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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 [ 2

. The battery consisted of a layered
chalcogenide TiS; 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™, 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 ®®. 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 LiMO, (M= Co, Ni, Mn) " * and carbonaceous materials
"% 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 !>,
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a @
—/
+ -
Positive Non-aqueous Negative
(Li, Host 1) liquid electrolyte (Lithium)
After 100 cycles
()
b O,
+ -
Positive Non-aqueous Negative
(Li, Host 1) liquid electrolyte (Li, Host 2)

Figure 1. Schematic representation and operating principles of (a) Li-metal batteries and (b)

Li-ion batteries ",

The electrochemical reactions in lithium-ion batteries with the LiCoO; cathode and
the graphite anode are expressed as follows.
Cathode: LiCoO, <> Li ;,.CoO; + xLi" + xe”
Anode: nC +xLi" + xe «> Li,C,
Total:  LiCoO;+ nC < Li;,Co0O; + Li,C,
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

YV V VYV V

good cycle performance, long life



Chapter 1

» 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 "> '*!,
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 ['® 71,

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 ™

. 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 !>
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 !'*".
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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 *%.
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.

C solid electrolyte (SE)

. Cathode material

. Anode material

Conductive additives

** (e.g. carbon)

0
Figure 2. Schematic diagram of bulk-type all solid-state lithium battery using sulfide solid

electrolyte ['®.

Organic electrolyte
(Liquid)

NNNNNNNNNNNNNNNNNNNNN ¢

(A) Liquid type battery

Q ©

Solid electrolyte

Anode—

Cathode — NCurrent collector

(B) All-solid-state battery

Figure 3. Outline of battery packages of (a) liquid type battery and (b) 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 107 to 10° S cm™ !

1. 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 **. 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 Li;4Zn(GeOy)s, y-LisPOy, and LisSiO4 % 2.
However, these materials show low ionic conductivity at room temperature. For
example, the lithium ion conductivity of Lis ¢SigsPo4O4 is 5X10° S cm™. Amorphous
Li33POs9Ng 17 (LiPON) has also the low conductivity 2 X 10° S em™ at room
temperature. In contrast, the LiPON has a wide electrochemical window from 0 to 5.5 V
(241 Thus, the LiPON has been used as the solid electrolyte in thin film batteries, which
shows excellent cycle performance ). LiTi,(PO4); % and Li; 3Al03Ti; 2(PO4) 7 with

[28-30]

a NASCION-type structure and perovskite-type LiszxLay;s«TiOs have been

reported to exhibit high ionic conductivities of over 10° S cm™. However, there are
some technical issues to be addressed for the development of all solid-state batteries
with these oxide solid electrolytes. First, Ti*" ion is electrochemically instable against
low voltage region below 2 V vs. Li. Second, oxide solid electrolytes show high grain

28,31]

boundary resistance ! , although the bulk conductivities are enough high. Third, high

interfacial resistance exists between oxide electrodes and those solid electrolytes %!,

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



Chapter 1

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
341 Second, sulfides have higher ionic conductivity because sulfide ions have larger
ionic radii and more polarizable character improve the mobility of the conducting
species ). Table 1 summaries sulfide solid electrolytes and their ionic conductivity '),

Glass and glass-ceramic sulfide electrolytes in the Li,S-P,Ss system have been
reported to exhibit ionic conductivities of 10°~107 S em™ such as 75Li,S-25P,Ss %),
70Li,S-30P,Ss %), 80Li,S-20P,Ss % glasses and 70Li,S-29P,Ss-1P,S; glass-ceramics

B71 " Bulk-type all solid-state batteries have been developed with these sulfide

electrolytes 2%,

Crystalline materials should have higher conductivity than the corresponding glasses,
if their crystal structures have been well designed for high ionic conduction ). 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 °>*'!. Based on the criteria, thio-LISICON family was
discovered found on 2000 ). 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 **. Among the thio-LISICONS,

1 B3 Recently, new

Lis.Ge;.P,Ss (x= 0.75) shows ionic conductivity 2.2x10 S c¢cm
super ionic conductor sulfide Lij0GeP,Si, (LGPS) was developed. The Li;¢GeP,Si»
shows the highest ionic conductivity 1.2x10> S cm™ at room temperature **. The
LGPS has a three-dimensional structure, which is constructed by (Geg 5Py 5)S4 tetrahedra,
PS, tetrahedra, LiS, tetrahedra, and LiSs octahedra. The anisotropic conduction of Li"
ions is along one crystal direction, namely through partially occupied LiS, tetrahedra
and interstitial positions that are connected by a common edge, which is a characteristic

[44, 53

of superionic conductors I, 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 LiCoO; electrode to the negative indium electrode through the
LGPS electrolyte ). 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™)

