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1. Introduction

1.1. General Introduction
1.1.1. Lithium-ion batteries

Lithium-ion batteries (LIBs) commercialized by SONY in 1991 are widely used in a
variety of the portable electronic devices, such as laptops and mobile phones.' In recent
years, their applications have been expanding into larger-scale devices, including electric
vehicles (EVs) and stationary energy storages. Further improvements of energy density,
power density, and durability are strongly desired for the high-performance next-
generation batteries.” 3

LIBs generally consist of an anode, cathode, electrolyte, and separator as shown in
Figure 1-1. In commercial LIBs, graphite and lithium cobalt oxide (LiCoQO») are widely
used as anode and cathode materials, respectively. During the battery operation, Li" ions
are shuttled between the anode and cathode via the electrolyte— from the cathode to the
anode during charging and in the reverse direction during the discharging of the battery.*
These electrochemical reactions at the cathode with LiCoO> and the anode with graphite

are as follows:

LiCo0, S Li;_,Co0, + xLi* + xe~ (D




6C + xLi* + xe™ 2 Li, Cq (2)

The electrolytes require superior chemical, thermal, and electrochemical stability for
LIBs with high safety and cyclability, as well as high ionic conductivity for LIBs with
high power density.*” In liquid-type LIBs, lithium hexafluorophosphate (LiPFs)
dissolved in a mixture of organic solvents, such as polypropylene carbonate (PC) and
ethylene carbonate (EC) is widely used as liquid electrolytes.® The separator, typically
porous polyolefin membranes, provides electrical insulation between the anode and
cathode while allows Li" ions to transport in the electrolyte phase and through the
separator.*?

Various important physicochemical phenomena are taking place in the cell, such as

10, 11 ;

decomposition of molecules contained in electrolytes, ion transfer at the

electrolyte/electrode interfaces and in electrolytes,'? changes in electrochemical

potential of Li* ions at the electrolyte/electrode interfaces,” 1*-1°

and changes of crystal
structure and electronic state accompanied with redox reactions and Li" ion insertion. '
19 Since those various phenomena significantly affect the cell performance and

durability, to dates, tremendous efforts have been dedicated to understanding their

mechanism.
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Figure 1-1. A schematic view of liquid-type lithium-ion batteries. Redrawn under

Creative Common License CC BY 4.0.20




1.1.2. All-solid-state lithium-ion batteries

All-solid-state LIBs (ASSBs) are promising next-generation rechargeable batteries
because they ensure safety and reliability by replacing the flammable organic liquid
electrolytes used in conventional LIBs with nonflammable inorganic solid electrolytes.
In addition, as only Li" ions are mobile in the solid electrolytes, undesired side reactions
of components in electrolytes can be avoided at the electrode surfaces, leading to the long-
lived and high-rate batteries.?!

A variety of solid electrolytes have been developed to achieve high ionic conductivity
that is an essential factor for ASSBs with high-rate performance.?? There are two types of
solid electrolytes; sulfide-based and oxide-based solid electrolytes. Sulfide-based solid
electrolytes have relatively high plasticity that allows us to bound with electrode materials
by mechanical press at relatively low temperature.”> Among the sulfide-based solid
electrolytes, Li»S-P»Ss glass ceramics®® 2 and LijoGeP2S12 (LGPS)** 27 show ionic
conductivity of 102 S/cm at room temperature, comparable to that of organic liquid
electrolyte. Because of those processability and high ionic conductivity,
commercialization of sulfide-based ASSBs are expected for electric vehicles in 2028.2%
2% However, sulfide-based ASSBs still have safety issues because sulfide-based solid

electrolytes can react with water in air to produce toxic gases.>’?




On the other hand, the oxide-based ASSBs ensure higher safety because oxide-based
solid electrolytes are relatively stable under atmosphere. To date, a wide variety of oxide-
based solid electrolytes have been developed. In 1976, Hong and Goodenough developed
a oxide-based Na' ion conductor (Naj+Zr2SiP3.x012) and named Na® super-ionic
conductor (NASICON) because of their very high ionic conductivity of 10 S/cm.>
Although NASICON-type Li‘-ion conductors such as LiZr»(POs)3, synthesized by
substituting Na* ions with Li" ions show very low Li"-ion conductivity, LiTi2(PO4)3 (LTP)
have substantially improved ionic conductivity of 107 — 10 S/cm.>* Furthermore, the
ionic conductivity of Lij+Tiz.xAl{(PO4)s (LATP) synthesized by substituting Ti*" ions of
LTP with AI*" ions reaches 7x10*S/cm.*

Perovskite-type oxide-based solid electrolytes (LisxLa>3xTiO3 (LLTO)) first developed
by Belous et al.*® and later modified by Inaguma et al.?” also show relatively high ionic
conductivity of 10 S/cm, especially for the specific composition, Lio34Lao 51 TiO2.94.

Thangadurai and Weppner developed garnet-type oxide-based solid electrolytes
(LisLa3Zr2012 (LLZO)) with very high ionic conductivity of 10 S/cm.?® 3% Although it
has very high ionic conductivity even in their pioneering work, their ionic conductivity

was further improved to 10 S/cm by substituting Zr** ions with Ta>" or Nb>* ions or Li*

ions with AI’" or Ga*" ions.*0#?




Total ionic conductivity of ASSBs is composed not only of bulk ionic conductivity of
each component but also those of grain boundaries and electrode/solid electrolyte
interfaces.>* *3-%6 Unlike sulfide-based solid electrolytes that can be joined with electrode
materials by mechanical press, co-sintering at high temperatures is a commonly used
technique to join the electrode materials and non-plastic oxide-based solid electrolytes
and to eliminate the grain boundaries of each material. However, co-sintering often causes
undesired side reactions induced by mutual elemental diffusion, resulting in the formation

47-49

of highly resistive interfacial layers and/or complete decomposition of those

substances.’®>! Thus, improvement of manufacturing process is essential to construct the
highly ion conducting electrode/solid electrolyte interfaces.?* 474

ASSBs are divided into two groups: thin-film type and bulk type. In the thin-film type
ASSBs, cathode, solid electrolyte and anode thin films are prepared on a substrate by
vapor deposition techniques, such as sputtering and pulsed laser deposition (PLD) and
thus ideal electrode/solid electrolyte can be prepared without co-sintering that might
cause side reactions.?® > Thin-film type ASSBs are basically a subject of fundamental
research because very expensive vacuum equipment is required to prepare the cells and

mass loading of electrodes are restricted. However, they are expected to be used for

microelectronic devices, such as medical devices and sensors, due to its excellent capacity




retention over thousands of cycles.*> >3

On the other hand, the bulk-type batteries consist of composite electrodes prepared on
solid electrolyte sheet by mechanical press and/or co-sintering process. Bulk-type ASSBs
are favorable for large-scale devices, such as electric vehicles (EVs) and stationary
energy-storage devices because bulk-type ASSBs with high mass loading are fabricated

at reasonable cost.’*

1.2. Cathodes

LiCoO2 (LCO) is one of the typically used cathode materials in conventional LIBs due
to its relatively high theoretical capacity of 274 mAh g™ and superior cycle performance.’>
5 Jts practical capacity is limited to around 140 mAh g because of the irreversible
structural change.’’

To date, various types of cathodes, such as LiNiO2 (LNO)>#%° LiNip33:Mn¢33C00.3302
(NMC),%% ¢! and LiNig $C00.15Al0.0s02 (NCA),*? LiMn204,%% and LiFePO4 (LFP)%® have
been developed to reduce production cost and/or enhance electrochemical performance
of cathodes, such as cycle performance, electrochemical stability, and practical capacity
(Figure 1-3).%7
LNO have a similar theoretical capacity density of 275 mAh g! to that of LCO and is

advantageous for its lower cost compared with those of LCO.%” However, the challenge

10




of LNO is synthetic route; Ni?* ions tend to substitute Li" ion , namely cation mixing, due
to their similar ionic radii.’® 6% ¢

LiMn,0O4 also has an advantage of lower cost although its practical capacity is rather
small, 120 mAh g',%® and capacity fading is also a severe problem especially at elevated
temperatures.%> 7

NMC and NCA were developed for suppressing cation mixing by substituting Ni** ions
with Co®" and/or AI** ions,’! and are currently used as cathodes with high practical
capacity density (~200 mAh g!) for application in EVs.57 72

LFP also has advantages of lower cost and less toxicity, and showed practical capacity
of 165 mAh g1.% 6”73 In addition, LFP has superior thermal stability and cyclability

owing to the robust structure of PO4>". However, this structural robustness leads to low

ionic diffusivity and poor electronic conductivity.”*

11
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Figure 1-2. Typical discharge profiles of various type of cathodes. Reprinted under
Creative Common License CC BY-NC-ND 3.0.%7
1.2.1. LiCoO: cathodes

LiCoO> (LCO) discovered by Prof. John B. Goodenough in 1980 is an intercalation-
type cathode.’! In the course of charging, oxidation of Co®" ions to Co*" ions occurs,
simultaneously with the extraction of Li* ions into the electrolyte for charge neutralization
(see equation (1) in Section 1.1.1).!® LCO exhibits relatively high theoretical capacity
density of 274 mAh g under operation in 4.7 — 5.0 V vs. Li*/Li.>> 3® However, the
practical capacity density is limited to around 140 mAh g under the operation at 4.2 V
or less positive because the high-voltage charging often results in rapid capacity fading
due to the irreversible structural change.’’ Tremendous efforts have been devoted to

clarify the reaction mechanism!'® 16 17 19.50. 7592 and optimize the combination of

12




7,11,12,93-99 22,24,40-42, 100-102 96, 103-

materials, composition of electrolytes, and design of cells,
106 a5 briefly documented below.
1.2.1.1. Reaction overviews

Co’" ions in the pristine state of LCO are oxidized to Co*" ions accompanied by Li*
ions extraction under charging (see equation (1) in Section 1.1.1).!® In contrast, Co*" ions
are reduced to Co*" ions under discharging accompanied by Li*ions insertion to the LCO.
Figure 1-3 (a) and (b) show the galvanostatic charge/discharge potential profiles and
corresponding differential capacity plot for a LCO electrode.!”” The potential curve
during charging shows three plateau regions, a, b, and ¢ up to 4.2 V where half of Li" ions
are extracted from the LCO to form LigsCo0O,. The corresponding crystal structure
changes of LCO was shown in Figure 1-4.!7- 1% In the pristine stage, H1 structure where
Co0O3 layer and Li layer with edge-shared CoOs and LiO¢ octahedra, respectively, pile up
alternately along c-axis. In the pristine state of LCO, the five 3d orbitals of Co®" ions split

into three low-energy ty, (dyy, dy,, and dy,) and two high-energy e, (d,2.2 and d,2)

Xy »
orbitals, and e, orbitals are hybridized with O 2p orbitals to form bonding e, and
antibonding e+ orbitals. In addition, 4s and 4p orbitals of Co*" ions are hybridized with

O 2p orbitals to form bonding a;gaie and ty, orbitals, and antibonding aj,* and t»

17, 109

orbitals, according to crystal field theory, as shown in Figure 1-6 (b). Because six

13




electrons in 3d orbitals of Co** ions occupy the tyg orbitals to form low-spin state, the
bandgap of LCO corresponds to the energy difference between t, and eg+ of 2.7 €V, as
shown in Figure 1-5 (a), indicating semiconducting properties of LCO.!”

The plateau regions, a, b, and c, correspond to the transformations from H1 to H2 phase
where the lattice gradually expands along c-axis due to increase of electrostatic repulsion
between CoOz layers, from H2 to M1 phase where the lattice continuously expands along
c-axis, and eventually has largest c-axis value throughout a series of phase transition of
LCO, and from M1 to H3 phase where c-axis length rapidly decreases take place,
respectively.!” The semiconducting properties of LCO change to metallic properties due
to the electron delocalization within CoO; layers.!” "' When the electrode potential of
LCO is 4.2 V or less positive including the plateau region a, b, and c, electrons are
extracted from t,, states corresponding to valence band maximum (VBM) of LCO,
resulting in Co®" ions oxidation to Co*" ions, confirmed by x-ray photoelectron
spectroscopy (XPS).!'!: 112 On the other hand, O 2p states including hybridized states with
Co 3d, 4s, and 4p are almost unchanged, indicating that charge compensation caused by
delithiation only involves t,, states in the electrode potential of LCO is 4.2 V or less
positive, confirmed by x-ray absorption spectra (XAS)!!! and theoretical calculation using

Hartree-Fock model.''*- 14

14




Two additional plateaus d and e appear up to 4.7 V where all of Li" ions are extracted
from the LCO, corresponding to the transformations from H3 to H1-3 phase and from
H1-3 to O1 phase as shown in Figure 1-4.!7- 197 H1-3 phase is composed of CoO layers
piled up with two kinds of interlayers alternately; one is H3-type with an interlayer
distance of 4.8 A, and the other is O1-type with an interlayer distance of 4.2 A.17-'° While
the difference in CoO; interlayer distance in the transformation from H1 to H3 phase is
less than 2%, that in the transformation from H3 to O1 phase exceeds 10%.!” Such drastic
structural changes cause the electrode capacity fading.!”- ! Ohnishi et al. attributed the
increase of charge-transfer resistance under high-voltage charging to the formation of H1-
3 phase by electrochemical impedance spectroscopy (EIS) measurements coupled with
in-situ x-ray diffraction (XRD).!” Under the subsequent discharging, although the H1-3
phase disappeared, the resistance did not revert to the original value corresponding to the
charge-transfer resistance in the pristine LCO, implying that H1-3 phase impede ionic
diffusion to reduce the electrode kinetics of LCO charged at high voltage, and the
transformation from H3 to HI-3 phase causes irreversible increase in the electrode
resistance and capacity fading.!” In addition, Jiang et al. confirmed the formation of
stripe-defects and the transition from original layered structure to the spinel structure by

scanning transmission electron microscopy (STEM) with high angle annular dark field

15




detection (STEM-HAADF), after the continuous cycling with the cut off voltage of 4.7
V.35 Thus, under the high-voltage operation, the capacity of LCO rapidly decreases with
the number of cycles as shown in Figure 1-6.!° When the electrode potential of LCO is

4.2 'V or more positive, the t,, states cross the top of O 2p bands due to the upshift of O

2p band induced by hybridization between Co 3d states and O 2p band, leading to hole

transfer from t,, states to O 2p states. Thus, LCO rapidly degrades due to the oxidation

of O% under the high voltage operation.!!

