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Thomas P. Devereaux,3 Kristin A. Persson,4 Hans-Georg Steinrück,1,5,* and Michael F. Toney1,*

SUMMARY

To shed light on the formation process and structure of the solid electrolyte

interphase (SEI) layer on native oxide-terminated silicon wafer anodes from a

carbonate-based electrolyte (LP30), we combined in situ synchrotron X-ray re-

flectivity, linear sweep voltammetry, ex situ X-ray photoelectron spectroscopy,

and first principles calculations from the Materials Project. We present in situ

sub-nanometer resolution structural insights and compositional information of

the SEI, as well as predicted equilibrium phase stability. Combining these find-

ings, we observe two well-defined inorganic SEI layers next to the Si anode—a

bottom-SEI layer (adjacent to the electrode) formed via the lithiation of the

native oxide, and a top-SEI layer mainly consisting of the electrolyte decompo-

sition product LiF. Our study provides novel mechanistic insights into the SEI

growth process on Si, and we discuss several important implications regarding

ion and electron transport through the SEI layer.

INTRODUCTION

Finding novel high-energy density energy storage devices is essential for the

electrification of transportation.1,2 Silicon (Si) anode-based Li-ion batteries (LIBs)

offer huge promise in this regard by providing a high theoretical capacity of

3,579 mAh/g, ten times higher than commercially utilized graphite-metal oxide-

based LIBs.3–6 However, the widespread utilization of Si-based LIBs is still limited

because of cyclability issues associated with large-volume expansion and uncon-

trolled solid electrolyte interphase (SEI) growth. The alloying process of Si with up

to four Li atoms per Si atom,7 as compared to the fundamentally different intercala-

tion mechanism of one Li atom per six carbon (C) atoms in graphite,8 leads to a

volume expansion of up to 400%.9,10 In addition to the resultant pulverization of

Si particles and concomitant electrical and mechanical disconnection,11–13 which

leads to capacity fading, this massive volume change induces mechanical instability

and cracking and subsequent reformation of the SEI.14

The SEI is a thin interfacial layer formed on anode surfaces as a result of electrolyte

decomposition at low potentials outside the electrolyte’s electrochemical stability

window, which occurs during battery operation.15 As a result of its electrically insu-

lating as well as solvent and counterion diffusion-prohibiting nature, its formation

and growth is in principle self-limiting. The ideal SEI thus forms a protective film

that allows for facile Li-ion transport and prevents further electrolyte decomposition.

Therefore, associated initial capacity loss due to the initial SEI formation can be

tolerated. However, in the case of mechanical failure of the SEI upon Si anode

Context & Scale

Despite the electronic revolution

initiated by lithium-ion batteries

(LIBs) three decades ago, one

aspect of these energy storage

devices still puzzles researchers.

This is the solid electrolyte

interphase (SEI) that forms on

electrodes because LIBs operate

outside the electrolyte stability

window and can effectively

passivate the electrode.

Experimentally, the SEI is

challenging to study with the

desired atomic resolution as it is

buried at the electrolyte-

electrode interface.

In this article, we provide fresh

insights into the nature and

transport properties of the SEI, via

a multi-property combined

experimental and simulation

approach utilizing well-defined

model systems. We unraveled the

structure and composition, as well

as the formationmechanism of the

SEI on silicon anodes. Our

findings are discussed with regard

to understanding possible SEI-

induced bottlenecks in LIBs and

the relevance for their

optimization.
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volume expansion, new unpassivated anode surfaces are created. These experience

further electrolyte exposure, and decomposition on the Si surface continues during

continued cycling. This leads to continued capacity loss since Li ions are consumed

during its formation, and the corresponding inhomogeneity can result in higher elec-

trical resistance and slower Li-ion transfer kinetics.16

In recent years, a large number of research groups investigated SEI properties on ox-

ide-terminated Si electrode surfaces.17 For example, themorphology of the SEI on Si

nanowires was reported, by combining X-ray photoelectron spectroscopy (XPS) and

scanning electron microscopy (SEM), to be voltage dependent, appearing thicker at

low potential, and experiencing cracking and partial dissolution during delithia-

tion.18–25 Veith et al. performed ex situ XPS, showing that the SEI forms electrochem-

ically above 0.6 V, continues to grow during SiO2 and Si lithiation, and contains

carboxylates, ethers or esters, and fluorides in equal concentrations with LiF and

Li2CO3.
19,20 Moreover, several XPS and NMR studies argue that the lithiation of

SiO2 involves a conversion reaction (i.e., SiO2 + 4Li/ Si + 2Li2O) and the formation

of Li4SiO4
21–23 or Li2Si2O5.

24 These lithiation products, which are considered part of

the SEI, have a strong impact on the SEI’s properties and, therefore, affect the cy-

clability of the battery electrode. For example, Li4SiO4 has been reported to exhibit

low ionic conductivities,26 which may limit ion diffusion through the SEI during

charging and discharging of LIBs, and therefore prohibits fast charging rates.

We previously reported in situ XRR studies probing the real-time galvanostatic lithiation

and delithiation of crystalline Si (001), providing a mechanistic atomic-scale 3-stage lith-

iation model.27,28 Our results further suggested that the integrated amount of inorganic

SEI layer increases during lithiation and decreases during delithiation, resembling a

‘‘breathing’’ behavior; the inorganic SEI layer thickness varies between 40 and 70 Å.

Additionally, a low electron density layer was found at the SEIjlithiated Si interface dur-

ing the delithiation process, suggesting kinetically limited ion transport within the SEI,

which is speculated to be one of the origins of battery’s internal resistance.28

Despite these efforts and its performance dictating nature, including most promi-

nently electrochemical reversibility and cell chemistry kinetics,29 the SEI remains

‘‘the most important and the least understood’’ part of LIBs.30 This includes the

SEI formation processes, the SEI composition and thickness, as well as the associ-

ated structure-function relationship to the electrochemical cycling performance.

