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Chapter 1

Chapter 1. Introduction

1.1 General Introduction

Lithium-ion batteries (LIBs)!* are among the most indispensable devices for powering
modern life and society. The commercialization of movable and rechargeable LIBs by the
SONY Corporation in 1991 has drastically promoted the widespread application of
portable devices such as mobile phones and laptop computers and has led to major
advances in IT. In October 2019, the Nobel Prize in Chemistry’ was awarded to Drs.
Whittingham, Goodenough, and Yoshino for the development of LIBs." #1? However,
further improvement of LIB energy density and durability are strongly desirable toward
achieving Society 5.0,'* wherein electric vehicles (EVs) are daily driven, the utilization
of renewable energy sources is expanded, and numerous sensors are connected to the
internet and interact with each other, leading to a safe, comfortable society. LIBs are
required for various functions and applications including safe, high-energy- and -power-
density EVs; low-cost higher-capacity energy leveling and storage for renewable-energy
sources; and small, lightweight LIBs for sensors and actuators.

Carbon materials including various graphites are the most commonly used for LIB
anodes because of their very negative redox potential (0.1 V vs. Li"/Li) and stable cycle
performance owing to Li intercalation.'* The theoretical capacity of a graphite anode is

estimated to be approximately 372 mAh g! according to the following equation:!'*'¢

6C + xLi* + xe~ — Li, Cq ~0.1 V vs. Li*/Li. (1-1)

Therefore, the development of cathode and anode materials should improve LIB energy
density.!”"!® Representative anode material candidates are the Group IV elements

including Si, which can store up to 4.4 atoms of Li per Si atom by the following
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reaction:!%?!

Si+ 4.4LiT 4+ 4.4e” > Li,y,Si 0.35Vs.Li"/Li. (1-2)
The theoretical capacity densities of Si in Lis4Si, (4200 mAh g!), carbon, and Group

IV materials are shown in Figure 1 - 1.

288388

. 538

i

Capacity (mAh g")
S
S
Capacity (mAh ¢

"C SiGeSnPb C Si Ge Sn Pb
IV group elements

Figure 1 - 1. Gravimetric and volumetric capacities of C (LiCs), Si (Li4.4Si), Ge
(Lis2sGe), Sn (Lis25Sn), and Pb (Lis25Pb). Reprinted from Reference!® with
permission from the Royal Society of Chemistry.

Although the reaction potential of Si anodes is slightly more positive than that of graphite
ones, it is still sufficiently negative (0.35 V vs. Li"/Li). In addition, Si is the second most
abundant element after oxygen in Earth’s crust. Because of the high theoretical capacity
of Si, a tremendous amount of research has been conducted toward the practical
application of Si anodes to LIBs.???> However, the widespread application of Si LIB
anodes is severely hampered by various lithiation/delithiation-associated phenomena.
Therefore, in the present study, lithiation/delithiation reactions of Si were investigated
by analyzing the chemical state and structural evolution of Si anodes with a special focus

on thin-film all-solid-state LIBs.
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1.2  Si anodes for application to LIBs

1.2.1 Si-Lialloying
Reaction overview

Although Li-Si-phase-diagram-based thermodynamic calculations suggest the
possible formation of crystalline Li12Si7, Li7Sis, Lii3Sis, and Li»Sis;** some studies have
suggested that these crystalline phases are not formed in the electrochemical reactions of
Si with Li at approximately room temperature and that highly lithiated amorphous phases
are formed instead, as evidenced by x-ray diffraction (XRD) and electron microscopy
(EM) measurements.?>26

Figure 1 - 2 (a) shows the first lithiation/delithiation potential profiles plotted as a
function of the gravimetric capacity density for a Si electrode.?” The y-axis represents the
cell potential, i.e., the Si electrode potential measured against a metallic Li counter
electrode. When a bias voltage is applied to the Si to obtain a constant current, lithiation
proceeds from A to C forming lithium silicide (Li,Si), as shown in Figure 1 - 2 (a). When
the potential reaches a certain cutoff voltage (C), lithiation is terminated, and the opposite
positive voltage is applied for the subsequent delithiation (C to D). The cycle performance
is evaluated by repeating these processes and then plotting the specific capacities as a
function of the number of cycles. Clearly, the cycle performance shows rapid capacity

fading, as shown Figure 1 - 2 (b), is the major bottleneck for the practical application of

Si electrodes.




Chapter 1

(a) A (0 mAh.g' and OCV: 3 V) (b) 5000 rv = T %
. 14+
J 1
+~ 124 ¢ p@mAng'andoCV:0,702V) S 4000 - .
| =
» 107 E
~— 3000 ¢ A J
2 08 ~Llthay, > A
O S e
€ 0681 C (3800 mAh.g" and OCV: 0,097 V) 2 2000} A .
2 04 O 1\
a 1 (]
(o] B(360 mAh.g” and OCV: 0,175 V) &
Q. 021 \ Jithiation / § 1000 - m 20nm | ]
0.0 T T T - n : :O:i:m
0 1000 2000 3000 4000 obs s . X
- -1 0 20 40 60 80
capacity (mAh.g ) Cycle Number

Figure 1 - 2. (a) Galvanostatic potential profiles obtained for the first
lithiation/delithiation of Si electrode vs. metallic Li. (The electrolyte is a solution of
1 M LiPFs in ethylene carbonate (EC)-diethyl carbonate (DEC; 1:1 by weight).)
Capacity and open circuit voltage (OCYV) are indicated at each electrochemical state
A-D. Reprinted from Reference?’” with permission from the Royal Society of
Chemistry. (b) Cycle performance of cells comprising Si thin films prepared with
various thicknesses. (The electrolyte is a solution of 1.2 M LiPF¢ in EC-ethyl methyl
carbonate (EMC; 3:7 by weight) mixed with 10 wt.% fluoroethylene carbonate
(FEC).) Reprinted from Reference?® with permission from the American Chemical

Society.

During electrochemical cycling, Si anodes show considerable (~300%) volumetric
change accompanied by various phenomena that affect the cell performance and
durability, as shown in Figure 1 - 3.>>% In addition, an electrolyte-decomposition-induced
solid electrolyte interphase (SEI) is formed in the first lithiation (Figure 1 - 3 (b)). In
subsequent lithiation/delithiation cycles, the (c) continuous SEI formation/decomposition,
(d) increasing crystallization/amorphization-induced internal stress, (e) Si particle
pulverization, and (f) changes in the Si electrode morphology occur accompanied by the

loss of electrical contact, resulting in rapid capacity fading.
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(d) Crystallization  (e) Pulverization  (f) Morphological changes

/ Amorphization / Loss of electrical contact

(— mechanical stress) o
y 2/
Q-D v &

Figure 1 - 3. Schematic diagram of lithiation/delithiation and related phenomena in
Si anodes: (a) first lithiation and repeated cycles showing volumetric changes
(~300%); (b) formation of solid electrolyte interphase (SEI); (c) continuous SEI
formation/decomposition; (d) crystallization/amorphization; (e) pulverization; (f)
morphological changes and loss of electrical contact. Although these phenomena are
common in both liquid- and solid-based batteries, (b) and (c) (related to SEI
formation) are more likely to occur in liquid organic electrolytes showing narrow

electrochemical potential windows.

Initial stage of lithiation/delithiation cycles
The plateaus in galvanostatic potential profiles indicate the reactions that proceed at
each potential. Differential capacity (dQ/dV) analysis enables the reactions to be
analyzed at the plateau regions. Figures 1 - 4 (a) and (b) show representative examples
of galvanostatic lithiation potential profiles and the corresponding dQ/dV curves

obtained for crystalline Si, respectively.*°
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Figure 1 - 4. (a) Potential profiles of crystalline Si anode cycled to illustrate
electrochemical phase transitions among crystalline Si (c-Si), LiisSis, and
amorphous Li.Si (a-Li.Si). (b) Corresponding differential capacity (dQ/dV) curves.
(The electrolyte is a solution of 1 M LiPFs dissolved in EC/ DEC 1:2 (by weight).)
Redrawn based on figure published in Reference®* with permission from the

Electrochemical Society.

In the beginning of the first lithiation (region I, Figure 1 - 4 (a)), the crystalline Si
amorphized, and a dQ/dV peak appeared at approximately 0.1 V (Figure 1 - 4 (b)). At the
end of the amorphous-Li,Si lithiation at approximately 0.05 V vs. Li*/Li (region II),
crystalline LiisSis was formed in the Si powder, thin film, and nanostructured
electrodes—which was not predicted by the thermodynamic phase diagram®* but was
detected using various analytical techniques such as XRD, EM,*!"** and nuclear magnetic
resonance (NMR).>*3> In the successive delithiation plateau (region III), the crystalline
Lii5Sis formed in region II eventually amorphized. The delithiation dQ/dV peak at 0.45 V

was assignable to the amorphization of the crystalline LiisSi4 on the basis of XRD
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measurements (region III, Figure 1 - 4 (b)).2% 3638 If lithiation stops above 0.05 V, the Si
anode remains amorphous during lithiation/delithiation. In the second lithiation (region
IV) when the cutoff potential was above 0.05 V, only the amorphous Li,Si was formed.
In the subsequent second delithiation (region V), the two plateaus and dQ/dV peaks
corresponding to the amorphous-Li,Si delithiation appeared at approximately 0.3 and 0.5
V, as shown in Figures 1 - 4 (a) and (b), respectively. Although the potentials at which
these phase transitions occur have been determined using dQ/dV analysis, the relationship
between the actual Li—Si composition and structure remains unclear.

In the initial lithiation, an SEI layer was deposited owing to electrolyte decomposition
on the Si surface at the Si/electrolyte interfaces at a potential below approximately 1 V
vs. Li*/Li*** The Li consumption by the formation of SEIs is the main cause of the
decreased initial coulombic efficiency.?” ¥ *47 However, it is known that the SEI can
effectively inhibits the subsequent electrolyte decomposition.

Si undergoes significant volumetric expansion/contraction during
lithiation/delithiation, respectively. The ratio of the volumetric change when Lis4Si is
formed is approximately 400% based on the lattice volumetric ratio. Various in-situ
techniques such as atomic force microscopy (AFM),*> 4850 transmission electron
microscopy (TEM),*! 3152 x-ray reflectometry (XRR),> neutron reflectometry (NR),>*>
and optical microscopy’’° have all been used to observe the lithiation/delithiation-
induced volumetric changes of Si anodes. It has been found that the volumetric expansion
of crystalline Si proceeds anisotropically®® while that of amorphous Si proceeds
isotropically.’! In addition, the volumetric expansion of amorphous Si reportedly varies

48, 50, 54-55

linearly with Li insertion under galvanostatic lithiation conditions and

nonlinearly under potentiostatic ones.’® However, further investigation of the
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volumetric/compositional changes of Si anodes is needed to design battery cells
accommodating volumetric changes and showing improved performance.
Cycle performance

The severe volumetric changes and the electrical contact loss due to the morphological
changes and pulverization are the major reasons for the poor cycle performance of Si
anodes.'® 222’ During lithiation/delithiation, the volumetric expansion/contraction occurs
owing to changes in the Li content and crystal structure (Figure 1 - 3 (d)).* 1> Because
various substances such as active electrode materials, binders, conductive additives, and
separators are usually densely packed in a battery cell to maximize the energy density, the
volumetric changes cause a local mechanical stress, resulting in pulverization (Figure 1 -
3 (e)) and the loss of electrical contact (Figure 1 - 3 (f)).

Furthermore, the continuous SEI formation/decomposition deteriorates the Si-anode
cycle performance (Figure 1 - 3 (c)). Reportedly, the SEI on the Si surface is easily
decomposed by volumetric changes, and a new SEI layer is re-formed because of the
contact between the newly exposed Si surface and the electrolyte.*> %467 Such successive
Li-ion consumption in the SEI and electrolyte components leads to capacity loss.

1.2.2  Si-based anodes for improving battery performance

A variety of Si-based anodes have been developed to improve the initial battery
coulombic efficiency and cycle performance. The material design can be divided into
nanostructured Si, Si suboxide (SiOy), and Si-composite anodes.

Nanostructured Si anodes such as nanowires,®*’ nanotubes,*’” and nanoporous thin
films” have been developed to accommodate the volumetric changes in void spaces by
stacking shape-controlled materials. However, the introduction of electrochemically

inactive void spaces reduces the specific capacity density.
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Silicon suboxides (SiOy) are composed of Si and SiO, domains and interfacial
suboxides.”!”? SiO,-based anodes exhibit higher cyclability than bulk Si. However, SiO;-
based anodes show a relatively large capacity loss in the first lithiation/delithiation.”>”
The irreversible phases such as Li2O and Li silicates formed by side reactions of SiO, and
inserted Li contribute to the improved cycle performance by acting as buffer of the
volumetric changes.’”* ¢
Those Si-composite anodes are used in combination with carbon-based materials to

incorporate the severe volumetric changes of Si.80-%8

1.3  Si anodes for application to all-solid-state batteries

All-solid-state LIBs

All-solid-state LIBs (ASSBs)*-! are promising candidates for application to next-
generation lithium batteries. Because ASSBs use nonflammable inorganic solid
electrolytes—mainly oxides [Li14Zn(GeO4)s (LISICON), Li29PO33No4s (LiPON),
LisLa3Zr2012, etc.] and sulfides [Li3PS4, LijoGeP2Sii2, Lio54Si174P1.44S11.7Clo 3, etc.]’® %
instead of the flammable organic liquid electrolytes used in conventional LIBs—they
show improved battery safety and potential power density. In contrast to the relatively
few (i.e., <0.5 at most) Li ions transported in liquid electrolytes, more (i.e., reaching 1)
Li ions are transported on solid electrolytes, thereby enabling single Li-ion conduction to
be exhibited.”>**

The utilization of Si anodes in ASSBs has certain advantages. First, side reactions
(including SEI formation) are suppressed because of the wide electrochemical potential
window of solid electrolytes, resulting in higher cycle performance and initial coulombic

efficiency and potentially high power density.”> However, the Si anodes in ASSBs still
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show capacity loss, especially in the first lithiation/delithiation cycles.’®® Furthermore,
ASSBs needed to be operated under compressive pressure conditions to maintain the ionic
and electronic conduction network among the Si particles, solid electrolyte, and current
collector. The effect of the compressive pressure on the cycle performance was
systematically demonstrated by Yamamoto et al.” The specific capacity and cycle

performance both improved with increasing compressive pressure, as shown in Figure 1

- 5.

> 15 .— 4000
a > : Si R b 2 3500 | O charge Si

_é 75 MPa i 2 3000 @ Discharge
- 0.5 & < 2500 4
g 7T e 50 MPa ! £ 2000 75 MPa
& 0 T > 1500
5-0.5 — g 1000 50 MPa
= & 500 |03 mAcm? [
g -

0 1000 2000 3000 4000 0 100 200 300 400

Capacity / mAh g-'-Si Cycle number

Figure 1 - 5. (a) Potential profiles obtained for three cycles and (b) long-term cycle
performances of Si/LizPS4/Li-In cells operated under compressive pressures. (a)
Solid and dotted lines and (b) blue and red circles represent 75- and 50-MPa
compressive pressures, respectively. Reprinted from Reference’® with permission
from Elsevier.

The advantages of applying Si anodes to ASSBs were previously demonstrated by
Cervera et al.!'® Figure 1 - 6 compares the cycle performances of FeS-doped Si-film
anodes in liquid (LiPF¢ in EC-DEC) and on solid (70Li>S-30P,Ss glass ceramic)
electrolytes.'® In particular, the solid electrolyte improved the cycle performance of the

400-nm-thick anode, and the capacity retention reached more than 80% after 120 cycles.

10
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Figure 1 - 6. Cycle performances of 30- and 400-nm-thick Si-FeS-film anodes in (a)

liquid electrolyte consisting of 1 M LiPFs/EC-DEC and on (b) solid electrolyte

100

consisting of 70Li2S—30P2Ss. Reprinted from Reference'" with permission from the

Royal Society of Chemistry.

Si thin-film anodes in all-solid-state batteries

The simple structure of thin-film batteries fabricated with a modified interface between
the anode and solid electrolyte is attractive for fundamental characterization. In addition,
the anode-material loading can be precisely quantified by controlling deposition
conditions such as rate and area. Therefore, the integration of electrical current can be
appropriately converted into the amount of Li inserted into Si anodes, which is
advantageous for quantitatively analyzing the intrinsic properties of Si anodes.

The introduction of porous-structured Si anodes to ASSBs reportedly improves the
ASSB cycle performance and rate capability.”® '°! For example, Sakabe et al. prepared
porous Si thin-film anodes by radio-frequency sputtering under He gas and used the

anodes on sulfide-based solid electrolytes.”® The thin-film batteries showed a high

11
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reversible capacity of approximately 3,000 mAh g! in addition to high capacity retention
and rate capability.

Furthermore, various methods to prepare Si anodes without using expensive vacuum
systems have been developed. Ohta et al. prepared Si-nanoparticle anodes by spray
deposition.!”? In the first lithiation, the constituent particles appreciably coalesced and
compacted owing to volumetric expansion in the confined space between the solid
electrolyte and current collector, as shown in Figure 1 - 7. Even in sprayed Si-nanoparticle
anodes, the nanoparticles firmly adhered to each other owing to lithiation, resulting in
high cycle performance and rate capability comparable to those of evaporated continuous-
Si-film anodes.

Clearly, the application of Si thin-film anodes to ASSBs is advantageous for both
analyzing and improving the cycle performance, initial coulombic efficiency, and rate

capability.

o Bgph. AN s

gl S Y Y TN

Figure 1 - 7. Cross-sectional SEM images of (a) as-prepared Si particulate and (b)
fully charged (lithiated) anodes. Reprinted from Reference!’? with permission from
the American Chemical Society.

