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ABSTRACT: SiO, negative electrodes for Li-ion batteries enable high energy
density while providing better structural integrity compared to pure Si electrodes.
The oxygen content has a critical impact on structural changes that occur during
electrochemical cycling. In this study, the near-surface structural evolution in SiO,
thin films with different compositions (0.3 < x < 2) was probed by various
electrochemical techniques and X-ray photoelectron spectroscopy. These results
show that all of the SiO, films undergo significant chemical changes during cycling.
Even the films with high oxygen content (x = 2) undergo significant restructuring
after sufficiently long cycling times. The changes that occur in all films indicate that
the near-surface regions of SiO, materials react in ways that effectively make them
part of the solid electrolyte interphase (SEI). This also implies that tuning the surface
oxygen content of Si-based electrodes can be used to control SEI performance.
Hence, the structural changes in SiO, observed in this study may provide useful
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1. INTRODUCTION

SiO,, electrodes for lithium-ion battery applications have been
widely discussed in the research and engineering communities
as they can enable higher energy densities (4000 to 1965 mA
h/g for x ranging from 0 to 2, respectively).' In the present
technology, small amounts of SiO, in the coating or powder
form are added to conventional graphite electrodes to boost
capacity.”’ Some of the critical challenges associated with Si-
based electrodes, such as large volume change degradation
during lithium insertion/extraction, have limited the amounts
of SiO, to only a small fraction of the total active materials
used in commercial products.’ In order to fully realize the
increased energy density from SiO, materials, it is vital to
evaluate the impact of the oxygen content in SiO, on capacities
and cycling stability. The structural changes in different SiO,,
materials during lithiation and delithiation have been
extensively investigated in recent years.”*”” These studies
largely show that increasing oxygen content enables higher
cycling stability via the formation of various lithium silicates
that suppress the volume change of electrochemically active Si
species. The formation of additional oxygenated species
(primarily lithium silicates and lithium oxide) is generally
irreversible, and hence, this limits the amount of reversible
capacity.*”"” These investigations on structural changes in
SiO, materials have revealed many useful insights, but the
effect of oxygen content on the corresponding structural
evolution during longer-term cycling is not well understood. In
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general, successful commercial implementation requires
structural stability over hundreds of cycles, and in SiO,, this
is a strong function of the oxygen content.

In this study, the effects of varying the SiO, oxygen content
on structural evolution over 100 cycles are investigated using
thin-film electrodes. Compared to previous investigations, the
thinner films (~S0 nm) used in this study were designed to
look more closely at changes in the material that occur closer
to the surface. Electrochemical measurements using dQdV
analysis, hysteresis evolution, electrochemical impedance
spectroscopy (EIS), and the chemical composition change
probed by ex situ X-ray photoelectron spectroscopy (XPS)
measurements reveal that the SiO, structure evolves differently
depending on the initial oxygen content.

2. EXPERIMENTAL SECTION

2.1. SiO, Thin-Film Fabrication and Characterization. The
SiO, thin films were prepared by RF magnetron sputtering (Lesker
PRO Line PVD Series) from a pure Si target (99.999%). 10 ym-thick
Cu current collectors were used as the substrate. Before the
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Figure 1. (a) Image of various compositions of the as-prepared SiO, thin films on a Cu foil. XPS signals of Si 2p in four different 50 nm SiO,, thin
films with compositions of (b) SiOy3, (c) SiOgs, (d) SiO, and (e) SiO, used in this study.

deposition, the chamber was allowed to pump down to ~7 X 1077
mbar of chamber pressure. The amount of oxygen in the film was
tuned by allowing various amounts of oxygen into the chamber prior
to deposition. This was done by controlling the exposure time with a
mixture of oxygen/argon (1:1S ratio), at a flow rate of 2 sccm. SiOg3,
SiOys, SiO, and SiO, films were created by allowing this mixture of
gas to flow into the chamber for 0, 2, 8, and 15 min, respectively, prior
to film deposition. The amount of Si used for each film was identical,
corresponding to S0 nm of Si. The power used to sputter the Si target
was 150 W, which corresponds to a deposition rate of 1.2 A/s.