16
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Figure 1-3. (a) Potential profiles of a thin-film LiC0O2 using LiC0QO2/Li cell. (b)
Corresponding differential capacity (dQ/dV) curves in a potential range of 3.0 — 4.7
V. (The electrolyte is a solution of 1 M LiPF¢ dissolved in EC/DEC 1:2 (by weight).)

Reprinted from Reference.!’” Copyright © The Korean Physical Society.
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Figure 1-4. Schematic illustrations of a series of transformations of LCO during

charging process. Reproduced and modified with permission from © 2023 Wiley-

VCH GmbH.""
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Figure 1-5. (a) Schematic electronic configuration of Co®* 3d states. Molecular
orbital diagram for CoO: in an octahedral environment. Reproduced and modified

with permission from © 2023 Wiley-VCH GmbH.!”
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Figure 1-6. Cycling performance. (a) Charge/discharge curves of the LCO thin-
film batteries in a potential range from 2.5 — 4.2 V (green) and 4.6 V (red). (b) The
discharge capacities (q) plotted against the cycle number. The observed capacities
in the left vertical axis are converted to specific capacities based on the actual mass
for the electrode reactions (Qactual) on the right vertical axis. Reprinted under

Creative Common License CC-BY 4.0."°
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1.3. Anodes

Graphite is one of the most widely used anode materials in conventional liquid-type
LIBs. The theoretical capacity density of a graphite anode is estimated to be around 372
mAh g according to the equation (2) shown in Section 1.1.1.!'5 6 Li* jons are
reductively inserted into the interlayer of graphite to form LixCs during charging, while
Li" ions are oxidatively extracted from LiCs during discharging. Due to its very negative
redox potential close to that of deposition/dissolution of lithium (~ 0.1 V vs. Li*/Li), very
large operation voltage ~4 V can be achieved in combination with typical cathodes such
as LCO 115: 116

In the initial cycles, Li salts, organic solvents and other additives contained in
electrolyte solutions are reductively decomposed at the anode surface because of its very
negative potential, to form a solid electrolyte interphase (SEI). SEI has Li'-ion
conductivity and electronic resistivity that allow Li" ions to access the surface of electrode
materials in anode with preventing continuous decomposition of electrolyte solutions.'!”

Recently, Li-alloy-based anode materials, such as P (2596 mAh g!), Sn (960 mAh g
1, Ge (1570 mAh g!), Si (4200 mAh g!) have also been subjects of research because of
their extremely high theoretical capacity density toward the high-performance next-

generation batteries (Figure 1-7).!!8
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Figure 1-7. Approximate range of average discharge potentials and specific

capacity of various intercalation-type and Li-alloy-based anodes. Reprinted under

Creative Common License CC BY-NC-ND 3.0.%7

1.3.1. Si anodes

Research related with Si as a Li-alloy-based anode material was started by San-Cheng

Lai,'"” Ram A. Sharma,'?’ and Randall N. Seefurth'?!' in 1970s. In the course of lithiation,

amorphous lithium silicide (Li,S1) forms due to the lithiation of amorphous Si (a-Si) and

transforms to the crystalline phases such as Li12Si7, Li7Si13, Li13Si4 coexisting with

amorphous LiSi. Eventually, crystalline Li22Sis5 (Li44S1) forms at a theoretical capacity

of 4200 mAh g! at ~400°C,'?? while the crystalline LisSis (c-Li3 75Si) is the final product

at a theoretical capacity density of 3579 mAh g at room temperature according to the

following equation.!?3 124

Si+ xLi* + xe™ 2 Li,Si

22

(3)




The redox potential for the litiation/delithiation of Si is very negative, ~0.35 V vs. Li'/Li.
Although it is slightly more positive than that of graphite, still very high operation voltage
~3.9 V can be achieved in combination with typical cathodes such as LCO. However, Si
undergoes considerable (~300%) volume expansion/contraction initiated by crystal
structure changes during electrochemical cycles, which causes pulverization of Si
particles and other irreversible structural changes, leading to rapid capacity fading.?!> ¢’
125 Thus, understanding and controlling those physicochemical events are the biggest
challenge for the effective use of Si in LIBs.

SEIs also form at the surface of Si due to the decomposition of electrolyte solutions. '
However, the SEIs on the Si surface can be mechanically damaged by considerable
volume changes during the charge/discharge cycles, and new SEIs form at the exposed Si
surfaces. Such continuous formation/decomposition of SEIs causes consumption of
electrolyte solutions, formation of excessively thick and resistive SEI and capacity fade.®’
1.3.1.1. Reaction overviews

In the initial stage of lithiation, lithiation of Si occurs to form Li.Si. Then, reversible
lithiation and delithiation of Li,Si occur (see equation (3) in section 1.3.1). Figure 1-8

shows representative example of galvanostatic lithiation/delithiation dQ/dV curves for a-

Si in a-Si/Li half-cell in a potential range of 0.005 to 1.0 V.°" 127 It is noted that, in this

23




figure, a lithium foil is used as a counter electrode for the half cell. In the initial stage of
lithiation, the electrode potential steeply drops from 1.0 to 0.3 V and a broad doublet peak
appears at around 0.24 — 0.29 V. Li insertion into a-Si gradually proceeds while breaking
down the Si matrix, and then a-Si transforms into Li2,0Si (a-Li20Si) at around 0.24 — 0.29
V where small Si clusters composed of dimer, trimer, and isolated Si exist.'?31*2 Then, a
dQ/dV peak appears at approximately 0.09 V, corresponding to further lithiation of a-
Li20Si. According to the charge integration, amorphous Liz 5Si (a-Li35S1) where most of
Si exist as isolated Si, forms at the end of this peak.!* Only in the first lithiation cycle,'?®
1312 dO/dV peak appears at 0.05 V. This peak was attributed to the crystallization of a-
Li35Si to c-Lis7sSi where all Si exist as isolated Si, by XRD,!3 4 electron diffraction
(ED),!21: 135136 and nuclear magnetic resonance (NMR).!37: 138

In the subsequent delithiation, a dQ/dV peak appears at 0.25 V where delithiation from
a-Li3 5Si preferentially occur up to the composition of a-Li»0Si. A sharp intense peak and
broad peak appear at around 0.5 V. Broad one is assignable to the delithiation from a-
Li,Si (x <2.0), and the other to the amorphization of c-Li3 75Si.!?® The sharp intense peak
and broad peak correspond to the delithiation of c-Li3 7551 and a-Li2.0Si to form a-Li,Si (x

< 2.0), respectively.!*® 13 In addition, the sharp intense peak was only observed in the

first delithiation, as is the case of the first lithiation.
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Figure 1-8. Differential capacity (dQ/dV) curves for a-Si/Li half-cell in the two to
ten cycles and the potential range of 0.005 — 1.0 V. (The electrolyte used was
EC/EMC (3:7), with 15 wt % FEC and 3 wt % VC.) Reproduced and modified

under Creative Commons.?8
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1.3.2. SiOx anodes

Silicon oxide (SiOy) has been attracting wide attention because it has cycle
performance superior to pure Si, at the sacrifice of intrinsic capacity density of pure Si.'*
SiOx-based anodes exhibit very large irreversible capacity loss in the first cycle due to the
Li consumption by formation of electrochemically inactive species such as Li,O and Li
silicates (Li2S120s, LiSi207, and LisSiO4).!*%-1*3 These inactive species are considered to
contribute to the improvement of cycle performance by acting as buffer layers of the
volume changes. 40 141, 144, 143

The relationship of oxygen content x in SiO, and cycle performance was systematically
investigated by Haruta et al using SiO, thin-film anodes in liquid electrolytes.!*! Figure
1-9 (a) and (b) show discharge capacity and Coulombic efficiency with respect to the
cycle number for SiO, (x = 0.02, 0.21, 0.48, 1.09, and 1.78).'*! Initial capacity density
clearly depends on oxygen content x in SiOy; it is almost constant, ~80 pAh cm™ for
oxygen-poor SiOy thin films in the range of oxygen content x = 0.02 — 0.48. When oxygen-
rich SiOx thin films with the oxygen content x = 1.09 and 1.78 were used, however,
capacity density decreased up to 60 and 40 pAh cm™, respectively. Thus, higher oxygen

content in SiO, brings about smaller capacity density. There is a trade-off between initial

capacity and capacity retention. Although the initial capacities of oxygen-rich SiO, thin
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films are smaller, their capacity retention is much higher for SiO1.78, Si01.09, and other

oxygen-poor SiOy (x = 0.02, 0.21 and 0.48) in that order.
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Figure 1-9. (a) Discharge capacity and (b) Coulombic efficiency of SiOx thin films
with different oxygen contents. (The electrolyte is a solution of 1 M LiPF¢ dissolved
in EC/DEC 3:7 (by volume). Reprinted with permission from © 2019 The
Electrochemical Society.!*!

In the liquid-type LIBs, SEIs also form at the surface of SiO, anode.'*® However, the
volume change can be effectively suppressed for oxygen-rich SiOx (x >1) as compared
with oxygen-poor SiO, and pure Si, leading to improve of capacity retention.'*!

Miyazaki et al. also investigated the effects of introducing oxygen into a-Si thin films
on their cycle performance and reversible capacities using ASSB configurations.!'*
Oxygen-poor a-SiOo4 thin-film exhibited reversible capacity more than 2800 mAh g’!

and low capacity fading rate of 0.06% during the first 100 cycles (Figure 1-10).*° One of
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the reasons for the excellent cycle performance is that successive growth of SEIs is
effectively suppressed using solid electrolytes in contrast to using liquid electrolytes
because of the wide electrochemical potential window of solid electrolytes. Thus, the
introduction of smaller amount of oxygen into a-Si thin film is sufficient for ASSB with

excellent cycle performance.'*
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Figure 1-10. Cycle performances of 300-nm-thick a-SiQo.0 (black), a-SiQo.4 (red),
and a-SiQo.s (blue) thin films at a current density of 0.1 mA ¢m: (a) Charging and
discharging capacities and (b) coulombic efficiencies as a function of cycle number.
The filled circles in (a) indicate the charging capacities, and the open circles in the
panel indicate the discharging capacities. Reprinted with permission from © 2016

Elsevier B.V. All rights reserved.'*
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1.3.2.1. Reaction overviews

Figure 1-11 shows galvanostatic lithiation/delithiation potential profiles in the first
cycle and cyclic voltammograms (CVs) in the first and second cycles for amorphous SiOx
(a-S10y) thin film with different oxygen contents (x = 0.02, 0.21, 0.48, 1.09, and 1.78) in

a-SiO,/Li half-cell in a potential range of 0.02 to 1.0 V, respectively.!*! CVs provide

information similar to dQ/dV curves as can be seen from the equation (4):'46
d(lt) dQ
I _Tdar _ar 4 (4)
av av v dv

dt dt dt
where [ is current and dV/d¢ is a sweep rate.

In the first lithiation, except for SiOj 7s, all the SiOx (x = 0.02, 0.21, 0.48, and 1.08)
show two peaks at ~0.07 V and ~0.24 V in their CVs. Similar peaks are observed at 0.09
V and around 0.24 — 0.29 V for amorphous Si as shown in Figure 1-8, attributed to the
formation of a-Li35Si from a-Li»0Si and a-Li20Si from a-Liw<2.0S1, respectively. These
peaks are observed in the second cycles, suggesting the originating phenomena are
reversible. In addition, these electrochemical responses are most pronounced for the one
with smallest oxygen content, Si0¢.02. Thus, it is considered that those SiO, with relatively
small oxygen contents undergoes the formation of a-Li3 5Si via the a-Li20Si and its phase

transformation. In contrast, SiO; .78 shows only a broad peak at around 0.07 V probably

due to its very high electronic/ionic resistivity. SiOo21, SiOo4s, and SiOi09 show
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additional sharp peak at around 0.4 — 0.6 V. These peaks disappear in the second lithiation
cycle, suggesting that the peaks are due to the formation of irreversible species such as
lithium silicates (Li2S120s, Li12S103, and Li4S104) and Li2O.