1.4 In-situ observation for electrochemical reactions in

batteries

Various battery materials including high-capacity electrodes and high-ionic-

conductivity solid electrolytes have been developed for application to ASSBs to improve
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battery performance and fabricate next-generation practical batteries.®® 1% Owing to the
remarkable progress to date, the battery-material fundamental properties and their
relationship to electrochemical performance must be determined.

Battery materials have been commonly characterized using ex-situ and/or
postprocessing techniques, i.e., the battery properties are characterized after either
electrochemical cycling or cell disassembly. However, considerable information is lost
using such approaches because samples are only investigated at certain states of charge.'%
In addition, battery materials themselves are often air sensitive and may undergo
undesirable side reactions when transferred from the battery test environment to the
measurement apparatus, which may further complicate interpreting the test results.*® It
is therefore essential to establish a method of transferring samples to the measurement
apparatus without exposing them to air in addition to developing in-situ electrochemical
approaches to obtain chemical and/or electronic information under applied bias
conditions.

To date, various in-situ techniques have been developed based on electron
microscopy,3t 33 %1 106 x_ray diffraction and scattering,°’-1% and spectroscopy?®®'? to
investigate the electrochemical processes of energy-conversion devices including ASSBs.
To conduct such advanced in-situ measurements, the implementation of various
functional components such as bias application system and transfer vessel are essential.
Furthermore, it is necessary to tune the measurement conditions on a time scale suitable

for observing the phenomena of interest.

1.5 Objective and outline

The objective of this thesis is to elucidate the electrochemical lithiation/delithiation
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mechanism of Si-based anodes for application to ASSBs. The relationships among Li
concentration, chemical oxidation states and composition, crystalline structure,
volumetric expansion, and reaction byproducts formed during lithiation/delithiation of
amorphous-Si and SiOy thin-film anodes were systematically investigated to discuss their
effects on electrode performance. The amorphous Si anodes typically exhibit higher cycle
performances than crystalline Si ones.!!3!'> Therefore, the amorphous-Si thin-film
anodes were prepared using radio-frequency sputtering and used for the measurements.

A series of in-situ electrochemical X-ray photoelectron spectroscopy (XPS) techniques
was developed to analyze the fundamental properties during lithiation/delithiation and
enabled chemical information to be obtained without disassembling the batteries and
exposing them to air. In addition to analyzing the first lithiation/delithiation cycles,
lithiation and delithiation were both monitored during long-term cycling to elucidate the
causes of rapid capacity fading, which is the bottleneck for the practical application of Si
anodes.

As mentioned in Section 1.2.2, it is proposed that reaction byproducts such as Li>O and
Li silicates in SiOx anodes act as buffers of volumetric changes to improve the cycle
performance. However, the fundamental electrochemical properties and formation
mechanism of such byproducts remain unclear. Therefore, lithiation and delithiation
processes of SiOy thin-film anodes prepared by introducing a small amount of oxygen
during sputtering were also observed in sifu.

Based on the foregoing characterization of the amorphous-Si and SiO, thin-film anodes,
guidelines were proposed for designing Si-based anodes and improving their cycle
performance.

This thesis is divided to seven chapters as follows.
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Chapter 2. Experimental

The experimental details such as preparation of thin-film cells consisting of either
amorphous Si or SiO, and LisslLasZrieTaosO12 (LLZT)/metallic Li and the
characterization techniques used in the present study are described.

Chapter 3. Solution species quantitatively observed using environmental cells and
X-ray photoelectron spectroscopy

Liquid samples enclosed in environmental cells with a 5-nm-thick silicon-nitride
photoelectron window was measured by our in-situ XPS apparatus. Operation of the in-
situ system and quantitative analysis were demonstrated.

Chapter 4. Static and dynamic analyses of initial lithiation/delithiation of
amorphous-Si thin-film electrodes

The first lithiation/delithiation cycles of a Si/LLZT/Li-configured amorphous-Si thin-
film electrode were investigated using in-situ XPS. Reversible LiSi and irreversible
species such as Li2O, Li2CO3, and Li silicates were observed after the first lithiation. In
addition, the Li.Si crystal structural evolution was dynamically analyzed during
lithiation/delithiation. Furthermore, the volumetric expansion and nanomechanical
properties of the Si thin-film electrode were monitored using in-situ electrochemical
atomic force microscopy (AFM) in the first lithiation.

Chapter 5. Long-term cycle performance and capacity fading of Si-thin-film
electrodes

The successive lithiation/delithiation of the amorphous-Si thin-film electrodes up to
100 cycles were investigated using in-situ XPS and differential capacity (dQ/dV) curves
to clarify the effect of long-term cycling on capacity fading. The growth of irreversible

phases such as Li silicates and Li2CO3 and phase transition were correlated with the cell
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overvoltage and decreased Li insertion.

Chapter 6. Static analysis of lithiation/delithiation of amorphous-SiOx thin-film
electrodes

The successive lithiation/delithiation of the amorphous-SiO; thin-film electrode on the
LLZT solid electrolyte were investigated using in-situ XPS and compared with those of
the amorphous Si thin-film electrodes discussed in the previous chapters. The role of
irreversible byproducts such as Li;0, Li silicates, and Li2CO3 formed as a result of side
reactions of inserted Li with SiO, were discussed.

Finally, Chapter 7 summarizes the present results and the overall thesis, together with

future research prospects.
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Chapter 2. Experimental

2.1 Sample preparation

In the early-stage study, Si anode is often evaluated as a cathode versus Li metal
anode, i.e., in half-cell configuration.! In this section, the preparation method for the Si
thin-film cell with a structure of Cu/Si or SiO/LisslLazZrieTagsO12 (LLZT)/Li is
described (Figure 2 - 1).

$~2mm

—
1 1

Copper layer (~100 nm)

Amorphous Si (~100 nm) or SiO, layer
LLZT sheet (~500 pm)

{1 | jthium metal layer (~1 pm)

— ¢~10mm

Figure 2 - 1. Schematic illustration of the Cu/amorphous Si or SiOx/LLZT/Li metal
cell.

2.1.1 Solid electrolytes

The garnet-type solid electrolyte was selected in the present study, because of its high
ionic conductivity (104102 S/cm at 25°C), high stability, wide electrochemical
window, and high mechanical properties.>® The garnet-type LisslasZrisTao4O12
(LLZT) solid electrolyte sheets (Toshima Manufacturing Co., Ltd., Japan), with the
diameter of 10 mm and thickness of 500 pum, were heated at ca. 600°C for two hours by
a tubular furnace under an O: flow rate of 0.2 L/min to remove the internal water
molecules. After transferring the LLZT sheets to the Ar-filled glove box, the surface
was polished using 400-grit sand papers to eliminate resistive species such as LioCO3

and LiOH.*
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2.1.2  Amorphous Si and SiOx layers

Amorphous Si films, used in Chapters 4 and 5, were deposited on the LLZT sheets by
radio-frequency magnetron sputtering (SPAD-2240UM, Advanced Optics Vacuum Co.,
Ltd.) using Ar as the sputtering gas. The radio-frequency power was 200 W. The LLZT
sheets were transferred from Ar-filled glove box to the sputtering chamber at the
pressure of about 10° Pa without exposing to open air. Prior to the deposition, a
5N-pure Si target (Kojundo Chemical Laboratory Co., Ltd.) was pre-sputtered for 30
min to remove the possible oxide layer and impurities at the surface. The thickness of
deposited Si on the LLZT sheet was controlled to be ca.100 nm, based on the deposition
rate (2.08 A/s) and time. The thickness of Si film with the deposition time of 37 min
was determined by X-ray reflectometry (XRR, see Section 2.3.2).

The SiOy thin films used in Chapter 6 were prepared on the LLZT sheets by
radio-frequency magnetron sputtering using Ar/O> gas mixtures.” The flow rate of Ar
and O> gas were set at 20 and 0.15 sccm, respectively. The deposition time was set to 37
min, which is the same time for preparing pure Si thin films with the thickness of ca.
100 nm, to retain the mass of Si in the deposited SiO, and Si thin films for the
calculation of the gravimetric capacity. During the sample manipulation, SiOx thin film
was exposed to air for 5 min.

2.1.3 Current collectors

The surface of sputter-deposited Si layer was coated with a copper 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 circular part with a diameter of about 2 mm was masked using a
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stainless-steel stencil mask to yield an uncoated area exposing amorphous Si layer for
XPS measurement.
2.1.4 Li metal layers

The LLZT surface of the LLZT/Si/Cu structure was polished by using 400-grit sand
papers. 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 1.3 um which is larger than that required for the formation of the

theoretical maximum composition (Lis4Si) with the 100 nm-thick Si.

2.2 Characterization

2.2.1 Electrochemical measurements
2.2.1-1 Galvanostatic lithiation/delithiation analysis

The electrochemical lithiation/delithiation were carried out in the analysis chamber
under the vacuum condition about 5 x 10° Torr. The sample holder in the chamber and
a potentio-galvanostat (Bio-Logic SP-200, VSP-300) at the outside were connected by
coaxial cables via vacuum feed through. The cell voltage, i.e., potential difference
between Si as a working electrode and Li as a counter electrode, was monitored under
constant current conditions. The cutoff potential was set to be 0.01 and 1.2 V (vs.
Li*/Li). The constant current was described in C-rates in this thesis. A 1C is defined as
the current value for the lithiation process to reach full theoretical capacity, 4,200 mAh
gl,in 1 hour, i.e., 4.2 A/g. The specific capacity is normalized by mass of deposited Si,
which is calculated from the thickness (ca. 100 nm, see Section 2.3.2), deposition area

(8 or 9 mm), and volumetric density of Si crystal (2.33 g/cm?).
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2.2.1-2 Differential capacity curves
After the lithiatiation/delithiation curves were smoothed by averaging, the capacity
curves were differentiated by the corresponding potential to yield the differential

capacity (dQ/dV) curves.

2.3 Surface analysis

2.3.1 Atomic force microscopy

The surface roughness of Si electrode on a LLZT solid electrode sheet was measured
by AFM (BRUKER Multi Mode 8) in the Ar-filled glove box in the identical analysis
area (projected area) to that of XPS.

The changes of the thickness and nanoscale mechanical properties of the Si thin-film
electrode during the initial lithiation were monitored using in-situ AFM. The height
change of the thin-film cell was tracked by monitoring the voltage for the z-position of
the piezo scanner, V;, as shown in Figure 2 - 2 (a).

In order to determine the correlation between the V; and the height changes, a
AU/SIN grid with an ordered pattern (Figures 2 - 2 (b) and (c)) was measured. From the
height difference of the pattern (123 nm) and the corresponding V; change (-7.99 V),

the height-voltage response, —15.4 nm/V, was obtained (Figures 2 - 2 (d) and (e)).
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Figure 2 - 2. (a) Configuration for monitoring changes in thickness of
amorphous-Si thin-film electrode by in-situ AFM. Z-axis feedback voltage to the
piezoelectric scanner (V;) was imported by an oscilloscope. (b)-(¢) AFM
measurement of a reference Au/SiN grid to clarify the piezo voltage-height
response required for in-situ AFM (a); (b) Photograph of a Au/SiN grid, (c) AFM
image with the scan rate 0.2 Hz, (d) height profile and (e) piezo voltage along the
white line in (c).

2.3.2 X-ray diffraction and reflectometry

The crystallinity and thickness of deposited Si layer on a SUS substrate was
characterized by using glazing incidence x-ray diffraction (GIXRD) and x-ray
reflectometry (XRR), respectively. It is noted that LLZT substrate shows very strong
diffraction peaks which make the structural analysis of Si thin film difficult. Thus, the
Si thin film on SUS substrate was used for the GIXRD and XRR instead of LLZT. First,
a SUS substate was polished by 800-grit sand papers and annealed in vacuum (~10 Pa)
at 800 °C. The Si layer was deposited on the SUS substrate for the same time duration

as that for making a Si/LLZT/Li structure. Both measurements were performed by using
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SmartLab system (Rigaku) with Cu Ko radiation (£1=8,048 eV) and a specialized
sample holder to prevent the sample from exposure to open air. In GIXRD
measurements, the grazing angle of the incident x-rays was set to be 0.25° respect to the

sample surface.

Figures 2 — 3 (a) and (b) show the GIXRD and XRR data of the Si layer deposited on
the SUS substrate, respectively. The broad peaks around 26 = 30° and 53° in GIXRD
patterns (Figure 2 - 3 (a)) correspond to amorphous phase of the Si layer. Figure 2 - 3
(b) shows a typical XRR data of the amorphous Si layer deposited on the SUS substrate.

According to the analysis of the periodic oscillation after the Fourier transform, the

thickness of the Si layer was estimated to be 94.95 nm.
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Figure 2 - 3. (a) Grazing incidence x-ray diffraction (GIXRD) patterns and (b)
X-ray reflectometry (XRR) data of the amorphous Si layer on the SUS substrate.

2.3.3 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed using AXIS NOVA
(Shimadzu Kratos). This small section describes the principles, demonstration of depth

analysis, development of an in-situ electrochemical XPS system, and data analysis.
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2.3.3-1 Quantitative aspect and information depth

In XPS, samples are irradiated with x-rays, typically Al Ka, Mg Ka, and Ag La in
laboratory available, and photoelectrons with various kinetic energy ejected from core
levels are analyzed. The photoelectric effect can be represented by the following
equation.

Ex=hv—E,— & (2-1)
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. The kinetic energy of photoelectrons, relative to the Fermi level
of a sample, E, = E, + @, is measured by a hemispherical electron energy analyzer,
and the population of photoelectrons is obtained with respect to E,. The Ej, is
characteristic to core levels of chemical species and very sensitive to the chemical
environment. Therefore, XPS enables us to analyze elemental composition, oxidation
states (chemical bonding states), and electronic structure of a sample surface.
2.3.3-1.1 Photoelectron peak intensity

Peak intensity of photoelectrons from a material, x, is described by the equation (2 -
2).% Here, it is assumed that the effect of elastic scattering of photoelectrons on the peak
intensity is negligible.

0

AQ
L= f Iyo, N, W (6, a@)exp [—

0

VA
Acos@

] dz, 2-2)

where z is the depth from the sample surface, A is an acceptance angle of analyzer,
I, is the intensity of incidence x-rays, o, is the ionization cross section of

photoelectrons,” @ is the emission angle of photoelectrons, « is the angle between the
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direction of incident x-rays and analyzer, W (6, &) is the angular asymmetry factor, N,
is the atom density, A is the inelastic mean free paths (IMFPs) of the emitted
photoelectrons in a matrix.8® When the geometric arrangement of the detection system

is identical, the equation can be expressed by the equation (2 - 3), using the detection

efficiency of the photoelectrons emitted from the sample surface, K = i—i W, ).

z
L, = Kloaxij exp [_/’lcos 9] dz, (2-3)
0

This equation indicates that the thickness of x can be determined using physical
parameters and the peak intensity from each layer. In Chapters 4 and 5, the thickness of
surface layers was estimated using the equation (2 - 3).
2.3.3-1.2 TPP-2M equation

To estimate the thickness of surface layers using equation (2 - 3), the IMFPs (1) were
obtained using TPP-2M formula proposed by Tanuma et al.® The TPP-2M equation is

described as

E
! = BZIAnGE) - (C/B) + O7EDT @-4
B=—0.10 + 0.944(E2 + E2)/* + 0.069p°1, 2-5)
y = 0.191p~1/2, (2-6)

C = 1.97 — 091U, 2-7)

D = 53.41 — 20.80, 2-8)

U = Nyp/M = E2/829.4, 2-9)

where E is the Kkinetic energy of emitted photoelectrons, E, and E; is the
free-electron plasmon energy and the bandgap energy, N, is the number of valence

electrons per atom or molecule, p is the weight density, M is the atomic or molecular
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weight.®

The information depth of XPS (defined as ~3A) is calculated to be ~10 nm when the
commonly used Al Ka (hv=1,486.7 e¢V) is employed as an incident x-ray source.3
Thus, XPS is generally a surface sensitive technique with an information depth of about
3-10 nm. However, one can analyze the depth profile of chemical composition by
tuning the energy of incident x-rays or takeoff angles (TOAS) of photoelectrons.

The use of incident x-rays with higher energy provides a larger probing depth
because of the increase in the kinetic energy of photoelectrons and IMFPs. For example,
the IMFPs of Si 2p photoelectrons in crystalline Si are estimated to be 3.09 and 5.60 nm
when using the Al Ka (hv=1,486.7 e¢V) and the Ag La (hv=2,984.3 eV) X-rays,
respectively.®

Angle-resolved XPS (ARXPS) is another useful technique for analyzing depth profile
of electronic structure and chemical species at the surface vicinity. In ARXPS,
photoelectron spectra with different surface sensitivity were obtained by changing the
TOAs of photoelectrons. Figures 2 - 4 (a) and (b) show the configuration of ARXPS at
the TOA of 90° and 15°, respectively. The configuration with small TOAs provides
more surface-sensitive spectra, as shown in Figure 2 - 4 (b).

Figures 2 - 4 (c) and (d) show the example of ARXPS for two types of Mg-doped
p-type GaN (p-GaN) films.!! One is a p-GaN film with the thickness of 1 pm deposited
on a GaN/sapphire substrate by metal organic chemical vapor deposition (MOCVD),
denoted as “p-GaN-on-GaN/sapphire”. The other is a p-GaN film deposited on a GaN
substrate under the same condition, denoted as “p-GaN-on-GaN”. In Figures 2 - 4 (c)
and (d), the deconvoluted peaks at the lower binding energy at 18.4 eV and higher

binding energy at 19.5 eV are corresponding to Ga-N and Ga-O related species,
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respectively. In both samples, the Ga-O component was increased with decreasing the
TOAs, indicating that the Ga-O related species were localized at the surface. As
compared to p-GaN-on-GaN/sapphire (Figure 2 - 4 (¢)), the formation of Ga-O species
was suppressed at the surface of p-GaN-on-GaN sample (Figure 2 - 4 (d)). Formation of
Ga-O species induces the instability of threshold voltage when p-GaN is used for
metal-oxide-semiconductor  field-effect  transistors (MOSFETs). Thus, the

depth-resolved XPS contributes to the quality control of electric devices.!!"!?