Glassy materials

0.5L1,S-0.5 GeS, ! 4.0x107
0.66L1,S—0.33P,S5 [4°] 1074

0.45Li1-0.37Li,S—0.18P,Ss [*°] 1.7x107
Li,S-B,S; ¥/ 1074

0.44Li1-0.30Li,S—0.26B,S; [*"] 1.7x107
0.5L1,S-0.5SiS, 48 1.2x10™
0.3LiC1-0.35L1,S-0.35SiS, 4! 2.7x10™
0.40Lil-0.36L1,S-0.24SiS, ] 1.8x107
0.6L1,S-0.4SiS, % 5.0 x10™
0.3Lil-0.42Li,S—0.28SiS, [ 8.2x10™
0.01Li;P040.63Li,S-0.36SiS, °! 1.5 %1073
0.6L1,S-0.4SiS, 2 1.5x10™

Crystalline materials

Lis25Geg.25Po75S4 2™ 2.2x107
LijoGeP,S;, 44 1.2x107
LigPSsC1 [*] 1.33x107
Li;P5S;; PV 3.2x10°°
Li3_25P0,9584 (1] 3.2x 10-3
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Figure 4. Schematic view of the all solid-state lithium-ion battery .

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 LiCoO,, LiNi,Mn,O4 B LiMn,04 B9 LisFeSiO4 7, TiS, P87,
and LisPS, %! LiCoO, 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

LiCoO, cathode all solid-state battery % 20 3840 61-63]

, very few reports have been
available for the batteries using LGPS-type electrolytes. In this study, LiCoO; and TiS;
will be focused on as cathodes in all solid-state batteries with the LGPS electrolyte.

LiCoO;:  Electrochemical lithium intercalation into LiCoO, was reported by
Goodenough et al '**. LiCoO, has a layered rocksalt-type structure where oxide ions
adopt a cubic close-packed arrangement with Co’" ions occupying octahedral sites
between adjacent oxide ion layers (Figure 5) [ %! When lithium ions deintercalate
from Li;CoO; 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
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deintercalation/intercalation cycling °). The LiCoO, cathode delivers a highly
reversible capacity of 130 mAh g in the composition range in lithium-ion batteries.
Furthermore, the LiCoO, cathode exhibits high current drain. Thus, LiCoO, is used as

the cathode in present lithium ion batteries.

Y S0wL

Figure 5. Crystal structure of layered rocksalt type LiCoO, *°.

TiS,: TiS; has a hexagonal close-packed structure where each Ti is surrounded by six
S in an octahedral structure. TiSe octahedra shared the edges to form a layered structure
8] The individual layers of TiS, are bound together by van der Waals forces (). Li can
intercalate into possible spaces between the TiS¢ layers 1 (Figure 6). The
electrochemical reaction is as follows: TiS; + Li+ + e- 2 LiTiS,. The theoretical
capacity is 239 mAh g, which is much higher than that of LiCoO, (130 mAh g). An
all solid-state battery of TiS, with a glass sulfide electrolyte has been reported to deliver

the first discharge capacity over 200 mAh g %,
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Figure 6. Crystal structure of Li, TiS, !,

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 LisTisO15 ). 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 ', The In-Li
alloy anode has a specific capacity of 180 mAh g"'. 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 % *l,

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

10
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metal oxide. However, the conversion electrodes show severe capacity fading during the

charge-discharge - #!- %81,

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

Capacity Potential
Anode Solid electrolyte

(mAh g™) (V vs. Li/Li")
Alloys
In-Li I7*! Li,S-SiS,-LisPO4 glass 180 0.6
Ge,Sij * Li,S-SiS; glass 190 0.5
Glasses
SnO-B,0; ™! Li,S-SiS,-LisBO; glass 650 0.5
SnS-P,S; #4 Li,S-P,Ss glass ceramics 600 0.5
Crystals
LisFeS, ® Li,S-SiS,-LisPO4 glass 400 1.6
Fes % Li3 25Geo.25Po.7554 450 1.6
NiP, ¥ Li,S-P,Ss glass ceramics 600 0.5
Li,SiS; *¥ Li,S-P,Ss 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 ['® 2% %> 1] 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

11
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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 **!,

Working electrode \. ' }4- LiCoO,
(Composite electrode) 0
e .& d . .
‘ ’ + les'sts 50||d
Electrolyte electrolyte (SE)

-

Counter electrode <« Li-In alloy

-

Figure. 9 Schematic diagram of typical all solid-state battery with composite cathode **.

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.