Poor understanding of the SEI has created difficulties in the development of mech-

anistic insights into many physical and chemical properties of the SEI such as ion

transport, which is a crucially important factor in battery performance.31 Computa-

tional modeling performed to investigate the properties of the SEI (e.g., Li-ion

diffusivity, stability, and electrolyte reduction pathways) is also limited because

of the lack of knowledge of the SEI’s composition and its evolution. It is generally un-

derstood that the SEI consists of an outer more organic part at the SEI-electrolyte

interface and an inner, electrode-adjacent, more inorganic part.32–34 The outer

part is the ‘‘organic SEI’’ and mainly consists of organic reaction products, including

semicarbonates and polymers or oligomers; the inner part is the ‘‘inorganic SEI’’ and

is mainly composed of inorganic Li compounds such as LiF and Li2O.31 Because

these solid-solid and solid-liquid interfaces are buried interfaces and the layers

are thin (approaching 1 nm), they are experimentally challenging to characterize,

particularly in situ, and with the desired atomic or molecular resolution. Other factors

that contribute to the limited understanding of the SEI originate in its complexity,

including morphology, trace presence, and large variety of anodes as well as the

electrolytes and additives used in studying its formation, growth, and structure.35–38
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To overcome these issues, we sought out a reductionist approach, in which we uti-

lized a simple and well-defined model system for our study of SEI formation, i.e.,

single crystalline, atomically smooth native oxide-terminated Si (001) wafers.

Accordingly, we studied the SEI under well-defined electrochemical conditions,

focusing on determining the SEI’s nucleation and growth, as well as its thickness

and composition in order to develop a detailed model describing the potential-

dependent evolution of the SEI. Toward this end, we have combined in situ X-ray

reflectivity (XRR), linear sweep voltammetry (LSV), ex situ X-ray photoelectron spec-

troscopy (XPS), and first principles calculations (FPC) results obtained from the

Materials Project (MP)39 to determine the SEI’s composition, thickness, and its evo-

lution as a function of voltage. Thereby, we developed a better understanding of

the SEI growth and formation mechanism on native oxide-terminated single crystal-

line Si anodes, in addition to gaining insights into the SEI’s functionality such as ion

transport.

Through our multi-property study of the SEI, we show the formation of two well-

defined sub-layers within the inorganic SEI. A ‘‘bottom-SEI’’ layer at the Si-SEI junc-

tion, which is a result of the lithiation of the native oxide initiated at 0.7 V, contains

mostly LixSiOy with some LixSiy. The electrolyte electrochemically decomposes at

0.6 V into inorganic products, including LiF, forming the ‘‘top-SEI’’ layer at the

bottom-SEIjelectrolyte interface. Our study provides a detailed understanding of

the effects of native oxide on SEI growth, and we discuss the relevance for battery

performance as well as provide quantitative insights into capacity losses into inor-

ganic and organic SEI. We envision that our methodology will open a new path to-

ward quantitative SEI research that can be widely applied to study SEI formation in

other electrolyte-electrodemodel systems. We also anticipate that our chemical and

structural understanding of the SEI can lead to new approaches for the design of

superior protection layers, e.g., in terms of ion transport properties.

RESULTS

In Situ X-Ray Reflectivity

In situ XRR experiments were performed in half-cell configuration with a native ox-

ide-terminated (001)-Si wafer as the working electrode, Li metal as the counter

and reference electrode, and a 1:1 wt % ethylene carbonate (EC):dimethyl carbonate

(DMC) electrolyte containing 1 M LiPF6 (LP30). Details of the experimental setup can

be found in the Experimental Procedures. During our in situ XRR measurements, the

Si wafer working electrode potential was galvanostatically decreased at 50 mA/cm2

to several target voltages and held there until two consecutive XRR datasets were

identical within the experimental accuracy. The current at this stage dropped below

30% of the initial value; a typical decay time was tens of minutes. Two potential-hold

XRR experiments were performed: (A) high-potential sequence, in which the cell was

galvanostatically cycled from open circuit voltage (OCV) (typically 2.3–3.3 V) at

50 mA/cm2 to 1, 0.9, 0.8, 0.7, and 0.6 V, and held at these voltages, and (B) low-po-

tential sequence, in which the cell was galvanostatically cycled at 50 mA/cm2 from

OCV to 0.6, 0.5, 0.4, 0.3, 0.2, and 0.1 V, and held there. Under these conditions,

it is reasonable to assume that steady-state conditions were reached, i.e., no kinetic

limitations were present. This allowed us to relate each electrode potential to SEI

properties. In each experiment, XRR data was collected through both the galvano-

static discharge and the potential hold process with a time resolution of approxi-

mately 5 min. Notice that XRR is only sensitive to the inorganic part of the SEI

because of the lack of scattering contrast between the organic SEI and the electro-

lyte27,28 (the electron densities are nearly identical).
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Our in situ XRR results are illustrated in Figure 1 (high-potential sequence) and Fig-

ure 2 (low-potential sequence). Figures 1A and 2A show the scattering vector (qz)

dependence of themeasured Fresnel normalized XRR (markers) andmodel fits (lines)

to the electron density profiles (EDPs) shown in Figures 1B and 2B as a function of

distance from the Si-SEI interface. Figures 1C and 2C depict the corresponding

applied voltage and current response of the Si working electrode as a function of

time. For simplicity, only the steady-state XRR curves at the end of each potential

hold process are shown here. The intermediate XRR curves during which the poten-

tial was constant, in which the evolution of the XRR can be seen, are shown in Figures

S1 and S2.

High-Potential Sequence

We first discuss the high-potential sequence, where the potential of the Si working

electrode was held at 1, 0.9, 0.8, 0.7, and 0.6 V. The topmost XRR curve was

measured at OCV and was fitted using the electrolytejnative SiO2jSi model.40 The

roughness of the native oxide was determined to be about 4 Å. The XRR curves

at voltages 1, 0.9, and 0.8 V exhibited no significant differences from those at

OCV and were thus fit to the same EDP model. At 0.7 V, a large dip appears at

qz z 0.2 Å�1, indicating the formation of a new interfacial layer with a thickness of

approximately p=qzminz16�A. This curve is well described by a model consisting of

the bottom-SEI, initially lithiated Si and Si substrate. The initial-LixSi layer is formed

by a small amount of Li that has diffused into bulk Si causing an average density drop

A B C

Figure 1. In Situ XRR Results from High-Potential-Sequence Experiments

(A) Measured, Fresnel-normalized (R/RF) XRR data (symbols) and model fits (solid lines). The corresponding voltages are annotated on the left side of

each scan.

(B) Fit-derived electron density profiles (EDPs). z = 0 is arbitrarily set to the Si-SEI interface.

(C) Electrochemistry in which the black solid line represents the voltage profile and the dashed red curve represents the corresponding current

response.