(a) TOA= 90° (b) TOA= 15°
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]
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Figure 2 - 4. Configuration of angle-resolved XPS at takeoff angle of (a) 90° and
(b) 15°. The blue shadow represents the information depth of XPS. Ga 3d
photoelectron spectra for the (c) p-GaN-on-GaN/sapphire and (d) p-GaN-on-GaN
samples obtained at different takeoff angles.!

Although Ar* ion sputtering is another option for analyzing depth profile of chemical
species, uncertainty due to ion irradiation damage, surface reconstructions, and
inhomogeneity derived from different sputtering rate among elements have been

regarded as a problem. >4
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2.3.3-2 In-situ electrochemical XPS system

XPS is a powerful technique for analysing the chemical composition, oxidation states,
and electronic structure of sample surfaces, as described above. In addition, XPS allows
the acquisition of photoelectron signals from most elements without tuning photon
energy of incident x-rays. If it can be applied to a certain position of the same
electrochemical device under operation, the reaction process can be tracked in a
stepwise manner without any influence of variation and inhomogeneity of samples.5¢

In-situ electrochemical XPS has been reported only for limited cases such as

semiconductors,*”*° electrocatalysts,?%-? solid oxide fuel cells,'® 224 and all-solid-state
batteries.?>" For example, application of such in-situ electrochemical XPS to battery
samples further offers a way not only to promote a proper assignment of each spectral
feature to reaction products but also to correlate the effect of reaction products on the
reversibility of charge/discharge reactions.?3

To establish such advanced measurements and ensure their reliability, the
development of specialized apparatus and sample holders has always been a prerequisite.
For example, Whaley et al. developed an in-situ sample holder equipped with a resistive
heater and three spring-loaded probes to heat and apply bias to an electrochemical
device with a solid-oxide electrolyte, and used it for near ambient pressure XPS.*8 In
addition, Wu et al. fabricated an in-situ sample holder capable of maintaining a high
mechanical pressure to a bulk-type battery and used it to investigate the electrochemical
reactions at the electrode/electrolyte interface, which is often responsible for ion

transport during battery operation.3% 34
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In the following section, we describe a developed series of in-situ XPS systems,
including the appropriate apparatus, a specialized sample holder, a sample stage, and a
transfer vessel, for tracking the successive electrochemical reactions of batteries.*
2.3.3-2.1 Specification of XPS apparatus

The bias application system and transfer vessel for in-situ XPS measuirements were
designed to be compatible with a laboratory-based XPS instrument (AXIS NOVA,
SHIMADZU Kratos).* Figure 2 - 5 shows a schematic illustration of the XPS apparatus
composed of the sample entry chamber (SEC, A) and the sample analysis chamber
(SAC, B). In a regular approach for transferring samples, the SEC (A) is pumped out
after the sample stage is placed in the chamber under atmospheric conditions. A
movable gripper comes from the SAC (B), and then, holds and transfers the sample
stage to the analysis position. The XPS measurements are performed using a
monochromatic Al Ka or Ag La source as incident x-rays (using C and D), magnetic
(E) and electrostatic lenses (F), a hemispherical electron energy analyzer (G), and a
delay-line detector (H). The gripper holds the sample stage for the duration of the XPS
measurements. The angle of the incident x-rays to the sample surface is 35.5°. The
aperture of the analyzer is located on the normal to the sample surface. The analysis
area can be selected in several stages from ~180 um? (circle with a diameter of 15 um)
to 210,000 um? (rectangle of 700 pm x 300 pm) by tuning the magnetic lens (E),
electrostatic lenses (F), angle defining iris, and aperture diameter of the analyzer. The
solid angle for the collection of photoelectrons is approximately +20°. The use of a
magnetic lens (E) with a highly defined focus reduces the spherical aberration, resulting

in high magnification and high spatial resolution on the order of micrometers. The
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combination with the SAC camera (J) enables us to analyze a minute region of a size on
the order of tens of micrometers.

The photon energy of Ag La x-rays (Av=2,984.3 eV) is higher than that of Al Ka
x-rays (hv=1,486.7 eV), which means that the former can extract photoelectrons with
higher energy from a core level and enable us to analyze the deeper position of the

sample. This is an advantage for analyzing bulky samples including batteries.

@@j@

Back 6;;@ 1\
\ = p—

Front
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Magnetic lens SAC camera

Figure 2 - 5. A schematic illustration of the XPS apparatus setup (AXIS NOVA,
Shimadzu Kratos). The apparatus is composed of the sample entry chamber
(SEC, A) and the sample analysis chamber (SAC, B).

2.3.3-2.2 Bias application system

Figures 2 - 6 (a)—(c) show the custom-made sample holder, the gripper holding the
sample stage, and the electrical wiring in the XPS apparatus, respectively. Three
electrical terminals are mounted on the sample holder, the sample stage, and the gripper.

The phosphor bronze plates, which act as electrical terminals, are fixed on the sample
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holder by ceramics screws. When the sample holder (Figure 2 - 6 (a)) is inserted into the
groove of the sample stage, as shown in Figure 2 - 6 (b), terminals A—C of the sample
holder are electrically connected to those of the sample stage. In addition, the terminals
of the sample stage and gripper are connected through Kapton-coated copper wires and
three copper rods when the gripper holds the sample stage and pushes the copper rods.
Each terminal of the gripper is attached to an electrical wire (Figure 2 - 6 (b)) composed
of silver-plated copper with a size of 24AWG. The wires were further coated with
fluoro-ethylenepropylene (FEP) to prevent short circuits. The electrical wires were
connected to the external coaxial cables and a potentio-galvanostat from the outside via
a vacuum feed-through (Figure 2 - 6 (c)). The length of the electrical wire for each
channel in the apparatus is approximately 3 m. Three independent electrical contacts
were therefore established among the potentio-galvanostat, the gripper, the sample stage,
and the sample holder, allowing in-situ XPS measurements of the sample in the analysis

chamber to be carried out.

(a) Sample holder  (b) (c) Top view

Electrical wires Potentio- Vacuum feed-through

. galvanostat
Terminals Gripper Sample stage A / Electrical wires
A B C e /

Figure 2 - 6. Photographic images of (a) the sample holder, and (b) the gripper
holding the sample stage with the sample holder. (c) A schematic representation of
the top view of the XPS apparatus with electrical wires for bias application.
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2.3.3-2.3 Transfer vessel for air-sensitive samples

Figure 2 - 7 (a) shows the transfer vessel enabling the transfer of air-sensitive
samples without exposure to open air. The transfer vessel contains a rod with a
magnetic coupling to mount the sample holder with a screw and a gate valve to seal the
sample holder inside. The inside of the vessel has a cylindrical shape with an inner
diameter of ca. 40 mm and a length of ca. 150 mm. The sides of the transfer vessel are
attached to a compound pressure gauge, a bellows seal valve (Swagelok, SS-4H), and a
KF-16 flange, for gas inlet and outlet. The end of the transfer vessel is a KF-40 flange
connected to a glove box filled with Ar gas and the sample entry chamber (SEC) of the

XPS apparatus, as shown in Figure 2 - 7 (b).

(@) (b)

holder ! 221!

.

Figure 2 - 7. Photographic images of the transfer vessel (a) equipped with the
sample holder, and (b) connected to the sample entry chamber (SEC) of the XPS
apparatus.

The procedure for sample transfer using the vessel is as follows. Initially, a sample is
placed on the sample holder in an Ar-filled glove box, and then the holder is fixed to the

transfer rod of the vessel. After the sample holder is sealed by closing the gate valve, the
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vessel is disconnected from the glove box and connected to the SEC of the XPS
apparatus. Subsequently, the sample holder is inserted into the groove of the sample
stage in the SEC under inert gas or vacuum conditions. Finally, the sample stage with
the holder is transferred to the analysis position in the SAC by regular operation using
the gripper as described above.
2.3.3-24 Operation test

Following their development, the application of a direct current (DC) voltage was
confirmed by the photoelectron peak shift of the Au samples. Two pieces of Au foil
(99.95%, Nilaco Co. Ltd., Japan) were placed in the sample holder in two circuits, as
shown in Figures 2 - 8 (a) and (b). In the first circuit shown in Figure 2 - 8 (a), one Au
foil was directly placed on a terminal of the sample holder and grounded to the sample
holder and the hemispherical analyzer. This Au foil was used as the counter electrode
(CE). The other Au foil, a working electrode (WE), was connected to another terminal
but insulated (isolated) from the sample holder and the analyzer using a polyimide film.
This circuit was denoted as “CE grounded”.*® In the second circuit shown in Figure 2 -
8 (b), the roles of the WE and CE were switched; i.e., the Au foil grounded to the
analyzer was used as a WE, and the isolated Au foil was used as a CE. This circuit was
denoted as “WE grounded”.>® The bias application was carried out in each circuit using
a potentio-galvanostat (Bio-Logic VSP-300). XPS measurements were performed under
a pressure of ~5 x 107® Torr, while external DC biases of —5, —2, 0, +2, and +5 V were
applied to the WE vs. CE. A monochromatic Al Ko (1,486.7 eV) source at a power of
75 W was used as the incident X-ray source. The analysis area, takeoff angle, and pass
energy of the photoelectrons were fixed at 700 um X 300 um, 90°, and 40 eV,

respectively.
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Figure 2 - 8 (¢) shows the Au 4f photoelectron peaks from the Au foil in the circuit of
the CE grounded (Figure 2 - 8 (a)). A doublet peak corresponding to Au 47> and 4fs»
was observed for the Au foils, which were used as the WE and the CE. The Au 4f peaks
from the grounded Au foil as a CE were identical under bias conditions (Figure 2 - 8 (¢),
lower plot). In contrast to the grounded CE, the peaks from the other Au foil as a WE
were shifted by the applied bias (Figure 2 - 8 (c), upper plot). A larger applied bias
causes a peak shift to higher binding energy. The correlation between the shift direction
and the applied bias is in agreement with that reported in previous works.!” 40 It was
therefore demonstrated that the DC voltage was successfully applied to the sample
holder in the analysis chamber.

We performed the same measurement in the other circuit to clarify the correlation
between the applied bias and the direction of the peak shift. Figure 2 - 8 (d) shows the
Au 4f photoelectron peaks obtained in the circuit of the WE grounded (Figure 2 - 8 (b)).
The Au 4f peaks, where the grounded Au foil was used as a WE, were identical,
independent of the applied bias (Figure 2 - 8 (d), upper plot). In contrast, those from the
case where the Au foil was used as a CE, which was insulated from the analyzer,
showed a shift corresponding to the applied bias (Figure 2 - 8 (d), lower plot). Overall, a

larger bias voltage was found to cause a peak shift to lower binding energy.
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(a) CE grounded  (b) WE grounded
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Figure 2 - 8. Simplified schematic representations of the two electrical circuits for
confirming the application of direct current (DC) voltage to the sample holder: (a)
the counter electrode (CE) or (b) working electrode (WE) grounded to the
analyzer. (c)—(d) Au 4f photoelectron peaks under bias conditions in each circuit.
The dashed lines in the graphs indicate the binding energies of the Au 4f72 peaks,
determined by curve fitting using the Voigt function after Shirley background
subtraction.
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Figure 2 - 9 summarizes the correlation between the applied bias and the direction of
the Au 4f peak shift when the CE or WE was grounded to the analyzer.* In both circuits,
Au 4f peaks from the Au foils insulated (isolated) from the analyzer showed a shift
corresponding to the applied bias voltage, while those from the grounded Au foils were
identical. Although the direction of the peak shift from the isolated Au foils with respect
to a certain bias was opposite in the two circuits, the relationship of their energy levels
was preserved. For example, when a positive bias was applied to the WE, the Fermi
energy of the CE remained higher than that of the WE in both circuits, as shown in
Figure 2 - 9. It was therefore confirmed that a positive or negative bias was properly

applied to the sample in the analysis chamber.

CE grounded WE grounded
h
’ WE . CE
= A A
> g Negative Positive
E S bias bias
g 2 CE (fixed) T T — WE (fixed)
© —
5 c - - )
el B Positive Analyzer Negative
bias bias
A 4 A J
WE
NP CE

Figure 2 - 9. The correlation between the applied bias and the direction of the Au
4f peak shift when the (a) CE or (b) WE was grounded to the analyzer.

Our research group previously demonstrated in-situ electrochemical XPS of
solid/liquid interfaces using hard x-rays at a synchrotron radiation facility in 2012.*!
Subsequently, chemical species in the liquid were observed using a laboratory XPS
apparatus equipped with a conventional Al Ko source, as mentioned above.*> It is

anticipated that the combination of these techniques will allow the in-situ XPS
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observation of electrochemical and electrocatalytic reactions at solid/liquid
interfaces.**4

In summary, we developed an in-situ electrochemical X-ray photoelectron
spectroscopy (XPS) system capable of bias application to an electrochemical device in
the analysis chamber under vacuum conditions, and a transfer vessel for transferring
air-sensitive samples without exposure to open air. The application of a direct current
voltage to the specialized sample holder in the analysis chamber was confirmed from
the Au 4f peak shifts of the Au foil.

In the following XPS measurements in this study, the copper current collector in
contact with Si layer of a thin-film cell was electrically connected to the sample holder
and analyzer, i.e., “WE grounded” circuit, to assign photoelectron peaks based on

chemical shifts due to changes of chemical bonding states, not on the potential gradient

due to applied bias.

2.3.3-3 Configuration of in-situ electrochemical XPS

The Li layer of the thin-film cell with a structure of Li/LLZT/S1/Cu was bound to the
copper foil, the thin-film cell was loaded on a sample holder (Figure 2 - 10 (a)), as
shown in Figure 2 - 11 in an Ar-filled glove box. The bottom side (Li side) was
electrically isolated from the sample holder by a polyimide film and connected to the
terminal A. The top side (Si side) was connected to the sample holder and the terminal
B. Then, the cell-loaded sample holder was sealed in a vacuum suitcase (Figures 2 - 10
(b) and (c)), and transferred into the XPS apparatus (AXIS NOVA, Shimadzu Kratos)
without exposing to open air by attaching the vacuum suitcase to the load lock (Figure 2

- 10 (d)). Once the sample holder was mounted on the stage in the analysis chamber by
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a regular transfer operation (Figure 2 - 10 (e)), the terminal B, as well as the sample
holder, was electrically grounded with the hemispherical analyzer of XPS apparatus.
Since the terminals A and B are connected to the external coaxial cables via vacuum
feed through, bias can be applied to the terminals A and B at the outside by using a
potentio-galvanostat (Bio-Logic SP-200, VSP-300).

The XPS measurements were performed in the analysis chamber under the vacuum
condition about 5 x 10~ Torr. Upon the repeated electrochemical processes, exactly the
same spot of the Si electrode was measured by XPS under the open-circuit condition
and during lithiation/delithiation processes. A monochromatic Al Ka (hv=1,486.7 eV)
source operated at 300 W was used as an incident X-ray. The takeoff angle and pass

energy of photoelectrons were fixed at 90° and 80 eV, respectively.

I Potentiostat

Sample =
holder

XPS analysis chamber

Figure 2 - 10. Photographs of (a) the sample holder and (b)-(c) the vacuum
suitcase for transferring samples without air exposure. (d) Laboratory-type XPS
apparatus. (e) The simplified schematics of the analysis chamber, electrical
connections, and the stage with the sample holder. The terminals A and B were
connected to the potentiostat via vacuum feed through and external coaxial cables.
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Figure 2 - 11. Schematic illustration of the amorphous Si/LLZT/Li metal cell and
the configuration of in-situ electrochemical XPS measurements.

2.3.3-4 Data analysis

Obtained photoelectron spectra were fitted by Voigt functions using IGOR Pro
software (WaveMetrics, Inc.) to analyze the peak positions and the integrated peak area.
2.3.3-4.1 Background subtraction

In XPS spectra, the major reason for the background formation is the repeated
inelastic-scattering of photoelectrons ejected from core levels. Prior to the curve fitting
described below, the background related to the scattered photoelectrons from core levels
was subtracted from the original spectra. In the present study, the Shirley approach?’
was adopted for background subtractions. In the Shirley approach, background curve is
determined based on the assumption that the number of inelastic-scattered
photoelectrons and the background intensity is proportional to the intensity of core-level
peaks. The Shirley approach is less accurate than the Tougaad approach*® due to not
taking into account the energy dependence, however, the former is sufficient for a
narrow range of spectra and a short acquisition time unlike the latter. This advantage
related to the acquisition time can be beneficial to in-situ measurements where reactions

are in progress.
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2.3.3-4.2 Curve fitting

After the Shirley background subtraction, curve fittings were performed by Voigt
function defined as the convolutional integration of Gaussian and Lorentzian. The
Gaussian represents the totalization of broadening processes such as line shape of x-rays,
the electron energy analyzer, and phonon broadening. The Lorentzian represents natural
line shape with consideration of core-hole lifetime.*°
2.3.3-4.3 Binding energy calibration

The binding energy is usually referenced to the Fermi level of the electron energy
analyzer. When conductive samples such as metals are set on a sample holder, the Fermi
level of the samples is identical to the Fermi level of the analyzer. However, in case of
low conductivity and insulating samples such as polymers and semiconductors, the
Fermi level does not align with that of the analyzer due to the charging effect. Therefore,
the correction of the binding energy is necessary for accurate peak assignment. The
hydrocarbon peak in C 1s energy region from contaminating carbon species (which are
present in a vacuum chamber) is commonly used for the reference of the charge
collection.® This process is based on the assumption that the contaminating carbon is
located on the sample surface close to the probing depth of the XPS measurements, and
the Fermi level of the contaminating carbon corresponds to that of the sample surface.
In the present study, the hydrocarbon peak in C 1s energy region was fixed at 285.0 eV

for the calibration of binding energy when measuring low conductive samples.
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Chapter 3. Solution species quantitatively observed
using environmental cells and X-ray photoelectron

spectroscopy

3.1 Introduction

Prior to the investigation of electrochemical reaction in relation to the all-solid-state
batteries by the newly developed in-situ X-ray photoelectron spectroscopy (XPS), XPS
observation of liquid samples encapsulated in an environmental cell was demonstrated

for the future possible application of this system to the liquid-type batteries. 1

Brief overview of XPS observation for liquid samples and solid/liquid
interfaces

XPS, which can nondestructively analyze the composition, oxidation states, and
chemical bonding of elements at a solid surface, is one of the indispensable techniques
for current research and development. In XPS, since photoelectrons emitted by
irradiation of x-rays are detected by an electron analyzer, a vacuum condition is
essential to avoid significant intensity loss due to the scattering of photoelectrons in gas
and liquid phases. However, tremendous efforts have been devoted to utilizing XPS for
liquid samples®® and solid/liquid interfaces.*® Siegbahn et al. performed pioneering
photoelectron spectroscopy measurements of liquid samples by using the technique
called "liquid jet" in the 1970s”° shortly after the development of XPS by himself. In
this system, a flowing liquid column was generated by using a liquid nozzle placed in a

vacuum chamber, and photoelectrons emitted at a surface of the liquid column were
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detected by the differentially-pumped electron analyzer at a high vacuum (<2x10 Torr).
This technique has been utilized for a wide variety of systems such as water,'®*! organic
solvents,? ionic species,'® and nanoparticles in a liquid phase.'46

Besides electrochemical-XPS systems equipped with an electrochemical cell and an
electron analyzer,}”?! a few innovative techniques for liquid samples and solid/liquid
interfaces have been developed. One is the utilization of ionic liquids, whose vapor
pressure is almost zero even in a vacuum. Electrochemical processes taking place at
ionic liquid/electrode interfaces have been investigated by detecting photoelectrons
emitted at surfaces of ionic liquids and electrodes.?>?* Although these studies provide
important information, physicochemical properties of ionic liquids are significantly
different from those of water or organic solvents. Therefore, an alternative approach is
required for such ordinary liquids.