12
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16.19.56] . [ ithium ions diffuse at the oxide electrode

1) Space charge layer formation !
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 ®*: 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 LiCoO; and sulfide electrolyte
Li,S-P,Ss 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 LisTisO1o!'®, LiNbO;Y, LiTaO5%,
LizSi0sP, Li,ZrO5%”), and LiA10,7”. 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 Li,SiOs-coated LiCoO»/Li,S-P,Ss solid electrolyte

interface after the first charging. No interfacial layer is observed after the

13
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electrochemical reaction, leading to a low interfacial resistance. Ohta et al. have
reported that the interfacial resistance of LiNbOs-coated LiCoO, depends on the

thickness of LiNbO3 coating layer /.

100 e S st B s e R e B Rl i |

80

60

40

Content / atom%

20

e meiert ity L bl b s e

o ma A s ad s d g

40 60 80 100
Distance / nm

o
N
o

Figure 7. (a) Cross-section HAADF-STEM image of LiCoO, electrode/ Li,S-P,Ss solid
electrolyte interface after initial charging and (b) cross-sectional EDX line profiles for Co, P,

and S element %,

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 Li,S—P,Ss glass and thio-LISICON type

14
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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 % Li,S103-coated LiCoO, particles

30 nm

[38]

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

electrolytes.
Buffer layer Oxide cathode Sulfide SE Electrode
resistance ()
LisTisO5 1 LiCo0O; Lis25Geo.25P0.75S4 44
LiNbO; " LiCoO, Lis.25Geo25P0.75S4 <20
Li,0-Si0, ! LiCoO, 80Li,S—20P;S; 160
LiTaO; [ LiCo0O; Lis.25Geo.25P0.75S4 <20
Li,Ti;Os ' LiCo0O; 80Li,S—20P,S;s 100
Li4Si04-LisPO, [ LiCo0O; 80Li,S—20P,S;s 48
LisTisO " LiNi;;3Co13Mn; 50, 80Li,S—19P,Ss—1P,0s 100
LisTi50;, 7! LiMn,0,4 80Li,S—20P,S;s 100
LisTi50;, 7 LiNi3C00.15A10.0502 70Li,S-30P,S;5 48

15



Chapter 1

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,
LiCoO,/LGPS and TiS,/LGPS are focused on as oxide/sulfide and sulfide/sulfide
composites, respectively. As described in the above sections, LiCoO; has been widely
used with other solid-electrolytes for all solid-state batteries. The LiCoO,/LGPS
composites could provide direct information regarding to the suitability of the LGPS as
the solid-electrolyte. In contrast, the TiS,/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 LiCoO,/LGPS and
TiS,/LGPS composite cathodes with different mixing conditions and
surface modification.

2. Electrochemical investigation of LiCoO,/LGPS and TiS,/LGPS

composite cathodes

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

In chapter 3, composite cathodes consisting of LiCoO, 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 LiCoO, and LGPS. Surface coating of

16



Chapter 1

LiNbO3 on the LiCoO, surface coating decreased the resistance of the charge transfer
reaction.

In chapter 4, TiS,/LGPS composites were fabricated and their electrochemical
properties were investigated. The TiS,/LGPS composite prepared under the optimized
mixing condition exhibited higher initial charge/discharge capacities than the
LiCoO,/LGPS composite. However, severe capacity fading was caused by the decrease
in physical contact between TiS, and LGPS, which was induced by the large lattice
change of TiS, 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 TiS,/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 LiCoO,/LGPS and TiS,/LGPS and the importance of applying cell
pressure to secure contact area between the cathodes and the LGPS solid-electrolyte.
The LiCoOy/LGPS and TiS,/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.

17
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Chapter 2

Experiment

2.1 Synthesis of Li;(GeP,S, (LGPS)

LGPS was synthesized by a solid-state reaction . The starting materials were Li>S
(Idemitsu Kosan, >99.9 % purity), P»Ss (Aldrich, >99 % purity) and GeS;
(Aldrich, >99 % purity). There were weighed, mixed in the molar ratio of
LiS,/P,Ss/GeS, 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, TI-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 Ko, 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 Li;oGeP,S, !,

Step 1 400 °C Step 2 550 °C
8h &h
RT Air RT RT Air RT

Figure 1. Sintering processes of LGPS.
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Figure 2. XRD patterns of Li;(GeP,S;,.

2.2 Fabrication of all solid-state batteries with LiCoO, cathode
2.2.1 Surface coating of LiNbO3 on LiCoO;

The LiCoO; surface was coated with a thin LiNbO; layer using a fluidized bed
granulator (Powrex, MP-01) to suppress formation of a highly resistive layer between
the LiCoO, an LGPS. LiCoO, powder (500 g, average particle size (d50): 16.7 pm,
surface area: 0.23 m g') 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 LiCoO, at a rate of 2 g min™'. The weight ratio of the
coating layer to the LiCoO, 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 Ko,

radiation. The morphology of each sample was observed by SEM (VE-8600, Keyence).
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350 °C
lh
'h N.C
RT Air RT

Fig. 3 Annealing process of LiNbO; coated LiCoO;.

