LiCoO2. These results confirmed that 

the interfacial resistance could be changed by varying the thickness of the coating layer. 

Figure 5e summarized the variations in the first discharge capacities of 

LiNbO3/LiCoO2/LGPS composite electrodes with varying amounts of the LiNbO3 

coating layer.  
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Figure 5. (a-d) Charge/discharge curves of LiNbO3-coated LiCoO2/LGPS composite 

electrodes fabricated at a rotating rate of 140 rpm for 30 min. Weight ratios of LiNbO3 

to LiCoO2 were (a) 0.12 wt.%, (b) 0.48 wt.%, (c) 1.16 wt.% and (d) 1.76 wt.%. The 

constant current density used was 7 mA g-1. (e) Variation of the first discharge capacity 

with calculated thickness of LiNbO3 coating.  
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3.5 Interfacial resistance  
  The origin of the capacity fading of the LiNbO3/LiCoO2/LGPS composite electrodes 

was investigated using EIS analyses. Figure 6a,b show Nyquist plots of the 

electrochemical impedances of an all-solid-state battery composed of LiNbO3 (0.48 

wt.%)-LiCoO2/LGPS/In-Li after the 10th and 20th discharges. Two semicircles 

observed at approximately 500 and 1 Hz. The electrochemical impedance spectra of 

LiNbO3/LiCoO2/LGPS/LiNbO3/LiCoO2 and In-Li/LGPS/In-Li symmetric cells 

exhibited a semicircle with a characteristic frequency of 500 and 1.5 Hz, respectively, 

shown in Figure 6c, d. Hence, the diameters of the semicircles observed in the vicinity 

of 500 and 1 Hz for each cell attributed to the interfacial resistances between the 

LiNbO3/LiCoO2 cathode (Rc) and the LGPS electrolyte and between the In-Li anode 

and the LGPS electrolyte (Ra), respectively. These characteristic frequency values are 

similar to those of the interfaces of LiCoO2 and In-Li with other sulfide electrolytes [2,17]. 

The Ra value increased from 690 Ω at the 10th discharge to 2420 Ω at the 20th 

discharge. In contrast, no significant increase in the Rc value was observed from the 

10th discharge (280 Ω) to the 20th discharge (290 Ω). This result indicates that the 

capacity fading of the LiNbO3/LiCoO2/LGPS interface. A first principles calculation 

suggests that the LGPS is unstable at low electrochemical potential of Li and is 

decomposed to another phase [20]. An interfacial layer with a high resistance could thus 

be formed at the In-Li/LGPS interface due to the LGPS decomposition induced by the 

contact with the In-Li anode (at about 0.6 V vs. Li/Li+) [21]. The In-Li/LGPS interface 

should thus also be modified to improve the cycling stability of 

LiNbO3/LiCoO2/LGPS/In-Li batteries.  
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Figure 6. Electrochemical impedance spectra of LiNbO3(0.48 

wt.%)/LiCoO2/LGPS/In-Li cell after (a) tenth and (b) twentieth discharging and of (c) 

LiNbO3-LiCoO2/LGPS/LiNbO3-LiCoO2 and (d) In-Li/LGPS/In-Li symmetric cells. 
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3.6. Conclusion 
  A composite cathode consisting of a LiNbO3-coated LiCoO2 active material and a 

LGPS super lithium ionic conductor was fabricated under various conditions to clarify 

the key parameters associated with the improvement of the reaction efficiency of 

LiNbO3/LiCoO2/LGPS/In-Li cells. The effects of the fabrication process on the 

charge/discharge capacity of the batteries may be summarized as follows. 

(1) The LGPS particles readily aggregate during the mixing process. Highly dispersed 

composites were successfully obtained by mild grinding applying a mill pot rotation 

rate of 140 rpm for 30 min with 3 mmϕ agate balls. 

(2) The weight ratio of the LiNbO3 layer to the LiCoO2 affects the resistance at the 

LiCoO2/LGPS interface. The weight ratio should be over 0.5 wt.% to decrease the 

interfacial resistance.  

(3) The first discharge capacity of the composite electrode fabricated with the optimized 

conditions was 124 mAh g-1 when operating at a current density of 7 mA g-1. 