In combination with a near ambient pressure (NAP-)XPS which can measure
solid/liquid or solid/gas interfaces in a relatively low vacuum using a differential
pumping system,* 2°2 a “dip and pull” method has been utilized for a thin
liquid-layer-coated electrode surface partially pulled up from a liquid reservoir placed in
an analysis chamber.2-3! When the thickness of the liquid layer is very thin (~10 nm),
not only the solution species but also the adsorbed species on and the oxidation state of
electrode surfaces can be analyzed by detecting the photoelectrons emitted at the
electrified interfaces through the liquid layer.3233

Another approach is the utilization of an environmental cell in which a liquid or gas
sample can be sealed in a vacuum chamber by using a thin membrane such as graphene
oxide,3* Si, %% and graphene®-** as a window for x-rays/photoelectrons and a separator

between vacuum and ambient. In contrast to the dip and pull method, this technique, in
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principle, does not impose limitation on the thickness of the liquid phase, because
neither x-rays nor photoelectrons pass through the liquid. However, photoelectron
intensity can be substantially attenuated when passing through the membrane because of
the scattering of photoelectrons. For example, the attenuation length of photoelectrons is
typically about several nanometers® in the case of Mg Ka (#v=1,253.6 eV) or Al Ka
(hv=1,486.7 eV) excitation, which is widely used in a laboratory-based apparatus.
Utilization of hard x-rays at synchrotron radiation facilities was considered as an
effective approach to detect the photoelectrons through the membrane, because it can
significantly increase the attenuation length of photoelectrons. However, it brings about
an inevitable reduction in the photoionization cross-sections. Therefore, it is desirable to
introduce environmental cells into the common laboratory-based apparatus. The
utilization of soft X-rays and thin silicon nitride membranes that have been proposed
and demonstrated previously,3*4® combined with the recent improvements in the
laboratory XPS instrument, enables one to revisit this issue.

In our previous report, an environmental cell equipped with a 15 nm-thick Si
membrane as a quasi-transparent window was fabricated.®® Then, an in-situ XPS study
of electrochemical oxidation of Si at the Si/water interface was carried out under bias
application by employing hard X-rays (~6 keV) from a synchrotron source. In the
present chapter, we fabricated an environmental cell with a 5 nm-thick silicon nitride
membrane and demonstrated XPS of liquid samples in the cell using laboratory-based
apparatus with a conventional Al Ka source. Solutions of cesium chloride (CsCl) in
water at various concentrations were encapsulated in the cells, and the photoelectrons
emitted from the chemical species in the solution with a different concentration were

quantitatively detected.
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3.2 Environmental cells

Solutions of cesium chloride (CsCl; Kanto Kagaku, 98.0%) with concentrations of
0.6, 1.1, 2.6, and 4.5 M were prepared using pure water from the Milli-Q system (Merck
Millipore). Because silicon nitride membrane is most probably non-stoichiometric, it is
denoted as SiN.** SiN microchips (SiMPore Inc.) were applied as a window of the
environmental cell which can encapsulate a liquid sample in its cavity. The microchip

has a 5 nm-thick quasi-transparent SiIN membrane part whose size is 30 um-square on
the center of a 3 mm-length Si chip, as shown in Figures 3 - 1 (a)—(c).

Figure 3 - 1 (d) illustrates the dimension of the environmental cell and the principle
of XPS measurement of liquid samples. The procedure for preparing the environmental
cell was reported previously.®® A plasma treatment (PIB-10, Vacuum Device) was
performed to yield a hydrophilic SiN surface, and a droplet of the solution was placed
on the surface. After combining the chip with a conductive copper tape (Seiwa Electric
MFD), the surrounding of the chip was sealed by posting a sealant available for vacuum
(Torr seal®, Varian), and then dried at room temperature in an ambient condition. The
resulting cells were screened for the XPS measurements by observing optical images

with a microscope, as shown in Figure 3 - 1 (e).
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Figure 3 - 1. (a) Cross-sectional and (b) top views of the Si chip and (c) a magnified
image of the quasi-transparent SiN membrane. (d) Schematic illustration of the
environmental cell and configuration of the XPS system. Photographs of the
quasi-transparent windows used for screening: (e) filled with a liquid sample, (f)
deflated, and (g) disrupted causing leakage of the liquid sample.

In general, a thinner membrane has a better transparency for photoelectrons, although
its mechanical strength becomes weaker (the membrane can be ruptured easily). The
attenuation ratio, I;/I,, of photoelectrons for three different membranes with
thicknesses of 5, 10, and 15 nm was estimated using the following equation:

I;/1, = exp(—d/A - cos@), (3-1)
where d, 1, and 6 are the thickness of the membrane, the inelastic mean free path of
electrons (IMFPs) calculated by the TPP-2M equation,* and the emission angle of

photoelectrons (0°), respectively. We assumed the stoichiometric SisN4 membranes for
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the calculation of Apypp. Figure 3 - 2 shows the attenuation ratio of photoelectron
through the 5, 10, and 15 nm-thick SisN4 membranes as a function of the kinetic energy
of photoelectrons. It suggests that, in the case of 5 nm-thick SizNs membrane,
approximately 20% of photoelectrons ejected from the Cs 4d level by Al Ka excitation
(kinetic energy = 1,410 eV) pass through the membrane without inelastic scattering,
whereas only 4 and 0.8% of photoelectrons pass through 10 and 15 nm-thick
membranes. Thus, the 5 nm-thick SiN membrane was chosen as a window for the

environmental cells.
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Figure 3 - 2 . Attenuation ratio of the photoelectron intensity (Is/lo) passing
through the 5 nm (red), 10 nm (blue), and 15 nm-thick (green) SisN4 membranes as
a function of the kinetic energy of photoelectrons.

XPS measurements were conducted in AXIS NOVA (Shimadzu Kratos) equipped
with a monochromatic Al Ka source with an operating X-ray power of 300 W without
charge neutralization by an electron gun. Photoelectron emission angle (6) was fixed at
0° and the aperture of the hemispherical analyzer was kept at a perpendicular position to
the sample surface. The analysis area was a spot with a diameter of 110 um, and the

energy of photoelectrons passing through the analyzer (pass energy) was 160 eV. The
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vacuum pressure in the analysis chamber was about 5% 10® Torr.

As a reference sample, cesium chloride solution was drop-casted on a hydrophilic
SiN membrane and the dried sample was measured with and without charge

neutralization.

3.3 Results and Discussion

3.3.1 XPS observation of CsCl aqueous solutions
Photoelectron spectra in Cs 4d region

The red curve in Figure 3 - 3 shows the Cs 4d photoelectron spectrum taken from the
cell containing 4.5 M CsCl aqueous solution. A doublet peak corresponding to the Cs
4ds/2 and 4ds> were observed at 75.8 and 78.1 eV, respectively. The ratio of the peak
integrations was calculated to be approximately 3:2 by curve fitting and it is in good
agreement with the theoretical value from the split peaks of the d orbital.*’ The Cs 4d
peaks were observed only in the quasi-transparent window part, showing that the
obtained Cs 4d signals were indeed emitted from the aqueous CsCIl solution
encapsulated in the cell and detected through the membrane.

The dried CsCIl powder deposited on the membrane was measured as a reference
through the membrane without charge neutralization. The Cs 4d peak shifted to the
higher binding energy by more than 5 eV (blue curve in Figure 3 - 3) with respect to
that of the liquid sample (red curve in Figure 3 - 3). In addition, the ratio of the Cs 4ds/>
and 4ds. peaks showed approximately 1:1, which significantly deviates from the
theoretical value 3:2. This change, so called charge-up, was caused by the emission of

photoelectrons from the highly resistive CsCl. This difference between the solid and
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liquid samples implies that the solution is certainly sealed in the cell and acts as
conduction paths for electrons. When the solid CsCl was measured with charge
neutralization by an electron gun which supplies low energy electrons to compensate the
charge due to the ejected photoelectrons, a doublet Cs 4d peak in the theoretical ratio
was observed at the almost same energy (black curve in Figure 3 - 3) with that of the
aqueous solution (red curve in Figure 3 - 3), confirming that the cesium ions observed

as a red curve in Figure 3 - 3 certainly exist in the liquid phase.
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Figure 3 - 3. Cs 4d photoelectron spectra acquired from the cells filled with a 4.5 M
aqueous CsCI solution without charge neutralization (red curve) and a dry solid
CsClI sample without (blue curve) and with charge neutralization (black curve).

As shown in Figure 3 - 3, the Cs 4d peak of the dry solid CsCl sample (blue curve in
Figure 3 - 3) shifted to a higher binding energy owing to the charge-up effect, although
no shift was observed in the spectra of aqueous CsCl solution (red curve in Figure 3 - 3),

proving that water provides conduction paths. In the Si 2p region of the dry solid CsCl
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sample (black curve in Figure 3 - 4 (a)), a peak corresponding to the SiN membrane
underneath the dry CsClI powder also shifted owing to the charge-up. On the other hand,
no such shift was observed in the spectra acquired from cells containing aqueous CsCl
solutions (gray, green, blue, and red curves in Figure 3 - 4 (a)), confirming the effective
suppression of charging by water.

A peak was observed in the C 1s region of the photoelectron spectra acquired from
cells containing aqueous CsCI solutions (Figure 3 - 4 (b)). Carbon is considered to be a
contaminant adsorbed on the surface of the SIN membrane on the external surface of the
cell (that is, the surface not in contact with the liquid but in contact with vacuum).
Because the C 1s peaks are slightly shifted to the higher binding energy, the SiN surface
at the external side of the cell might be slightly charged, unlike the internal surface in

contact with the liquid.
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Figure 3 - 4. Photoelectron spectra acquired from cells containing aqueous CsCl
solutions in the regions of (a) Si 2p and (b) C 1s. Si 2p spectrum of the dry CsCl
sample is also shown for comparison.
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The quantitative analysis of cesium ions in solutions was performed as shown in
Figures 3 - 5 (a)—(c). The intensity of Cs 4ds peak increased in proportion to the
concentration of the CsClI solution when the cells filled with aqueous CsCI solutions at
different concentrations (0.6, 1.1, 2.6, and 4.5 M) were analyzed as well as pure water
as a reference. This result clearly indicates the capability of this technique for
quantitative characterization of chemical species in solution. Meanwhile, the position of
Cs 4dsp2 peak at each concentration remains almost constant (Figure 3 - 5 (c), standard

deviation +0.13 eV), suggesting that the oxidation state of cesium ions was almost

identical.
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Figure 3 - 5. (a) Cs 4d photoelectron spectra of pure water and 0.6, 1.1, 2.6, and 4.5
M aqueous CsCI solutions in environmental cells. Each spectrum was collected
with an acquisition time of ~200 min. Linear approximation was adopted for
background subtraction. Concentration-dependence of the (b) intensity and (c)
position of the Cs 4ds;2 peak. The black dashed lines are linear fits to the data. The
error bars represent standard deviation from the mean (n=2 or 3).
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Wide scan spectra and photoelectron spectra in Cs 4d, Si 2s, Si 2p, and N

1s regions

Figure 3 - 6 (a) shows wide scan spectra of pure water and 0.6, 1.1, 2.6, and 4.5 M
aqueous CsCI solutions filled in cells. Not only Cs 4d but also Cs 3d peaks were
observed from the aqueous CsCl solution, as shown in Figures 3 - 6 (b) and (c). Peak
areas of Cs 4d, Si 2s, Si 2p, and N 1s are summarized in Table 3 - 1. The peak area
ratios of Cs 4d/Si 2s, Cs 4d/Si 2p, and Cs 4d/N 1s were also proportionally increased

with the concentrations, as shown in Figures 3 - 7 (a)—(c).
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Figure 3 - 6. (a) Wide scan, (b) Cs 3d, and (c) Cs 4d photoelectron spectra of pure
water and 0.6, 1.1, 2.6, and 4.5 M aqueous CsCl solutions in cells.

62




Chapter 3

Table 3 - 1. Peak areas of Cs 4d, Si 2s, Si 2p, and N 1s and the ratios of Cs 4d/Si 2s,
Cs 4d/Si 2p, and Cs 4d/N 1s for aqueous CsCl solutions and pure water.

Peak area/ cps Peak area ratio
Concentration/ mol L!
Cs 4d Si 2s Si2p N ls Cs 4d/Si 2s Cs 4d/Si 2p Cs 4d/N 1s
154.0 4230 4282 5764 0.0355 0.0350 0.0267
4.5
+50.7 £ 930 +924 +2130 +0.0042 +0.0043 +0.0013
99.4 3983 4262 4894 0.0256 0.0237 0.0203
2.6
+38.7 + 967 +1031 + 1009 +0.0111 + 0.0098 + 0.0090
47.5 3527 3812 4647 0.0146 0.0134 0.0102
1.1
+7.6 + 771 +782 + 882 +0.0053 + 0.0047 + 0.0037
25.5 3271 3535 4442 0.0074 0.0069 0.0057
0.6
+184 + 369 + 306 + 537 + 0.0046 + 0.0045 + 0.0033
0 0 2769 2910 3116 0 0 0
3
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Figure 3 - 7. Dependence of the ratios of (a) Cs 4d/Si 2s, (b) Cs 4d/Si 2p, and (c) Cs
4d/N 1s on the concentration of CsCl in water. Dashed lines are linear fits to the

data.
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Photoelectron spectra in Cl 2p and O 1s regions

Cl 2p and O 1s energy regions were measured to observe the chloride ions and liquid
H-0 in the aqueous solution. Figures 3 - 8 (a) and (b) show the photoelectron spectra in
the ClI 2p and O 1s regions acquired from the cells filled with pure water and 0.6 and 1.1
M aqueous CsCl solutions. In the CI 2p region, the plasmon loss peak of Si 2s
overlapped with the Cl 2p peaks. Moreover, ClI components were incorporated in the
SiN membranes because a gas containing Cl species was used as a precursor for the
formation of the SIN membrane. In the O 1s region, the peak observed at ~533 eV
should be due to contaminants such as carbonates and silicon oxide at the SiN
membrane. These strong features hindered the quantitative deconvolution of the peaks

corresponding to chloride ions and H20 in the aqueous solution.
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Figure 3 - 8. Photoelectron spectra acquired from cells filled with pure water and
0.6 and 1.1 M aqueous CsCI solutions in the region of (a) Cl 2p and (b) O 1s.
Dashed lines indicate the peak positions of RSiClz (R: alkyl group),*® CsCl,* H20
(liquid),** and SiO2% respectively. The shaded area corresponds to contaminants
such as carbonates.>!
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3.4 Conclusions

We fabricated environmental cells filled with aqueous CsCl solutions of various
concentrations using a 5 nm-thick SIN membrane as a transparent window for the
transmission of x-rays and photoelectrons. The Cs 4d photoelectrons passing through
the membrane were detected using a laboratory-based XPS apparatus equipped with a
conventional Al Ko source. Furthermore, the peak intensity increased proportionally
with the concentration of the solutions.