2.2.2 Preparation of LiNbOs-coated LiCoO,/LGPS composites

Composite positive electrodes of LiNbOs-coated LiCoO, and LGPS were prepared of
improve the lithium ion conduction between the LiCoO, 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 LiCoO: LGPS is 70:30, which is tested by many reports before 1. The
first step is deciding rotating speed. Prepare three samples with five 3 mm¢ 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 mm¢ to 5 mm¢
using 140 rpm speed mix LGPS and LiCoO; 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 LiNbOs thickness, use
ICP method calculate the thickness of LiNbO; 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 mm¢, LGPS grinding time is 10 min, mixture
grinding time is 30 min and the coating layer thickness of LiNbO; on LiCoO; around
0.5 wt.%. In this study, the battery with the composite cathode shows a very large
discharge capacity about 125 mAh g'. 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).

LiCoO,/LGPS (7:3)

agate ball (3 mm¢)
airtight case

rotor rods

mill pot rotator

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

2.2.3 Fabrication of LiNbQO3/LiCoO,/LGPS/In-Li cells

Tow-electrode all solid-state batteries were used to investigate the electrochemical
properties of the composites electrodes Y. 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 mm¢, 0.1 mmt) and In foil (10 mm¢, 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).

Composite
cathode

Figure 5. Schematic of all solid-state battery.

2.3 Fabrication of all solid-state batteries with TiS, cathode
2.3.1 Nanosizing of TiS;

In order to increase the contact area between the TiS; and the LGPS solid-electrolyte,
a high-energy ball mill (Fritsch pulverisette 7) was performed for commercial TiS;
powder (Kojundo Chemical Laboratory Co. Ltd, Japan). The grinding condition was
320 rpm for 16 h. The crystal structure and morphology of the milled TiS, were verified
using  X-ray diffraction  patterns (XRD:  Smartlab CuKoa, Rigaku).
Brunaure-Emmett-Teller (BET: BELSORP-mini, MicrotracBEL) was conducted to

verify the specific surface area of TiS; samples.

2.3.2 Preparation of TiS,/LGPS composites
Composite cathodes were prepared to improve lithium ion conductive between the
TiS, 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 TiS, 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).

Vortex mixer

Figure 6. Picture of Vortex mixer.

2.3.3 Fabrication of TiS,/LGPS/In-Li cells

The Li;0GeP2Si; 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 Li;oGeP,S,, electrolyte pellet under 555
MPa. The negative electrode was consisted of Li foil (5 mmé, 0.1 mmt) and In foil (10
mm¢, 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 spectrorneter.[s]

In this study, ICP method was used to calculate the coating layer thickness by the
content of LiNbOs. Ten samples participated in ICP test. These samples have different
LiNbO; 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™) could be known and the content of LiCoO,,
LiNbO; and thickness of LiNbO; could be calculated. Compare with the values
analyzed from the amount of applied solution, ICP results are more precise which

shows in Figure 7.
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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/LiCoOyLGPS/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' (0.05 C). Specific capacities were calculated based on the active mass of
LiCoO,. 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.

TiSYLGPS/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 c¢m™ (0.1 C) to 1.76 mA cm™ (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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glove-box Pressure glove-box
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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: (1) 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, Q CF 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, Z,, besides these
three ones.

Zy=Aw " (1-)  [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 -45° to the voltage with the magnitude proportional to
w2
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:

. R . wRC
= ;—JR 2
1+ (wRC) 1+ (wRC) (2.8)

where R: resistance, C: capacitance, w: angular frequency, j: imaginary number. (j =
(-1
Above Eq. 2.8 consist of the real and imaginary components, for example, Z* = 7’ -
jZ”, where Z’ and Z” are the real and imaginary impedance components, respectively.
Equation 2.8 may be transformed into:
AR B
(Z'—ER) +7" =ZR
(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/LiCoO»/LGPS/LiNbO3/LiCo0O; and In-Li/LGPS/In-Li symmetric batteries
were performed to confirm the characterized frequency of cathode/LGPS and

anode/LGSP. EIS measurements of LiNbQO3/LiCoO,/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 10

Hz.