The curves in (A) and (B) are vertically shifted for clarity.
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of �10%27,28 (a rationalization of this model is presented in the Supplemental Infor-

mation, Section 2). We refer to the observed SEI layer that is directly adjacent to the

electrode as the ‘‘bottom-SEI’’ because a higher-density ‘‘top-SEI’’ layer forms on

top of the bottom-SEI at lower potentials. The dip in the XRR curve becomes less

pronounced at 0.6 V and shifts to a lower qz value ofz 0.06 Å�1, which corresponds

to a total SEI thickness of �50 Å. The curve at 0.6 V is well fitted by three layers in

addition to the Si substrate. Starting from the electrolyte, these are the top-SEI layer,

the bottom-SEI layer, and the initial-LixSi layer. All fit-derived parameters are tabu-

lated in Table S1. The uncertainties were determined as described previously and

are shown in Supplemental Information, Section 3.27,41,42

Low-Potential Sequence

The low-potential-sequence XRR experiment is summarized in Figure 2. The OCV

curve is similar to the one in Figure 1 and was fitted using the same SiO2/Si model.

During the galvanostatic lithiation process from OCV to 0.6 V, the XRR curve at

�0.65 V exhibits a minimum at qz � 0.24 Å�1, which is similar to the 0.7 V curve in

the high-potential-sequence experiment. We noted that this cell was not held at

0.65 V but continued to discharge until 0.6 V was reached, at which potential a sharp

minimum at qz �0.055 Å�1 appears. The position is similar to that found in the high-

potential-sequence experiment at the same voltage, albeit of slightly different

shape. This curve was fitted using the top-SEI/bottom-SEI/initial LixSi three-slab

model. It is worth noting that we encountered similarly shaped XRR curve shapes

in our previous reports27,28 at �0.3 V during galvanostatic lithiation, which was

A B C

Figure 2. In Situ XRR Results from Low-Potential-Sequence Experiments

(A) Measured, Fresnel-normalized (R/RF) XRR data (symbols) and model fits (solid lines). The voltage of each scan is annotated on the left side.

(B) Fit-derived electron density profiles (EDPs).

(C) Electrochemistry in which the black solid line represents the voltage profile and the dashed red curve represents the corresponding current

response.

The curves in (A) and (B) are vertically shifted for clarity.
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well described by the same 3-slab model. Previously, we tentatively assigned the

corresponding layers to SEI, LixSi, and initial-LixSi, without compositional knowledge

of either the LixSi layer or its evolution because of limited time resolution. Via the

controlled potential experiments in combination with the XPS measurements re-

ported here, we can now confidently assign the low-density region between the

top-SEI and initial-LixSi to the bottom-SEI layer; the compositions of top- and

bottom-SEI layers were studied via XPS and will be discussed below. At 0.5 V and

0.4 V, the changes in the XRR curves appear to be insignificant compared to

0.6 V, which is confirmed by the unchanged EDPs in Figure 2B. At 0.3 V, theminimum

shifts from 0.055 Å�1 to 0.051 Å�1 with slightly increased amplitude implying that

the SEI grows by about 5 Å, while the electron density remains unchanged

(�0.47 e/Å3). At 0.2 V, the minimum shifts further to a lower value of approximately

0.047 Å�1 (further increase by about 5 Å), indicating further SEI growth; the electron

density decreases to �0.40 e/Å3. The EDPs (from 0.6 to 0.2 V) are overlapped in the

Figure S3, for the sake of highlighting their differences.

X-Ray Reflectivity Findings

The SEI layer thickness and electron density from the high-potential and low-po-

tential-sequence XRR experiments are quantitatively summarized in Figures 3A–

3E, depicting the fit-derived parameters for the top- and bottom-SEI. These

show that the bottom-SEI nucleates at 0.7 V, initially grows from 0.7 to 0.6 V,

and then remains at a constant thickness but with decreasing density toward lower

potentials down to 0.3 V. The top-SEI begins to grow at 0.6 V, with increasing

thickness and density as the potential is lowered. At 0.2 V, the bottom-SEI layer

becomes significantly lower in density, consistent with the formation of Li2O.

The final thicknesses at 0.2 V are approximately 7 Å for the top-SEI layer and

38 Å for the bottom-SEI layer. This 15 Å (SiO2) to 38 Å (lithiated-SiO2) thickness

change is a 2.3 times expansion of the native oxide upon lithiation and agrees

with our previous findings27 as well as previous TEM imaging.43 The roughnesses

of the bottom- and top-SEI are found to be below 7 Å, which appears reasonable

under the assumption that the bottom-SEI grows on the atomically smooth

native oxide and that the thin top-SEI layer grows conformally on top of the

bottom-SEI. The higher-density value of top-SEI (0.7–0.8 e/Å3) compared to the

bottom-SEI (0.4–0.5 e/Å3) indicates that these consist mainly of LiF (nominal den-

sity 0.74 e/Å3) and LixSiOy/Li2O (nominal density 0.71/0.57 e/Å3), respectively. A

lower density of the bottom-SEI than nominal values suggests some presence of

lower-density species, such as LixSi, which is discussed in the Discussion section.

This hypothesis is confirmed in the sections below, in which our XRR results will

be discussed in context with our XPS results.

Linear Sweep Voltammetry

In order to relate our structural findings to electrochemical measurements, we per-

formed LSV of an oxide-terminated Si wafer at 0.1 mV/s with the same half-cell

configuration in a Teflon cone cell.44,45 This cell was utilized because it eliminates

parasitic currents, only the active material (and inert Teflon) is in contact with the

electrolyte, and it has a well-defined surface area (1.27 cm2). This yields precision

voltammetry. Parasitic currents are unavoidable in our in situ XRR electrochemical

XRR cell.27,28 The LSV scan shows three reduction peaks located at 0.70, 0.56, and

0.23 V, agreeing well to the growth of the bottom-SEI at 0.7 V, the top-SEI at

0.6 V, and further evolution of the bottom-SEI at 0.2 V found in our XRR experiments.

At voltages above 0.8 V, which is before the start of the 0.7 V peak, there is a small

but non-zero current; the possible origins of this current are explained in the Supple-

mental Information, Section 6.3.
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Ex Situ X-Ray Photoelectron Spectroscopy

Because XRR does not directly probe chemical composition, we performed comple-

mentary ex situ XPS measurements in order to gain information on the composition

of the top- and bottom-SEI layers. Figures 4A–4D depict the XPS spectra and corre-

sponding fits for Si 2p, O 1s, F 1s, and Li 1s for OCV and after 2 h voltage holds at 0.8,

0.7, 0.6. 0.3, and 0.2 V. The fitted peaks are colored with the following color coding:

SiO2 is blue, LixSiOy is orange, Si is brown, Li2O is red, LiPF6 is green, and LiF is

magenta. The C 1s and P 2p spectra are inconclusive and are shown in Figure S5.