Chemical species located in deeper regions were quantitatively observed using XPS,
proving the capability of this technique for quantitative characterization of liquid

samples and solid/liquid interfaces.
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Chapter 4. Static and dynamic analyses of initial
lithiation/delithiation of amorphous-Si thin-film

electrodes

4.1 Introduction

Si thin-film electrodes in a similar structure were previously explored by a few
research groups.'? For example, Chen et al. demonstrated that Si/LLZT/Li-configured
amorphous-Si films exhibited a stable cycle performance without any remarkable side
reactions at Si/LLZT interfaces.! Sakabe et al. constructed amorphous-Si thin films on a
thiophosphate-based solid electrolyte (80Li>S-20P>Ss glass).? In these studies, although
a significant volumetric change of the Si electrodes (approximately 300%) due to the
lithiation was observed by scanning electron microscopy (SEM), relatively stable cycle
performance and high capacity retention after 100 cycles were achieved. The first
lithiation and delithiation of a Si/LLZT/Li-configured amorphous-Si thin-film electrode
deposited on a LiselLasZri¢Tao4O12 (LLZT) solid electrolyte were statically and
dynamically studied using an in-situ XPS system on the basis of the elemental
composition and chemical state of the Si thin-film electrode. In addition, the volumetric
expansion of the Si thin-film electrode was monitored using in-situ AFM in the first

lithiation.
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4.2 Results and Discussion

4.2.1 Galvanostatic potential profiles
Cycle performances measured under Ar and vacuum

Figure 4 - 1 compares the galvanostatic lithiation/delithiation potential profiles
measured under Ar and vacuum without applying compression. The potential profiles
were obtained using the sample holder previously described in Chapter 2 without
applying any compression to the thin-film cell.

Under Ar, the thin-film cell showed an irreversible potential profile (Figure 4 - 1 (a)).
The first lithiation capacity measured under Ar reached 4,236 mAh g'!, which is much
higher than the theoretical capacity at room temperature (3,579 mAh g!). In the
subsequent delithiation, however, stable current was not observed and the potential
difference between Si and Li electrodes became zero. This short circuit is considered to
be due to the dendrite formation of the LLZT/Li interfaces.** In contrast, the potential
profile measured under vacuum was reversible as is the potential profile measured under
Ar with compression (Figure 4 - 1 (b)).

Figures 4 - 2 (a) and (b) show the AC impedance profiles for the thin-film cells
cycled under Ar and vacuum, respectively. The resistance of the cell cycled under Ar
(Figure 4 - 2 (a)) was much lower than that of the one cycled under vacuum (Figure 4 -
2 (b)) and almost zero, confirming the short-circuit of thin-film cell cycled under Ar
without applying any compression.

Si thin-film cells needs to be cycled under compression under Ar;> otherwise, they
either exhibit rapid capacity fading or short-circuit, as in the present case. In the present
study, however, reversible cycling was achieved without applying any compression

under vacuum. Thus, all the following measurements were performed under vacuum
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without applying any compression unless otherwise noted.
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First lithiation/delithiation cycles measured using in-situ XPS

Figure 4 - 3 shows the galvanostatic lithiation/delithiation potential profiles of
thin-film cell measured under vacuum in the first cycle. The charge integrations
obtained for the first lithiation (from A to B) and delithiation (from B to C) were 3,330
and 3,137 mAh g’!, respectively. Their difference, i.e., the irreversible capacity, was 193
mAh g'!'. The electrical charges obtained for the first lithiation/delithiation are in good
agreement with previous reports.>® The composition of lithium silicide at B and C are
denoted as Li,Si and Li,Si, respectively. Assuming that all the electrical charges were
used to form lithium silicide, the apparent compositions were estimated to be Li349Si
and Lio20Si at B and C, respectively. However, the formation of Li>O, as revealed by
XPS (see static XPS results), suggests that the lithium silicide partially reacted with
oxygen species. Thus, x and y should be somewhat lower than 3.49 and 0.20,

respectively (to be discussed in the following sections).
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Figure 4 - 3. Galvanostatic first lithiation/delithiation potential profiles obtained
for Si/LLZT/Li cell cycled at 0.02 C and cutoff potential in range 0.01-1.2 V vs.
Li*/Li. XPS measurements were performed at red, blue, and green points denoted
by A-C, respectively.

73




Chapter 4

Cycle performance

The cycle performance and corresponding coulombic efficiency obtained in
subsequent cycles are shown in Figure 4 - 4. Samples 1 and 2 were both prepared in the
same batch. Although the capacity gradually decreased with increasing the number of
cycles, the coulombic efficiency remained at approximately 100% after the second cycle.
It is noted that, although a certain area of Si electrode is exposed to vacuum for XPS
without a Cu current collector, the reversible capacity and cycle performance of this cell
is almost identical to the cell where the entire Si electrode is covered by a Cu current

collector.

(@) (b)

T T T T T T
X 100] g
— ~ “
"o 3000} >
Q
s 2 sof
< Q
S k2]
~— 2000 - £ 60p
> Sample 1 Q 90 .
= Lithiation Delithiation o 1.2 3 4 ]
8 ® o 002C (1st-10th cycles) o 40 |sample1 1
1 —@—  0.02C (1st-10th cycl 1
% 1000 Sample 2 b g (s cycles) ]
O Lithiation Delithiation 1 E 20+ Sample 2 i
| a 0.05C (1st cycle) o —@— 0.05C (1st cycle) E
] m} 0.5C (2nd—100th cycles) (@) —— 0.5C (2nd—100th cycles) ]
0 L N 1 L 1 M 1 N 1 A 1 O L L 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100

Cycle number Cycle number

Figure 4 - 4. (a) Cycle performance and (b) corresponding coulombic efficiency of
SI/LLZT/Li cells (samples 1 and 2) measured at different current densities in
ultrahigh-vacuum (UHV) chamber of XPS apparatus. Inset shows magnified view
of (b). Sample 1 was used for static in-situ XPS measurements. Specific capacity
was normalized by mass of deposited Si.
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4.2.2 Static reaction analysis of electrochemical lithiation of Si anode
at various states of charge

4.2.2.1 Static XPS analysis using Al Ka incident x-rays

Figure 4 - 5 shows the XPS spectra generated for the Li ls, Si 2p, and O 1s energy
regions of the Si surface at A—C of the potential profile in Figure 4 - 3. Although no
peak was observed in the Li 1s region of the spectrum for the pristine Si electrode
(Figure 4 - 5 A), a broad Li peak appeared after the lithiation (Figure 4 - 5 B), indicating
that the Li ions was reductively inserted into the Si electrode from the LLZT and then
uniformly diffused to reach the analysis surface.

The broad Li 1s peak was deconvoluted into peaks attributed to lithium oxide (Li2O),
lithium carbonate (Li2CO3), lithium silicates (Li silicates), and lithium silicides
(LixSi).”” The formation of Li»O and Li»COs are commonly detected as byproduct using

various analysis techniques,'*!?

suggesting the side reactions of Li.Si with a trace
amount of oxygen species and/or carbon dioxide possibly from the ultrahigh-vacuum
(UHV) chamber or LLZT. The broad Li 1s peak composed of peaks attributed to Li>O,
Li2COs, and Li silicates remained after delithiation. This shows that those are inactive
irreversible species.

In the Si 2p region of the spectrum for the pristine Si electrode (Figure 4 - 5 A),
strong and small peaks were observed at 99.1 and 101.9 eV, corresponding to bulk Si
and a native suboxide (Si0;), respectively, formed by reaction of the sputter-deposited
Si surface with a trace amount of oxygen under vacuum.'>!'* After the lithiation (Figure
4 - 5 B), the intensity of the Si peak decreased by approximately 20 times, probably due

to the insertion of Li into Si and the formation of upper Li2O, Li2CO3, and Li-silicates

layers More interestingly, the peaks corresponding to Si and SiO; both shifted to lower
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binding energies of up to 95.2 and 101.0 eV, respectively. The former and latter peaks
were attributed to the Li,Si and Li silicates formed by the lithiation of the bulk Si and
suboxide (SiO:), respectively.'> 1>17 After the subsequent delithiation (Figure 4 - 5 C),
the Li,Si peak at 95.2 eV shifted to higher binding energy of 97.5 eV, but did not revert
to the original position at 99.1 eV corresponding to the bulk Si. This observation is
indeed consistent with the existence of irreversible capacity loss in Figure 4 - 3. In
contrast, the Li-silicates peak at 101.0 eV did not shift during delithiation, confirming

that the Li silicates are also irreversibility species.
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Figure 4 - 5. Li 1s, Si 2p, and O 1s spectra generated for Si electrode at A—C shown
in Figure 4 - 3: (A) pristine electrode and after the first (B) lithiation and (C)
delithiation. Si 2p spectra are multiplied by numbers indicated in respective
spectra for easier comparison. All spectra were obtained using an Al Ka source (hv
= 1,487 eV). All binding energies were calibrated based on hydrocarbon C 1s peak
at 285.0 eV.
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One may consider that Li can be extracted from the Li silicates by successive
lithiation/delithiation cycles. Figure 4 - 6 shows the Li-silicate peaks and their
integrations during the first few cycles. The change in the peak integration for the
Li-silicate species was negligible, implying that the Li-silicate species were inactive
during successive cycles. The peak position and the electrochemical inactivity both

suggest that the main Li-silicate component was lithium orthosilicate, LisSiO4.!% '8
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Figure 4 - 6. (a) Photoelectron peaks in Si 2p region corresponding to Li silicates
and (b) their integrations after each lithiation/delithiation. Data points and error
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The O 1s peak attributed to the pristine Si electrode (Figure 4 - 5 A) originated from
the native suboxide, SiO., and contaminating carbonate species adsorbed at the
electrode surface. After the lithiation (Figure 4 - 5 B), bimodal peaks attributable to
Li;0% ' and LixCOs/Li silicates'> 1% were observed at 528.8 and 531.4 eV,

respectively.

4.2.2.2 Depth analysis using Ag La incident x-rays

Because the photon energy of Ag La x-rays (hv = 2,984 eV) is higher than that of Al
Ko ones (hv = 1,487 eV), photoelectrons with higher kinetic energy can be expected.
Therefore, the utilization of the former enables to detect photoelectrons emitted at the
deeper region for in-depth analysis. In addition, core levels which cannot be excited by
Al Ko radiation can be excited using such a high-energy x-ray source.

Figures 4 - 7 and 4 - 8 show the wide- and narrow-scan XPS spectra acquired using
Al Ko and Ag La sources, respectively. As compared to the Al Ko excitation, the ratio
of the Li-silicates peak to the Li,Si peak in the Si 2p region was smaller for the Ag La
excitation (right column in Figure 4 - 8), indicating that the Li silicates were localized
on the Si-electrode surface.

In addition, the ratio of the Li,Si peak to those of other components (i.e., Li2O and Li
silicates/Li2CO3) was larger for the Ag Lo excitation, suggesting the formation of Li,O,

Li silicates, and Li2COs over the Li,Si.
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Figure 4 - 9 shows the C 1s XPS spectra acquired using the Al Ko x-ray source under
each electrochemical condition. The intensity of the C ls peaks corresponding to the
organic contamination (hydrocarbon; 285 e¢V) and lithium carbonate (Li2CO3; 290 eV)
increased after the first lithiation and subsequent cycles, while that of the O 1s and Li Ls
peaks corresponding to Li>O decreased from the B to C in Figure 4 - 5, implying that

Li2CO; was formed by the reaction between of Li>O formed at outermost layer at B

with a trace amount of residual gas in the vacuum chamber.
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Figure 4 - 9. C 1s spectra generated for Si electrode under each electrochemical

condition. Dashed lines indicate positions of peaks attributed to Li2COs and

hydrocarbons, respectively.® All spectra were obtained using Al Ko incident x-rays.

All binding energies were calibrated based on hydrocarbon C 1s peak at 285.0 eV.

4.2.2.3 Quantitative estimation of surface layers
Figure 4 - 10 shows the structural models proposed for estimating the thickness of the
pristine and lithiated Si-electrode surface layers (from A to B in Figure 4 - 5). The

thickness of the Si suboxide (SiO;; a), lithium oxide (Li20; b), and lithium orthosilicate
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(L14S104; c¢) layers was estimated using the peak intensities and known physical

parameters such as the inelastic mean free paths and atomic densities.

(A) Pristine (B) 1st Lithiation
+Li
Vacuum —)
bnm
SiO, anm
7 . enm
Si

Figure 4 - 10. Structural models proposed for estimating thickness of (A) pristine

and (B) lithiated Si-electrode surface layers.

Thickness of SiO; layer
First, the thickness of the SiO. layer (a) was determined using the following

equation.’” Here, the SiO physical properties were used for the calculation.

nsi  Asi Isio, )
a = Agjp.In +1), 4 -1
5102 <715i02 /151'02 Ig; ¢-1)

where Agjp, (= 3.09 nm) and Ag (= 3.75nm) are the inelastic mean free paths of the
Si 2p photoelectrons in SiO> and bulk Si, respectively, obtained using the TPP-2M
formula;*' ng;o, (= 5.00 x 10%* atoms/cm?®) and ng; (= 2.28 x 10%* atoms/cm?)
are the Si atomic densities of SiO2 and bulk Si;** and Is;,/Is; (= 0.073) is the
intensity ratio of the SiO: peak to bulk Si peak in the Si 2p region.
Thickness of LisSiOy layer

The appearance of Li-silicate peak and the disappearance of SiO. peak
simultaneously occur (Si 2p region in Figure 4 - 5 B), implying that the native oxide
(Si0;) was fully converted to LisSiO4 by lithiation. Hence, the thickness of the Li4SiO4

layer (c) was obtained from that of the SiO; layer (a) using the volumetric ratio of their
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unit cells. According to the densities of Si atoms in SiO, (g, = 2.28 X
1022 atoms/cm?®) and LisSiOs (ny,si0, = 1.21 X 10?2 atoms/cm?®),” the lattice
volumetric ratio (V1,sio,/Vsio,) can be expressed as follows:
Vii,si0,/Vsio, = Msio,/MLiysio,
Vii,sio,/Vsio, = 1.88,
~ ¢ = 1.88a, 4-2)
Thickness of Li>O layer
According to the discussion that the intensity of the Si 2p peaks considerably
decreased while strong Li2O and Li4SiO4 peaks simultaneously appeared in Figures 4 -
5 B, the Li;O and Li4SiO4 layers were formed at the outermost layer of the Si electrode.
The depth analysis performed using Ag Lo incident x-rays (Figure 4 - 8) also support
the formation of Li2O and LisSi0O4 layers at the outermost surface.
The thickness of the Li,O layer (b) (Figure 4 - 10 B) was estimated using the
intensities of the Li>O peak in O 1s region (I Liy0, 015) and Li4Si04 peak in Si 2p region
(ILi4Si04, Sin)o respectively, after the first lithiation. The intensity of each peak is

expressed as follows:
b
I1i,0,01s = KIX001snLi20,OL eXP(—x/)lLizo,o1s)dx
= KIXUo1snLi20,o)1Li20,o1s[1 - exp(—b//lu'zo,ms)].
c
I1i,si0,, sizp = KIXUSinnLi4SiO4,Siexp(_b//lLiZO,Sin)fo eXP(—x//lLi45io4,Si2p)dx

= KIXUstzpnLi45i04,SiALi45i04,5i2pexp(—b//lLizo,Sin)[1 - exp(—C//lLi4Sio4,5izp)].
where K is the detection efficiency of the photoelectrons emitted from the sample, and

Iy is the flux of the incident x-rays.
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Ini,o0,01s  Oo1s Mi00  ALiy0,01s

N Ipi,sio,, sizp - Osi2p MLi,Si0,,Si ALi4SiO4,Si2p
[1 - exp(_b/ALiZO,Ols)]
eXp(—b//lLizo,Sin) [1 - exp(_c/ALi4Si04,Si2p)],

where 11;,0, 015/1Li,si0, sizp (= 46.2) is the experimentally obtained peak-intensity

(4-3)

ratio; gpqs (= 2.93) and 0g;,(= 0.817) are the O ls and Si 2p photoionization
cross-sections;”  ny; 0 0(= 3.98 X 1022 atoms/cm®)  and  ny;, g0, 5i(= 1.21 X
1022 atoms/cm3) are the densities of O and Si atoms in Li>O and LisSiOs,
respectively;* and A;;,0 015(= 2.70 nm), Ay, si0, sizp (= 3.40 nm), and Ay, 5i2p (=
3.62 nm) are the inelastic mean free paths of photoelectrons from O 1s, Si 2p, and Si
2p in Li,0, LisSiO4, and Li,0,*! respectively.

According to the equations (4 -1)—~(4 -3), thicknesses a, b, and ¢ were obtained to be
0.5, 2.5, and 0.9 nm, respectively. The proposed structural models of the pristine and

lithiated Si electrodes are shown in Figure 4 - 11.

(A) Pristine 4 | (B) 1st Lithiation ~ _; (C) 1st Delithiation

_—
Vacuum *

Irreversible
B. L|20 b=2.5nm

SiO, 2=0.5nm

27222, e Lo c=0.9 nm

Sj Li Si Li fraction
X>y

Figure 4 - 11. Proposed structural models of (A) pristine, (B) lithiated, and (C)
delithiated Si electrodes. Thickness of each layer was estimated using

peak-intensity attenuation ratio and known physical properties.
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4.2.2.4 Effect of surface roughness on estimated thickness

Figures 4 - 12 show AFM images of surfaces of the pristine Si electrode and the
electrode lithiated tenth times, respectively. The relative surface area (R)—(defined as
the true surface area divided by the projected one)—of the pristine Si electrode (Figure
4 - 12 (a)) was calculated as 1.03 using Gwyddion 2.56 software.? R increased to 1.19
after the tenth lithiation (Figure 4 - 12 (b)) and was widely distributed in the range 1.11—
1.26 in the projected 20 x 20 pm? area owing to the nonuniformly formed cracks and
agglomerations, as shown by the red squares in Figure 4 - 12. XPS measurements in the
110 x 110 um? analysis area show the average relative surface area accounting for the
nonuniform surface roughness.

Gunter et al.?¢?” and Werner’”® used Monte Carlo simulations to determine the
correlation between R obtained for rough Si substrates and SiOz-overlayer thickness
overestimated using angle-resolved XPS. On the basis of their method,**?® the thickness
of the SiO;, Li»O, and LisSiO4 layers (a, b, and ¢ = 0.5, 2.5, and 0.9 nm) could be

overestimated by ~10, <~30, and <~30%, respectively.