(a) ¢ 7 (b)

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

Fabrication and electrochemical properties of LiCoO, and
Li;(GeP,S;, 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 '), 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 . Recently, it has been reported that a new sulfides solid
electrolyte, LijoGeP,S;> (LGPS), exhibits an extremely high lithium ionic conductivity
of 12 mS cm™ at room temperature, a value that exceeds even those of the organic

19141 " All solid-state batteries with LGPS electrolytes therefore allow for

electrolytes !
possible improvements in power density '*). 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 [
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P17 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 LiCoO, and LGPS mixing conditions on the
charge/discharge properties of a LiCoO./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 LiCoO,/LGPS composite cathodes.

3.2 Sample characterization

Figure 1 shows SEM images and XRD patterns of LiCoO, powders before and after
spray coating with LiNbOs. Whereas the pristine LiCoO, powder and very flat surfaces
and sharp particle edges (Figure la), the spray-coated LiCoO, powder exhibited
rounded edges (Figure 1b). The XRD patterns showed no changes in the peak positions
and intensities after the coating process (Figure lc, d), confirming that no chemical
reaction occurred between the LiCoO; and the LiNbO3 during the coating and annealing
processed. Table 1 summarizes the weight ratios of the LiNbO; layer to the LiCoO, and
the average thicknesses of the LiNbOj3 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 m* g') together with the
weight of the LiCoO, powder (500 g) employed during spray coating. As the spray
coating during increased, the LiNbO; weight ratios were gradually reduced below the

starting values. In this study, we obtained LiNbOs;-coated LiCoO, with weight ratios
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ranging from 0.12 to 1.76 wt.%.
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Figure 1. SEM images and XRD patterns for uncoated LiCoO; (a,c) and LiNbO; coated

LiCoO; (b, d). The weight ratio of LiNbO; to LiCoO, was 0.12 wt.% in the starting

solution.

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

thicknesses.

Fraction of LiNbOs; in starting | 0.11 0.59 1.34 2.49

material (wt.%)

Fraction of LiNbO; in product | 0.12 0.48 1.16 1.76
(Wt.%)

Average thickness of LiNbO; on | 1.0 4.8 11.4 17.4
LiCoO; particles (nm)
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3.3 Electrochemical properties

A 1.76 wt.% LiNbOs-coated LiCoO, 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 LiCoO,/LGPS composites
ground for 30 min at different rotation rates. Small LGPS particles are seen to have
been dispersed on each LiCoO; 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.% LiNbOs-coated LiCoO,/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 LiCoO,. The composite ground at 140 rpm
exhibited a first discharge capacity of 105 mAh g™, which the first discharge capacities
decreased to 99 and 71 mAh g for the composites ground at 250 and 350 rpm,
respectively. The well-dispersed composite electrodes could have had a greater contact
area between the LiCoO, and LGPS, which would serve to increase the utilization
efficiency of the LiCoO, 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’
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 LiCoO,

and LGPS with no LGPS aggregation.
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(3) LiCoO,/LGPS (7:3)
agate ball (3 mm¢)

airtight case

Figure 2. (a) Schematic of mixing process of LiCoO; and LGPS using a mill pot rotator
and SEM miages of 1.76 wt.% LiNbOs-coated LiCoO,/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 LiCoO; and Li;¢GeP,S1,, respectively.
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Voltage V/V
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Figure 3. The first charge/discharge curves of 1.76 wt.% LiNbO;-coated LiCoO,/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™
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The allow fabrication of the LiNbO3/LiCoO,/LGPS composites under optimal mixing
conditions, the LGPS was ground to reduce the particle size before mixing with the
LiNbO3/LiCo0;. Figure 4 presents SEM images of LGPS powders ground for different
time spans and the first charge/discharge curves of the LiCoO,/LGPS composite
electrode fabricated using each LGPS powder. The LGPS powder ground 5 min
(LGPSS) consisted of primary particles with particles sizes over 5 pm as well as
micro-sized aggregates of these nanosized primary particles. The LiCoO,/LGPS
composite electrode showed a low discharge capacity of 87 mAh g"' compared to the
theoretical capacity of 125 mAh g when the LiCoO, cathode is charged to 4.2 V vs.
Li/Li" "] This result indicated insufficient dispersion of the LGPS, generating a
reduced contact area with the LiCoO; 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 um in size, and no severe aggregation was observed. The discharge
capacity of the LiCoO,/LGPSI10 increased to 124 mAh g', 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 LiCoO, 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 LiCoO,/LGPS30 and
LiCoO,/LGPS120 devices were 104 and 102 mAh g, respectively. Thus prolonged
grinding of the LGPS could not improve the utilization efficiency of the LiCoO; active
material. This result indicated that the aggregation of LGPS had a greater impact than
the particle size with regard to the fabrication of LiCoO,/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, (¢) 30 min, and (d) 120 min, (e) the first charge/discharge curve of
0.48 wt.% LiNbOs-coated LiCoO,/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™
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3.4 Effect of coating thickness

