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Experimental procedures. 
An a-SiOx thin film with a diameter of 10 mm and thickness of around 100 nm was deposited on a LLZT sheet (10 mm × 10 mm × 500 μm; Toshima Manufacturing Co., Ltd.) by radio frequency magnetron sputtering using Ar/O2 gas mixtures.1, 2 Then, a Cu layer serving as a current collector was deposited on the sputter-deposited SiOx layer by direct current sputtering. During the Cu coating, the center area with dimensions of 10 mm × 4 mm was masked by a stainless-steel stencil plate to produce an uncoated SiOx region for XPS measurements. Finally, a Li metal layer with a thickness of around 1.5 μm was formed on the other surface of the LLZT sheet by thermal evaporation to yield a Cu/SiOx/LLZT/Li all-solid-state (ASS) half-cell, as shown in Figure 1.
[bookmark: _Hlk205310394]The electrochemical lithiation/delithiation and XPS measurements were simultaneously carried out using an operando XPS system.3-5 The ASS half-cell was mounted onto a sample holder in an Ar-filled glovebox and then transferred into the XPS apparatus (Kratos AXIS Nova, Shimadzu Corporation) without exposure to open air. The Cu layer on the a-SiOx thin-film electrode and the Li metal layer were electrically connected to terminal A and B, respectively, with being insulated from each other by a polyimide film, as shown in Figure 1. After transferring the cell into the analysis chamber, terminal A and B were connected to a potentiostat (VSP-300, BioLogic Science instruments) at the outside by coaxial cables via a vacuum feedthrough, while terminal A was grounded with a hemispherical electron analyzer. 
Electrochemical lithiation and delithiation of the ASS half-cell were carried out in constant-current (CC)–constant-voltage (CV) and constant-current (CC) mode, respectively. In the first lithiation with a CC–CV mode, the cell was first lithiated with a constant current of 4.9 μA cm-2 (~0.134 C, 1 C = 3579 mA g-1 for Li3.75Si) until the cell voltage reached 0.02 V (109 min), and then the cell voltage was held constant at 0.02 V until the current density decreased to 0.49 μA cm-2 (546 min). In the delithiation with a CC mode, constant current of 2.45 μA cm-2 (~0.067 C) was applied until the cell voltage reached 1.5 V (285 min). The same procedure was applied in the subsequent lithiation/delithiation cycles, except that the current densities for CC and CV for lithiation were set to half of those for the first lithiation. In the present study, a low current density was used in order to obtain a sufficient number of photoelectron spectra during the lithiation/delithiation processes. In addition, it should be noted that, at higher current densities, the voltage immediately reaches the cutoff voltage due to a lower electric and ionic conductivity of SiOx.
[bookmark: _Hlk206993483][bookmark: _Hlk206993750]XPS measurements were performed in the analysis chamber kept under a pressure of 4 × 10-9 Torr. X-rays from a monochromatic Al Kα (1486.7 eV) source at a power of 300 W were incident to the exposed region of a-SiOx thin-film electrode. The analysis area, takeoff angle, and pass energy of photoelectrons were fixed at 700 × 300 μm2, 90°, and 80 eV, respectively. XPS measurements composed of Si 2p, C 1s, O 1s, and Li 1s regions were repeatedly applied to the a-SiOx thin-film electrode throughout the lithiation and delithiation. The obtained spectra were calibrated by the hydrocarbon peak assignable to surface contamination at 285.0 eV in C 1s region as previously reported.5 After the background subtraction by using the Shirley method, the spectra were fitted using the Voight function.6 As for the Si 2p region, all the peaks were deconvoluted into Si 2p3/2 and 2p1/2 peaks and only the Si 2p3/2 peaks were used as the subject of discussion unless specified. In our previous study on an a-Si thin-film electrode sputter-deposited on a LLZT, a linear correlation between the peak position of LiySi in the Si 2p region and its Li content was obtained based on an assumption that all the electrochemical charge was consumed for the lithiation of Si.5 In the present study, Li content in LiySi was determined based on the refined linear correlation of our previous study on a-Si thin-film electrode5 as shown in Table S2 and Figure S2 for the first lithiation, and Table S3 and Figure S3 for the first delithiation.
Hard X-ray photoelectron spectroscopy (HAXPES) measurements were performed in the analysis chamber equipped with a hemispherical analyzer (EW4000, Scienta Omicron, Inc.) kept under a pressure of 2 × 10-8 mbar.7 Focused X-rays from a monochromatic Cr-Kα (5414.9 eV) source (ULVAC-PHI, Inc.) at a power of 50 W with a spot size of 200 μm were incident to the exposed area of a-SiOx thin-film electrode. The takeoff angle, and pass energy of photoelectrons were fixed at 75° and 200 eV, respectively. HAXPES measurements composed of Si 2p and C 1s regions were applied to the pristine SiOx thin-film electrode. The obtained spectra were calibrated and fitted in the same manner as those in the XPS measurements.
Elemental analysis of the a-SiOx thin-film electrode in the pristine state was conducted using a SEM (SU8220, Hitachi) equipped with an energy dispersive X-ray spectroscopy (EDS, XFlash5060FQ, Bruker).