In the first and second delithiation, all the Si0, show two anodic peaks at ~0.46 V and
~0.27 V. The features are reversible and similar to those of pure Si electrode shown in
Figure 1-8, suggesting the occurrence of delithiation from a-Li35Si to a-Li20Si and a-
Li20Si to a-Lix<2.0Si. It is noted that the features of SiO; 7 are somewhat smaller and
distorted, implying that larger amount of Li" ions were consumed to form LisSiO4 and
Li,0 in comparison with other SiOx (SiOo.02, S100.21, SiOo.4s, and SiO1.9) affects the
incompletion of lithiation because of its high ionic/electronic resistivity. lithium silicates
should be although cathodic peaks corresponding to the formation of irreversible species

are not observed in the CVs due to high ionic/electronic resistivity of SiO1.73
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Figure 1-11. (a) Charge and discharge curves in the first cycle for SiO. thin films of
different oxygen contents (x =0.02, 0.21, 0.48, 1.09 and 1.78) in 1 M LiPF¢/EC+DEC.
Cyclic voltammograms of SiOx films of different oxygen contents in (b) the first and
(c¢) the second cycles (The electrolyte is a solution of 1 M LiPFs dissolved in EC/DEC
3:7 (by volume). Inset of (c) shows a magnification of the potential range of 0.5 to
1.9 V. Reprinted with permission from © 2019 The Electrochemical Society.'*!
1.4. Objective and outline

The objective of this thesis is to elucidate the electrochemical reactions of LiCoO
(LCO) cathodes under high-voltage operations and origin of superior cycle performance
of SiO, anodes in an all-solid-state lithium-ion battery configuration. Electrochemical
reactions of LCO and SiO, were systematically investigated from elemental composition,
oxidation states of the electrodes during lithiation/delithiation processes.

Although LCO has superior theoretical capacity density and cycle performance among

cathode materials, expanding operating voltage induces the irreversible structural changes,
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as mentioned in Section 1.2.1.1.'7 1% 85 Understanding the electrochemical reactions
including such undesired irreversible processes is essential for improving the achievable
capacity density and developing new high-capacity materials.

As mentioned in Section 1.3.2, although reversible capacity and capacity retention are
a trade-off, one can optimize the SiO, composition and obtain the guideline for designing
long-lived and high-capacity cells through the clarification of lithiation/delithiation
mechanisms.'*

In conventional liquid-type LIB configuration, various important physicochemical
phenomena are taking place in the cell, such as decomposition of molecules contained in
electrolytes, ion transfer at the electrolyte/electrode interfaces and in electrolytes occur.
In ASSB configuration, however, the decomposition of electrolyte solutions and
formation of SEI can be avoided. In addition, electrochemical reactions can be driven in
UHYV, and powerful surface analysis techniques can be applied without any special
spectroelectrochemical cells. Therefore, both the LCO cathode and SiO, anode were
deposited on a garnet-type oxide-based solid electrolytes, LissLazZri¢Tao4012 (LLZT),
in ASSBs configurations.

An operando hard x-ray photoelectron spectroscopy (HAXPES) apparatus enabling

angle-resolved measurements under bias applications without disassembling the batteries
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and exposing them to air was developed using a laboratory-based HAXPES apparatus

equipped with a Cr-Ka source to analyze the fundamental properties of electrodes during

charge/discharge cycles.

This thesis is composed of seven chapters as follows.

Chapter 2. Experimental

The experimental details such as preparation of all-solid-state test cells composed of

either LCO or amorphous Si0,/LissLaszZr1.6Tao.4O12 (LLZT)/Li metal configurations and

the characterization techniques used in the present study are described

Chapter 3. Instrumentation

A laboratory-based HAXPES apparatus equipped with a Cr-Ka source enabling bias-

application to a sample and angle-resolved measurements was developed. Then, those

functions were demonstrated using reference samples. We denote this measurement

system as operando HAXPES system.

Chapter 4. Electrochemical Reactions of LiC0oQO2-LizBO3 Composite Cathodes

First, the electrode reactions of a LiCoO»-Li:BO3/LLZT/Li-configurated LiCoO> and

Li3BOs under charge/discharge cycles in a potential range of 3.0 — 4.2 V were observed

using operando HAXPES system as a demonstration using an all-solid-state cell. Then,

the electrode reactions of LiCoO> under charge/discharge cycles with different voltage
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range were investigated. Irreversible oxidation of Co** ions and O* anions of LiCoO:
under high-voltage operations caused capacity fading.
Chapter 5. Static and dynamic analysis of lithiation/delithiation of amorphous-SiOx
thin-film anodes

The continuous lithiation/delithiation of the amorphous-SiO, thin-film electrode on the
LLZT solid electrolyte were investigated using in-situ XPS previously developed in our
laboratory.!> 147 198 The lithiation/delithiation mechanisms of SiOx anodes and the role
of electrochemically inactive species such as Li>O and Li silicates formed as a result of

Li insertion to SiOx were discussed.

Finally, the present results and the overall thesis are summarized in Chapter 6.
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2. Experimental

2.1 Sample preparation
2.1.1 Fabrication of an all-solid-state (ASS) cell in Chapter 4

In the Chapter 4, electrochemical reactions of LiCoO» cathode in an ASS cell
configuration were investigated. Thus, in this section, the preparation method for the
ASS cell with configurations of Pt/LiCoO> (LCO)-Li3BO3; (LBO)/Nb or Ta/

LissLasZri6Tao 4012 (LLZT)/Li shown in Figure 2-1 is described.

Pt thin film (~200 nm)

—>

LCO - LBO
composite layer (~200 nm)

Nb layer (~20 nm)
LLZT sheet (~500 pm)

Li metal layer (~1 pm)

l<—

< 10mm —>
Figure 2-1. Schematic illustration of the Pt/LCO-LBO/Nb or Ta/LLZT/Li cell.
Fabrication procedure was slightly different between section 4.2.1 and 4.2.2 in
Chapter 4. One side of a LigsLazZr1.6Tao4012 solid electrolyte sheet (10mm % 10mm X
500 um; LLZT, Toshima Manufacturing Co., Ltd., Japan) was sandblasted with 220-grit

alumina powder to obtain a rough surface. After annealing at 700 °C for 2 hours, the
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LLZT was immersed in an aqueous solution saturated with LiOH for 1 hour to remove
resistive species, such as LiOH and Li2COs. A 20 nm-thick Nb (section 4.2.1) or Ta
(section 4.2.2) thin layer was deposited on the sandblasted surface of LLZT by DC
sputtering using Ar gas, and 1.892 mg (section 4.2.1) or 1.398 mg (section 4.2.2) of
LCO fine powder with an average particle size of around 200 nm, was applied to the
LLZT precoated with Nb or Ta layer. A 10 puL droplet of aqueous solution saturated with
LiOH was placed on the LCO-applied LLZT and then dried in a vacuum. Subsequently,
a 10 uL droplet of aqueous solution saturated with H3;BO3 was placed on the LCO-
applied LLZT and then dried in a vacuum. Finally, the LLZT was annealed at 700 °C
for 2 hours under an oxygen flow to form a LCO-LBO composite cathode on a Nb or Ta
interlayer-coated LLZT. Pt thin layer with a thickness of 200 nm was overcoated on a
10 mm % 4 mm rectangular area of LCO-LBO composite cathode, as a current collector.

The other side of LLZT was mechanically polished by 600-grit sandpaper and then a
1 um-thick Li thin layer was formed by thermal evaporation. After placing a piece of Li
metal foil with a thickness of 100 um as an anode, the LLZT was heated at 200 °C for
30 min to yield an ASS cell in the LCO-LBO/Ta/LLZT/ Li configuration.

Although the Nb or Ta thin layer sandwiched by the LCO-LBO composite cathode

and LLZT should be converted to a Li" ion conductive amorphous Li-Nb-O or Li-Ta-O
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phase after heating,' the interlayer is denoted as Ta because no experimental evidence
was obtained in the present study.
2.1.2 Fabrication of an ASS thin-film cell in Chapter 5

In the Chapter 5, lithiation and delithiation processes of SiOo .53 anode in thin-film
cell-configuration were investigated. Thus, in this section, the preparation method for
the ASS thin-film cell with configurations of Cu/SiOg.53/LLZT/Li in Figure 2-2 is

described.

Cu layer
SiOQyq 53 thin film (~100 nm)

LLZT sheet (~500 pum)

Li metal layer (~1 pm)

i<— 10 mm —>

Figure 2-2. Schematic illustration of the Cu/SiQo.s3/LLZT/Li

The Si0o 53 thin films were prepared on the LLZT sheets in the same batch used in
Chapter 4 by radio-frequency magnetron sputtering (SPAD-2240UM, Advanced Optics
Vacuum Co., Ltd.) using Ar/O, gas mixtures.? The thickness of SiOy 53 thin film was ca.

100 nm. The surface of sputter-deposited SiOo .53 thin film was coated with a copper
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layer as a current collector by direct current (DC) sputtering. The samples were
mounted on the stage of QUICK COATER (SC-701, Sanyu Electron Co., Ltd.) in the
Ar-filled glove box. The Cu deposition was performed at the pressure of about 10! Pa.
During the copper deposition, a center rectangular part with about 4 mm % 10 mm was
masked using a stainless-steel stencil mask to yield an uncoated area exposing
amorphous SiOg 53 layer for XPS measurement. The LLZT surface of the LLZT/Si/Cu
structure was polished by using 400-grit sandpapers. The Li metal layer with a diameter
of 8.5 mm was thermally deposited on the LLZT surface from a Li wire (Honjo Metal
Co., Ltd.). The thickness of Li deposition is approximately 1.5 um which is larger than
that required for the formation of the theoretical maximum composition (Li3.75S1) with
the 100 nm-thick SiOg s3.

2.2 Characterization

2.2.1 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is capable of nondestructively analyzing the
elemental composition, oxidation states, and electronic states of a solid surface by
detecting photoelectrons ejected by x-ray irradiation.>” The kinetic energies of the
photoelectrons are characteristic of the core levels of the chemical species and are

represented by the following equation.’
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Ex=hv—E,—¢ €Y)

where E}, is the kinetic energy of emitted photoelectrons, hv is the energy of incident
x-rays, E} is the binding energy of electrons at core levels, ¢ is the work function of the
sample of interest. Thus, surface-sensitive information is obtained by using
conventional laboratory-based XPS equipped with an Al-Ka (1486.7 eV) or Mg-Ka
(1253.6 eV) source because Ej, (~1000 eV or less) and corresponding inelastic mean
free path (IMFP) are relatively small.?
2.2.1.1 XPS measurements in Chapter 5

The lithiation and delithiation of the SiOg 53 thin-film cell was investigated using in-
situ XPS system.” The Cu thin layer on SiOy 53 thin-film working-electrode was
electrically connected to the hemispherical analyzer through the sample holder, while
the Li counter electrode was insulated from the SiO¢ 53 working electrode side. The cell
mounted on sample holder was transferred from an Ar-filled glove box to XPS
apparatus (Shimadzu, Kratos) without air exposure using a transfer vessel. After
transferring the sample into the analysis chamber, two independent terminals encounter
the SiOo.53 working electrode and Li counter electrode side. This allows us to apply a
bias between the Si0¢.53 working electrode and Li counter electrode by a potentiostat

outside vacuum. XPS measurements were performed in the analysis chamber kept under
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a pressure of 5 x 107 Torr. X-rays from monochromatic Al-Ka (1486.7 eV) source at a
power of 300 W with a spot size of 200 um were incident to the exposed area of the
Si00 .53 working electrode. The pass energy of the photoelectrons was fixed at 80 eV.
The obtained spectra were fitted using the Voigt function after the background
subtraction by using a Shirley method.!° Dynamic XPS measurements in which Si 2p, C
Is, O 1s, and Li 1s photoelectron spectra were continuously measured throughout the
charge/discharge cycles.

2.2.2 Hard x-ray photoelectron spectroscopy (HAXPES)

XPS using hard x-rays, i.e., hard x-ray photoelectron spectroscopy (HAXPES),
enables us to analyze the surface and deeper layer buried at depth > 50 nm because it
generates photoelectrons with Ej higher than that in the conventional XPS using an Al-
Ka source.!!"!3 In general, photoionization cross-section of core levels becomes
relatively low for hard x-ray excitation.'> !* Therefore, in the 2000s, pioneering
HAXPES measurements were performed in synchrotron radiation facilities because
hard x-rays with a high photon flux were available.!! However, laboratory-based
HAXPES instruments equipped with Cr-Ka (5414.9 eV) or Ga-Ka (9250 eV) sources

have been developed in recent years.!* 1
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2.2.2.1 HAXPES measurements in Chapter 4

The 200 nm-thick Pt thin layer on LCO-LBO cathode was electrically connected to
the hemispherical analyzer through the terminal A and base plate, while the Li anode
was insulated from the LCO-LBO cathode side by the insulating plate on the base plate
(Figure 2-3). The cell mounted on sample holder was transferred from an Ar-filled glove
box to HAXPES apparatus (Scienta omicron, ULVAC-PHI) without air exposure. After
transferring the sample into the analysis chamber, terminals B and C encounter the Li
anode and LCO-LBO cathode sides, respectively. This allows us to apply a bias
between the Li anode and LCO-LBO cathode by a potentiostat outside vacuum.
HAXPES measurements were performed in the analysis chamber kept under a pressure
of 2 x 108 mbar. X-rays from monochromatic Cr-Ko (5414.9 eV) source at a power of
50 W with a spot size of 200 pum were incident to the exposed area of the LCO-LBO
composite cathode with an incident angle 8 of 75°. The pass energy of the
photoelectrons was fixed at 200 eV. The obtained spectra were fitted using the Voigt
function after the background subtraction by using a Shirley method.!'® In addition to
static HAXPES measurements of pristine and electrochemically treated cell 30 min after
each charge/discharge process, dynamic HAXPES measurements in which B 1s (section

4.2.1 in Chapter 4) or Pt 4f (section 4.2.2 in Chapter 4) and Co 2p3/» photoelectron
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spectra were alternately measured throughout the charge/discharge cycles.