Figure 5a-d shows the charge/discharge curves obtained from LiCoO,/LGPS10
composite electrodes using LiCoO; coated with LiNbOs, applying varying weight ratios
between the LiNbOs and LiCoO; 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 LiCoO, 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 LiCoQOx. It has been proposed that
a high resistance layer is formed by ionic diffusion from a sulfide electrolyte to LiCoO,
due to large difference in electrochemical potentials of Li between the sulfide and the

(67191 The LiNbO; coating, however, suppresses the interfacial layer formation,

oxide
leading to reduce reaction resistance. Similar to previous reports regarding other sulfide
electrolytes, an interfacial layer with a high resistance was formed between the LiCoO,
and LGPS electrolyte, but this resistance was decrease by the application of the LiNbO;
layer. The discharge capacity of the 0.12 wt.%-LiNbO3/LiCoO, specimen increased
from 35 to 74 mAh g from the first to 20th cycle with decreasing over voltages.
Compared to this, weight ratio of 0.48, 1.16 and 1.76 wt.% LiNbOs to LiCoO, showed
much higher discharge capacities of 124, 97 and 95 mAh g at the first cycle.
Furthermore, the over voltages of the 0.48, 1.16 and 1.76 wt.% LiNbOs/LiCoO, were
much smaller than that of the 0.12 wt.% LiNbO3/LiCoO,. 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/LiCoO,/LGPS composite electrodes with varying amounts of the LiNbO;

coating layer.
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Figure 5. (a-d) Charge/discharge curves of LiNbOs-coated LiCoO,/LGPS composite

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

to LiCoO, 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'. (¢) Variation of the first discharge capacity

with calculated thickness of LiNbOj; coating.
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3.5 Interfacial resistance

The origin of the capacity fading of the LiNbO3/LiCoO»/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 LiNbO; (0.48
wt.%)-LiCoO,/LGPS/In-Li after the 10th and 20th discharges. Two semicircles
observed at approximately 500 and 1 Hz. The electrochemical impedance spectra of
LiNbO3/LiCoO,/LGPS/LiNbO3/LiCo0O, 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 6¢, 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/LiCo0O; cathode (R.) and the LGPS electrolyte and between the In-Li anode
and the LGPS electrolyte (R,), respectively. These characteristic frequency values are
similar to those of the interfaces of LiCoO, and In-Li with other sulfide electrolytes *'".
The R, value increased from 690 Q at the 10th discharge to 2420 Q at the 20th
discharge. In contrast, no significant increase in the R. value was observed from the
10th discharge (280 Q) to the 20th discharge (290 Q). This result indicates that the
capacity fading of the LiNbO3s/LiCoO,/LGPS interface. A first principles calculation
suggests that the LGPS is unstable at low electrochemical potential of Li and is
decomposed to another phase *°!. 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") *'. The In-Li/LGPS interface
should thus also be modified to improve the cycling stability of

LiNbO3/LiCoO,/LGPS/In-Li batteries.
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Figure 6. Electrochemical impedance spectra of LiNbO3(0.48
wt.%)/LiCoO,/LGPS/In-Li cell after (a) tenth and (b) twentieth discharging and of (c)
LiNbO3-LiCoO,/LGPS/LiNbO3-LiCo0O; and (d) In-Li/LGPS/In-Li symmetric cells.
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3.6. Conclusion
A composite cathode consisting of a LiNbO;-coated LiCoO; 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/LiCoO,/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 mm¢ agate balls.

(2) The weight ratio of the LiNbOs layer to the LiCoO, affects the resistance at the
LiCoO,/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"' when operating at a current density of 7 mA g™

(4) The capacity fading observed for the cell using the LiNbOs3;/LiCoO,/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

TiS,/Li;(GeP,S;, 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 '), 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 [**). Among them, a lithium germanium phosphosulfide Li;¢GeP,S1,
exhibits an extremely high lithium ion conductivity of 12 mS cm™ at room temperature,
which exceeds even that of organic liquid electrolytes ). Recently, some reports have
demonstrated successful operation of all-solid-state batteries with the Li;oGeP,Si,—type
electrolytes and oxide cathode materials such as LiCoO, [7’9], LiNi;sMn;3C01/302 [10]’
LiNigsC00.15Alp.0s02 '), However, the oxide cathode-solid electrolyte interfaces exhibit

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

1 [13]

lithium-depleted space-charge layer ' and/or mutual diffusion of cation species !'*/,
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

[13-141 it could take a cost to fabricate a uniform coating ') When

interfacial resistance
there is no observable resistance between the sulfide cathode and sulfide electrolyte, it
is not necessary to modify the cathode !'"*'”). However, to date, there have been few

reports of solid-state batteries comprising a sulfide cathode and Li,0GeP,S;, electrolytes
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(9] "and the cell cycling characteristics remain unclear.