(4) The capacity fading observed for the cell using the LiNbO3/LiCoO2/LGPS 

composite cathode was primarily caused by the increase in the resistance to lithium 

diffusion at the In-Li anode/the LGPS electrolyte interface. 
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Chapter 4 

 

Fabrication and all solid-state battery performance of 
TiS2/Li10GeP2S12 composite electrodes 
 
 
4.1 Introduction 

  The use of solid in place of liquid electrolytes in lithium-ion batteries has greatly 

improved reliability owing to the greater range of safe operating temperatures of 

all-solid-state batteries [1-3]. However, low ionic conductivity of solid electrolytes 

compared to liquid electrolytes is a major technical issue for their practical use. During 

these 15 years, lithium ion conductors having high conductivity have been developed as 

a solid electrolyte [4-8]. Among them, a lithium germanium phosphosulfide Li10GeP2S12 

exhibits an extremely high lithium ion conductivity of 12 mS cm-1 at room temperature, 

which exceeds even that of organic liquid electrolytes [7]. Recently, some reports have 

demonstrated successful operation of all-solid-state batteries with the Li10GeP2S12–type 

electrolytes and oxide cathode materials such as LiCoO2 [7,9], LiNi1/3Mn1/3Co1/3O2 [10], 

LiNi0.8Co0.15Al0.05O2 
[11]. However, the oxide cathode-solid electrolyte interfaces exhibit 

a highly-resistive interfacial layer for lithium diffusion due to formation of 

lithium-depleted space-charge layer [12] and/or mutual diffusion of cation species [13], 

thus giving a very low capacity for solid-state batteries. Although surface coating on 

cathode materials by lithium-ion conductive oxides is an efficient way to decrease the 

interfacial resistance [13-14], it could take a cost to fabricate a uniform coating [15]. When 

there is no observable resistance between the sulfide cathode and sulfide electrolyte, it 

is not necessary to modify the cathode [16-19]. However, to date, there have been few 

reports of solid-state batteries comprising a sulfide cathode and Li10GeP2S12 electrolytes 
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[19], and the cell cycling characteristics remain unclear.   

  In this chapter, TiS2 with a layered structure has been focused on as the cathode. TiS2 

has a hexagonal close-packed structure where each Ti is surrounded by six S in an 

octahedral structure. TiS6 octahedra shared the edges to form a layered structure [20]. Li 

can intercalate into possible spaces between the TiS6 layers [20]. The electrochemical 

reaction is as follows: TiS2 + Li+ + e- � LiTiS2; moreover, the theoretical capacity is 239 

mAh g-1. This capacity is much higher than that of conventional LiCoO2 used as a 

cathode for all solid-state batteries (130 mAh g-1). Jung et al. has reported a TiS2 

cathode and Li10GeP2S12 electrolyte solid-state battery having a capacity 200 mAh g-1 

[19]. When Li intercalates into all possible spaces in TiS2, the volume of TiS2 layer 

expands by approximately about 12 % [21]. The TiS2 composite cathode comprises the 

TiS2 active material and Li10GeP2S12 electrolyte, and contact between the bulk grains is 

very important. The large volume change of LixTiS2 during charge-discharge cycles 

could lead to the decrease in the physical contact between the TiS2 and the Li10GeP2S12 

electrolyte. However, the physical contact and the related cycle stability of the 

TiS2/Li10GeP2S12 composite electrodes have not been clarified. Here, all solid-state 

batteries with the TiS2/Li10GeP2S12 composite cathode were fabricated, and their 

electrochemical properties were characterized. Furthermore, effects of applied pressure 

during charge-discharge cycles were investigated to improve the cycle stability and the 

rate capability.  

 

4.2 Characterization of TiS2/Li10GeP2S12 composite 

  Figure 1 shows the XRD patterns and SEM images of TiS2 before and after grinding 

with ball milling. Before ball milling, the TiS2 powder showed a layer structure (P-3m1), 

with the lattice parameters a = 3.4079(3) Å and c = 5.6989(6) Å. Whereas, no changes 

in the peak position were observed after ball milling, the diffraction peaks became 

broader and their intensity decreased. This indicates that the average size of the TiS2 

particles decreased after ball milling. SEM images from before and after ball milling 
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showed that the average size of TiS2 particles reduced from 1-2 µm to 200-500 nm. 