(a) Pristine Si (b) After 10th lithiation

Opm 20 40 60 80 100

100
- -172

Figure 4 - 12. AFM images of (a) pristine Si-thin-film electrode and (b) Si-thin-film
electrode lithiated ten times. Projected 110 x 110 pm? area was measured using
resolution of 512 x 512 pixels. Area in each red square is 20 x 20 um?. R values
represent relative surface area, defined as true surface area divided by projected

one.
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4.2.2.5 Formation of irreversible species and their effect on capacity
loss
The Li:Si and Li,Si compositions were quantified by the thickness experimentally
determined using XPS and the lithiation/delithiation electrochemical response. The
number of moles of electrons, N;,¢q1, for the first lithiation (from A to B in Figure 4 -

3) can be represented by the following equation:

Niotar = Niizo + Niiysio, + Niiysio (4-4)

where N0, Nii,sio,» and Np; s; are the number of moles of Li ions used to form
Li,O, LisSiO4, and Li,Si, respectively. The charge integration for the first lithiation
(from A to B in Figure 4 - 3) was 3,330 mAh g'!; thus, Nypeqr = 1.75 % 10 mol. On
the basis of the Li,O- and LisSiOs-layer thicknesses (b = 2.5; ¢ = 0.9 nm), the
corresponding Li atomic densities (Ny;,o and Ny, g0,) Were estimated at 2.10 x 1078
and 4.60 x 10" mol, respectively. From Equation (4), Ny si was estimated at 1.72 x
10® mol. Here, the number of moles of Si atoms (5.01 x 107 mol) in Li,Si was obtained
by subtracting that in the Li4SiO4 layer from that in the pristine Si electrode (¢9 mm x
95.0 nm); thus, x ~ 3.44.

The relationship of the formation of LiO and Li4Si04 to the irreversible capacity loss
was estimated at approximately 25%.

After the first lithiation, all the subsequent lithiations/delithiations proceeded with
approximately 100% coulombic efficiency (as shown in Figure 4 - 4); that is, all the
electrical charge was consumed for lithiation (3,137 mAh g corresponding to 1.65 x
10 mol) during delithiation from Li,Si to Li,Si (i.e., from B to C in Figure 4 - 3). Thus,

y was determined as 0.15.
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The estimated capacity and composition in the present research reasonably agree with
those determined based on the volumetric change ratio of the Li,Si layer, as measured

using x-ray reflectivity (XRR) and reported by Toney et. al.?’
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4.2.3 Dynamic observation of electrochemical lithiation/delithiation
of Si anode
4.2.3.1 Dynamic in-situ electrochemical XPS

As mentioned in Section 4.2.2, Li was quasi-reversibly and irreversibly inserted into
the Si bulk and native suboxide, respectively, after the lithiation. To further elucidate
the lithiation/delithiation mechanism, the first cycle was monitored in a stepwise
manner by sequentially generating XPS spectra for each element at the Si-thin-film
electrode.

Figure 4 - 13 (a) shows the galvanostatic first lithiation/delithiation potential profiles
generated at 0.05 C and cutoff potentials of 1.2 and 0.01 V vs. Li*/Li, respectively. The
upper axis of the graph represents the apparent Li content in lithium silicide (Li,Si),
which is calculated based on the integrated electrical charge obtained for the Si
lithiation and thickness. For example, the first lithiation and delithiation capacities were
3,342 and 3,162 mAh g, and the corresponding apparent Li contents in Li,Si were 3.50
and 0.19, respectively. In the present experiment, the apparent Li content obtained
without calibrating the charge consumed for the irreversible byproducts (Section
4.2.2.3) is shown for simplicity.

To dynamically track lithiation, the following sequential in-sifu XPS measurements
were carried out, as shown in Figure 4 - 13 (b). The sequence consisted of measuring
narrow-scan XPS spectra in the Si 2p and C, O, and Li ls regions. The total time
required to on segment was 0.47 h (28.2 min). In total, spectra were obtained 33 and 31
times during lithiation and delithiation over approximately 15.4 and 14.3 h, respectively.
In all the spectra, the binding energy was calibrated using the surface-hydrocarbon C 1s

peak at 285.0 eV. Because the peak shifted over time, it was used to calibrate all the
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other spectra (i.e., Si 2p and Li and O 1s) after the position of the hydrocarbon peak was

linearly extrapolated.

(a) X in Li,Si
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Figure 4 - 13. (a) Galvanostatic lithiation/delithiation potential profiles generated
at 0.05 C and cutoff potential in range 0.01-1.2 V vs. Li*/Li. (b) Magnified graph of

dashed area in (a). Vertical lines indicate acquisition time for XPS spectra.

Figure 4 - 14 (a) shows the time course XPS data obtained in the Li 1s region during
the lithiation. Although surface-sensitive XPS measurements were applied to starting
the other side of the SI/LLZT interface, a broad Li 1s peak appeared immediately after
starting lithiation (even at the initial acquisition), suggesting the very high Li-diffusivity
in Si%3! Furthermore, the Li 1s peak was deconvoluted into three major peaks
attributed to Li2COs/Li silicates, Li,O, and Li,Si at 55.5, 54.1, and 53.6 eV, respectively,
when Li content was x = 0.13. In addition, the Li.Si peak gradually increased in
intensity and shifted to lower binding energy up to 52.1 eV after lithiation, as shown in

Figure 4 - 14 (b).
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Figure 4 - 14 . Li 1s and Si 2p spectra generated during (a, d) lithiation and (c, f)
delithiation at cutoff potential in range 0.01-1.2 V vs. Li*/Li. Error bars represent
uncertainty in peak positions and were set to +2c, where o are standard deviations
extracted from curve fitting. (g, h) Full widths at half maximum (FWHMsSs) of Si 2p
peaks correspond to Si%/Li.Si and SiO,/Li silicates.

In the subsequent delithiation, the Li.Si peak at 52.1 eV shifted back to a higher

binding energy, indicating decreased Li content (Figures 4 - 14 (b) and (c)).
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Furthermore, the Li.Si peak decreased, and eventually disappeared at a capacity of
1,587 mAh g'! (when x = 1.66), as shown in Figure 4 - 14 (c).

Figures 4 - 14 (d)—(f) show the Si 2p spectra and the evolution of the peak position
during the first lithiation/delithiation. As with the Li 1s peak, the bulk Si peak at 99.1
eV shifted to lower binding energy with increasing Li content. The intensity change of
the Si® peak due to the Li insertion is expected to be ~35.7%. However, it eventually
became approximately ~8.3% of the original intensity because of the formation of
overlayers such as Li2O and Li2COs. As shown in Figure 4 - 14 (e), the Li.Si peak
position monotonically decreased with a slope of —0.59 eV/x with increase in the Li
content, except in the initial and final stages of lithiation (i.e., when x = 0—0.25 and 3.3—
3.5, respectively).

In contrast to the linear relationship between the peak position and Li content,
delithiation showed interesting behavior (Figure 4 - 14 (f)). The Li.Si peak linearly
shifted with a slope of —0.23 eV/x to a higher binding energy (Li content x = 3.5-2.0).
Then, the Li,Si peak drastically shifted from 95.7 to 97.1 eV in the region x = 2.0-1.6.
When the Li content reached to x = 1.6-0.2, it reverted to a linear shift with a slope of
—0.35 eV/x. Meanwhile, the peak intensity monotonically increased from approximately
2,450 to 2,750 counts per second (cps) owing to the decreased Li content. In addition,
the Li,Si peak broadened in the region where x = 2.0-1.6, implying variation in multiple
L1,Si phases. Such drastic changes in the Li,Si peak in the region where x = 2.0-1.6 are
attributable to the phase transition from a crystalline Lii5Si4 to a single amorphous Li.Si
(where x < 2.0). Although the crystalline Li15Si4 structure was preserved up to x = 2.0,

the coexisting amorphous Li.Si was preferentially delithiated, thereby gently shifting
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the Li,Si peak (when Li content x = 3.5-2.0). The peak sharpening at approximately x =
1.6 is attributable to the completion of the phase transition.

The Li content at which the amorphization of crystalline Lii5Sis occurred is in good
agreement with the previously reported values determined by different techniques.®
Li and Dahn found the amorphization at Li content x =~ 2 during a biphasic
lithiation/delithiation by using in-situ XRD.*? Furthermore, Gauthier et al. used ex-situ
electron energy-loss spectroscopy (EELS) to show that crystalline Li;5Si4 was replaced
by amorphous Li,Si when x = 2 + 0.3 in Si-based nanocomposite electrodes.*

Figures 4 - 15 (a) and (c) show the Si 2p spectra generated for the first lithiation and
delithiation at a cutoff potential of 0.09 V vs. Li"/Li for lithiation, which is more
positive than the regular measurements (0.01 V vs. Li"/Li), to reduce the amount of Li
insertion. In the lithiation, the Li,Si peak monotonically shifted to a 96.1 eV energy with
increasing Li content (Figure 4 - 15 (b)), as is the case of a cutoff potential of 0.01 V vs.
Li*/Li (Figure 4 - 14 (d)). However, the drastic changes corresponding to the phase

transition was absent, suggesting that the phase transition does not occur when the Li

insertion was stopped at certain level.

‘ Cutoff potential: 0.09 V vs. Li*/Li for lithiation
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Figure 4 - 15. Si 2p spectra generated during first (a) lithiation and (c¢) delithiation
at cutoff potential in range 0.09-1.2 V vs. Li*/Li. (b) Evolution of peak position

determined using curve fitting analysis.
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Figure 4 - 16 shows the first lithiation/delithiation potential profiles and
corresponding differential capacity (dQ/dV) curves generated at cutoff potentials of 0.01
and 0.09 V vs. Li"/Li for lithiation. The curves for the negative and positive dQ/dV
regions were obtained from the smoothed lithiation and delithiation potential profiles
(i.e., black curves in Figure 4 - 16 (a)), respectively. The delithiation dQ/dV curves
measured with a cut off potential of 0.09 V (bottom of Figures 4 — 16) showed broad
peaks corresponding to the delithiation of Li-rich and -poor amorphous Li.Si at
approximately 0.29 and 0.49 V, respectively.>*°

Besides the two peaks in the dQ/dV curves with a cutoff potential of 0.09 V vs. Li/Li,
an additional peak was observed at approximately 0.41 V vs. Li"/Li in the delithiation
dQ/dV curve with a cutoff potential of 0.01 V vs. Li'/Li (top of Figures 4 - 16).
Hatchard et al. found a similar peak. They attributed it to the phase transition of
crystalline LiisSis to amorphous LiSi using XRD.*® The potential at 0.41 V vs. Li/Li is
indeed consistent with that of drastic change of the Si 2p peak corresponding to the
phase transition (Figure 4 - 14 (f)).

The dQ/dV peaks at 0.29 and 0.41 V attributable to the delithiation of amorphous
Li,Si and the amorphization of crystalline Li15Si4 suggest that the crystalline LiisSis was
formed during the first lithiation (~0.01 V vs. Li/Li"). In addition, delithiation followed
a biphasic reaction between amorphous Li,Si and crystalline LiisSi4 up to approximately

041 V.
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Figure 4 - 16. (a) Galvanostatic first lithiation/delithiation potential profiles and (b)
corresponding differential capacity (dQ/dV) curves generated for Si/LLZT/Li
thin-film cells. Lithiation cutoff potentials were set at (top) 0.01 and (bottom) 0.09
V vs. Li*/Li. (c) Magnified graph of dashed box shown in (b). Vertical dashed line
represents peak position corresponding to amorphization of crystalline LiisSia.

4.2.3.2 X-ray diffraction

The formation of crystalline Li;5Si4, which was indicated by dQ/dV analysis (Figures
4 - 16), was investigated by the ex-situ grazing-incidence X-ray diffraction (GIXRD).
Figure 4 - 17 (a) shows the GIXRD patterns generated at an incidence of 0.25° for the
Si thin-film electrodes deposited on either a SUS (stainless steel) substrate or a LLZT
solid-electrolyte sheet, as shown in the inset of Figure 4 - 17 (a).

The GIXRD pattern of the Si thin-film on the SUS substrate (blue) showed broad
peaks at 26~ 30 and 53°, corresponding to amorphous Si. However, the GIXRD pattern
of the Si 10

thin-film on the LLZT substrate before (green) and after
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lithiation/delithiation cycles (red) did not show any peaks attributable to either Si or

Li,Si.
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Figure 4 - 17. (a) Ex-situ grazing-incidence x-ray diffraction patterns generated for
amorphous Si films deposited on either SUS substrate (Si/SUS) or LLZT
solid-electrolyte sheet (Si/LLZT) and for Si-thin-film electrode deposited on LLZT
sheet and lithiated ten times at cutoff potential in range 0.01-1.2 V vs. Li*/Li
(Cu/LixSi/(10th)/LLZT). Inset presents configuration used for measurements. (b)
dQ/dV curve generated in ninth cycle of Cu/Li.Si/(10th)/LLZT measurement
sample. (¢) Magnified graph of dashed box shown in (b). Vertical dashed line
represents peak position corresponding to formation of crystalline LiisSia.

Figures 4 - 17 (b) and (c) show the corresponding dQ/dV curves generated in the
previous (i.e., ninth) lithiation cycle for the Si thin-film electrode used for the GIXRD

measurements. Although the small dQ/dV peak at approximately 0.42 V indicates
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crystalline Lii5Si4, the GIXRD measurements (red in Figure 4 - 17 (a)) did not show any
peaks attributable to LiisSis, implying that the crystalline-LiisSi4 phase was too small.
According to the previous report, the XRD peaks can be obtained if the crystalline size
is more than a few nm.?” The strong peaks originating from the cubic phase of the LLZT
garnet structure (ICSD#83607)*® hindered the identification of those originating from

the Si thin film.

The first lithiation/delithiation cycle of the bulk Si’ can be described as shown in
Figure 4 - 18; that is, (1) and (2) a Li was inserted into the amorphous bulk Si, and
amorphous Li,Si was formed. (3) By increasing the amount of inserted Li, crystalline
Li15Si4 was formed in the range of Li2.0S1 ~ Li1.651, producing coexistence of amorphous
Li,Si and crystalline LiisSi4. (4) Li was extracted from the amorphous Li.Si when x =
3.5-2.0 in the subsequent biphasic delithiation. (5) The crystalline Li;sSis was
transformed into amorphous LiisSi4+ when x = 2.0-1.6, thereby becoming a single
amorphous Li,Si phase. (6) After the phase transition, delithiation proceeded by a
single-phase reaction in the amorphous Li,Si. The relatively wide transition state (where
Li content x = 2.0-1.6) is considered to be due to the nonuniform potential distribution

in the Si electrode.
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Figure 4 - 18. Galvanostatic first lithiation/delithiation potential profiles and
binding energy of Li.Si Si 2p peaks plotted as functions of capacity and Li content
in Li.Si. (a = amorphous; ¢ = crystalline). Blue shaded area represents region
where crystalline LiisSis amorphized in delithiation. Insets represent reactions in

each process described in main text.

4.2.3.3 Formation mechanism of surface layers

The formation mechanism of Li silicates, Li»O, and Li.CO3 was also investigated.
The full width at half maximum (FWHM) of the SiOy/Li silicate peaks considerably
varied up to approximately 2,300 mAh g (x = 2.4 for LiSi) in the first lithiation
(Figure 4 - 14 (g)). However, that of the Li-silicate peaks only negligibly changed in the
subsequent delithiation (bottom of Figure 4 - 14 (h)). Moreover, the O 1s peaks at 528.7
and 531.4 eV, corresponding to Li>O and Li2COs/Li silicates, respectively, appeared in
the early stage of lithiation (~1,000 mAh g* and x = 1 in LixSi), as shown in Figure 4 -
19 (a). The C 1s spectra also showed the formation of Li>COs when x = 3.0 (Figures 4 -

19 (a) and (b)). The peaks attributed to the Li silicates, Li>O, and Li.COs were identical
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during the subsequent delithiation, confirming that these species were electrochemically
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Figure 4 - 19. O and C 1s spectra generated during the first (a) lithiation and (c)

delithiation. (b) Evolution of peak position was determined using curve-fitting

analysis.

4.2.3.4 Volumetric expansion of Si anode monitored using in-situ

AFM during first lithiation

The changes in the thickness and nanomechanical properties of the Si-thin-film

electrode were monitored using in-situ AFM during the first lithiation. The change in

the height of the thin-film cell (AZ_.;;), was measured by monitoring the z-position of

the piezo scanner. The AZ_..; can be represented by the following equation:

AZcen = Ag; + AZy,,

(4-5)

where AZg; and AZ;; are the changes in the thickness of the Si electrode and metallic
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Li layer deposited on another LLZT surface, respectively. The AZ;; can be calculated
from charge integration (blue curve in Figure 4 - 20 (b)).

Figures 4 - 20 (a) and (b) show the galvanostatic potential profile generated in the
lithiation and the corresponding changes in AZ..;;, respectively. However, the AZ_.y;
exhibited a large error in an open-circuit-voltage state (red curve in Figure 4 - 20 (b)),
possibly owing to thermal drift. This large error hindered the quantitative analysis of the
changes in the thickness.