AY)

4= Conduction path way

shel-x

Terminal C

(A8 LS

Terminal A

Potentiostat

Lithium metal

Photoelectrons h
= LLZT sheet

Terminal B Insulating plate

Platinum Base plate

current collector

Anal
LiCoO,— Li;BO, ' ovZer

composite electrode

Figure 2-3. Schematic illustration of the sample holder for HAXPES
measurements.
2.2.3 Electrochemical measurements
2.2.3.1 Galvanostatic charging/discharging analysis in Chapter 4

A galvanostatic charge/discharge cycles were carried out at a constant current of
+12.96pA corresponding to 0.05C in potential ranges of 3.0 — 4.2 V and 3.0 — 4.7 V vs.
Li*/Li using a potentio-galvanostat (Bio-Logic VSP-300) at room temperature. The

potential given herein is expressed versus Li'/Li unless otherwise noted.'®
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2.2.3.2 Galvanostatic lithiation/delithiation analysis in Chapter 5

The galvanostatic and/or potentiostatic lithiation/delithiation were carried out in the
analysis chamber kept under a pressure of about 7 x 10 Torr. The sample holder in the
chamber and a potentio-galvanostat at the outside were connected by coaxial cables via
vacuum feed through.’ The cell voltage, i.e., potential difference between SiOos3 as a
working electrode and Li as a counter electrode, was monitored under constant current
and/or voltage conditions. The cutoff potential was set to be 0.02 and 1.5 V (vs. Li/Li).
The capacity values are given in mAh g™ based on the weight of Si in SiOy 53 thin film.
2.2.4 Ellipsometry measurements in Chapter 3

The ellipsometry measurements were performed using variable-angle spectroscopic
ellipsometry (Alpha-SE VASE, J.A. Woollam Co.) at incident angles of 65°, 70°, and
75° and wavelengths of 380 — 900 nm for confirming the angle-resolved measurement
function in Chapter 3. The thicknesses of the SiO; layers formed on the Si substrate
were determined using the J. A. Woollam (JAW) standard model'” composed of a SiO»
layer, an interlayer between the SiO; layer and the Si substrate, and a Si substrate. The
optical constants of the SiO; and interlayer in the model were determined using the
Sellmeier function,!” one of the empirical equations relating the refractive index and

wavelength for transparent media. On the other hand, the optical constant of the Si
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substrate was determined using a parametric functional model.'’
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3. Instrumentation

3.1 Introduction

Hard x-ray photoelectron spectroscopy (HAXPES) has been used for a wide variety
of materials to nondestructively analyze the electronic structure and chemical
composition of solid/solid interfaces, such as metal-oxide-semiconductor (MOS)
structures' and electrode/solid electrolyte interfaces in lithium-ion batteries including
all-solid-state batteries.* Recently, HAXPES measurements under bias conditions have
been reported. For example, changes in the interfacial densities at the
dielectric/semiconductor interface and the potential distribution in each layer for MOS
capacitors under bias applications were clarified by analyzing the magnitudes of
photoelectron peak shifts attributed to the core level of the dielectric layer and
semiconductor." > ® In addition, the electronic structure changes for an electrode and a
solid-state electrolyte (SSE) of all-solid-state thin-film lithium-ion batteries during
cycling were observed by analyzing the photoelectron peak changes derived from the
electrode and SSE.”"1°

Angle-resolved x-ray photoelectron spectroscopy (AR-XPS) enables us to obtain

depth distributions of chemical species by tuning the geometry of the x-rays, sample,
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and hemispherical analyzer, that is, take-off angles (TOAs). This technique has been
used in a wide range of applications, such as observing the surface band alignments of

11:12 and analyzing the thickness of layered samples.'* '* When a

semiconductors
laboratory-based XPS apparatus equipped with a conventional Al-Ka source is used,
however, the information depth is limited to the nanometer scale from the sample
surface.!® Thus, AR-XPS using hard x-rays is strongly desired for investigating the
depth profiles of chemical species and electronic states of solid/solid interfaces covered
by a surface over layer in the tens-of-nanometer scale.®

Recently, our group developed an in-situ electrochemical XPS system using a
laboratory-based XPS apparatus equipped with a conventional Al-Ka source and
applied it to the lithiation/delithiation reactions at a-Si thin-film electrode deposited on a
LissLasZr1.6Tao4012 (LLZT) solid electrolyte.!%!® Although the previous work
successfully observed the formation of irreversible surface over layers such as lithium-
silicates, lithium oxides (Li2O), and lithium carbonates (Li2CO3), as well as lithium
silicides reversibly responding to lithiation/delithiation, information on bulk and
interfaces buried within a solid electrode layer is limited because of its high surface

sensitivity. In the present study, we develop an operando HAXPES system in which

angle-resolved measurements of samples transferred without air exposure can be
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performed under bias applications using a laboratory-based HAXPES apparatus
equipped with a Cr-Ka source. The functions of the direct-current (DC) bias application
and angle-resolved measurements were confirmed using metal Au foils and a SiO> film
formed on a Si substrate.
3.2 Set up for applied HAXPES

A laboratory-based HAXPES instrument is composed of an Ar-filled glove box, a
sample entry chamber, a preparation chamber, an analysis chamber, a hemispherical
analyzer (Scienta omicron EW4000), and a x-ray source (Ulvac-phi, FXS36-500S) as
shown in Figure 3-1. After certain pretreatment in the glove box, a sample is transferred
into the sample entry chamber kept with an atmospheric pressure by supplying Ar gas
from the glove box. After vacuum level reaches ~107 mbar, the sample stored in the
sample entry chamber is further transferred to the analysis chamber kept in 5 X 10

mbar for the HAXPES measurements through the preparation chamber.
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Sample entry chamber
Preparation chamber

P,

Ar-filled Glove box
X-ray source

Analysis chamber

Hemispherical analyzer

Bias application system

Figure 3-1. A schematic representation of HAXPES system.

Figure 3-2 shows schematic illustrations of the sample holder. Part A, made of oxygen-

free copper, is electrically connected to terminal C by screws G (Figure 3-2 (a, b)) and

grounded to the hemispherical analyzer through screws F and molybdenum stage D

(Figure 3-2 (a, b)). The sample is pushed onto part B by terminal C to ensure electrical

contact between the sample surface and the hemispherical analyzer through terminal C,

screws G, part A, screws F, and molybdenum stage D (Figure 3-2 (b)). Because part B is

electrically connected to the back side of the sample with insulation from part A and

molybdenum stage D by ceramic plate E and insulators I (Figure 3-2 (b)), a bias can be
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applied between the front and back sides of the samples by clipping the sample holder

with terminals K and L, as shown in Figure 3-2 (¢, d); terminals K and L are independently

connected to parts A and B, respectively. A simplified schematic of the circuit is presented

in Figure 3-2 (e).

As shown in Figure 3-2 (a) and (b), the lens axis of the hemispherical analyzer is

parallel to the X-axis of sample holder in the initial stage, and the sample surface is tilted

from the lens axis by a tilt angle 6; of ~ 75° to maximize the acceptance angles of

photoelectrons emitted at the surface. To compensate for the small photoionization cross-

section due to the use of hard x-rays,'*> 2

an oblique incident configuration is adopted;
the sample-mounting surface of part B is tilted at 02 of 15° to the axis of incident x-rays.
The x-ray spots at the incident angle 02 of 90° and 15° are a circle with a diameter of

approximately 200 um and rectangular with a size of approximately 200 um % 773 pm,

respectively.

Electrical connections of terminal K-part B and terminal L-part A were maintained

during the azimuthal rotation of the sample holder along the Z-axis, as shown in Figure

3-2 (f) and (g). Because the axis of this azimuthal rotation was identical to the axis of the

incident x-rays, the irradiation area remained unchanged during the angle-resolved
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measurements. Figure 3-3 shows the x-ray irradiation area at various azimuthal rotation

angles @ in the range of 0° — 75° projected on a phosphor screen placed in the part B of

the sample holder shown in Figure 3-2 (a) and (b). The blue spot in Figure 3-3 indicates

the irradiated x-ray on the phosphor screen. The irradiation area remanied unchanged

during the angle-resolved measurements. The irradiation area at various rotation angles

@ in the range of 0° — 75° projected on a phosphor screen placed at part B is shown in

Figure 3-3. The azimuthal rotation angle ® is defined as the angle between the lens axis

of hemispherical analyzer and X-axis of sample holder as shown in Figure 3-2 (f) and (g).
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Figure 3-2. Schematic representations of the (a, b) sample holder, (¢, d) bias

application system, (f, g) top view of the sample holder and the terminals (terminal

K and L) for a bias application and angle-resolved XPS. The azimuthal rotation

angle is represented by ®. ® = (f) 0° and (g) 75°.
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(a) (b) (c) (d)

Phosphor screen X-ray spot

Figure 3-3 Photographs of x-ray irradiation area at various rotation angles ®. ® =
(a) 0°, (b) 30°, (¢) 60°, and (d) 75°.
3.3 Results

3.3.1 Application of DC voltages

The shift in the photoelectron peaks of the Au samples confirmed the application of a
direct current (DC) bias voltage. Two pieces of Au foil (99.95%, Nilaco Co., Ltd.) (Foils
1 and 2) were pushed onto part B, as shown in Figure 3-4 (a). One foil was electrically
connected to part B, while the other foil was insulated from part B by a polyimide film
inserted between the foil 1 and part B but electrically connected to part A and a
hemispherical analyzer through terminal C, as described in the Section 3.2. Foils 1 and 2
were denoted as the working electrode (WE) and counter electrode (CE), respectively.
HAXPES measurements were performed in each circuit, as shown in Figure 3-4 (b) and
(¢), while external DC biases of -5, -2, 0, +2, and +5 V were applied to foil 2 versus foil

1. The binding energies of the photoelectron peaks at an applied bias of 0 V were
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calibrated with respect to the Au 4f7, peak (84.0 eV) or Au 3ds» peak (2206.7 eV). The

same calibration was applied to each spectrum at the applied bias of -5, -2, +2, and +5 V.

Figure 3-5 (a) shows the Au 3ds» photoelectron spectra obtained in the circuit where

foil 1 (WE) was grounded with the hemispherical analyzer, while foil 2 (CE) was

insulated from the hemispherical analyzer, as shown in Figure 3-4 (b). A peak

corresponding to Au 3ds» was observed for the Au foil. The Au 3ds, peaks of foil 1 were

identical under the bias conditions (Figure 3-5 (a) upper plot). In contrast, the peaks of

foil 2 shifted owing to the applied bias (Figure 3-5 (a) lower plot). On the other hand,

Figure 3-5 (b) shows the Au 3ds, photoelectron spectra obtained in the circuit where foil

1 (WE) was insulated from the hemispherical analyzer, while foil 2 (CE) was grounded

to the hemispherical analyzer, as shown in Figure 3-4 (¢). The Au 3ds.» peaks of the foil

1 shifted owing to the applied bias (Figure 3-5 (b), upper plot). In contrast, the peaks of

foil 2 were identical under the bias conditions (Figure 3-5 (b), lower plot). In addition,

the Au 4f photoelectron peaks exhibited a similar shift under bias conditions, as shown

in Figure 3-6. In both circuits, the peak positions of the Au foil grounded to the

hemispherical analyzer remained unchanged under the bias conditions, while those of Au

foil insulated from the hemispherical analyzer shifted, corresponding to the applied bias

and its polarity. Thus, it was demonstrated that the sample holder and bias application
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system enabled us to apply biases from outside the analysis chamber to samples retained

under vacuum conditions.

(a)
Y | ' Terminal L
Terminal K
) Ceramic plate E
Au foils
(Foil 1 and 2)
Polyimide tape
(bl WE grounded (<) CE grounded
Polyimide tape
Foil 1 il i Au
Foil 2 (WE) ':["(';Ef J Foill

(CE) (WE) ¢

Potentiostat

Potentiostat

£ L

Anaﬁr:eri An;l,rzer
Figure 3-4. (a) A schematic illustration of the bias application system for HAXPES.
Simplified schematic representations of the two electrical circuits: (b) the working

electrode (WE) or (c) the counter electrode (CE) grounded to the hemispherical

analyzer.
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Figure 3-5. Au 3ds2 photoelectron spectra under bias application in two electrical

circuits: (a) WE and (b) CE grounded to the hemispherical analyzer. The dashed

lines in the graphs indicate the binding energies of the Au 3ds2 peaks at 2206.7 eV,

determined by curve fitting using the Voigt function after Shirly background

subtraction.
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Figure 3-6. Au 4f photoelectron spectra under bias application in two electrical

circuits: (a) WE and (b) CE grounded to the hemispherical analyzer. The dashed

lines in the graphs indicate the binding energies of the Au 4f72 peaks at 84.0 eV,

determined by curve fitting using the Voigt function after Shirly background

subtraction.
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3.3.2 Calculations of a SiO: layer thickness using angle-resolved
measurements

The thickness of SiO; film formed on a Si substrate was estimated by the relative area
of the photoelectron peaks corresponding to the Si0; and Si measured at different take-
off angles (TOAs) a and the physical properties of those materials. The estimated
thicknesses were compared with those determined by ellipsometry.