Using BET measurements, it was observed that the surface area of TiS2 increased from 

3.2 m2 g-1 to approximately 45.6 m2 g-1 after ball milling. 

  Figure 2 shows the SEM images of TiS2/Li10GeP2S12 (3:7 wt.%) composite cathodes 

ground for 2, 5 and 10 min using the Vortex mill. Many aggregations of TiS2 are 

observed for the TiS2/Li10GeP2S12 ground for 2 min, which means that TiS2 could not 

disperse around Li10GeP2S12 well. The mixing condition became better as the grinding 

duration increased. Figure 3 shows the charge-discharge curves of the TiS2/Li10GeP2S12 

ground for different durations. The batteries were fabricated using a compressive 

forming pressure of 19 MPa and were sealed into an unpressed cell. All samples 

showed reversible charge-discharge behavior between 2.0 V and 1.2 V vs. In-Li. It has 

been reported that the lithium intercalation into TiS2 proceeds at around 2.1 V vs. Li/Li+ 
[22]. Because the potential of the In-Li alloy is about 0.6 V higher than that of Li/Li+, the 

observed charge-discharge curves confirm the lithium (de)intercalation from/into the 

TiS2 lattice. The first discharge capacity increased from 203 mAh g-1 to 239 mAh g-1 as 

the grinding duration increased from 2 min to 10 min. TiS2 and Li10GeP2S12 were 

well-dispersed in the 10 min-ground sample, resulting in the highest charge-discharge 

capacity. Thus, the duration was set to 10 min at the following experiments.  
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Figure 1. XRD patterns and SEM images of TiS2 (a) before and (b) after grinding with ball 

milling.  
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Figure 2. SEM images of TiS2/Li10GeP2S12 composite cathodes ground for (a) 2 min, (b) 5 min, 

and (c) 10 min.   
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Figure 3. Charge-discharge curves of TiS2/Li10GeP2S12 composite cathodes ground for (a) 2 min, 

(b) 5 min, and (c) 10 min. 
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4.3 Effect of ionic conductivity of solid-electrolytes on battery 

performance 

  Electrochemical properties of TiS2 was investigated with a different sulfide 

electrolyte Li3.25Ge0.25P0.75S4. Figure 4 shows the charge-discharge curves of an all 

solid-state battery of TiS2/Li3.25Ge0.25P0.75S4/In-Li. The TiS2/Li3.25Ge0.25P0.75S4 

composite cathode was fabricated with the same conditions with the TiS2/Li10GeP2S12 

(ground for 10 min). The first discharge and charge capacities were 216 and 185 mAh 

g-1, which were smaller than those of TiS2/Li10GeP2S12/In-Li. The superior 

electrochemical properties of the battery with the Li10GeP2S12 electrolyte could be 

associated with the higher ionic conductivity of 1.2 mS cm-1 than the Li3.25Ge0.25P0.75S4 

(0.2 mS cm-1). The highly ionic conduction could enhance the lithium diffusion at the 

solid-solid interface between the electrode and the solid-electrolyte. 

 

 

Figure. 4 Charge-discharge curves of TiS2/Li3.25Ge0.25P0.75S4/In-Li at a current density of 0.044 

mA cm-2.   
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0.8 mol Li takes part in intercalation into the TiS2 lattice, which are estimated from the 

observed capacities. The irreversible capacity of the first charge-discharge operation is 

about 21 mAh g-1. A first principle calculation has shown that Li10GeP2S12 is unstable 

below 2 V vs. Li / Li+ and electrochemically decomposes to form a thin interfacial layer 
[23-24]. Thus, the irreversible capacity could be associated with the interfacial layer 

formation. The charge-discharge efficiency was approximately 100 % at the subsequent 

cycles. However, after the 5th cycle, the reversible capacity gradually decreased to 140 

mAh g-1 by the 18th cycle. When the current density was 0.2 C, the performance of the 

initial five cycles was similar to that at a current rate of 0.1 C. The capacity decreased 

sharply to around 120 mAh g-1 by the 20th cycle, representing around a 60 % decrease. 