The literature binding energies of all relevant compositions are tabulated in

Table S2. Our XPS findings are summarized in Figure 5, in which the best-fit peak

areas corresponding to Si, SiO2, LixSiOy, Li2O, and LiF are depicted with the

same color coding as in Figure 4. We now discuss the evolution of the XPS spectra

via qualitative assessment of Figure 4 in combination with more quantitative assess-

ment of Figure 5.

A B

C D

E

F

Figure 3. Best-Fit Results of XRR Datasets of High-Potential (Red Markers) and Low-Potential

(Blue Markers) Sequence Experiments

(A) Electron density of the top-SEI layer.

(B) Electron density of the bottom-SEI layer.

(C) Thickness of the top-SEI layer.

(D) Thickness of the bottom-SEI layer.

(E) Total thickness, i.e., sum of thicknesses of the top- and bottom-SEI layers.

(F) Linear sweep voltammetry (LSV) from OCV (2.5 V) to 0.1 V at 0.1 mV/s using a Teflon cone cell.

The calculation method of the error bars in (A)–(E) is explained in the Supplemental Information,

Section 3. The inset of (F) shows the full LSV profile, and the orange rectangular region of the inset is

magnified and shown in (F).
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Figure 4. XPS Spectra of the Si 2p, O 1s, F 1s, and Li 1s Spectral Range

(A–D) Spectra of Si 2p (A), O 1s (B), F 1s (C), and Li 1s (D) generated in the XPS are shown. In each

figure, the XPS results from samples at OCV and cycled to and held at 0.8, 0.7, 0.6, 0.3, and 0.2 V are

shown. The vertical dashed lines indicate the characteristic binding energies (obtained from the

literature) of the annotated compounds. The blue curves are multiplied by the numbers indicated in

the respective panel for easier comparison.
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OCV
0.8 V. The Si 2p spectra at OCV show peaks corresponding to bulk Si (99.4 eV) and

SiO2 (native oxide) (103.5 eV);46 the O 1s spectra show the corresponding SiO2 peak

(533 eV).47 The Si 2p and O 1s spectra at OCV and 0.8 V show minimal changes,

which suggests that the native oxide layer remains intact, consistent with our XRR re-

sults. The small amount of Li and F present at the surface at 0.8 V is attributed to re-

sidual electrolyte even after DMCwashing48 and the formation of organic SEI, as well

as possibly small amounts of electrolyte decomposition.49–51

0.7 V. Reducing the potential from 0.8 to 0.7 V results in changes in all spectra.

In particular, we observed increased intensity in the Si 2p and O 1s spectra in

the lithium silicate (LixSiOy) spectral range from 100.7 to 102.7 eV, and 530.1 to

532.1 eV, respectively, whereas both spectra still contain intensity corresponding

to SiO2, although reduced in intensity. This indicates that the native oxide starts

to be partially lithiated around 0.7 V, forming mostly LixSiOy. We note that as a result

of the weak intensity and the broad peaks seen in the XPS from LixSiOy, we could not

assign the peaks to specific LixSiOy species. In addition to LixSiOy, Si and lithium sili-

cide (LixSi) are also SiO2 lithiation products52–54 (also predicted by our first principles

calculations). These products (and the initial LiSix) are not observed, which we

believe is because of this being indistinguishable from bulk Si in the Si 2p spectrum

for small x and resulting from lack of resolution and statistics.22

0.6 V. Starting from 0.6 V, the peak intensities assigned to LiF55 in the Li 1s and F 1s

spectra increase more than 4-fold compared to their respective intensities at 0.8 V,

and more than 2-fold compared to 0.7 V. This suggests a substantial electrolyte

decomposition reaction at 0.6 V forming an inorganic SEI layer containing largely

LiF. The attenuation of the SiO2 and LixSiOy peaks in the Si 2p and O 1s indicates

that electrolyte decomposition and LiF layer formation takes place on top of LixSiOy.

A B

DC

Figure 5. Voltage-Dependent XPS Fit-Derived Peak Areas Corresponding to Si 2p, O 1s, F 1s, and

Li 1s Spectral Ranges

(A–D) XPS peaks corresponding to Si 2p (A), O 1s (B), F 1s (C), and Li 1s (D) spectral ranges from

different compounds are indicated by different colors, as shown in the legend. The O 1s peak areas

from LixSiOy at 0.3 V and 0.2 V are calculated from the sum of the LixSiOy peaks in Figure 4. The inset

of (A) magnifies the Si 2p peak areas below 0.6 V.
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Despite observing some LiF at 0.7 V, we conclude that the main contribution to LiF

growth is centered on 0.6 V. This is based on a combination of XRR, XPS (Si and SiO2

peaks are damped compared to 0.7 V), and LSV. We thus conclude that the bottom-

SEI layer corresponds to lithiation of the native oxide, which starts at 0.7 V and the

top-SEI layers is formed by electrolyte decomposition, with the main onset at

0.6 V. This is consistent with our LSV experiments, which show reduction peaks at

0.7 and 0.55 V as well as with our XRR results, which show the formation of a low-den-

sity interfacial layer (bottom-SEI) at 0.7 V and an additional higher-density layer on

top (top-SEI) at 0.6 V. The top-SEI layer densities from XRR are consistent with this

inorganic SEI layer containing mostly LiF, although we cannot exclude other SEI

components such as lithium carbonates or lithium alkyl carbonates, especially in

trace quantities. Other studies22,56 have indicated that Li2CO3 has formed at the

end of lithiation or after one cycle, which may suggest that Li2CO3 either forms at

lower potentials than we examined, or forms part of the organic SEI.

0.3 V. At 0.3 V, the peaks in the Si 2p and O 1s spectra corresponding to LixSiOy

shift to lower binding energies, indicating that LixSiOy is further reduced toward a

‘‘fully lithiated’’ Li4SiO4. Furthermore, a peak at �527.5 eV in the O 1s spectrum

and a new peak at �54 eV in the Li 1s spectrum appear. These were assigned to

Li2O, indicating the onset of Li2O formation.51,57 The intensities in the LixSiOy spec-

tral range remain fairly unchanged, but the intensities in the SiO2 range further

decrease, although still residually present. We explain these phenomena by a

concomitant further reduction of SiO2 to LixSiOy and the formation of Li2O. The F

1s spectrum (LiF) shows no significant change.