Figure 3-7 shows Si 2p and Si 1s photoelectron spectra at o of 15°, 33°, 61°, and 76°
corresponding to the azimuthal rotation angles ® of 0°, 30°, 60°, and 75°, respectively.
The binding energy was calibrated with respect to the C 1s peaks corresponding to
hydrocarbon species (285.0 eV). As a increased, the intensity ratio of bulk Si peak to
Si0; peak decreased in both Si 2p and Si s regions. The peaks corresponding to the Si
substrate were not observed in Si 2p and Si 1s regions at o of 61.2°, confirming that

more surface-sensitive photoelectron spectra were obtained at higher a.
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Figure 3-7. (a) Si 2p, (b) Si 1s photoelectron spectra generated from Si substrate
with its oxide layer at the azimuthal angle ® of 0°, 30°, 60° and 75°.

The thickness of the SiO; layer formed on the Si was determined using the following

equation.!3 16:21

Isip, NsiAs;

+1 (2)
Is; Nsio,Asio,

d = Asip, cosa In
where Agjo,and Ag; are the inelastic mean free paths (IMFPs) of the Si 2p and Si 1s

photoelectrons in the SiO layer and the Si substrate, respectively, obtained using the

TPP-2M formula.**** Ng;0,and Ng; are the Si atomic densities of the SiO layer and Si
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substrate,?® and Isio, and Is; are the photoelectron intensities of the SiO peak and Si
peak in the Si 2p and Si 1s regions. In the Si 2p region, the kinetic energies of
photoelectrons generated from the SiO layer and Si substrate by x-rays from the Cr-
Ka source are 5308 and 5312 eV, respectively, and corresponding IMFPs are 11.7 and
9.93 nm, respectively. Similarly, in the Si 1s region, those of photoelectrons generated
from the Si0; layer and Si substrate are 3567 and 3572 eV, respectively, and
corresponding IMFPs are 8.39 and 6.69 nm, respectively. Consequently, the estimated
thickness of SiO2 thin film was 29.8 nm (Table 3-1), that is 17.4% thicker than that
estimated by ellipsometry. The error was within an uncertainty of 10 — 20% arising
from the IMFPs values of photoelectrons calculated by the TPP-2M equation.?!?* It
was therefore demonstrated that the sample holder was capable of angle-resolved
measurements.

Table 3-1. SiO: film thickness calculated from the strength ratio of SiO2 and Si.

Azimuthal rotation AR-XPS Ellipsometry /
Orbitals TOAs : a (°)
angle : @ (°) (nm) nm
Si2p 0 15 29.6
Si2p 15 33 28.9
25.5+0.298
Si1s 0 15 30.3
Si1s 15 33 30.3
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3.4 Conclusion

In conclusion, we developed the laboratory-based HAXPES apparatus equipped with
the functions of bias application and angle-resolved measurements. In the
demonstrations of bias application function using Au foils, the Au 4f and Au 3ds»
photoelectron peaks shifted corresponding to the applied bias and its polarity. In
addition, the thickness of the SiO layer formed on the Si substrate was estimated with
an error of 17.4% using a peak intensity ratio of the SiO; and the Si by angle-resolved
measurements. The system reported in the present paper is expected to be applied for
nondestructively analyzing the electronic states and chemical structures not only for
bulk electrode materials' but also for electrode/electrolyte interfaces in all-solid-state
Li-ion batteries to clarify the origin of the ion transport resistance such as a
heterogeneous interphase formed by the mutual ion diffusion?® and space charge layer

formed by the difference in the chemical potential.?’
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4. Electrochemical Reactions of LiCo00;-Li;BO3

Composite Cathodes

4.1 Introduction

LiCoO> (LCO) is a widely used cathode material in conventional liquid-type lithium-
ion batteries (LIBs) due to its relatively high theoretical capacity of 274 mAh g and
superior cycle performance.! 2 As mentioned in Chapter 1, changes in crystal structure
and electronic states after charge/discharge cycles have been well-studied. It is known
that high-voltage operations to 4.2 V or more positive result in capacity rapidly fading
due to the irreversible structural and electronic changes.>” However, the mechanism of
capacity fading have not been fully clarified because it involves various complex
phenomena such as decomposition of electrolytes,'!” Co dissolution,'! and reduction of
Co’" to Co*" ions'? in liquid systems.

Electrochemical reactions of LCO electrodes in an all-solid-state battery configuration
were explored by various research groups.!*!” For example, Park et al. constructed a
LiCoO»-Li3BO3; (LCO-LBO) composite cathode on a LissLazZri¢Tao4012 (LLZT) by
using co-sintering to yield a half cell with a LCO-LBO/LLZT/Li configuration and

demonstrated a stable capacity retention without significant side reactions at the
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interfaces of LCO, LBO, and LLZT in a potential range of 2.5 — 4.4 V vs. Li*/Li.'® Jang
et al. further studied electrochemical responses of a LCO thin film constructed on lithium
phosphorus oxynitride electrolyte (LiPON) in LCO/LiPON/Li configuration by radio
frequency magnetron sputtering. They showed that capacity retention is stable for
charge/discharge cycles up to 4.4 V or less positive, whereas it drastically decays for
charge/discharge cycles up to 4.45 V or more positive.!” Ohnishi et al. constructed a
LCO/Li3PO4/Li-configured epitaxially grown LCO thin film on the sapphire (0001) plane
with the (001) orientation, and investigated the crystal structure and cyclability under
high-voltage operations using in situ x-ray diffraction (XRD) and electrochemical
impedance spectroscopy (EIS). They revealed that the transformation from H3 phase to
H1-3 phase under high-voltage charging causes irreversible increase in the electronic
resistance, leading to reduction of the cyclability.'

In the present study, a LCO-LBO composite cathode layer of LCO-LBO mixture was
formed on a LLZT solid electrolyte sheet precoated with a Nb or Ta thin layer in LCO-
LBO/NDb or Ta/LLZT/Li configuration and its electrochemical behavior was investigated
with different voltage range using a laboratory-based operando HAXPES apparatus

shown in Chapter 3.
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4.2 Results and Discussion
4.2.1 Charge/discharge cycles in a potential range from 3.0 - 4.2 V
4.2.1.1 Structural analysis of surface and cross-section of LCO-LBO/LLZT/Li
cell

Figure 4-1 and Figure 4-2 and show surface and cross-sectional scanning electron
microscopy (SEM) images and energy dispersive spectroscopy (EDS) maps of the LCO-
LBO composite cathode. The size of primary LCO particles is around 200 nm and those
are interconnected by LBO distributed in the composite cathode. LBO is uniformly
distributed in the entire composite electrode, but some LBO is segregated on the top and
bottom of the composite electrode. We denote such LCO-LBO composite cathode as

LCO-LBO composite cathode with segregation in this paper.

Figure 4-1. (a) A SEM image and (b) EDS map of LCO-LBO composite cathode in

top view.
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Figure 4-2. Cross-sectional (a, ¢, ¢) SEM images and (b, d) EDS maps of the LCO-

LBO composite cathode. (a, b) The top side (outermost side), (¢, d) bottom side

(LLZT side) and (e) entire LCO-LBO composite cathode.

Charge and discharge characteristics

Figure 4-3 (a) and (b) shows typical galvanostatic charge/discharge potential profiles,

cycle performance, and corresponding Coulombic efficiency of the all-solid-state (ASS)
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cell. In the first a few charge/discharge cycles, capacities for charging are somewhat
larger than those of successive discharging. The charge integrations of the first charging
and successive discharging were 121 mAh g! and 83.3 mAh g, respectively, with a
Coulombic efficiency of 69.1%. Those in the second charging and discharging were 99.8
mAh g! and 85.2 mAh g’!, respectively, with a Coulombic efficiency of 85.4%. We
denote such initial irreversible cycles as conditioning. The irreversible capacity loss
during the conditioning cycles should be due to the anodic instability of LLZT'® ! and/or
irreversible reaction characteristic to low temperature LCO formed by wet chemical
process, followed by annealing.?’ After the conditioning, galvanostatic potential profiles
become reversible; with a capacity of ~85 mAh g! and a Coulombic efficiency of ~100%.

A characteristic plateau corresponding to the Co’"4"

accompanying with
lithiation/delithiation of LCO at the potential of ~3.9 V vs. Li"/Li was observed,
confirming the reversible redox reaction.?!*? The capacity and Coulombic efficiency of
the present ASS cell were higher than those of previous report on LBO-free LCO cathode
layer directly formed on a garnet-type solid electrolyte!® and LCO-LBO composite
electrode,'® confirming the role of Li* ion conducting LBO interlayer at the LCO/LLZT

interfaces.!® As shown in Figure 4-2, part of LBO was segregated on the top and bottom

of composite cathode layer. The charge/discharge capacity after conditioning cycles is
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around 85 mAh g'! (Figure 4-3), which is 62% of theoretical capacity of LCO, 137 mAh

g’!l. The ratio of active LCO is still higher than that reported previously by other group.'®

However, such segregation is considered as the origin of inactive LCO.
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Figure 4-3. (a) Galvanostatic charge/discharge potential profiles, (b) cycle

performance and corresponding Coulombic efficiency of the ASS cell.
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4.2.1.3 Static observations of electrochemical reactions of LCO-
LBO composite electrode
Figure 4-4 shows the Co 2p32 and B 1s photoelectron spectra of the LCO-LBO

composite cathode with segregation before and after conditioning cycles. In the
photoelectron spectra without calibration (Figure 4-4 (a) and Figure 4-4 (b)), the Co
2p32 peak shifted by 0.5 eV to a lower binding energy from the pristine to first charged
state although the Pt thin layer (current collector) deposited on LCO-LBO composite
cathode was grounded to the hemispherical analyzer. This shift is attributed to the
change in valence state of LCO due to the transition from a p-type semiconducting to a
metallic state induced by delithiation.'* After the first charging, the position of Co 2p3.
peak remained unchanged because the Fermi level of LCO, Pt and hemispherical

analyzer were aligned.
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Figure 4-4. Co 2p32 and B 1s photoelectron spectra of the LCO-LBO composite
cathode with segregation before and after charge/discharge cycles (a, b) without
and (c, d) with calibration using the B 1s peak of LBO at 191.5 eV.

Here, photoelectron spectra (Co 2ps3», B 1s, C 1s, and Li 1s) of the LCO-LBO
composite cathode with segregation before and after charge/discharge cycles without
calibration, calibrated by the B 1s peak of LBO at 191.5 eV, the Co®" peak of LCO at
780.0 eV, the C 1s peak of hydrocarbon at 285.0 eV, and the Li Is peak of
LBO/LCO/Li2CO3 at 54.5 eV are shown in Figure 4-5, Figure 4-6, Figure 4-7, Figure 4-8,
and Figure 4-9, respectively to compare their respective spectra using each component as
a standard. Among their standards, B 1s peak at 191.5 eV is considered to be suitable

because the electrochemical potential of electron in bulk electrolyte should be constant.?
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Although the potential distribution occurs in the electric double layer (EDL) at the
electrode/electrolyte interfaces, thickness of EDL, in the range of ~10 nm,?* should be
much smaller than the size of primary LBO particles, that is in the sub-micrometer range
as imaged by SEM (Figure 4-1). Thus, hereafter, all the spectra obtained from the LCO-
LBO composite cathode with segregation were calibrated using B 1s peak of LBO at
191.5 eV as a standard (Figure 4-4 (¢) and (d)).