When the current densities were 1 C and 2 C, the charge-discharge capacities decreased 

obviously. Particularly at 2 C, the discharge-charge capacities decreased from 113 and 

101 mAh g-1 to 79 and 78 mAh g-1, respectively, from the first to fifth cycle. These 

results indicate that the capacity and cycle stability decrease as the current density 

increases.  

  During the lithium (de)intercalation, the host lattice is expanded and contracted 

repeatedly. When the volume changes are large, the contact between the solid 

electrolyte and conductive additive is disputed, reducing the electrochemically-active 

region. The lithiated LiTiS2 phase has a considerably larger lattice volume (64.1 Å3) 

than TiS2 (57.1 Å3), therefore, the severe capacity fading could be associated to 

decrease in the electrochemically active regions in the composite electrodes. In contrast, 

an all solid-state battery with a LiCoO2/Li10GeP2S12 composite electrode, which is 

fabricated using the same cell conditions, has exhibited excellent electrochemical 

performance, when Li intercalates to give Li0.55CoO2 [25]. In this case, the volume 

change is about 2 % of the LiCoO2 host lattice. This result supports that the sharp 

volume changes have a more obvious effect on the cycle stability of all solid-state 

batteries.  
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Figure 5. Charge/discharge curves of TiS2/Li10GeP2S12/In-Li batteries under different current 

densities of 0.1, 0.2, 1, and 2 C. The batteries were fabricated with a compressive pressure of 19 

MPa and sealed into an unpressed cell.  
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  To clarify the influence of the lattice volume change on the cycle stability, a higher 

pressure of 228 MPa was applied to fabricate the TiS2/Li10GeP2S12/In-Li batteries. 

Figure 6a shows the charge-discharge curve of the TiS2/Li10GeP2S12/In-Li battery, 

which was compressed at 230 MPa and sealed into an unpressed cell container. At a 

current density of 1 C, the reversible capacities at the first and second cycles were 160 

and 127 mAh g-1, respectively, which are similar values to the battery compressed at 19 

MPa (Figure 5c). In contrast, at the tenth cycle, the battery compressed at 230 MPa 

exhibited the discharge-charge capacities of 120 and 117 mAh g-1, respectively. 

Increasing the pressure during fabrication improved the cycle stability. Figure 6b shows 

the charge-discharge curves of a battery compressed at 230 MPa and maintained at the 

applied pressure during charge-discharge operation. The first discharge-charge 

capacities were 200 and 145 mAh g-1, respectively. The discharge-charge capacities 

were improved to 175 and 168 mAh g-1, respectively, at the second cycle and were in 

the initial ten cycles. This result demonstrates that the cycle stability is considerably 

improved by increasing the applied pressure. Figure 7 shows the rate capability of a 

TiS2/Li10GeP2S12/In-Li cell under an applied pressure of 228 MPa throughout the 

charge-discharge operation. The current densities used were 0.1, 0.5, 1, 2 and 5 C, and 

each rate test was performed for three cycles. At 0.1 C, the capacity was 1.7 times 

higher than that at 1 C. The capacity at 5 C was half of that at 1 C, which is much better 

than that of a cell under no pressure. After rate testing, the cell was operated again at 0.1 

C, and no significant change in the capacity was observed compared to that of the initial 

cycle at 0.1 C. This result indicates that the cell did not degrade even when operated at 

high current densities. The applied pressure maintains good contact between the active 

material and solid electrolyte, resulting in high charge-discharge capacities with high 

cycle retention. 
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Figure 6. Charge/discharge curves of TiS2/Li10GeP2S12/In-Li batteries under operation at 1 C. (a) 

The cell was compressed at 230 MPa and sealed into an unpressed cell. (b) The cell was 

compressed at 230 MPa, and the pressure was applied throughout the charge/discharge 

operation.  
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Figure 7. Rate capability of a TiS2/Li10GeP2S12/In-Li cell with an applied pressure of 230 MPa 

throughout charge/discharge operation. 
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decreased after the applying pressure was stop at the twentieth cycle. No significant 

contamination of moisture into the cell was observed under the experimental conditions 

in this study. These results reveal that the physical contact between the TiS2 electrode 

and Li10GeP2S12 electrolyte determines the rate capability and cycle stability of 

all-solid-state batteries with the TiS2 cathode.  