0.2 V. At 0.2 V, the Li2O peaks in theO 1s and Li 1s spectra become significantly stron-

ger (about 3-threefold compared to 0.3 V). This is consistent with our XRR results, which

shows significant changes only at 0.2 V (at 0.3 V, the amount of Li2O is likely too small to

observe), and the reduction peak in our LSV measurements at 0.23 V. Moreover, the

decrease of the bottom-SEI electron density at 0.2 V can be explained by the presence

of Li2O. The LixSiOy and SiO2 intensities change insignificantly.

Our XPS measurements can be summarized into three main trends: (1) the initial for-

mation of LixSiOy starts at approximately 0.7 V, (2) the major contribution to the

decomposition of the electrolyte is centered on 0.6 V and results in the formation

of LiF on top of LixSiOy, and (3) Li2O is formed between 0.3 and 0.2 V. These obser-

vations are consistent with our XRR findings (Figures 3A–3E), which show the forma-

tion of a lower density bottom-SEI layer at 0.7 V, a higher density top-SEI layer at 0.6

V, and themodification of the bottom-SEI layer around 0.2 V. These observations are

also consistent with our LSV measurements (Figures 3A–3F) showing reduction

peaks at 0.7, 0.56, and 0.23 V. Our XPS results are in qualitative agreement with

XPS studies in the literature22,58 but differ quantitatively because of different

experimental and lithiation conditions. Specifically, our experiments were per-

formed during the first cycle down to 0.2 V prior to full lithiation of the Si, and on

Si single crystals. In contrast, the referenced studies include XPS measurements of

Si particles within binders and conductive carbons performed after Si lithiation,

i.e., after large-volume expansion associated with Si lithiation. This could explain

the reported observation of significant amounts of lithium carbonates and lithium

alkyl carbonates in these papers, in contrast to our work.

First Principles Calculations

FPC from the MP were utilized to further unravel the SiO2 lithiation process using a

thermodynamic approach with crystalline structures as a first approximation.59
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Voltage profiles and phase equilibria of SiO2 upon lithiation are the main findings of

these calculations and are shown in Figure 6. Under thermodynamic equilibrium, the

lithiation of the crystalline SiO2 starts at 1.32 V, where SiO2 is lithiated, forming Li2-
Si2O5 and Si. With further decrease in the potential, there are multiple voltage pla-

teaus corresponding to further lithiation of these products. For example, Li2Si2O5 is

reduced to Li2SiO3 at 1.27 V, which is stable between 1.27 V and 0.76 V. With

decreasing potential, stable phases of Li2SiO3, Li4SiO4, and Li8SiO8 are predicted

to form, followed by Li2O formation below 0.25 V. Si is a reaction product starting

at the beginning of SiO2 lithiation at 1.32 V down to 0.4 V, but below this voltage,

the product changes to Li-Si alloys.

As a more realistic model, using a ‘‘melt-and-quench’’ approach,60,61 amorphous an-

alogs to a range of LixSiOy compositions were constructed at different Li contents.

Details of this approach are described in Supplemental Information Section 7. The

amorphous potential profile in Figure 6 exhibits a similar shape as the crystalline

one: the initial voltage is high (>1.2 V) and drops rapidly during the Li inserting

into SiO2, during which Li-O bonds are formed at the expense of decreasing the

number of Si-O bonds. Below 0.4 V, we observe the favorable formation of stable

crystalline silicide phases corresponding to LiSi, Li12Si7, Li13Si4, and Li21Si5. Examina-

tion of the amorphous structures corroborates this trend, exhibiting local environ-

ments commensurate with Li2O and LixSi domains as predicted by the crystalline

phase equilibria depicted in Figure 6.

We then compared our computational results to our experimental data. In our XPS ex-

periments, LixSiOy was detected, with the corresponding Si 2p and O 1s peaks shifting

to lower binding energies with decreasing potential. This indicates the formation of

increasingly Li-rich silicates (see Figures 4A and 4B). Assigning the observed XPS

peak positions to the characteristic Si 2p andO 1s binding energies of Li2Si2O5, Li2SiO3,

and Li4SiO4, we observe that Li2Si2O5 and Li2SiO3 are present at a high potential (0.7 V),

Li2SiO3 is the main contributor with decreasing potential, and Li4SiO4 is mostly present

at a lower potential (0.2 V). The order of occurrence of these compounds as a function of

potential is in accordance with the calculation results in Figure 6.

It is noteworthy that the simulations and experiments were not carried out under

equivalent conditions. First, FPC assume thermodynamic equilibrium and do not

Figure 6. First Principles Calculations Derived Voltage Profiles

FPC results of the voltage profiles for amorphous (blue) and crystalline (black) SiO2 as compared

with calculated phase equilibria of crystalline SiO2 upon lithiation constructed from the Materials

Project.39
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consider kinetics effects that can result in non-equilibrium reaction pathways and

associated overpotentials. The SiO2 is assumed to be bulk-like in the calculation.

In our experiment, however, the native oxide is a thin film of �1.5 nm thickness on

bulk Si, exhibiting known structural and electronic differences from bulk SiO2.
62

Additionally, the simulations are performed for SiO2:Li, whereas bulk Si underlies

the SiO2 in the experiment, and we cannot rule out that this plays a role in the reduc-

tion of SiO2. These dissimilarities explain quantitative differences in the experiment

and the simulation. For example, the LixSiOy formation potentials predicted from

FPC are higher than what we obtained from XRR, LSV, and XPS experiments. This

is rationalized by the overpotential of the native oxide (because of its confined ge-

ometry), which can explain a significant deviation of the reaction potential from

the FPC-predicted equilibrium potential. The second difference is that we do not

observe evidence for the existence of LixSi in our XPS spectra at low voltages. While

Si and LixSi are also predicted from calculation, and inevitable from stoichiometric

constraints, this cannot be observed in XPS, because it is indistinguishable from

the substrate (Si). Nevertheless, we note that the electron density of the bottom-

SEI (�0.5 e/Å3) is smaller than the theoretical density of typical crystalline LixSiOy

(�0.7 e/Å3). This lower-density indicates that the bottom-SEI has low-density com-

ponents, which could be due to the amorphous nature of LixSiOy or the presence

of a mixture of LixSi and LixSiOy, or a combination of both. A possible explanation

for the lack of LixSi signal in XPS is that the amount of x in LixSi is small, rendering

a weak peak close to the substrate Si peak that cannot be resolved.