In this chapter, TiS, with a layered structure has been focused on as the cathode. TiS,
has a hexagonal close-packed structure where each Ti is surrounded by six S in an
octahedral structure. TiSs octahedra shared the edges to form a layered structure *%!. Li
can intercalate into possible spaces between the TiS¢ layers **.. The electrochemical
reaction is as follows: TiS, + Li" + e 2 LiTiS,; moreover, the theoretical capacity is 239
mAh g, This capacity is much higher than that of conventional LiCoO, used as a
cathode for all solid-state batteries (130 mAh g'). Jung et al. has reported a TiS,
cathode and Li;¢GeP,S; electrolyte solid-state battery having a capacity 200 mAh g™
1 When Li intercalates into all possible spaces in TiS,, the volume of TiS, layer
expands by approximately about 12 % *!!. The TiS, composite cathode comprises the
TiS, active material and Li;0GeP,S); electrolyte, and contact between the bulk grains is
very important. The large volume change of LikTiS, during charge-discharge cycles
could lead to the decrease in the physical contact between the TiS; and the Li;¢GeP,Si»
electrolyte. However, the physical contact and the related cycle stability of the
TiS,/Li;0GeP2S12 composite electrodes have not been clarified. Here, all solid-state
batteries with the TiS,/Li;0GeP,S1> 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 TiS,/Li;(GeP,S,, composite

Figure 1 shows the XRD patterns and SEM images of TiS, before and after grinding
with ball milling. Before ball milling, the TiS, powder showed a layer structure (P-3m1),
with the lattice parameters a = 3.4079(3) A and ¢ = 5.6989(6) A. 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 TiS,

particles decreased after ball milling. SEM images from before and after ball milling
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showed that the average size of TiS, particles reduced from 1-2 um to 200-500 nm.
Using BET measurements, it was observed that the surface area of TiS, increased from
3.2 m’ g to approximately 45.6 m* g™ after ball milling.

Figure 2 shows the SEM images of TiS,/Lij0GeP2Si2 (3:7 wt.%) composite cathodes
ground for 2, 5 and 10 min using the Vortex mill. Many aggregations of TiS, are
observed for the TiS,/Li;0GeP,S;2 ground for 2 min, which means that TiS, could not
disperse around Lij0GeP,S;, well. The mixing condition became better as the grinding
duration increased. Figure 3 shows the charge-discharge curves of the TiS,/Li;¢GeP,Si»
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 TiS, proceeds at around 2.1 V vs. Li/Li"
221 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
TiS; lattice. The first discharge capacity increased from 203 mAh g to 239 mAh g as
the grinding duration increased from 2 min to 10 min. TiS; and Li;0GeP,S;, 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 TiS, (a) before and (b) after grinding with ball

milling.
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Figure 2. SEM images of TiS,/Li;¢GeP,S1, composite cathodes ground for (a) 2 min, (b) 5 min,

and (c) 10 min.
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Figure 3. Charge-discharge curves of TiS,/Li;0GeP,S;, 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 TiS, was investigated with a different sulfide
electrolyte Liz2sGeoasPo7sS4. Figure 4 shows the charge-discharge curves of an all
solid-state  battery of TiS,/Li325Ge25P075S4/In-Li.  The  TiS,/Lis25Geg2sPo 7584
composite cathode was fabricated with the same conditions with the TiS,/Li;0GeP2Si»
(ground for 10 min). The first discharge and charge capacities were 216 and 185 mAh
g', which were smaller than those of TiSy/Lij¢GeP,S1»/In-Li. The superior
electrochemical properties of the battery with the Li;0GeP,S;, electrolyte could be
associated with the higher ionic conductivity of 1.2 mS cm’! than the Liz»5Geg2sPo75S4
(0.2 mS cm™). The highly ionic conduction could enhance the lithium diffusion at the

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

Voltage V/V

1.0k . 1 . 1 . 1 . 1 N . I
0 40 80 120 160 200 240

Capacity C / mAh g'1

Figure. 4 Charge-discharge curves of TiS,/Liz»5Geg25Po75S4/In-Li at a current density of 0.044

mA cm™.