Force—distance curves were generated at various electrochemical states, as shown in
Figure 4 - 20 (d). The corresponding AFM images are also shown in Figure 4 - 20 (e).
The slope of the force—distance curve (AF/AD) steepened with increasing lithiation time,
suggesting that the Si electrode surface became softer with the formation of Li.Si, Li

silicates, and Li,O.*°
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Figure 4 - 20. (a) Galvanostatic potential profile generated in the first lithiation at

28

0.05 C. (b) Changes in height of thin-film cell (red) measured by monitoring piezo
scanner, and estimated changes in thickness of metallic Li layer (blue) deposited on
counter electrode. (¢) Estimated thickness evolution of Si-thin-film electrode. (d)
Force—distance curves generated utilizing Si probe showing 40-N/m spring contact
at various electrochemical states. Extraction and retraction scan rates were both 1
Hz. Deflection sensitivity of 0.073 nm/mV and Q factor of 386 were used to convert
cantilever amplitude into contact force plotted on y-axis. (e¢) Representative AFM
images. Projected area (1 x 1 pm) was measured using resolution of 256 x 256
pixels and scanned at 0.2 Hz.
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4.3  Conclusions

In conclusion, we investigated the lithiation/delithiation of an amorphous Si electrode
in a thin-film-cell configuration by in-situ XPS, AFM, and electrochemical analysis. A
quasi-reversible shift in the Si 2p peak corresponding to the lithiation/delithiation of the
Si and the formation of irreversible species such as Li silicates, Li>O, and Li>COs3 were
observed, as shown in Figure 4 - 21. The irreversible-species-containing surface layers,
the lithium-silicide concentration, and the Li»O- and LisSiOs-formation-induced
contribution to the capacity loss were quantitatively analyzed. In addition, the drastic
shift in the Li.Si peak originating from the amorphization of the crystalline Li;sSis
formed when Li was inserted in to Li,Si up to x = 3.5 was dynamically observed at Li
content x = 2.0—1.6 (in Li,Si) in delithiation. Furthermore, the surface of Si electrode in

the first lithiation was observed using AFM.

Pristine "N 1st Lithiation ‘_L" ..
Li,CO,
Surface
’ayers suboxide
| ] LS o
Bulk layer a-Si / c-LirsSi, %} Lis 4 555
- L Two-phase
1st Delithiation Delithiation
(x=3.5-2.0)
. Y T
- Li Li -
= a-Li,Si %
- / o-LisgSiy
Single-phase Phase
d ?’th'pt' transition
elithiation (x=2.0-1.6)

Figure 4 - 21. Schematic illustrating first lithiation/delithiation.
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Chapter 5

Chapter 5. Long-term cycle performance and capacity

fading of Si-thin-film electrodes

5.1 Introduction

In Chapter 4, the initial stages of lithiation/delithiation were explored for
amorphous-Si thin-film electrodes. The reversible change in the composition of lithium
silicide (LixSi), the formation of irreversible species including lithium silicates (Li
silicates), lithium oxide (Li20), and lithium carbonate (LioCOz3), and the related phase
transitions were quantitatively analyzed based on the surface composition and state of
charge (SOC) estimated by XPS and the electrochemical response, respectively.

In the present Chapter, those reactions were correlated to the long-term cycle
performance. The lithiation/delithiation of a Si-thin-film electrode was tracked using
in-situ XPS in long-term cycling. The causes of the capacity fading in the amorphous-Si
thin-film cell were discussed based on the surface composition and differential capacity

(dQ/dV) curves.

5.2 Results and Discussion

5.2.1 Long-term cycle performance

As described in Chapter 4, the crystalline Li15Sis formed at the end of lithiation leads
to the phase transition from crystalline Li;5Si4 to amorphous Liz-16S1 during biphasic
delithiation. Previously reported first-principles calculations have shown that the phase

transition from crystalline Li15S14 to amorphous Li2 0Si causes a large volumetric change
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of —=37%, resulting fracturing due to high internal stress.! Fracturing of Si particles due
to the phase transition was also found by an acoustic emission.?

Differential capacity (dQ/dV) curves and XPS results show that crystalline Lii5Sis is
formed during lithiation up to a cutoff potential of 0.01 V wvs. Li"/Li and Li;sSis
transforms to amorphous Liz o-16Si at approximately 0.42 V vs. Li"/Li in the subsequent
delithiation (Figures 4 - 14 and 16). However, crystalline Lii5Sis was not formed when
lithiation stopped at 0.09 V vs. Li"/Li. To begin with, the effect of the phase transition
on the cycle performance was evaluated.

Figure 5 - 1 shows the performance of Si thin-film cells cycled up to 100 times at
cutoff potentials of 0.01 (blue) and 0.09 V vs. Li"/Li (pink). At the cutoff potential of
0.01 V vs. Li"/Li (blue), the reversible capacity decayed relatively quickly. The capacity
retention at the 100th lithiation was only 65.6% of that at the 10th lithiation. On the
other hand, the thin-film cell cycled at the cutoff potential of 0.09 V vs. Li*/Li (pink)
exhibited a better cycle performance. The capacity retention at the 100th lithiation was
77.5% of that at the 10th lithiation.

Thus, the relatively rapid capacity fading at the cutoff potential of 0.01 V vs. Li*/Li
(blue) can be attributed to the formation of crystalline LiisSis in lithiation and the phase

transition from Li;5Si4 to amorphous Li.0-1.651 in delithiation.
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Figure 5 - 1. Comparison of long-term cycle performances at cutoff potential of
0.01 (green and blue) and 0.09 V vs. Li*/Li (orange and pink). C-rate was set to
0.05 C in the first cycle and 0.5 C in other cycles.

5.2.2 Dynamic observation of long-term cycling

Figures 5 - 2 (a) and (b) show the galvanostatic lithiation/delithiation potential
profiles generated at 0.5 C and cutoff potentials in the range 1.2-0.01 V vs. Li"/Li and
the in-situ XPS sequence, respectively. The sequence is composed of generating Si 2p,
C 1s, O 1s, and Li s spectra, and the total time required to acquire one complete series
of measurements was approximately 0.28 h (16.8 min). Therefore, the spectra were
acquired approximately 8 and 7 times during the 2nd lithiation and delithiation,
respectively. Because of capacity fading, the number of the acquisitions decreased to 6

and 5 times at the 100th lithiation and delithiation, respectively.
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Figure 5 - 2. (a) Galvanostatic lithiation/delithiation potential profiles generated
from 2nd to 100th cycle at 0.5 C and cutoff potentials of 1.2-0.01 V vs. Li*/Li. (b)
Magnified graph of dashed area shown in (a). Vertical lines indicate time required
to acquire XPS spectra.

Figures 5 - 3 (a) and (b) show representative Si 2p spectra generated after
lithiation/delithiation up to 100 cycles. Peaks corresponding to the reversible Li,Si and
irreversible Li silicates were observed, as described in Chapter 4. The reversible shift of
Si 2p peak corresponding to Li,Si becomes smaller with increasing the number of cycles,
especially in the initial 30 cycles (Figure 5 - 3 (c)), indicating that the amount of
inserted Li decreases. In addition, the peak intensities corresponding to the Li.Si species
in the Si 2p (Figures 5 - 3 (a) and (b)) and Li ls (Figure 5 - 3 (d)) regions decreased

with increasing the number of cycles.
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Figure 5 - 3. Representative Si 2p spectra generated after (a) delithiation and (b)

lithiation up to 100 cycles. (¢) Variation in Si-2p peak shift corresponding to Li.Si
in each cycle. (d) Li, (¢) C, and (f) O 1s spectra generated after representative
lithiation up to 100 cycles. (g) Variation in photoelectron intensity of Li.Si (Si 2p),
Li2COs (C 1s), Li2O (O 1s), and Li-silicates (Si 2p) spectra.
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Figures 5 - 3 (d)—(f) show representative Li, C, and O ls spectra after lithiation up to
100 cycles. The peak intensities corresponding to Li,Si, Li2CO3, Li2O, and Li silicates
in the Si 2p, C 1s (at 290 eV), O s (at 528.5 e¢V), and Si 2p (at 101.0 eV) energy
regions during long-term cycling are shown in Figure 5 - 3 (g). The peak intensity of the
Li,Si gradually decreased while that of the LioCOs3 increased in approximately the initial
30 cycles. In the initial 10 cycles, the intensity of the Li>O peak decreased while that of
the Li-silicate peak considerably increased. The formation of insulating species such as
Li silicates and Li2COs (the latter by a side reaction between Li,O and residual CO»)
increases the internal resistance of the Si electrode, resulting in the decrease in the
amount of Li insertion. The LLZT, residual gas in an ultrahigh vacuum (UHV) chamber,
and hydrocarbon contaminants elsewhere can be oxygen sources. One may consider that
such side reactions are irrelevant to the practical ASSBs. In realistic ASSBs, however,
residual gas and other impurities are more likely mixed in the system during
manufacturing process than those under UHV conditions.

The effect of the phase transition on the long-term cycling performance was
discussed by the peak position of the Li,Si during lithiation/delithiation. In the first 10
lithiation cycles, the peak shifted monotonically (Figure 5 - 4 (a)). In contrast, a drastic
change due to the phase transition from crystalline Li15Sis to amorphous Li,Si occurred
in the region of x =2.0—1.6 up to 10 cycles of delithiation (Figure 5 - 4 (b)).

Figure 5 - 5 shows the variation in the FWHM of the Si 2p3/» peaks corresponding to
Li,Si and Li silicates in representative cycles. The FWHM of the Li.Si peak increased in
delithiation (blue and shaded area), suggesting the coexistence of multiple phases in this

stage.
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Figure 5 - 4. Variation in position of Si 2p peak corresponding to Li.Si during
lithiation/delithiation up to 100 cycles. Lithiation and delithiation from (a, b) 1st to
10th, (c, d) 11th to 19th, and (e, f) 20th to 100th cycle. Blue shaded area in (b)
represents composition (Li.Si; x = 2.0—1.6) where phase transition occurred in the
first delithiation. (g) Peak shift during each lithiation/delithiation cycle. Vertical
axis represents difference between binding energies obtained from initial peak in
each cycle. Error bars representing uncertainty in peak positions were set to +2c

(where c are standard deviations extracted from curve fitting.)
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After 10 cycles, the peak shift became gradually smaller (Figure 5 - 4 (¢) and (d)) and,
after 20 cycles, almost no change was observed (Figures 5 — 4 (e) and (f)). In addition,
the phase-transition-related FWHM started to decrease, suggesting that the phase
transition no longer occurred. Owing to the formation of inactive species such as Li
silicates, Li,0O, and Li2COs, overpotential increased significantly, and thus lithium was
not inserted until the phase transition from crystalline Lii5Si4 in lithiation occurs. In
contrast to the FWHM of the Li.Si peak, that of the Li-silicate one was almost identical

in each cycle, confirming that Li silicate is an electrochemically inactive species.
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Figure 5 - 5. Evolution of full width at half maximum (FWHM) of Si 2p32 peak
corresponding to L.Si (top column of each graph) and Li silicates (bottom column
of each graph) in representative cycles.
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5.2.3 Differential capacity curves

The phase transitions and corresponding overpotentials were analyzed using dQ/dV
curves. Figures 5 - 6 (a)—(c) show the dQ/dV curves of 1-100 cycles at a cutoff
potential of 0.01 V vs. Li'/Li.

The first lithiation dQ/dV curve showed peaks at 0.24 and 0.10 V, both corresponding
to the lithiation of amorphous Li.Si (red curve in Figure 5 - 6 (a) and (c)). The
delithiation dQ/dV curve showed broad peaks at 0.29 and 0.49 V corresponding to the
delithiation of Li-rich and -poor amorphous Li,Si,>* and 0.41 V corresponding to the
phase transition of crystalline LiisSis to amorphous Li,Si,’ respectively (red curve in
Figure 5 - 6 (b)).
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Figure 5 - 6. (a) Differential capacity (dQ/dV) curves generated up to 100th cycle at
cutoff potentials of 1.2-0.01 V vs. Li*/Li for Si/LLZT/Li thin-film cells. Magnified
graph of dashed box shown in (b) delithiation and (c) lithiation curves. Vertical
dashed line represents plateau region corresponding to phase transition from
crystalline LiisSi4 to amorphous Li,Si.
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After 10 cycles, the lithiation and delithiation dQ/dV peaks shifted to a more negative
and positive potential, which is considered to be due to the increased overpotential.* &7
In addition, the peak at 0.41 V attributed to the phase transition gradually decreased,

and eventually disappeared at approximately 20 cycles (Figure 5 - 6 (b)).

5.2.4 Structural models for deterioration of Si-thin-film electrodes
during long-term cycling

Based on the model in Figure 5 - 7, the thickness of the irreversible-species such as
Li silicates, Li,O, and Li2CO3; was estimated using the peak-intensity ratio and known
physical parameters, following the procedure similar to Chapter 4. The bulk Si was
covered with a native suboxide (Si0O,) at the surface of pristine Si electrode. The Li,Si
and Li silicates were formed by the lithiation of the bulk Si and the SiO,, respectively,
and the Li,0 was formed at the outermost layer of the Si electrode. Here, the Li2CO3
layer was also incorporated into the model because the small C 1s peak corresponding
to L12CO; appeared after the first lithiation, and its intensity gradually increased with

repeated cycling (Figure 5 - 8 (a)).

Pristine 3 1st Lithiation .'P» n th Lithiation
LizCOg b/ﬁflr_n________—‘
Vacuum ——
c/nm
Sio, 0 DN
Y a/nm L|4Si04 d/nm
si Lisi [

Figure S - 7. Structural models of Si electrode lithiated in long-term cycling.
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Figure 5 - 8. C 1s, O 1s, and Si 2p spectra generated after representative lithiations
up to 100th cycle. Peaks used to estimate thickness of irreversible-species layer as

described in text are shaded.

The thickness of the SiO, layer on the pristine Si electrode, those of the Li2COs, Li20,
and LisSiO4 layers formed after the first lithiation are denoted as a, b, ¢, and d,
respectively (Figure 5 - 7). First, the thicknesses of the (a) SiO, and (d) Li4SiO4 layers
after the first lithiation were estimated using the following equations. (The detailed

calculation procedures are described in Chapter 4.)

ng;  Asi Istoz >
a = Agip.In +1], 5-1
5102 <nSi02 Asio, Isi G-
d = 1.88a. (5-2)

The intensities of the C ls peak attributed to Li2CO3 (Ini,co, c15), the O ls peak
attributed to Li2O (ILizo, 015), and the Si 2p peak attributed to Li4SiO4 (I LiySiO,, Si2p)a
and the corresponding peak ratios are represented by the following equations.® The
corresponding spectra are shown in Figure 5 - 8.
d
ILi2C03, Cls = KIXUc1snLizcog,cj exp(—x/ﬂuzcog,ms)dx
0
= KIXUc1snLi2co3, CALi2C03, c1s[1 - exp(—d//lu'zco&ms)]
e
I1i,0,01s = KIX001snLi20,oexp(—d/ﬂuzcogﬂms)f eXp(—x//lLizo,om)dx
0

= Klx0p1sn14,0, oﬂLizo,o1sexp(—d/ALizcog,Ols) [1 - exp(—e//luzo,ms)]
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Ii,sio,, sizp = KlxOsizpNyi,sio, si€Xp(—€/ALi,0 si2p)exp(—d/ALi,co, si2p)
f
f exp(—x/ lLi45i04,5i2p)dx
0

= KIXUSinnLi45i04,5i)1Li45i04,5i2p exp(—e//luz O,Sin)eXp(_d/lLizCO&Sin)

|1 — exp(—f/Asi,s10,5020) ]

. ILizCOg, Ci1s

I1i,0,01s
’ (5-3)
_ Oc1s MLiycos,C /1Li2603, Cls [1 - eXp(—d//lLizco3,c1s)]
- ]
Oo1s Mii0,0 ALiy001s eXp(—d/ALizco3,o1s)[1 - exp(_e/ALiZO,Ols)]
Ipi,0,01s __0Oop1s MLiy0,0 ALi,0,01s

T Lisio, sizp Osizp MLiysi0y,5i ALiysioy,sizp
eXP(—d//lLizcog,om)[l - eXp(—e/lLizo,om)] 5-4)
exp(_e/ALizo,Sin)exp(_d/ALiZCO3,Si2p) [1 - eXp(—f//lLiA,Siod,,Sin)]'

) Liiyco,, c1s _Oc1s Niiycos,C ALiycos, C1s

Ipi,si0,, si2p  Osizp MLiysio,,si Aiysio, sizp
5-5
[1 - eXp(—d/)lLizco3,c1s)] ( )

eXp(—e/ALizo,Sin)eXp(—d//lLizco3,5i2p) [1 - eXp(—f//lLiA,Siod,,Sin)].

From Equations (5 - 1)—(5 - 5), the thicknesses of the SiO,, LiCO3, Li,O, and Li4SiO4

layers (i.e., a, b, ¢, and d) were estimated to be 0.12, 0.04, 1.77, and 0.23 nm,

respectively.

The thickness was also estimated from the 2nd to the 100th cycle. The thickness of

the Li2COs, Li20, and LisSi04 layers after the nth lithiation was denoted as b, ¢’, and d’,

respectively. Furthermore, the peak-intensity ratio after the nth lithiation can be

represented by replacing b', ¢’, and d' with b, ¢, and d in equations (5 - 3)—(5 - 5). As

mentioned in Chapter 4, Li,COs3; probably forms by the reaction between Li,O and

residual gas molecules (such as CO2) in the UHV chamber. Thus, the thickness of the

Li,0 layer (c¢) can be obtained using the volumetric ratio of their unit cells, as shown in

the following equation.
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, b — b b — b b — b 56
(=c—-—-=¢c———=¢c————, -
Vii,co./Vii,0 n1,0/MLi,co, 2.65

Finally, the thickness of the layers formed in each cycle can be determined using
Equations (5 - 3)—(5 - 6).
Figure 5 - 9 summarizes the evolution of the estimated thickness when the

Li,0O/Li14Si04 interface is defined as zero.

AHeight / nm

0 20 40 60 80 100
Cycle number
Figure 5 - 9. Evolution of thickness of each layer formed on Si electrode. Height of

each layer is expressed as distance from top edge of SiO, or LisSiO4 layer.

The Li silicates is the measure reason of increased throughout the long-term cycling,
implying that the formation of these insulating species increased the cell resistance and
overpotential.

It should be noted that this estimation is based on an assumption that a uniform
multilayered structure is preserved in long-term cycling. However, the surfaces and
interfaces of the layered structure should be roughened owing to the repeated volumetric
expansion/contraction and lattice mismatch. Indeed, roughing of the surface and
formation of cracks were observed at the Si electrode after 10 cycles by AFM
measurements, as discussed in Chapter 4. After the crack formation, Li silicates can

form at the freshly exposed Si surfaces, as shown in Figure 5 - 10. Moreover, the
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formation of highly resistive species including Li silicates increases the internal cell

resistance, resulting in capacity fading in long-term cycling.