Estimation of oxygen content x in a-SiOx 
The oxygen content x in the a-SiOx thin film was estimated from SEM-EDS, XPS and HAXPES. According to elemental analysis using SEM-EDS, the oxygen content x in the SiOx thin film in the pristine state was estimated to be 0.53.
[bookmark: _Hlk219812947]Figure S1 (a) and (b) show the Si 2p photoelectron spectra of the SiOx thin-film electrode in the pristine state obtained using Al Kα (XPS) and Cr Kα rays (HAXPES), respectively. The curve fitting analysis was performed using five symmetric Voigt functions6 with each energy difference of 1 eV, corresponding to five species with the oxidation states of bulk Si (Si0), Si2O (Si1+), SiO (Si2+), Si2O3 (Si3+), and SiO2 (Si4+).8-11 The binding energy and the full width half maximum (FWHM) of Si 2p3/2 peak due to Si0 were set as variable parameters. In contrast, the FWHMs of peaks due to Si oxides such as Si1+, Si2+, Si3+, and Si4+ species were fixed at the same value to reduce the number of refinement parameters. In addition, the intensity ratio and the difference of binding energy of the Si 2p1/2 to 2p3/2 peaks were fixed at 0.5 and 0.6 eV, respectively.8-11 As a result, the best fit was obtained with Si0, Si3+ and Si4+ components. The formation of silicon suboxides is commonly observed in nonstoichiometric silicon oxide and at the SiO2/Si interface, and their chemical structures have been studied in the field of semiconductor technologies.12-16
The oxygen content x in SiOx was estimated from the following equation ;8 

where , , and  are Si 2p3/2 peak intensities of Si0, Si3+, and Si4+, respectively. The intensity ratio of Si0, Si3+, Si4+, and estimated oxygen content x are summarized in Table S1. The estimated value of x = 0.50 from the photoelectron spectra using Cr Kα rays (HAXPES) was in good agreement with that of x = 0.53 estimated from SEM-EDS although value of x = 0.86 from the photoelectron spectra using Al Kα rays (XPS) was overestimated because Si surface is covered by a native oxide layer.
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[bookmark: _Ref216295540]Figure S1. Si 2p photoelectron spectra of SiOx thin film electrode in the pristine state obtained using (a) Al Kα and (b) Cr Kα rays.

[bookmark: _Ref216295850]Table S1. The oxygen content x in SiOx estimated from the results of curve fitting of SiOx thin-film electrode in the pristine state using equation .
	Intensity ratio
Techniques
	
	
	 
	x in SiOx

	Al Kα (XPS)
	0.52
	0.19
	0.29
	0.87

	Cr Kα (HAXPES)
	0.72
	0.12
	0.16
	0.50

	EDS
	
	
	
	0.53





The correlation between the position of Si 2p peaks due to LiySi and the Li content y during the first lithiation and delithiation of a-Si.5
In our previous study, electrochemical lithiation/delithiation reaction of an a-Si thin film electrode on a LLZT was dynamically analyzed by operando XPS.5 The correlation between the position of Si 2p and deconvoluted Si 2p3/2 peaks due to LiySi and the Li content y obtained from electrochemical charge density during the first lithiation and delithiation are shown in Table S2 and S3, respectively. Figure S2 and S3 show the Si 2p and Si 2p3/2 peak positions as a function of Li content y in LiySi and linear approximations generated from those plots during the first lithiation and delithiation, respectively.



[bookmark: _Ref216295973]Table S2. Curve fitting results of Si 2p and Si 2p3/2 peaks due to Si0/LiySi as a function of Li content y during the first lithiation.5
	1st Lithiation
	Si0/LiySi
	