 

 
Figure 8. Capacity retention for cycle number of TiS2/Li10GeP2S12/In-Li cells operated with a 

230 MPa pressed cell in glove-box, an unpressed cell in glove-box, and an unpressed cell in 

ambient air. All cells were operated for initial 20 cycles with applying a pressure of 230 MPa. 

The current density was 1C. 
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retention were greatly improved in the batteries operated with an applying pressure of 

230 MPa. Eliminating the volume change of the composite electrodes is important for 

achieving stable battery operation and performance. 
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Chapter 5 

 
Summary 

 
 
  Energy density is a key issue to be addressed for the development of all solid-state 

batteries. Poor lithium conductivity in solid electrolytes and at solid/solid interfaces in 

electrode/electrolyte composites limit the current drain in all solid-state batteries. 

Recent research on solid electrolytes have found an extremely high ion conductive 

material LGPS as compared with liquid organic electrodes. However, there is very little 

information available for the solid/solid interfaces of the LGPS and electrode materials. 

In this thesis, two composite cathodes LiNbO3-LiCoO2/LGPS and TiS2/LGPS were 

fabricated as cathodes in all solid-state batteries. Various fabrication conditions such as 

mixing methods, particle sizes, and surface coating on electrodes were investigated to 

develop composite electrodes with high capacity, high current density, and high stability. 

The results are summarized as follows.   

 

  In chapter 3, LiNbO3-coated LiCoO2/LGPS composites have been fabricated, and 

electrochemical reactions of LiCoO2/LGPS/In-Li have been clarified. The key 

parameters associated with the improvement of the reaction efficiency are summarized 

as follows. 

(1) The LGPS particles readily aggregate during the mixing process. Highly dispersed 

composites can be successfully obtained under mild grinding. 

(2) Surface coating of LiNbO3 on LiCoO2 is effective to decrease the reaction resistance 

at the LiCoO2/LGPS interface. The weight ratio of LiNbO3 to LiCoO2 should be 

over 0.5 wt.%.  

(3) The LiCoO2/LGPS composite fabricated with the optimized condition exhibits the 
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first discharge capacity of 124 mAh g-1 which is comparable to that observed in 

lithium-ion batteries 

(4) The LiNbO3/LiCoO2/LGPS/In-Li cell shows capacity fading caused by the increase 

in the resistance to lithium diffusion at the In-Li/LGPS interface. 

 

  In Chapter 4, TiS2/LGPS composites have been fabricated, and their electrochemical 

properties have been clarified as follows. 

(1) Nanosized TiS2 particles lead to highly dispersed composites with LGPS. 

(2) Fast lithium diffusion occurs at the TiS2/LGPS interface. However, the large volume 

changes during the lithium intercalation decreases the physical contact among TiS2 

particles and between TiS2 and LGPS particles, which leads to severe capacity 

retention during the cycling. 

(3) The rate capability and severe cycle retention can be remarkably improved in the 

batteries operated with an applying pressure. Eliminating the volume change of the 

composite electrodes is important for achieving stable battery operation and 

performance. 

 

  Both LiCoO2/LGPS and TiS2/LGPS composites exhibit reversible charge-discharge 

reactions under high current density when the optimized conditions are used for the 

fabrication. These results indicate that the LGPS-type materials are one of the most 

promising candidates as the solid-electrolyte in the composite electrolytes. However, a 

highly-resistive interface is formed between the bare LiCoO2 and the LGPS. The 

surface coating of LiNbO3 is needed to decrease the interfacial resistance. In contrast, 

the TiS2/LGPS composite delivers high rate capability without modification of the TiS2 

surface. It is indicative of that the sulfide/sulfide interface is suitable for fast lithium 

diffusion. In contrast, the large volume change of TiS2 during lithium intercalation leads 

to severe capacity fading. From the above results, the research directions for the future 

can be concluded as follows. For oxide materials for composite cathodes with the 
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LGPS-type electrolytes, the development of coating materials is crucial to achieve high 

current drain of the cathodes in all solid-state batteries. For sulfide materials for 

composite cathodes, key issues to be addressed are 1) materials research of new sulfide 

that shows a small volume change during lithium intercalation and 2) development of 

casting structures that eliminates the volume change of composite electrodes. The 

groundbreakings regarding to these issues will play an active role in the development of 

all solid-state batteries for practical use. 
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