+ Li
_ —_— a-Li,Si
1st cycle T / c-LiysSis 7

)
Phase
. transition High-resistance species

. Crack Li,COs
" Repeated Li,O

volumetric change \ Li,SiO,
+Li \ '
10~20th cycle - —
. - Li

100th cycle

Figure 5 - 10. Proposed model of Si-thin-film anode degradation in long-term
cycling.

5.3 Conclusion

As compared to the cutoff potential of 0.09 V vs. Li"/Li, the performance of the
Si-thin-film cell showed relatively rapid capacity fading up to the 100th cycle at a cutoff
potential of 0.01 V vs. Li*/Li for lithiation, where crystalline LiisSi4 can form, probably
due to the occurrence of phase transition.

The phase transition causes a large volumetric change. After the crack formation due
to the repetitive volumetric changes, Li silicates were formed at the freshly exposed Si
surfaces. The highly resistive Li silicates increased the internal cell resistance, resulting

in rapid capacity fading.
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Chapter 6. Static analysis of lithiation/delithiation of

amorphous-SiO, thin-film electrodes

6.1 Introduction

Silicon monoxide (SiO) has a unique structure, which consists of Si and SiO>
domains and complex interfacial suboxides.! The amorphous SiO-based anode (SiOx)
has been of interest because of the potential for a better cycle performance than pure Si
anodes.>* The reason for the high cycle performance of the SiOx anodes is considered to
be due to the damping effect of byproducts such as lithium oxide (Li2O) and lithium
silicates (Li silicates), which can accommodate the notorious volumetric changes of
lithium silicide (Li-Si) during lithiation/delithiation.>”’

However, the fundamental electrochemical properties of SiO. anodes have remained
unclear. In particular, the formation mechanism of the Li2O and Li silicates during the
lithiation, and the composition and electrochemical reactivity of Li silicates (Li2Si20s,
Li,Si03, and Li4S104) are still under debate although it has been partially investigated
by ex-situ XPS and TEM analysis.>'°

In the present Chapter, the successive lithiation/delithiation reactions of a
sputter-deposited SiO, thin-film electrode on a LigsLasZri6TaosO12 (LLZT) solid
electrolyte were investigated using in-situ electrochemical XPS system. The mechanism
of the lithiation/delithiation including side reactions in SiOx electrodes was discussed
from the photoelectron spectra acquired in a stepwise manner as shown in Chapter 4,

comparing with the electrochemical features of Si electrodes.
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6.2 Results and Discussion

6.2.1 Composition of SiOx thin-film electrodes

The O content in SiOx deposited by radio-frequency magnetron sputtering using
Ar/O» gas mixtures on a Cu plate was confirmed to be 0.8 by electron dispersive x-ray
spectroscopy (EDX). This value is the average composition of bulk SiO, because the
probing depth of EDX with several micrometers is sufficiently larger than the thickness
of the SiOy g thin-film electrode (ca.150 nm).

The oxidation states of the SiOo.s surface were characterized by using XPS. As shown
in Figure 6 - 1 (a), a broad Si 2p peak was observed around 98—105 eV from the SiOos
electrode, suggesting that Si atoms in SiO¢s have a wide variety of oxidation states,
unlike the amorphous Si electrode used in the Chapters 4 and 5 (Figure 6 - 1 (¢)). The
curve fitting analysis was performed based on an assumption that the Si 2p peak is
composed of five components with the oxidation number of 0 (Si%), +1 (Si*!), +2 (Si*?),
+3 (Si*?), and +4 (Si™*) with each energy difference of 1 eV.>% ! The full widths at half
maximum (FWHMs) of the Si 2p3/; peak in their components were set to the same value
to reduce the number of refinement parameters. On the other hand, the binding energy
and the FWHMs of the Si 2p3» peak in the Si® component were set as a variable
parameter. According to the fitting analysis, ratio of the peak integrations of each
component with the oxidation number of 0, +1, +2, +3, and +4 were 0.24, 0.08, 0.13,

0.30, and 0.25, respectively (Figure 6 - 1 (b)).
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Figure 6 - 1. Si 2p spectra of the (a) SiOos and (c) Si electrodes. Si 2p peaks are
deconvoluted into five components with the oxidation number of 0, +1, +2, +3, and

+4. The ratio of each peak component in the (b) SiOo.s and (d) Si electrodes.

6.2.2 Galvanostatic potential profiles

The electrochemical lithiation/delithiation of the SiOos/LLZT/Li thin-film cell were
performed in the analysis chamber of the XPS apparatus under UHV conditions (2 x
10 Torr). Figure 6 - 2 (a) shows the first and second galvanostatic lithiation/delithiation
potential profiles obtained at current density per unit area of 4.65 uA/cm?, which was
identical to that value for Si electrodes in Chapter 4 for a comparison. The charge
integrations for the first lithiation (from A to B) and delithiation (from B to C) processes
were 1,421 and 841 mAh g!, respectively. Therefore, a large capacity loss, 580 mAh g’!,
and low coulombic efficiency, 59.2%, were observed in the first cycle for the SiOgs

electrode. Comparing with of the pure Si thin-film electrode (~3,340 mAh g, See
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Chapter 4), the specific capacity of the SiOos thin-film electrode was less than half.
Such relatively low initial coulombic efficiency and specific capacity for SiOgg are
consistent with the previous reports on SiOx electrodes in both all-solid-state and
liquid-type cells.?

In the second cycle, the coulombic efficiency was improved to 95% while the specific
capacity remained identical, possibly owing to the increased conductivity by Li

insertion in the first lithiation (Figure 6 - 2 (b)).
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Figure 6 - 2. (a) Galvanostatic lithiation/delithiation potential profiles and (b) cycle
performance obtained for SiOo.s/LLZT/Li cell cycled at the current of 4.65 pA/cm?
and cutoff potential in range 0.01-1.2 V vws. Li"/Li. Specific capacity was
normalized by mass of deposited Si atoms under the sputtering condition using Ar
gas. XPS measurements were performed at each state denoted by A-E.

6.2.3 Static observation of electrochemical lithiation of SiOx anode at
various states of charge
6.2.3.1 XPS analysis using Al Ka incident x-rays
Figure 6 - 3 (a) shows the Li 1s, Si 2p, and O 1s spectra at each state of A—E in Figure
6 - 2 (a). A small Li 1s peak corresponding to lithium carbonates (Li2CO3) was observed
at 55.4 eV from the pristine SiOo3g electrode (Figure 6 - 3 (a) A), possibly due to the

intrusion of Li during the thermal deposition process for the Li metal layer. In addition,
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broad Si 2p and O 1s peaks corresponding to Si suboxides (Si0O,) were obtained around
98—-105 eV and 530-534 eV, respectively.

In the Si 2p region, a Si 2p peak corresponding to Li-Si appeared at 96.4 eV after the
first lithiation (Figure 6 - 3 (a) B). It highly shifted to the binding energy to 97.1 eV
after the subsequent delithiation (Figure 6 - 3 (a) C). This indicates that reversible
lithiation/delithiation reactions of the Li-Si phase take place in SiOy electrodes, as is the
case of Si electrode shown in Chapter 4.

In the Li 1s energy region, peaks corresponding to Li>O (at 54.0 eV) and Li2COs3/Li
silicates (at 55.4 eV) were increased after the first lithiation. The Li2O and Li,CO3; were
formed possibly as a result of the reaction of inserted Li with SiO, as well as residual
gas in UHV chamber.

Figure 6 - 3 (a) D—E show the spectra after the second lithiation/delithiation processes.
In contrast to the first cycle, the broad Si 2p peak around 98—105 eV corresponding to
SiOy, except for Li-orthosilicate (LisSiO4) peak at 101.0 eV,> ' was significantly
decreased, while the Li-Si (at 96.4 eV) and Li,O peaks (at 54.0 and 528.8 eV) were
increased in the second cycle. This change implies that SiO, was reduced by inserted Li
to form Li20 and Li-Si because of very high reactivity of Li.

On the basis of the XPS results, the second lithiation/delithiation cycle can be
described as follows. At state C after the first delithiation, the SiO, and Li silicates are
present. The SiO, are reduced to Si species to form active Li-Si, while a part of inserted
Li (Li-Si) is oxidized to form Li2O as inactive species. As Li permeates the SiOgs
electrode, Li,O are formed throughout the electrode. It is expected that Li,O and
Li4Si0O4 act as dampers to suppress the stress induced by Li-Si volumetric changes,

leading to improve the cycle performance.® > 7 !* In particular, the lithiated Si electrode
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containing Li,O- and LisSiOs-surface layers has more ductile at least than Si, as
confirmed by nanomechanical measurement using in-situ AFM in Chapter 4 (Figure 4 —

20 (d)), implying the applicability of Li»O and Li4SiO4 as dampers.
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Figure 6 - 3. (a) Li 1s, Si 2p, and O 1s spectra of the SiOo.s electrode at the states A—
E in Figure 6 - 2: (A) pristine electrode, after the first (B) lithiation and (C)
delithiation, second (D) lithiation and (E) delithiation. All spectra were obtained by

using Al Ka incident x-rays. (b) Difference spectra at each state.
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6.2.3.2 Depth-resolved analysis using Ag La incident x-rays

A depth-resolved analysis was carried out by using a Ag La x-ray source whose
photon energy (£1v=2,984 e¢V) is higher than that of Al Ko x-rays (h1v=1,487 eV).
Figures 6 - 4 (a) and (b) show the O 1s and Si 2p spectra acquired by using Ag La
x-rays after the second lithiation/delithiation reactions of the SiOgs electrode,
respectively. In both cases using Al Ko and Ag La x-rays, the peak area of O ls
corresponding to Li2O at 528.8 eV increased, and that of Si 2p corresponding to SiO,/Li
silicates at 98—105 eV significantly decreased after the second delithiation. This
indicates that the LiO formation and SiO, reduction occur not only at the surface but
also in the bulk (Figures 6 - 4 (a) and (b)).

As shown in Chapter 4, the ratio of the Si0O,/Li silicates peak of the Si electrode was
significantly decreased by using Ag La source because the SiO, and Li silicates were
localized on the Si-electrode surface (grey points in Figure 6 - 4 (¢)). In contrast, that of
the SiOo s electrode was almost identical to each other (red and blue plots in Figure 6 - 4
(c)). Such well-distributed oxygen species in SiO, electrodes are considered to relieve
the stress induced by the Li-Si volumetric changes and to improve the cycle

performance.
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Figure 6 - 4. (a) O 1s and (b) Si 2p spectra of the SiQOo.s electrode after the second
lithiation and delithiation when using Al Ko (21v=1,487 eV) and Ag La (4#1v=2,984
eV) incident x-rays. (c) The ratio of SiO,/Li silicates component in Si 2p spectra of
the SiOos electrode, and that of reference Si electrode used in Chapters 4 and 5.
Schematic illustration shows a distribution of Li2O, SiO,/Li silicates, and Li-Si in
Si and SiOy thin-film electrodes.
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6.3 Conclusions

The lithiation/delithiation reactions of the SiO¢g thin-film electrode were stepwisely
investigated using in-situ XPS system. The quasi-reversible shift of the Si 2p peak
corresponding to lithium silicide (Li-Si) was observed, as similar to Si electrodes. In
addition, the large capacity loss occurred in the first lithiation/delithiation cycle due to
the formation of irreversible species such as Li;O, Li silicates, and LioCOs. The Li-Si
and Li,O were formed by the reduction of Si suboxides and oxidation of inserted Li,
respectively. The Li2O and Li silicates in SiO thin-film electrodes are considered to act
as dampers accommodating Li-Si volumetric changes and improve the cycle

performance.
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Chapter 7. General conclusion and future research

prospects

7.1  General conclusion

In this study, the lithiation/delithiation of amorphous Si and SiO. thin-film anodes
deposited on solid electrolytes were investigated mainly using in-situ XPS and
electrochemical analysis for application to high-performance ASSB anode materials.

In Chapter 2, the method of preparing the thin-film cells and the analytical approaches
were described, and the principles and setup of the characterization techniques were
presented.

In Chapter 3, quantitative and depth analyses were described wherein XPS was used to
observe liquid samples encapsulated in an environmental cell fabricated using a thin film
as a separator between the vacuum and the cell interior.

In Chapter 4, the initial stage of lithiation/delithiation of the Si-thin-film anode was
investigated using static analysis to elucidate the reaction mechanism including the side
reactions, phase transitions, and volumetric changes depending on the Li content (i.e.,
state of charge). After the first lithiation, irreversible species such as L,0O, Li»COs3, and
lithium silicates (L1 silicates) formed in addition to irreversible lithium silicide (Li.Si).
According to the quantitative analysis conducted using charge densities and XPS, 25% of
the Li was consumed in the formation of such irreversible species. The quasi-reversible
lithiation/delithiation of Li,Si was evidenced by analyzing the binding energy of the Si
2p peak. Although the Li.Si peak monotonically shifted to a higher binding energy with

increasing Li content, the Li,Si peak shifted drastically at the apparent composition of
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Liz0-16S1 in delithiation. The peak shift was attributed to the amorphization of the
crystalline LijsSis formed in the immediately preceding lithiation. Crystalline LijsSis
transformed into amorphous Li Si (x = 2.0-1.6) in delithiation, and the transformation
was accompanied by a considerable change in chemical state.

In Chapter 5, the electrochemical lithiation/delithiation of the amorphous-Si thin-film
electrode was tracked using in-situ XPS and differential capacity (dQ/dV) analysis for up
to 100 cycles to elucidate the cause of the capacity fading. During the initial ten cycles,
the Li-silicate formation increased and then the phase transition from crystalline LisSis
to amorphous Li,Si no longer occurred in delithiation. After 20 cycles, the cell resistance
had increased owing to the increased formation of insulating species such as Li silicates
and Li2CO3, and the amount of Li insertion into Li.Si gradually decreased.

In Chapter 6, the lithiation/delithiation of the amorphous-SiO; thin-film anode were
investigated using in-situ XPS. After the first lithiation, reversible Li.Si formed as it had
with the Si anode. In addition, LiO and Li>CO; formed owing to side reactions between
SiOy, Li, Li silicates, and residual CO,. The Li;O (which formed by SiO, reduction and
Li oxidation) and Li silicates both are considered to improve the cycle performance owing
to their damping effect for accommodating Li,Si volumetric changes.

The mechanism of the lithiation/delithiation-related reactions was proposed toward the

practical application of Si-based anodes to ASSBs.

7.2 Future research prospects

Toward improving performance of Si-based anodes
Based on the foregoing conclusions, the following guidelines are proposed for

overcoming the two major challenges of Si-based anodes, i.e., the low initial coulombic
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efficiency and rapid capacity fading in long-term cycling.
(1) To improve initial coulombic efficiency

The Si suboxides at the Si-anode surface lead to irreversible capacity loss due to the
formation of Li silicates in the first lithiation. One approach to improve the initial
coulombic efficiency is to inhibit the formation of Si suboxides by applying surface
modifications such as hydrogenation termination,"? methyl termination,’> and
hydrosilation.*

The surfaces of hydrogen-terminated Si are reasonably oxidation resistant in air.’
However, the Si—-H bonds in the hydrogen-terminated Si reportedly react with
conventional liquid electrolytes containing ethylene carbonate and ethyl methyl
carbonate,’” resulting in a high lithiation overpotential due to the formation of
inhomogeneous and unstable SEIs. Such side reactions are supposed to occur less
frequently in ASSBs owing to the high chemical stability of solid electrolytes.

(2) To suppress rapid capacity fading

Well-dispersed oxygen, as in SiO; thin-film anodes, can improve the cycle performance
owing to the damping effects of side-reaction products including Li>O for accommodating
the notorious Si volumetric changes during lithiation/delithiation. Therefore, controlling
the number and distribution of oxygen species is quite important for improving the cycle
performance of Si-based anodes. The proposed reaction mechanism to form Li,O and
Li,Si from Si0Oy, as described in Chapter 6, provides physical parameters for estimating
the volumetric change ratio and the associated stress in SiOx anodes. On the basis of
model calculations using the parameters, new Si-based anodes should be designed with
oxygen and irreversible phases to improve the cycle performance.

Furthermore, it was demonstrated that the cycle performance of Si anodes could be
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improved by lithiation/delithiation at compositions below the threshold for required for
forming crystalline LiisSi4 (see Chapter 5).
In-situ electrochemical XPS

The developed in-situ electrochemical XPS system is suitable for highly reactive
battery materials because it enables us to perform chemical analysis under operating
conditions without disassembling batteries. In addition to the analysis of anode materials
in thin-film cells, in-situ XPS should promote the analysis of chemical reactions® and

9-10 at electrode/solid-electrolyte interfaces, which are the major

nanoionics phenomena
bottleneck impeding the development of ASSBs.!!

However, knowledge of characterizing batteries under vacuum remains insufficient,
probably because most battery materials have been conventionally characterized in an Ar-
filled glove box. This lack of knowledge has hampered the integration of battery
characterization with powerful measurement techniques performed under vacuum.

For example, although we confirmed that the AC impedance measurements in a
vacuum chamber have a higher noise level than in an Ar atmosphere, the cause of the
noise remains unclear. In addition, the thin-film cell fabricated with a Si/LLZT/Li
structure shows more reversible lithiation/delithiation potential profiles under vacuum
than under Ar (see Chapter 4). It is inferred that the adhesion at the Si/LLZT and/or
Li/LLZT interfaces greatly impacts the cycle performance. Clarification of this
mechanism will lead to improved stability of Si-based anodes for application to ASSBs.

Furthermore, it is expected that the elucidation of battery performance under vacuum

will accelerate research on in-situ observation techniques that promote the development

of various battery materials in addition to the fundamental research on Si-based anodes.
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