The chemical compositions of the as-created films were determined
using XPS (Thermofisher K-Alpha). The spectra were collected with a
pass energy of 12 eV and a step size of 0.05 eV, at a pressure of 2 X
107% mbar. Each film was etched with Ar-ion for 120 s prior to the
measurement to remove any pre-existing oxide layer. The spectra
were charge-corrected using the C—C bond present in the C Is

spectra at 284.8 eV. The spot size for the measurement was set at 200
pum. After the charge correction, the Si 2p spectra were then fitted
with five peaks: Si°, Si'*, Si**, Si**, and Si** using a previously reported
method to determine the oxygen content.*>'

2.2. Electrochemical Measurements. Fabricated films were
punched out and assembled into coin cells in a half-cell configuration
using a lithium foil as a reference electrode. Approximately 30 uL of 1
M LiPFq in an EC/DEC (1:2 v %) electrolyte was used for each coin
cell. Constant-current-constant-voltage (CCCV) cycling was carried
out for each film for 100 cycles at the rate of C/20, which was
determined by the average discharge capacity during the first five
cycles. The cutoff voltage was set at 25 mV and 1.5 V for lithiation
and delithiation of the electrodes, respectively, with a 6 h hold at the
end of each sequence. Cyclic voltammetry measurements were carried
out with identically assembled coin cells, with a 0.01 mV/s scan rate
and a 24 h hold on each end of the cutoff voltages (25 mV to 1.5 V).
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Figure 2. (a) Discharge capacity vs cycle number of various SiO, thin film electrodes over 100 cycles. The electrodes are cycled via the CCCV
protocol at full depth of discharge from 1.5—0.025 V with 6 hr holds at cutoff voltages. The current densities used here are approximately C/20
based on each of their respective capacities averaged from the first five cycles. The capacity values are given in mA h/gg; based on the equal amount
of pure Si deposited per film (S0 nm in thickness). Two different cells were used here to verify the reproducibility, with the exception of SiOg s film
(b—d). Cyclic voltammograms of SiO, thin film electrodes at 0.01 mV/s, starting at 1.5 V and scanning down to 25 mV with 24 hr holds at each
end to ensure that the electrodes were fully lithiated/delithiated at the end of each sequence. The compositions of these films are SiO 3, SiOy s, and

SiO, respectively.

EIS measurements were carried out every five cycles during the
CCCV measurements after each lithiation and delithiation sequence.
A resting time of 5 min was applied prior to each measurement. The
frequency range was set at 100 mHz to 0.01 MHz with a 10 mV
voltage amplitude.

2.3. dQdV Curves Using Diffcapanalyzer. To generate dQdV
curves for all the CCCV measurements, a Python package called
Diffcapanalyzer was utilized ( developed by Thompson et al. from the
University of Washington)."" This tool allows facile and intuitive use
to generate dQdV curves. The model provides a smoothing function
by using a Savitzky—Golay filter and implements a pseudo-Voigt and
Gaussian distribution for peak fitting. More details on this package
can be found in ref 11.

2.4. XPS Measurements. After the electrochemical measure-
ments, the coin cells were disassembled in an Ar-filled glovebox and
the films were washed thoroughly using dimethyl carbonate (DMC).
The samples were then transferred to XPS using a vacuum-sealed
sample transfer holder. XPS measurements were performed using a
Thermofisher K-Alpha X-ray photoelectron spectrometer system. The
X-ray source was Al K-alpha. The irradiated spot size was set to 200
um. Depth profiling was used to get spectra from the center of the
film, which was determined by the onset of Cu peaks that indicate the
bottom of the electrode. The etching current was at the “low” setting
with 500 eV energy, with various etching times depending on the
thickness of the films. A charge-neutralizing gun was used, and the
additional charging was corrected by using the C—C bond present in
the C 1s spectra at 284.8 eV, and also verified with Si 2p and O 1s

literature values and by shifting the corresponding spectra. XPS fitting
was conducted using Thermo Fisher’s Avantage software (v 5.99).