DISCUSSION

By combining in situ XRR, LSV, ex situ XPS, and FPC, we propose a detailed picture

of the SEI formation process on Si anodes, which we illustrate schematically in Fig-

ure 7. For Si anodes terminated with their native oxide (Figure 7A, OCV), the organic

SEI layer starts to form at above 1.5 V (Figure 7 B, 0.8 V).63–65 The organic SEI cannot

be detected by XRR because its electron density is too similar to that of the electro-

lyte.27 Furthermore, we observed that a quantification/confirmation of organic SEI

components by ex situ XPS is challenging, as a result of the DMC washing pro-

cesses, during which organics species are likely to be washed off the substrates.19,29

We show in the Supplemental Information, Section 6, that the organic SEI can

comprise up to z6 mAh/cm2, or up to several nm of thickness. No inorganic SEI

is observed above 0.7 V, as significant changes in the XRR curves would be

expected in this scenario. The native oxide begins to lithiate at 0.7 V (Figure 7C),

forming LixSiOy (exhibiting higher Li ratios at lower potentials), with side products

Si

SiO2

Si

SiO2

Organic SEI

Si

LixSiOy+LixSi
Organic SEI

Si

Organic SEI
Top-SEI

Si

LixSiOy+LixSi
+Li2O

Organic SEI
Top-SEI

OCV  0.8 V 0.7 V  0.6 - 0.3 V 0.2 V

Inorganic 
SEI

1 nm

4 nmLixSiOy+LixSi

A B C D E

Figure 7. Schematic Illustration of the Proposed Potential-Dependent SEI Growth Mechanism on

Native Oxide-Terminated Si Anodes

For the sake of simplicity, the electrolyte is omitted in this schematic.

(A) OCV, pristine native oxide (red) terminated Si (gray) substrate.

(B) 0.8 V, organic SEI has formed on the Si surface; native oxide layer has not reacted.

(C) 0.7 V, native oxide layer is lithiated forming the bottom-SEI containing LixSiOy.

(D) 0.6 V, electrolyte decomposition forming the top-SEI layer containing inorganic reaction

products such as LiF; the bottom-SEI continues to lithiate. This status continues until 0.3 V.

(E) 0.2 V, Li2O forms in the bottom-SEI. From 0.7 to 0.2 V, the initial-LixSi layer underneath the SEI is

omitted for simplicity.
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Si and LixSi. This layer was termed ‘‘bottom-SEI’’ layer. The composition was

concluded from the combination of all techniques. Notice that the lithiation of

SiO2 due to charge neutrality and stoichiometric constraints necessarily also leads

to the formation of Si and LixSi. While we do not observe a LixSi peak in either

XPS or XRR, in particular the density values of the bottom-SEI suggests some pres-

ence of LixSi, in accordance with our FPC (below 0.4 V). Given trace amounts of LixSi,

compared to bulk Si, and the fact that the LixSi peaks are close to bulk Si peaks, in

particular at small x, we conclude that we cannot observe LixSi at low lithium con-

tents in our XPS measurements. Taken together, these findings suggest that the

bottom-SEI mostly consists of lithium silicates, with some LixSi and trace residual

SiO2. Given the thin layers and the interfacial roughness, we cannot exclude some

vertical stratification (e.g., layering) of these components. Some lateral phase

heterogeneity or nanoscale separation of lithium silicates and LixSi is also possible.

The presence of low ion conductivity LixSiOy
26 also explains our previous observa-

tions of low ion transport kinetics through the SEI.28 Starting from 0.6 V, an addi-

tional SEI layer consisting of inorganic electrolyte decomposition products forms

on top of the bottom-SEI layer, which is denoted the ‘‘top-SEI.’’ At 0.2 V, LixSiOy

is further lithiated and Li2O is formed in the bottom-SEI.22,57 The formation of

Li2O in the LixSiOy layer has also been observed by a previous depth-profiling

XPS study.22 Consistent with XRR results, the further lithiation of LixSiOy and the for-

mation of Li2O cause the electron density of the bottom-SEI layer to decrease. Both

the top- and bottom-SEI layers are largely inorganic SEI. The electron density of the

top-SEI layer (0.7–0.8e/Å3) is higher than that of the bottom-SEI layer (0.4–0.5 e/Å3),

consistent with the picture of LiF in the top-SEI and LixSiOy/LixSi/Li2O in the bottom-

SEI. A previous XPS study56 with depth profiling has shown that LiF is formed on top

of LixSiOy and SiO2 after 1 lithiation/delithiation cycle. The thicknesses of the top-

and bottom-SEI layers, are about 1 nm and 4 nm, respectively. The latter is consis-

tent with a 2–3 times (15 Å before lithiation, 38 Å after lithiation) expansion of the

native oxide upon lithiation.43 This similarity between the expansion expected for

lithiation forming only inorganic products and our measurements suggests that

the bottom- and top-SEI layers contain minimal amounts of organic compounds

and that the oxygen from the electrolyte decomposition is not needed to explain

the thickening on lithiation, which is only due to the reaction between Li and

SiO2. Despite this agreement, we cannot completely rule out the possibility that

there may be some small electrolyte decomposition contributing to the inorganic

SEI. Furthermore, the inorganic SEI is well layered, consistent with a previous

cryo-EM study for SEI on Li anode.36 We note that the reported physical and chem-

ical parameters of the SEI only hold for voltages greater than 0.2 V, i.e., above the Si

lithiation plateau at 0.1 V. Our previous studies27,28 show that the SEI continues to

evolve during the bulk Si lithiation process.