	Si0/LiySi

	y in LiySi
	Si 2p
	Si 2p3/2
	y in LiySi
	Si 2p
	Si 2p3/2

	0
	99.07
	98.95
	1.77
	96.68
	96.52

	0.018
	98.27
	98.27
	1.88
	96.61
	96.45

	0.128
	97.71
	97.58
	1.99
	96.55
	96.38

	0.237
	97.68
	97.53
	2.10
	96.49
	96.30

	0.347
	97.57
	97.42
	2.20
	96.40
	96.23

	0.456
	97.48
	97.33
	2.31
	96.35
	96.19

	0.566
	97.39
	97.21
	2.42
	96.25
	96.11

	0.675
	97.33
	97.15
	2.53
	96.25
	96.06

	0.785
	97.26
	97.09
	2.64
	96.15
	95.97

	0.894
	97.24
	97.04
	2.75
	96.13
	95.94

	1.00
	97.16
	97.01
	2.86
	96.02
	95.87

	1.11
	97.06
	96.92
	2.97
	95.98
	95.83

	1.22
	97.02
	96.83
	3.08
	95.93
	95.79

	1.33
	96.90
	96.75
	3.19
	95.95
	95.78

	1.44
	96.85
	96.71
	3.30
	95.87
	95.72

	1.55
	96.79
	96.63
	3.41
	95.74
	95.59

	1.66
	96.77
	96.58
	3.50
	95.36
	95.22
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[bookmark: _Ref216295942][bookmark: _Ref201587909]Figure S2. Positions of (a) Si 2p and (b) Si 2p3/2 peaks due to Si0/LiySi as a function of Li content y during the first lithiation. Red lines are linear fits to the data in a range of 0.25 < y < 3.3 [y : Li content in LiySi, z : Peak position / eV].


Table S3. Curve fitting results of Si 2p and Si2p3/2 peaks due to Si0/LiySi as a function of Li content y during the first delithiation.
	1st Delithiation
	Si0/LiySi
	
	Si0/LiySi

	y in LiySi
	Si 2p
	Si 2p3/2
	y in LiySi
	Si 2p
	Si 2p3/2

	3.502
	95.36
	95.22
	1.844
	96.08
	95.91

	3.484
	95.41
	95.24
	1.735
	96.72
	96.56

	3.374
	95.48
	95.33
	1.626
	97.08
	96.91

	3.265
	95.48
	95.33
	1.516
	97.12
	96.96

	3.155
	95.51
	95.37
	1.352
	97.19
	97.04

	3.045
	95.50
	95.37
	1.214
	97.17
	97.00

	2.935
	95.59
	95.41
	1.101
	97.23
	97.05

	2.825
	95.61
	95.43
	0.991
	97.28
	97.10

	2.717
	95.60
	95.44
	0.882
	97.31
	97.14

	2.608
	95.63
	95.44
	0.773
	97.34
	97.20

	2.499
	95.61
	95.47
	0.664
	97.45
	97.26

	2.390
	95.63
	95.49
	0.555
	97.47
	97.29

	2.281
	95.69
	95.52
	0.446
	97.44
	97.32

	2.172
	95.75
	95.57
	0.337
	97.53
	97.36

	2.063
	95.75
	95.60
	0.228
	97.55
	97.41

	1.954
	95.85
	95.69
	0.189
	97.59
	97.45



[image: ]
[bookmark: _Ref216296094]Figure S3. Positions of (a) Si 2p and (b) Si 2p3/2 peaks due to Si0/LiySi as a function of Li content y during the first delithiation. Bule and green lines are linear fits to the data in ranges of 0.2 < y < 1.6 and 2.0 < y < 3.5, respectively [y : Li content in LiySi, z : Peak position / eV].

Si 2p3/2 peak positions corresponding to LiySi at the end of the first lithiation.
Figure S4 shows the Si 2p3/2 peak positions of each chemical species obtained by the curve fitting of XPS spectra of the a-SiOx thin film (Figure 4) during the first lithiation, and Si 2p3/2 peak positions corresponding to LiySi at the end of the first lithiation. The LiySi peak gradually shifted from 96.4 eV at the capacity of 2093 mAh gSi-1 to 96.1 eV at the capacity of 2591 mAh gSi-1.
[image: グラフ
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[bookmark: _Ref216296034]Figure S4. (a) Si 2p3/2 peak positions of each component with respect to capacity during the first lithiation. (b) Magnified graph of dashed box of (a). The green area shown in (a) and (b) represent the regions where Si0, Si3+, Si4+, Li4SiO4, and LiySi coexisted.

In the first lithiation, the Li content y in LiySi was estimated by the following equation  (y: Li content y in LiySi, z: peak position / eV), as shown in Figure S2  (b);
Here, the LiySi peak position, z was 96.40 eV when the capacity density reached 1427 mAh gSi-1 where LiySi and Li silicates were formed
The LiySi peak position, z was 96.37 eV when the capacity density reached 2093 mAh gSi-1 where almost all of the Si0, Si3+, and Si4+ were lithiated
In addition, the LiySi peak position, z was 96.07 eV when the capacity density reached 2591 mAh gSi-1

In the first delithiation, the Li content y in LiySi was estimated by the following equation , as shown in Figure S3 (b);
Here, the LiySi peak position, z was 97.05 eV after the first delithiation



Photoelectron spectra during the second lithiation and delithiation.
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Figure S5. Li 1s and Si 2p photoelectron spectra of the a-SiOx thin film electrode in a Cu/SiOx/LLZT/Li ASS half-cell during the second (a) lithiation and (b) delithiation.
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Figure S6. Potential profiles and Li 1s and Si 2p3/2 peak positions of each chemical species as a function of capacity density during the second lithiation and delithiation.
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