In the Co 2p3/, region (Figure 4-4 (c)), a sharp main peak and a broad satellite peak
characteristic to LCO were observed at around 780 eV and 790 eV, respectively.”> 142
The main peak can be deconvoluted into two peaks at around 780 eV and 781 eV
attributed to Co®* ions of the LCO and final state effect,” respectively. After the 1st
charging, the main peak was asymmetrically broadened toward a higher binding energy
due to the appearance of Co*" peak overlapping with the component attributed to the final
state effect, with maintaining the Co®" peak unchanged (Figure 4-4 (c)). It is noted that
the Co*" peak cannot be deconvoluted from that of final state effect because their peak
positions are very close to each other. Furthermore, the relative areas of satellite peak
decreased (Figure 4-4 (c)), confirming the oxidation of Co*" to Co*" ions.” !4

After the subsequent discharging, those observed changes were recovered; the full

width half maximum (FWHM) of Co*" peak decreased and the relative areas of satellite
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peak increased (Figure 4-4 (c)), confirming that the Co*" ions were reversibly reduced to

Co’" ions. The FWHMs of Co*" peak and relative area of satellite peak were repeatedly

changed in response to the successive charge/discharge cycles, suggesting the reversible

oxidation-reductions of Co ions in LCO. The shape and intensity of B 1s peak

corresponding to LBO were almost unchanged before and after charge/discharge cycles

(Figure 4-4 (d)), showing that it serves as a bulk electrolyte in the composite electrode

layer.
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Figure 4-5. (a) Co 2p3, (b) B 1s, (¢) C 1s, and (d) Li 1s photoelectron spectra of the

LCO-LBO composite cathode with segregation before and after charge/discharge

cycles without calibration.
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Figure 4-6. (a) Co 2p3, (b) B 1s, (¢) C 1s, and (d) Li 1s photoelectron spectra of the
LCO-LBO composite cathode with segregation before and after charge/discharge

cycles with calibration using the B 1s peak of LBO at 191.5 eV.
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Figure 4-7. (a) Co 2p3, (b) B 1s, (¢) C 1s, and (d) Li 1s photoelectron spectra of the
LCO-LBO composite cathode with segregation before and after charge/discharge

cycles with calibration using the Co3* peak of LCO at 780.0 eV.
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4.2.14 Dynamic observations of electrochemical reactions of
LCO-LBO composite electrode
Figure 4-10 shows the time course of photoelectron spectra in the B 1s and Co 2p3»
regions of LCO-LBO composite cathode repeatedly measured throughout the
charge/discharge cycles after conditioning. Upon charging, Co*" peak and the satellite
peak started to broaden and decrease, respectively, due to the oxidation of Co*" ions as
observed in static HAXPES measurements (Figure 4-4). Those changes became more
prominent with increase in the capacity. In addition to the broadening of Co*" peak and
decrease of satellite peak, the positions of the Co®" and Co*" peaks shifted to a higher
binding energy consistently with the cell voltage, i.e., the electrode potential of a Pt thin
layer deposited on the LCO-LBO composite electrode throughout charging process as
shown in Figure 4-10 (g). Since the B 1s peak of LBO at 191.5 eV is used as a standard,
this shift is attributed to the change in cell voltage, i.e., the electrochemical potential of
LCO, in response to the decrease of Li content x in Li,CoO,. In the subsequent
discharging process, the position of Co*>" and Co*" peaks reversibly shifted to a lower
binding energy consistently with the electrode potential. In addition, FWHM of Co*' peak
and intensity of satellite peak gradually recovered with the decrease of Li content x in

Li,Co0O,, confirming the reversibility.
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Figure 4-10. B 1s and Co 2p photoelectron spectra generated during (a, b)

charging and (d, e) discharging processes in the potential range of 3.0 — 4.2 V vs.

Li*/Li. (¢, f) Magnified graphs of dashed boxes shown in (b, e). (¢) Position of Co3*

peak, FWHM of Co** peak and intensity of satellite peak plotted as functions of

capacity, together with galvanostatic charge/discharge potential profiles.
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4.2.2 Charge/discharge cycles in potential ranges from 3.0 — 4.2 V or
more positive
4.2.2.1 Structural analysis of surface and cross-section of LCO-LBO/LLZT/Li
cell

Figure 4-11 and Figure 4-12 show surface and cross-sectional SEM images and EDS
maps of the LCO-LBO composite cathode. Although LBO was segregated on composite
electrode surfaces and at interfaces between the composite cathode and LLZT solid
electrolyte of the ASS cell used in Section 4.2.1,2° LBO is uniformly distributed in the
entire composite cathode without any segregation in the present ASS cell. We denote such

LCO-LBO composite cathode as well-dispersed LCO-LBO composite cathode in this

paper.

(a) (b)

e —_—
25um 2.5um

Figure 4-11. (a) A Surface SEM image and (b) corresponding EDS map of well-

dispersed LCO-LBO composite cathode. (¢c) The magnified image of shown in (a).
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Figure 4-12. Cross-sectional (a) SEM images and (b) EDS maps of the LCO-LBO
composite cathode.
4.2.2.2 Charge and discharge characteristics

Figure 4-13 (a) shows typical galvanostatic charge/discharge potential profiles of the
ASS cell with the well-dispersed LCO-LBO composite cathode. Under the charging to
4.2 V, the capacity densities of the first charging and discharging were 118 mAh g! and
86 mAh g, respectively, with a Coulombic efficiency of 73%. Those of the second and
third cycles were around 86 mAh g'!, with a Coulombic efficiency of 97%, confirming
stable cycles without a significant capacity loss under the charging to 4.2 V. We denote
such initial irreversible cycle as conditioning cycle, as is the case of ASS cell with LCO-
LBO composite cathode with segregation.?®

When a cutoff potential was extended to 4.7 V, the charge and discharge capacity

densities increased to 137 mAh g' and 121 mAh g, respectively, but corresponding
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Coulombic efficiency decreased to 88%, suggesting the electrochemical irreversibility of
well-dispersed LCO-LBO composite cathode in the ASS cell under the high-voltage
operation.

Figure 4-13 (c) shows positive and negative dQ/dV curves corresponding to the plateau
regions in the galvanostatic charge and discharge potential profiles, respectively.?!*?” The
positive dQ/dV curves with a cutoff potential of 4.7 V or less positive showed the sharp
intense peaks at 3.91 V and relatively small peaks at 4.07 and 4.18 V characteristic to
LCO, corresponding to phase transformations from the H1 to H3 phase due to the
delithiation.® In addition to the three peaks, new two peaks were observed at 4.57 and
4.64 V during charging to 4.7 V, corresponding to the phase transformations from H3 to
H1-3 and H1-3 to O1 phase, respectively.® 28

The negative dQ/dV curves except for that during discharging from 4.7 to 3.0 V showed
three peaks, corresponding to the phase transformations from H3 to HI phase due to the
lithiation.?

The dQ/dV peak intensities and positions during charge/discharge cycles in a potential
range of 3.0 — 4.4 V or less positive were similar to each other, suggesting that the series

of phase transformations was reversible, leading to stable cycles. On the other hand, the

peak intensity at 3.90 V under the discharging from 4.5 to 3.0 V decreased while the peak
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positions were similar to those values under discharging from 4.4 to 3.0 V, indicating part
of Li" ions did not reinsert into the LCO. During the discharging from 4.7 to 3.0 V, the
new negative dQ/dV peaks were observed at 4.11 and 4.15 V and not typical to LCO. If
those new peaks correspond to the peaks observed at 4.06 and 4.17 V, and undesired side
reactions took place among the LCO, LBO and LLZT to increase the electrode
polarization, dQ/dV peaks shift to more positive potential under charging and less positive
under discharging with keeping the difference of peak position.?” 3° However, the
difference of peak position was 0.04 V in the potential range of 3.0 — 4.7 V, while those
value was 0.11 V in the potential range of 3.0 — 4.2V, as shown in Figure 4-13 (d). Thus,
the new negative dQ/dV peaks did not corresponds to the phase transformations from H3
to M1 phase and M1 to H2 phase, and undesired phase transformations took place. In
addition, the peak intensity at 3.90 V drastically decreased under discharging from 4.7 to

3.0V, leading to the decrease of Coulombic efficiency.
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Figure 4-13. (a) Galvanostatic charge/discharge potential profiles of the ASS cell,

(b) cycle performance and corresponding Coulombic efficiency of the ASS cell, and

(¢) corresponding differential capacity plots. (d) Magnified graph of dashed area in

(a).

4.2.2.3 Observations of electrochemical reactions of LCO-LBO composite

electrode

Figure 4-14 (a) and (b) show the configuration of operando HAXPES measurements

in section 4.2.1.3 and 4.2.1.4 and following section 4.2.2.3, respectively. In section

4.2.1.3 and 4.2.1.4, all the Co 2p3,2 and B 1s photoelectron spectra obtained from the

LCO-LBO composite cathode with segregation were calibrated using B 1s peak of LBO

at 191.5 eV as a standard in configuration (a). In the following section, however, the Co
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2p32 and O 1s photoelectron spectra were calibrated using Pt 417, peak of Pt thin layer
(current collector) deposited on LCO-LBO composite cathode at 71.1 eV as a standard
in configuration (b) because B 1s peak corresponding to LBO was not obtained in

configuration (a) although the LBO was uniformly distributed in the LCO-LBO

composite cathode by EDS (Figure 4-11 and Figure 4-12).
(b)

(a)
=
<
]

Potentiostat
Photoelectrons LLZT sheet
3 Lithium metal
Insulating plate

Base plate
An?alyzer

Platinum
current collector

LICoO,— LizBO,
composite electrode

Figure 4-14. Schematic illustrations of configuration of operando HAXPES

Anal
nalyzef Acquisitionarea

measurements in (a) section 4.2.1.3 and 4.2.1.4 and (b) following section 4.2.2.3.
Figure 4-15 shows the Co 2p3» photoelectron spectra of the LCO-LBO composite
electrode before and after conditioning cycles together with electrode potentials and
fitting parameters. As documented in the section 4.2.1.3, Co 2p peak is composed of two
components; Co>* peak at 779.3 eV and the one corresponding to the final state effect at
780.2 eV. As all the spectra were calibrated using Pt 47, peaks from the Pt thin layer

deposited on LCO-LBO composite electrode as a current collector (Figure 4-14), the
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position of Co®" peak remains almost unchanged throughout all the charge/discharge
cycles except for the 0.2 eV shift after the first charging due to the change from p-type
semiconducting to metallic states (section 4.2.1.3). After the first chargingup to 4.2V, a
peak corresponding to Co*" appears at the binding energy slightly higher than that of final
state effect and thus the apparent FWHM of shoulder peak attributed to the final state
effect and Co** peak significantly broadened. After the successive discharging up to 3.0
V, the apparent FWHM reverted to the original as Co*" peaks became smaller due to the
reduction accompanying with the insertion of Li ions. Such broadening and shrinking are
reversible up to the 4th discharging after charging up to 4.4 V, confirming the very high
capacity retention capability of LCO in high-voltage operation When the voltage, i.e.,
positive potential limit of LCO with respect to Li'/Li, is extended to 4.5 V, the FWHM of
peak corresponding to Co*" ions and final state effect does not recovered to the original
value, implying the occurrence of irreversible oxidation reactions such as oxygen release

and structural degradation.?!-
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Figure 4-15. (a) Co 2ps32 photoelectron spectra of the well-dispersed LCO-LBO

composite cathode before and after charge/discharge cycles calibrated by Pt peak

at 71.1 eV in the potential range of 3.0 — 4.2 V or more positive. (b) Average

electrode potential under the HAXPES measurements at each state. Peak position
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Figure 4-16 shows the O 1s photoelectron spectra of the well-dispersed LCO-LBO
composite cathode before and after conditioning cycles calibrated using Pt 4f7» peaks
from the Pt thin layer deposited on LCO-LBO composite cathode as a current collector.
In the O 1s region of pristine cell, two peaks corresponding to O anions in a lattice LCO
and Li2CO3 adsorbed on the LCO surface were observed at 529.1 eV and 531.8 eV,
respectively.” Despite of larger photoionization cross section of O 1s region compared
with B 1s region under Cr-Ko irradiation,*® no LBO peaks was observed in B 1s (~191.5
eV) and O Is regions (~530 eV)** because the LBO was uniformly distributed in the entire
composite electrode as imaged by SEM-EDS analysis (Figure 4-11 and Figure 4-12). In
addition, no peaks corresponding to LLZT were observed in O 1s (~530 eV), La 3ds»
(837.2 eV), Zr 3dsi» (~184.2 eV), and Ta 4d regions (~230 eV).?> 3

After the first charging with a cutoff voltage of 4.2 V, the Li,CO3 peak ~531.8 eV
shifted to ~530.4 eV. The shift was almost consistent with the change of open circuit
voltage of pristine state ~2.8 V to the cutoff voltage 4.2 V. In the present experiment, the
Pt thin layer deposited on LCO-LBO composite cathode was grounded together with
hemispherical analyzer and its Pt 4f7, peak was used as a standard. Hence, the peak
corresponding to Li2COs3 shifted as is the case of LBO (Figure 4-4 (b)) due to their

insulating nature.'* 23 Hereafter, the Li>CO;3 peak reversibly shifted in response to the
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potential change due to the charge/discharge cycles until the 5th discharge. After the 6th
charging, however, the peak at around Li2COj did not follow the potential changes caused
by charge/discharge cycles anymore. Here, the Cls photoelectron spectra of LCO-LBO
composite cathode after 3rd to 6th cycles are shown in Figure 4-17. The intensity of
Li,COs peak at around 290 eV decreased after charging to 4.5 V or more positive,
implying the decomposition of Li»COs.>” Thus, the peak at around 530.1 eV of LCO-LBO
composite cathode after 5th charging is not corresponding to Li>COj3 but other species.
After the first charging up to 4.2 V, the peak corresponding to lattice O* anions also
shifted to a lower binding energy by around 0.6 eV. In the subsequent discharging, the
peak shifted to a higher binding energy by around 0.4 eV. After the first cycle, the position
of O% peak reversibly responded to the charge/discharge cycles with a positive potential
limit of 4.5 V, and the values of peak shift of lattice O* anions were around 0.4 eV except
for that from the pristine state to the first charged state because the shift during the first
charging includes not only the above-mentioned electrochemical reactions but also the
transition of electronic state from a semiconducting to metallic. Two independent groups
observed similar peak at around 528.7 eV with maintaining the original O%* anions peak
ataround 529.2 eV at thin-film electrode surfaces of LCO and 528.7 eV!# 38 after charging

using hard x-ray photoelectron spectroscopy. Although the origin of new peak at a lower
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binding energy was not clearly identified in their papers, it can be attributed to an increase
of screening effect of the core electron because of metallic properties of delithiated LCO*
and/or hybridization between Co 3d states and O 2p band that induces the upshift of O 1s
level toward the Fermi level.®

When the positive potential limit for charging was extended to 4.7 V, the values of
peaks shift of lattice O% anions increased to around 0.7 eV. This can be explained by the
increase of the screening effect and/or stronger hybridization of Co 3d and O 2p orbitals
due to the progression of delithiation.® 34!