4.4 Cycle retention and rate capability of TiS,/Li;(GeP,S,/In-Li
Figure 5 shows charge/discharge curves of TiS,/Lij0GeP,S;»/In-Li batteries under
different current densities of 0.1, 0.2 and 1 C. At current density of 0.1 C, the first

discharge and charge capacity were 206 and 185 mAh g, respectively. Approximately
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0.8 mol Li takes part in intercalation into the TiS; lattice, which are estimated from the
observed capacities. The irreversible capacity of the first charge-discharge operation is
about 21 mAh g”'. A first principle calculation has shown that Li ¢GeP,S)5 is unstable
below 2 V vs. Li/ Li" and electrochemically decomposes to form a thin interfacial layer
(23241 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 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™ 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’ to 79 and 78 mAh g, 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 LiTiS, phase has a considerably larger lattice volume (64.1 A%
than TiS, (57.1 A%), 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 LiCoO,/Li;0GeP,S;, composite electrode, which is
fabricated using the same cell conditions, has exhibited excellent electrochemical
performance, when Li intercalates to give LigssCoO, . In this case, the volume
change is about 2 % of the LiCoO, 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 TiS,/Li;0GeP,S ,/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 TiS,/LijoGeP,Si2/In-Li batteries.
Figure 6a shows the charge-discharge curve of the TiS,/Li;¢(GeP,S »/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, 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, 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, respectively. The discharge-charge capacities
were improved to 175 and 168 mAh g, 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
TiS,/Li10GeP,S12/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 TiS,/Li;¢GeP,S,/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 TiS,/Li;oGeP,S;,/In-Li cell with an applied pressure of 230 MPa

throughout charge/discharge operation.

Generally, sulfide electrolytes are chemically unstable to moisture in ambient air.
Note that the electrochemical tests with applying the pressure of 230 MPa were
performed in the Ar-filled glove box. Thus, the inert condition could suppress the
degradation of the Lij0GeP,S, electrolyte and lead to the high cycle stability of the
battery. To separate the effects of pressure and moisture, the following experiments
were performed: (a) a cell was operated with a 230 MPa pressing for 40 cycles in the
glove box; (b) a cell was operated with a 230 MPa pressing for 20 cycles and then was
operated with no applying pressure for 20 cycles, with all tests performed in the
glove-box; (c) a cell was operated with a 230 MPa pressing for 20 cycles in glove box
and then was operated with no applying pressure for 20 cycles in air. Figure 8 shows the
capacity retention per cycle number for the TiS,/Li;0GeP,S2/In-Li cells operated under
the above conditions. The initial capacities are normalized to 1. The cell tested under
condition (a) showed the high capacity retention of the discharge capacity from the

second to fortieth cycle. Under conditions (b) and (c), the capacities drastically
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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 TiS, electrode
and Li;0GeP,S;, electrolyte determines the rate capability and cycle stability of

all-solid-state batteries with the TiS, cathode.

cycled with applying

1.0 a pressure of 228 Mpa

< BN in Ar-filled glovebox
..D o ATAA AA L, ¢ oo
S 0.8 cycled with applying
° a pressure of 228 Mpa
g in Ar-filled glovebox
5 06 . .
< cycled without applying
3 a pressure in glovebox
04+ i cycled without applying
' i apressurein air
] ] | ] ]
0 10 20 30 40

Cycle number

Figure 8. Capacity retention for cycle number of TiS,/Li;0GeP,S;»/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.

4.5 Conclusion

All-solid-state batteries were fabricated using a TiS, cathode, a Lij0GeP,S,
electrolyte, and an In/Li anode, and their electrochemical properties were investigated
based on the applied pressure during charge-discharge cycles. The batteries exhibited
poor rate capability and severe cycle retention with no applying pressure during the
cycles, because the physical contact between the TiS; and the Li;¢GeP,S,, deteriorated

by the large volume change of the Li,TiS,. The rate capability and severe cycle
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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 LiNbOs3-LiCoO,/LGPS and TiS,/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, LiNbOs-coated LiCoO,/LGPS composites have been fabricated, and
electrochemical reactions of LiCoO,/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 LiCoO; is effective to decrease the reaction resistance
at the LiCoO,/LGPS interface. The weight ratio of LiNbO; to LiCoO, should be
over 0.5 wt.%.

(3) The LiCoO,/LGPS composite fabricated with the optimized condition exhibits the
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first discharge capacity of 124 mAh g™ which is comparable to that observed in
lithium-ion batteries
(4) The LiNbOs/LiCoO,/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, TiS,/LGPS composites have been fabricated, and their electrochemical
properties have been clarified as follows.

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

(2) Fast lithium diffusion occurs at the TiS,/LGPS interface. However, the large volume
changes during the lithium intercalation decreases the physical contact among TiS,
particles and between TiS, 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 LiCoO,/LGPS and TiS,/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 LiCoO, and the LGPS. The
surface coating of LiNbO; is needed to decrease the interfacial resistance. In contrast,
the TiS,/LGPS composite delivers high rate capability without modification of the TiS,
surface. It is indicative of that the sulfide/sulfide interface is suitable for fast lithium
diffusion. In contrast, the large volume change of TiS; 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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