We observed that the onset of LiF is at about 0.6 V and begins only after the onset of

the lithiation of the native oxide. This is intriguing because quantum chemical (QC)

calculations predict the reduction potential of LiPF6 between�1.45 and 1.6 V versus

Li+/Li.66,67 We thus hypothesize that the lower reduction potential for native oxide-

terminated Si wafers is a result of the presence of the oxide; specifically, its

large electrical resistivity (1014–1017 U$cm)68,69 kinetically hinders electrochemical

electrolyte decomposition because the oxide limits electron transport. Only when

the native oxide begins to be lithiated, forming LixSiOy at 0.7 V with much lower re-

sistivity (106–1010 U$cm depending on composition70,71) and most likely a high

defect concentration further promoting electrical conductivity, can electrons reach

the LixSiOy-electrolyte interface and reduce the electrolyte to form LiF.72–74 This is

consistent with the formation of LiF on top of LixSiOy.
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To test this hypothesis, we performed LSV at 0.1 mV/s in the Teflon cone cell44,45 utiliz-

ing n-type doped single crystalline Silicon carbide (SiC). SiC is electrochemically non-

active, sufficiently conducting (0.02–0.1 U$cm), and the surface oxidation is limited.75

These measurements are shown in Figure S6. Indeed, we observed a reduction peak

at 1.5 V, which we attribute to the QC predicted decomposition of LiPF6 to LiF. This

is consistent with previous experimental evidence of the LiPF6 reduction around 1.6

V76–78 and QC calculations.67 While it has recently been shown that LiF formation also

occurs as a result of the electrocatalytic transformation of HF impurities in LiPF6-contain-

ing electrolytes at much higher potentials on metals (�2 V),25 we believe that our LSV

reduction peak at 1.5 V on SiC corresponds to electrochemical reduction of LiPF6.

This is rationalized by considering the different reactivity of SiC, as compared to metal

surfaces, conceptually consistent with the different reactivity of graphene andmetal sur-

faces shown in Strmcnik et al. (2018)25. Finally, we note that there is consistency between

the reduction peaks in our LSV experiments and our XRR and XPS that show the forma-

tion LiF near 0.6 V. This suggests that the LiF in the top-SEI is formedby an electrochem-

ical process, rather than by thermal degradation, a reaction with water,79,80 or other

chemical processes.

Thus, our observations suggest that the native oxide acts as a protective layer, expand-

ing the electrochemical stability window of LiPF6-containing electrolytes to lower volt-

ages of about 0.7 V by preventing LiPF6 electrochemical reduction. This further leads

us to hypothesize that the bottom-SEI (lithiation of native oxide) nucleates near the

Si/SiO2 junction within the oxide (in contrast to the oxide/electrolyte junction), i.e., Li

ions diffuse through the native oxide to this interface, rather than electrons to the

SiO2-electrolyte interface, and that the top-SEI (LiF from decomposition products of

LiPF6) nucleates at the LixSiOy-electrolyte interface where electrons and LiPF6 can

meet once LixSiOy is sufficiently electrically conductive. This is consistent with the find-

ings of Ariel et al. (2005),81 reporting Li ion diffusion through thin SiO2 layers.

From our quantitative electrochemical LSVmeasurements, we can calculate the total

charge passed into both the organic and inorganic SEI for a given voltage range. Our

structural data allow us to estimate the capacity that corresponds to the formation of

organic SEI, which we cannot observe in our structural characterization. Here, we use

the quantitative XRR thickness and compositional information from XPS to convert

electron density to mass density for the bottom-SEI, top-SEI, and initial LixSi. Specif-

ically, we assume that Li4SiO4 makes up most of the bottom-SEI, that LiF is the main

component of the top-SEI, and that initial LixSi is mainly composed of Li0.25Si,. We

then estimate the charge consumed in the formation process of the bottom-SEI,

top-SEI, and initial LixSi (details in the Supplemental Information). It is worth noting

that the organic SEI can be formed both chemically and electrochemically,82,83 and

the estimate presented here corresponds only to the electrochemically formed

organic SEI, under the assumption that all charge passed into the system

that does not correspond to the formation of the initial LixSi and inorganic SEI

corresponds to the formation of organic SEI. For this purpose, we performed galva-

nostatic electrochemistry at 10 mA/cm2 (GC), LSV at 0.1 mV/s, and potential hold

experiments (shown in Figure S7). We conclude that for GC, only negligible amounts

of organic SEI are formed; under LSV conditions, the capacity corresponding to

the organic SEI is about 2.4 mAh/cm2; in GC, with 2-hr potential holds at 0.7, 0.6,

0.5 and 0.4 V, the capacity corresponding to the organic SEI is 5.7 mAh/cm,2 trending

to increased capacities with increased holding times. Previous studies have shown

that faster cycling rates, or lithiation without holding processes, lead to a thinner

SEI.32,33 We infer from our results that this phenomenon originates in less electro-

chemically formed organic SEI.
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Conclusion

In conclusion, we have unraveled the SEI formation mechanism on a native oxide-

terminated (001)-oriented Si wafer anode from a 1 M LiPF6/EC/DMC electrolyte. A

major finding is that the inorganic SEI consists of two parts:, a bottom-SEI, which

forms near the Si/SiO2 junction at 0.7 V, and a top-SEI, which forms at the bottom-

SEIjelectrolyte interface at 0.6 V. The bottom-SEI contains mostly LixSiOy, consistent

with the literature,23,55 and the top-SEI contains LiF. While the electrolyte reduction

is expected to occur at much higher potentials around 1.6 V, this reaction is kineti-

cally hindered by the presence of an electrically insulating surface oxide. These find-

ings provide fundamental insights into differences in SEI growth on Si anodes with

and without native oxide termination. In this context, it has been previously shown84

that, under identical electrochemical conditions, a thicker SEI with higher roughness

is formed on HF-etched Si surfaces (no oxide) than on Si electrodes covered with

native oxide. Therefore, we suggest that the growth of a smooth LixSiOy bottom-

SEI layer, formed from the atomically smooth native oxide, results in a conformally

grown, smooth, and thin inorganic top-SEI layer. This indicates a possible advantage

for the preparation of artificial thin ion-conduction SEI templates on electrodes in

general, in cases where a thin and smooth SEI is desired. In real batteries, all Si anode

particles are inevitably covered with a native oxide layer. Therefore, our study is

essential in understanding the reaction of native oxide and the top-SEI layer growth

on LixSiOy, yielding insight into the initial capacity losses during the first cycle as well

as into limiting factors during fast cycling rates. We hypothesize that if a thin and

smooth SEI layer is desirable, for example to promote homogeneous lithiation,

then the presence of the native oxide or similar natural or artificial surface layers

may be beneficial. However, the native oxide may be counterproductive if a fast

ion-conduction SEI is desired as LixSiOy typically exhibit low ion conductivities.