In addition to the peak shifts, new peak appeared at 531.2 eV corresponding to electron
deficient oxygen dimer(O>)" after charging to 4.7 V, and it remained after the subsequent
discharging, indicating the oxidation of lattice oxygen under high voltage cycle.*® The
peaks of Li»COs and electron deficient oxygen dimer (O)™ cannot be deconvoluted
because their peak positions are very close to each other. As evident by photoelectron
spectra of C 1s region (Figure 4-17), however, Li2CO3 was decomposed and thus the peak
at 531.2 eV should be due to the electron deficient oxygen dimer (O2)". Oxygen dimer

will be eventually released as O> gas, leading to the structural disorder.>! 32
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Figure 4-16. (a) O 1s photoelectron spectra of the well-dispersed LCO-LBO

composite cathode before and after charge/discharge cycles calibrated by Pt peak

at 71.1 eV in the potential range of 3.0 — 4.7 V. (b) Average electrode potential

under the HAXPES measurements at each state. Peak position of (¢) lattice O

ions and (d) Li2COs. (d) FWHM of lattice O* ions and Li2COa.
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Figure 4-17. C 1s photoelectron spectra for LCO-LBO composite electrode under

each electrochemical condition calibrated by a hydrocarbon peak at 285.0 eV.

Dashed lines indicate positions of peaks attributed to Li2CO3 and hydrocarbons,

respectively.

4.3 Conclusion

We investigated the electrochemical reactions of LCO-LBO composite cathode

deposited on a LLZT in an ASS cell configuration during charge/discharge cycles using

a laboratory-based operando HAXPES. In the first charging, the change in valence state

of LCO due to the transition from a p-type semiconducting to a metallic state induced by

delithiation was observed, as shown in Figure 4-4. As shown in Figure 4-10, LCO peak

shifted consistently with the change of cell voltage because the B 1s peak due to LBO

was used as an internal standard.
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In the potential range of 3.0 — 4.4 V or less positive, reversible oxidation/reduction of
Co*" ions were confirmed by increase/decrease of FWHMs of Co*" peak in response to
charge/discharge cycles, respectively. In the potential range of 3.0 — 4.5 V or more
positive, irreversible oxidation of Co*" ions took place, confirmed by irreversible increase
of FWHMs and peak position of Co*" ions. In addition to the irreversible oxidation of
Co*" ions, lattice O* anions in the LCO were also irreversibly oxidized in the potential

range of 3.0 — 4.7 V, leading to capacity fading.
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S. Static and Dynamic Analysis of
Lithiation/Delithiation of Amorphous-SiOyx
Thin-Film Anodes

5.1 Introduction

Silicon oxides (SiOy) have been attracting wide attention as a candidate of anode
materials for advanced lithium ion batteries because its cycle performance is significantly
improved as compared to pure Si which has an excellent capacity density and a poor
cyclability.! SiO, anodes show very large irreversible capacity loss in the initial cycle
because part of Li" ions inserted into Si/Li silicides are consumed for the side reaction to
form electrochemically inactive species,”™ as well as reversible Li silicides (Li,Si).* Thus,
the achievable capacity density becomes much lower than that of pure Si. These inactive
species are the origin of lower capacity density but considered as a key to improve the
cycle performance.! % > ® Miyazaki et al. proposed that the inactive species act as a buffer
against the pulverization of Li,Si during charge/discharge cycles because Si is surrounded
by SiO2 matrix/inactive species in SiOx anodes and immobilized by them.! On the other
hand, Kitada et al. proposed that the lithiation of SiO, does not reach up to Liz 75S1 where

the crystalline Li,Si (c-L1,S1) forms, due to the formation of highly resistive Li2O and
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lithium-silicate species or compressive stress to Si caused by the volume expansion of
inactive species during the lithiation.” As the phase transformation from c-Li,Si to

0 avoidance of the

amorphous Li,Si (a-Li,Si) induces significant volume change,"
formation of c-Li,Si may cause the improved cycle performance.® ' 12 However, the
formation mechanism of the LiO and lithium silicates (Li silicates) during the initial
lithiation are unclear yet.

In the present Chapter, the successive lithiation/delithiation reactions of a sputter-
deposited SiOg 53 thin-film anode on a Lis.cLa3Zri ¢Tao4O12 (LLZT) solid electrolyte were
tracked using in-situ electrochemical x-ray photoelectron spectroscopy (XPS) system.
The origin of superior cycle performance of SiO, thin-film anodes were discussed by
static and dynamic observations.

5.2 Results and Discussion
5.2.1 Composition of SiO. thin-film anode

The oxygen content in SiOy deposited by radio-frequency (RF) magnetron sputtering
using Ar/O2 gas mixtures on a LLZT pellet was confirmed to be 0.53 by energy dispersive
x-ray spectroscopy (EDX). This value should be the average of entire SiOy thin film

because the probing depth of EDX with several micrometers is sufficiently larger than the

thickness of the SiOy 53 thin film, 100 nm."?
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Oxide species in the SiOg 53 at the pristine state were characterized using XPS. Figure
5-1 (a) shows Si 2p photoelectron spectra for the SiOo 53 thin-film anode. Two broad Si
2p peaks were observed at around 99 and 102 eV. The curve fitting analysis was
performed based on an assumption that the Si 2p curve in SiO, consists of five
components with the oxidation states of 0 (Si%), +1 (Si*!), +2 (Si*?), +3 (Si*?), and +4
(Si**) with each energy difference of 1 eV." '*!° The full width half maximums (FWHMs)
and intensity ratio of the Si 2p3, and 2p1/2 peaks corresponding to Si oxides were fixed at
the same value to reduce the number of refinement parameters.”> '* > In contrast, the
binding energy and the FWHM of the Si 2ps» peak in the Si° component were set as
variable parameters. Figure 5-1 (b) shows the ratio of the peak integrations of each
component with the oxidation number of 0, +1, +2, +3, and +4 obtained by the fitting
analysis. This shows Si and SiO1.52 are the major components in SiOg 53 together with

minor suboxides SiOgs.1.+”
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Figure 5-1 (a) Si 2p photoelectron spectra for SiOo.s3 thin-film anode obtained
using Al-Ka rays calibrated by hydrocarbon C 1s peak at 285.0 eV. Si 2p peaks are
deconvoluted into five components with the oxidation number of 0, +1, +2, +3, and
+4. (b) The ratio of each peak component in the SiOo.s3 thin-film anode.
5.2.2 Charge/discharge characteristics

Figure 5-2 shows the galvanostatic lithiation/delithiation potential profiles obtained for
Si0¢ 53 thin-film half-cell in SiO/LLZT/Li configuration. The capacity values are given
in mAh g! based on the weight of Si in SiOg s3 thin film. The charge integrations obtained
for the first lithiation and delithiation were 3461 mAh g™ and 1514 mAh g, respectively.
The initial Coulombic efficiency for SiOo 53 thin film, 43.9% was much lower than those

16.17 and all-solid-state cells.® '8 The origin of such

of pure Si thin-film in both liquid-type

large irreversible capacity is considered to be due to the formation of irreversible species

such as Li2O and Li-silicates, in addition to the polarization resistance.
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In the second cycle, the charge integrations obtained for the lithiation and delithiation
were 1683 mAh g and 1563 mAh g, respectively, with the Coulombic efficiency of
92.9%. Thereafter, the specific capacity and Coulombic efficiency became almost

constant.
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Figure 5-2 (a) Galvanostatic lithiation/delithiation potential profiles and (b) cycle
performance obtained for SiQo.s3/LLZT/Li cell at current of 1.92 pA cm and in
the potential range of 0.02 — 1.5 V vs. Li*/Li under vacuum condition. Specific
capacity was normalized by mass of deposited Si atoms under the sputtering
condition using Ar gas.

Figure 5-3 shows the galvanostatic dQ/dV curves obtained by differentiating the
smoothed potential profiles during the lithiation/delithiation, respectively. The negative
dQ/dV curve during the first lithiation showed three peaks at 0.34, 0.17, and 0.07 V

corresponding to the lithiation of SiO; to form Li silicates, lithiation of amorphous Si (a-
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Si) in the S100.53 to form Li-poor amorphous Li silicide (a-L1,S1), and lithiation of Li-poor
to form Li-rich a-Li,Si, respectively.® 12! In the first delithiation, a broad peak and a
shoulder peak were observed at 0.31 V and around 0.4 — 0.6 V corresponding to the
delithiation of Li-rich a-Li,Si,?* ?? and delithiation of Li-poor a-Li,Si.* 1! The intensity
of shoulder peak was smaller than previous results on SiO, thin-film anodes in both

2.6.23 and all-solid-state cells,! suggesting that Li" ions were not completely

liquid-type
extracted from Li-poor a-L1,Si due to the polarization resistance.

In the second lithiation, the intensity of negative peak due to the lithiation of a-Si
observed at 0.17 V in the first lithiation decreased, confirming that delithiation from a-
Li,Si cannot be completed to form a-Si in this charge/discharge condition.?? In addition
to the decrease of negative peak at 0.17 V, the negative peak due to the lithiation of SiOx
observed at 0.34 V in the first lithiation completely disappeared, confirming the formation
of electrochemically inactive species, such as Li>O and Li silicates in the first lithiation.?

Hereafter, the positive and negative dQ/dV curve remained unchanged, indicating

reversible lithiation/delithiation processes.
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Figure 5-3. Galvanostatic dQ/dV curves generated for SiOo.53/LLZT/Li thin-film
half-cell at current of 1.92 pA cm and in the potential range of 0.02 — 1.5 V vs.
Li*/Li under vacuum condition.
5.2.3 Analysis of electrochemical lithiation/delithiation process of
SiOo.53 thin-film anode using XPS

5.2.3.1 Static observations

Figure 5-4 (a), (b), and (c) show the Li 1s, Si 2p and O 1s photoelectron spectra for the
Si0¢ 53 thin film after the first and second lithiation/delithiation processes. As described
in Section 5.2.1, bulk Si (Si%) and suboxides (SiOx) peaks were observed at 98.7 and

around 99.7 — 102.7 eV in Si 2p region in the pristine state. In the Li 1s region, a peak
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corresponding to lithium carbonates (Li2CO3) at 55.8 eV is the majority species. This is
probably due to the contamination during the sample preparation and/or transfer
processes because any lithiated species were not observed in Si 2p region as discussed in
the previous section 5.2.1 with Figure 5-1. In the O Is region, peaks corresponding to
SiO; together with contamination of Li2CO3; were observed at 530.2 and 532 eV.?* After
the first lithiation, a broad Li 1s peak was observed at around 55 eV with a weak shoulder
at lower binding energy. Curve fitting analysis showed the appearance of Li,Si, lithium
oxide (Li2O), and Li silicates at 52.7, 54.6, and 56.0 eV, respectively, together with
contamination of Li»COs at around 56 eV.® '¥ 2% 25 This implies that the Li containing
reactive species underwent the side reactions with residual gasses in the vacuum chamber.
It is noted that the Li silicates peak cannot be deconvoluted from that of LiCOs3 because
their peak positions are very close to each other.® A peak corresponding to bulk Si shifted
to lower binding energy at 96.1 eV, confirming the formation of Li,Si as a result of the
lithiation of bulk a-Si.% '¥ 2526 In addition, the peaks corresponding to various Si oxides
merged into a peak at 101.0 eV probably due to the lithiation. Based on the peak
position, ' 26 lithium orthosilicate (LisSiO4) should be the major Li silicate species. It is
noted that all the Si 2p peaks became somewhat smaller than those of pristine state

because the formation of topmost layer composed of Li,O, LixCOs, and Li-silicates
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interferes photoelectrons ejected from their underneath.

After the first delithiation, the weak shoulder peak corresponding to Li silicide
disappeared due to the Li extraction from the Li,Si in the Li 1s region.® In contrast to the
disappearance of L1,Si peak, the Li,0 and Li2COs/Li silicates peaks remained, indicating
their very high resistivity. In the Si 2p region, the position of Li silicate peak at 101.0 eV
also remained unchanged as highly resistive species. In contrast, the Si 2p peak
corresponding to Li,Si at 96.1 eV shifted to the higher binding energy of 97.0 eV due to
the delithiation. However, it did not revert to the original position at 98.7 eV
corresponding to the bulk a-Si, confirming that some Li" ions were trapped in Li,Si due
to the polarization resistance.® '¥ 2% 26 In addition to the highly resistive species such as
Li,0, Li2COs and Li silicates, this is one of the origins of irreversible capacity loss shown
in Figure 5-2. In the O 1s region, broad doublet peaks appeared around 527 — 534 eV. The
broad peaks were deconvoluted into peaks corresponding to Li2O, Li4Si04, and LiCO3
at 528.7, 530.1, and 531.5 eV, respectively.?% %’

In the second cycle, the Li,Si re-appeared and disappeared in the Li 1s region, and the
Li,S1 peak quasi-reversibly shifted between 95.8 eV and 96.8 eV in the Si 2p region after
the lithiation and delithiation, respectively, while the spectral features related to all the

highly resistive species such as Li>O, Li2COs3 and Li silicates remained almost unchanged.
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Figure 5-4 (a) Li 1s and O 1s spectra for the SiOo.53 thin-film anode in the pristine

state, after the first and second lithiation and delithiation. All binding energies

were calibrated based on hydrocarbon C 1s peak at 285.0 eV.
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5.2.3.2 Dynamic observation

As described in Section 5.2.3.1, Li" ions were inserted into the bulk Si and SiO, to form
Li,S1 and Li4S104 after the lithiation and those were extracted from Li,Si with maintaining
Li4Si04 as irreversible species after the delithiation. To observe the dynamic changes in
surface composition, sequential XPS measurements composed of Li 1s, Si 2p, O 1s and
C 1s were carried out continuously during lithiation and delithiation.

Figure 5-5 shows the time course photoelectron spectra in the Li 1s and Si 2p regions
during the first lithiation and delithiation. As described in Section 5.2.3.1, a peak
corresponding to Li>CO3; was observed at 55.8 eV in the pristine state. In the Si 2p region,
bulk Si (Si’) and suboxides (SiO) peaks were observed at 98.7 and around 99.7 — 102.7
eV.

The peaks in Li 1s and Si 2p regions remained unchanged until the capacity density
reached around 1700 mAh g! corresponding to the Li content y = 1.7 in Li,Si. It is noted
that the intensities of all the peaks gradually decreased in this capacity range. This can be
attributed to the fluctuation of incident photon flux because any outermost layers yet to
be formed at this stage. When the Li content exceeded around y = 1.8, new peaks
corresponding to Li,Si suddenly appeared at 52.9 eV in the Li 1s region and at 96.4 eV in

the Si 2p region as well as Li silicates peak at 101.5 eV in the Si 2p region. These results
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suggest that the lithiation reaction of Si and SiO, proceeded in a layer-by-layer manner
from the bottom side of SiOo 53 thin film in contact with the LLZT sheet. In the previous
study on electrochemical lithiation/delithiation of a-Si thin film sputter deposited on
LLZT,? the positions of Li,Si peaks in the Li 1s and Si 2p regions linearly correlated with
the electrochemical charge, i.e., Li content y in Li,S1 and the Si 2p peak reached at 95.4
eV when Li3 50S1 was formed. In the present study, however, the two Si 2p peaks due to
the a-Si and Li,Si coexisted in the capacity range from 1750 to 1970 mAh g! (y = 1.8 —
2.1), and the position of Li,Si peak was almost constant at around 96.3 eV throughout the
entire lithiation process, suggesting that lithiation proceeded grain by grain. According to
the linear correlation between the position of Si 2p peak due to the Li,Si and Li content y
in Li,Si,® the resulting Li silicide species should be Li-»4Si. Based on the assumption that
all the electrochemical charge was consumed for lithiation of Si, Li36Si was formed
during the first charging with the capacity density of 3461 mAh/g, and thus 34% of Li"
ions were consumed for the formation of Li silicates and Li>O. In fact, a peak
corresponding to Li2O at 54.2 eV became more obvious when the Li content exceeded
around y =2.1 and its intensity increased with increase in capacity density, i.e., Li content.
It is noted that Li,O was formed not only by the lithiation of SiOg.s3 but also due to the

side reactions of Li,Si with residual gasses in the vacuum chamber. Once crystalline
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Li3.75S1 (c-Li3.75S1) forms during the lithiation up to 3579 mAh/g, phase transformation
from c-Li3.75S1 to a-Li,Si occurs during the successive delithiation, resulting in severe
capacity fading due to the significant volume change.® % !! In the case of SiOo 53, however,
the formation of c¢-Li3 75Si was effectively suppressed by trapping Li" ions in Li silicates
and Li,0, leading to the superior cycle performance. One may consider that, even though
34 % of Li" ions are consumed for Li»O and Li silicides, lithiation can proceed until the
formation of c-Li3 7551 by using extra electrochemical charge. This process was prohibited
probably due to the high ionic and/or electronic resistivity of the matrix composed of
Li2COs3, Li20 and Li silicates.

During the subsequent delithiation, the intensity of Li,Si peak at 52.7 eV gradually
decreased, and eventually disappeared. Simultaneously, the Li,Si peak monotonically
shifted to higher binding energies with a slope of 0.73 eV/y (Li content y = 3.5 — 2.2) in
the Si 2p region. This is clearly different from the delithiation behavior of a fully-lithiated
Si thin-film which includes phase transformation from c-Li3.75S1 to a-L1,Si but similar to
the monotonic shift of Li,Si peak throughout the delithiation after the lithiation up to
Li>3Si.® This observation is indeed consistent with the absence of peak due to the
formation of c-Lis 75Si in the dO/dV peaks of Figure 5-3.% 11:20:28 Kitada et al. previously

reported that the c-Li3 75Si did not form in amorphous SiO by the lithiation up to 0 V.
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Figure 5-5 (a) Li 1s and (b) Si 2p photoelectron spectra generated during 1st
lithiation and delithiation in a potential range of 0.02 — 1.5 V vs. Li*/Li. (c) Position
of Li 1s peaks corresponding to Li2O, Li silicates/Li2CO3, and Li silicides (Li,Si) Si
2p peaks corresponding to Si’/Li,Si, suboxide (SiOx) composed of Si*!, Si*?, Si*3,
and Si* components, and LisSiO4 plotted as functions of capacity. Gray area

represents region where a-Si and a-Li,Si coexisted in the first lithiation.
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In the second cycle, the L1,Si peak re-appeared and disappeared in the Li 1s region

and reversibly shifted to lower and higher binding energies in Si 2p region during the

lithiation and delithiation, respectively, while the highly resistive species including the

Li,0 and Li silicates peaks remained unchanged, confirming the reversible

lithiation/delithiation processes, as shown in Figure 5-6.
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Figure 5-6 (a) Li 1s and (b) Si 2p photoelectron spectra generated during 2nd

lithiation and delithiation in a potential range of 0.02 — 1.5V vs. Li*/Li.
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5.3 Conclusions

In conclusion, the first and second lithiation/delithiation processes of a SiOq .53
electrode in a thin-film-cell configuration were investigated using an in-situ XPS. In the
first cycle, the formation of irreversible species such as Li2CO3, Li silicates (Li4S104),
and Li20, as well as reversible Li,Si were observed, as shown in Figure 5-4 and Figure
5-5. The Li content y in the Li,S1 was estimated to be Li-> 4S1 by the linear correlation
between the position of Si 2p peak due to the Li,Si and Li content y in Li,Si. This
limited amount of Li" ions insertion into Si due to the trapping Li* ions in LisSiO4 and
Li,0 suppresses the formation of c-Li3.75S1 during lithiation and phase transformation
from c-Li3.75S1 to a-Li,Si during the successive delithiation, leading to improvement of
cycle performance of SiO, thin-film anodes. In the second cycle, reversible shift of Si
2p peak corresponding to Li,Si were observed while the peaks of irreversible species

remained unchanged.
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6. General conclusion

In this study, the electrochemical reactions of LiCoO»-Li3:BO3; (LCO-LBO) composite
cathode, and lithiation and delithiation processes of amorphous SiO; thin-film anode
constructed on solid electrolytes were investigated mainly using operando hard x-ray
photoelectron spectroscopy (HAXPES) and in-situ x-ray photoelectron spectroscopy
(XPS), respectively, for application to high-performance all-solid-state lithium-ion
batteries cathode and anode materials.

In Chapter 2, the fabrication process of LCO-LBO composite cathode and amorphous
Si0; thin-film anode with all-solid-state cell configuration, and the principles of the
characterization techniques were described.

In Chapter 3, a laboratory-based HAXPES apparatus enabling bias application to a
sample kept in vacuum conditions and angle-resolved measurements was presented.
Then, demonstrations for confirming those functions using Au film and Si substrate
with its oxide layer were performed.

In Chapter 4, oxidation and electronic state changes of LCO in LCO-LBO composite
cathode during charge/discharge cycles were observed with stepwisely expanding the

positive potential limit from 4.2 to 4.7 V vs. Li"/Li using operando HAXPES system
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shown in Chapter 3 for clarification of the electrochemical reactions of LCO including
undesired irreversible processes. In the first charging, downshift of Co2ps,» peak
corresponding to the change in valence state of LCO due to the transition from a p-type
semiconducting to a metallic state induced by delithiation were observed. In a potential
range of 3.0 — 4.4 V, Co>" ions were oxidized to Co*" after charging, and the oxidized
Co*" were reversibly reduced to Co>" ions after discharging. This reversible redox
reaction of Co ions in LCO were evidenced by the reversible increase/decrease of the
full width half maximum (FWHM) of Co*" ions after the charging/discharging,
respectively. When the positive potential limit exceeded 4.5 V or higher, the Co** ions
were irreversibly oxidized to Co*'. On the other hand, in a potential range of 3.0 — 4.5
V, the decrease of energy gap between the Fermi level of LCO and energy levels of O*
anions in LCO and/or the increase of screening effect of O% anions after the charging
was suggested by the O peak shift to a lower binding energy. The O* peak reversibly
shifted to a higher binding energy after the discharging. When the positive potential
limit for charging was extended to 4.7 V, the O% anions were irreversibly oxidized to
electron deficient oxygen dimer (O2)™. Those irreversible oxidation of Co*" and O* ions
under high-voltage cycling leads to structural disorder and O» gas release from LCO

cathode, resulting in capacity fading.
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In Chapter 5, compositional change of SiOy 53 thin-film anode during
lithiation/delithiation processes were dynamically observed using in-situ XPS. The
charge integrations in the first lithiation and delithiation were around 3460 mAh g™ and
1500 mAh g!, respectively, with a Coulombic efficiency of 43.9%, which was much
smaller than pure Si. After the first lithiation, irreversible species such as Li>O, Li,COs3,
and lithium silicates (Li silicates) formed in addition to reversible lithium silicide
(L1,S1). According to the quantitative analysis conducted using charge densities and
XPS, 34% of Li" ions were consumed for the formation of such irreversible species,
leading to the irreversible capacity loss. In the dynamic observation, SiOg.s3 peak
remained unchanged until the capacity density reached around 1700 mAh g™! in the first
lithiation. When the capacity density exceeded 1750 mAh g!, Li,Si, Li silicates, and
Li>O appeared simultaneously. In the capacity range from 1750 to 1970 mAh g!,
S100.s3, L1,S1, Li silicates, Li20 coexisted. When the capacity density exceeded 2000
mAh g, SiOy 53 disappeared. The lithiation reaction of SiO, proceeded in a layer-by-
layer manner from the bottom side of SiOg 53 thin film in contact with the LLZT,
although uniform lithiation took place in amorphous Si thin film sputtered deposited on
a LLZT, According to the linear correlation between the position of Si 2p peak due to

the Li,Si and Li content y in Li,Si,' the resulting Li silicide species should be Li-4Si.
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This limited lithiation into SiOy due to the trapping Li* ions in Li silicates and Li,O
suppresses the formation of crystalline Liz 7551 (c-Li3.75S1) during lithiation and phase
transformation from c-Li3 7551 to a-Li,S1 during the successive delithiation, which result
in capacity fading due to the severe volume change, leading to the superior cycle

performance.
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6.1 Future research prospects
6.1.1 Toward improving performance of LiCoO; cathodes under high-
voltage operations

Based on the foregoing conclusions, the following guidelines are proposed for
overcoming the challenge of LCO cathodes, i.e., itreversible oxidation of O* anions.
O?% anions were irreversibly oxidized to the electron deficient oxygen dimer (O2)" under
high-voltage charging because upshift of energy level of O anions including O 2p band
induced by stronger hybridization between Co 3d states and O 2p band, leading to
release of Oz gas,? and capacity fading. One approach to suppress the irreversible
oxidation is to enlarge the energy gap between Co 3d states and O 2p band by elemental
doping with stronger electronegativity than O.?
6.1.2 Toward improving performance of SiO. anodes

Based on the foregoing conclusions, the following guidelines are proposed for
overcoming the challenge of SiO, anodes, i.e., the large irreversible capacity loss in the
initial cycle compared with pure Si. In the first lithiation, Li* ions are consumed for the
formation of irreversible species such as LioCOs, Li silicates, and Li2O, as well as
reversible lithium silicides (L1,S1). In the present study using SiOg .53 thin film, Li-24Si

was formed, and 34% of Li" ions were consumed for the formation of such irreversible
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species. On the other hand, this limited amount of Li" ions insertion into Si due to the
trapping Li" ions in Li4SiO4 and Li>O suppresses the formation of crystalline Li3 75Si (c-
Li3.75S1) during lithiation and phase transformation from c-Li3.75S1 to a-L1,Si during the
successive delithiation, leading to improvement of cycle performance of SiO; thin-film
anodes. Therefore, controlling the number of oxygen species is quite important for the
compatibility of high-capacity density and superior cycle performance.
6.1.3 Operando HAXPES measurements

The developed operando HAXPES system is suitable for highly reactive battery
materials because it enables us to perform chemical analysis under operating conditions
without disassembling batteries. That system enables us to observe deeper region
including interface between electrode/electrolyte in thin-film cell, but also to obtain
depth profile including electrolyte, its interface with electrode, and electrode during
battery operation, which are the major bottleneck impeding the development of all-

solid-state batteries.>
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