EXPERIMENTAL PROCEDURES

Electrochemical Measurements

For in situ XRR measurements, (001) Si electrodes were cycled using a half-cell

configuration in an electrochemical cell specifically designed for synchrotron XRR

measurements.27,28 For ex situ XPS measurements, the same cell was used in order

to ensure consistency. This also provides an advantage for ex situ studies as no me-

chanical impacts are expected in the disassembly of an open cell. For ex situ XPS, the

Si anodes were galvanostatically cycled at 50 mA/cm2 to the pre-set potentials (0.8,

0.7, 0.6, 0.3, and 0.2 V) and then held at the potential for 2 h. For LSVmeasurements,

a Teflon cone electrochemical cell was used.44,45

The working electrode was a (001)-terminated n-type doped Si wafer with a resistiv-

ity of 0.001–0.005 U$cm. A 2 nm-thick Ti adhesive layer and 100 nm-thick Cu layer

were evaporated on the back side of the Si wafer to ensure good electrical contact.

Li metal was used as a counter/reference electrode. A 1 M LiPF6 in 1:1 wt % ethylene

carbonate (EC):dimethyl carbonate (DMC) (BASF, LP30) solution was utilized as

the non-aqueous electrolyte. The cells were assembled in an argon (Ar) glovebox

(O2 < 0.3 ppm). For in situ XRR measurements, the cell was inserted into an airtight

chamber in the glovebox and then mounted on the beamline diffractometer; helium

gas was continuously flowed through the chamber during the experiment to drive

out Ar gas and to protect the cell from air and moisture. For ex situ XPS experiments,

the cell was cycled in the Ar glovebox. Samples were taken out of the cell in the Ar

glovebox, rinsed twice in fresh DMC baths, dried in the glovebox, and placed in

an airtight transfer vessel. The vessel was taken to the XPS instrument and pumped

to vacuum. Therefore, the Si anodes were never exposed to ambient air. The
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electrochemistry was controlled by a Bio-Logic SP200 or SP150 potentiostat. All

voltages in this manuscript are reported with respect to the Li+/Li redox potential,

i.e., Ewe versus Li/Li
+ (V).

In Situ XRR Measurements

XRR is a surface/interface-sensitive technique with sub-nanometer spatial and

minute temporal resolution frequently used in thin-film characterization85–87 and

solid-liquid interfacial studies.48,88–90 XRR measures the intensity fraction of a

monochromatic X-ray beam that is specularly reflected from a surface as a function

of incident angle a. In this setup, the reflected angle b is equal to a, yielding a surface

normal scattering vector qz = 4p$sina/l, where l is the X-ray wavelength. For a thin

film of thickness d, the interference of X-rays reflected from the top and bottom of

the film results in Kiessig-fringes91 with a period of Dqz = 2p/d. The q-dependence

of the XRR intensity is related to the surface normal electron density profile. Specific

to our system, this methodology was used to characterize the physical parameters,

such as thickness and density, of the SEI film on Si wafer anodes during its voltage-

dependent growth. We constructed a physically meaningful electron density profile

re(z) by combining a certain number of layers from which we calculated the XRR in-

tensities92–94; each layer has a thickness d, electron density r, and roughness s. The

roughness describes diffuseness of the junctions between the two layers via an inter-

facial width between each layer. This is conveniently described by an error-function.

In the fitting routine, d, r, and s of each layer were varied until the re(z)-derived XRR

matched the experimentally measured XRR data.

XRR experiments were performed at SSRL BL 2–1 with an X-ray energy of 12 keV

(l = 1.033 Å). The measured qz-range covered from 0 to 0.5 Å�1. Each XRR measure-

ment took approximately 5 min. Because XRR is a non-destructive technique, and

hard X-rays (12 keV) can transmit through several millimeters of electrolyte

(with attenuation length z 2.9 mm), XRR enabled us to measure the sample under

electrochemical cycling conditions.

Ex Situ X-Ray Photoelectron Spectroscopy Measurements

XPS probes the binding energy of photoelectrons emitted in the photoelectric effect

and thus the chemical composition and thickness of surface layers. Specific to labo-

ratory XPS, the penetration depth of photoelectrons is typically 2–4 nm for inorganic

materials and 4–10 nm for organic materials,95 rendering XPS a surface-sensitive

technique. Specific to our systems, we utilized this methodology to study the chem-

ical composition of the SEI as a function of electrochemical potential.

XPS experiments were performed at the Stanford Nano Shared Facility (SNSF) using

a PHI Versaprobe 1 Scanning XPS Microprobe. The X-ray source was Al K-alpha at

1486.6 eV. The pass energy was set to 23.5 eV. Charge neutralization was used.

Peak shifts due to surface charging were compensated by normalizing to the Si 2p

literature value and shifting the corresponding spectra. Initially, this was achieved

by sputtering until only Si 2p signal was observed in the spectra. This yielded Si

2p peak positions within 0.2 eV of the literature value. Remaining shifts were then

corrected with respect to the Si 2p literature value in the final spectra. XPS fitting

was performed using a PHI MultiPak 9.8.0.19.

Computational Voltage Profiles and Phase Stability

To predict the thermodynamically stable phases that form as a result of lithiation of

the native oxide and relate these result to our XRR, XPS, and LSV findings, we utilized

FPC from the MP39 database (http://www.materialsproject.com). This database
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contains structural, electronic, and thermodynamic data for approximately 70,000

compounds (as of October 2017) calculated using the DFT-based Vienna Ab initio

Simulation Package (VASP).96–98 The electrochemical stability of SiO2 was calculated

using the grand potential phase diagrams constructed using pymatgen.97,98 Grand

potential phase diagrams were constructed using the Phase Diagram App to eval-

uate the stability of a material in equilibrium with an external environment. In our

case, we identified the thermodynamic phase equilibria of SiO2 with an open Li

reservoir of Li chemical potential mLi. The given phase is stable within a certain range

of mLi. The chemical potential of Li is converted to cell potential using the following

relation:

mLi ðVÞ = m0
Li � e,V ; (Equation 1)

where m0 is the chemical potential of the Li metal, e is the unit charge, and V is the cell

potential in reference to the Li metal. The computational scheme behind the Li grand

potential phase diagram assumes thermodynamic phase equilibrium.

Additionally, the voltages of amorphous LixSiO2 configurations were computed using

a combination of ab initiomolecular dynamics (AIMD) and density functional theory as

implemented in VASP. Representative amorphous structures for 0 < x < 8 were found

through a melt-quench process in AIMD as outlined by Akyol et al. (2018).60 The total

energies of the amorphous states are continuous, hence the average formation en-

ergy of the representative amorphous configurations were fit to a function EF ðxÞ.
The Li chemical potential was thus calculated according to the following equation99:

mLi =
dEFðxÞ
dx

ð1� xÞ+EFðxÞ; (Equation 2)

where x is the fraction of Li with respect to LixSiO2. The cell potential was calculated

using Equation 1.
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