2.5. Scanning Electron Microscopy Imaging. The film surfaces
were examined by scanning electron microscopy (SEM) after
disassembling the tested electrodes in an argon glovebox and
thoroughly washing them with DMC (Aldrich). This was used to
determine the morphology evolution of the film from pristine and
after the Sth, 10th, 25th, 50th, and 100th cycles.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Cycling and Evolution of
Reaction Peaks Related to Oxygen Content. Four
different SiO, film materials prepared on a Cu foil using RF
magnetron sputtering with a pure Si target are shown in Figure
1. The composition variations were controlled by varying the
amounts of oxygen gas in the sputtering chamber prior to
deposition12 (see Section 2.1). All of these films contained an
equivalent amount of Si (corresponding to SO nm of Si mixed
with various amounts of pre-existing oxygen). The top surface
SEM image and the focused-ion beam cross-section of these
films (Figure S1) show that the surfaces are all relatively
smooth. The compositions were characterized by Si 2p XPS
after etching of the top surface layer for the 30s and fit with five
peaks: Si° Si'*, Si**, Si**, and Git+ #6=810,13 Depth profiling
was conducted to ensure compositional accuracy across their
thicknesses, where minimal variations of x (no more than 0.02)
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Figure 3. (a) dQdV curves of 10th cycle data for three SiO, films with compositions of SiOy; (black), SiOys (red), and SiO (blue) using
Diffcapanalyzer.'" Three main reaction peaks during lithiation are labeled peaks 1, 2, and 3, as shown in the plot. (b) Peak position vs cycle number

for each respective reaction shown in Figure 2a.

were observed. The results in Figure 1b—e indicate that the
compositions of these SiO, films vary from x = 0.3 to x = 2.

The SiO, films were punched out, assembled into a half-cell,
and cycled between 25 mV to 1.5 V with 6 h holds at each
cutoff voltage. The current density was set at C/20 based on
the average discharge capacity of the first five cycles for each
film. Discharge capacity versus cycle number is plotted in
Figure 2a, which shows comparable trends based on the
available literature data of SiO, thin film electrodes that
employ deep lithiation (<25 mV), where higher capacity
retention is observed with an increase in oxygen content but
with lower reversible capacities.””® Capacity retention per
cycle can be improved by increasing the lithiation cutoff
voltage to 75 mV as shown in Figure S2. As oxygen content
increases, the capacity used per cycle decreases with increased
capacity retention as expected. The SiO, film shows a
significant increase in capacity around ~30 cycles as cycling
proceeds, which is distinctly different from that of the other
films. The behavior of this highly oxygenated material will thus
be discussed separately in Section 3.2 after considering the
films with lower x.

The cyclic voltammograms of SiOy; SiOgs, and SiO are
plotted in Figure 2b—d, where a voltage scan rate at 0.01 mV/s
was employed with the same voltage cutoffs as the CCCV
cycles shown in Figure 2a. The two peaks below 0.3 V are the
commonly observed two-phase reaction peaks with Si-rich
electrodes that correspond to the formation of various a-Li,Si
and cLijsSi,."*™"” Compared to these peaks, however, the
additional lithiation reaction peak near 0.4—0.5 V in Figure
2b—d shows changes that are relatively distinctive, further
indicated by the arrows. The particular peak around 0.4—0.5 V
has been previously attributed to the lithiation of oxygen-rich
phases in SiO, electrodes.' Figure S3 shows the overlapping
third cycle CV plots of these films which show increased
relative capacity utilization for the peak near 0.4—0.5 V as the
oxygen content increases, suggesting that films that contain
more oxygen result in the formation of higher concentrations
of oxygen-related species such as lithium silicates during this
reaction.

To further probe how the oxygen-related peak around 0.4—
0.5 V evolves during cycling, dQdV plots were created with the

same dataset used in Figure 2a. Figure 3a shows a
representative 10th cycle dQdV plot for different SiO,
compositions. Lithiation is associated with peaks 1, 2, and 3,
with peak 3 corresponding to the oxygen-related reaction at
higher voltages (0.4—0.5 V) discussed above. Prior studies
show that this peak is usually present only during the first 1-2
cycles as lithium silicate species form, and this peak is then
generally regarded as irreversible.”~*'® However, this peak is
present throughout 100 cycles in the current study (with the
exception of SiOy3). In comparison with previous findings, the
reason for the continuous detection of peak 3 throughout
multiple cycles is unclear. However, a likely explanation is that
the thinner films used here lead to different behaviors. Previous
reports using amorphous SiO,, thin film electrodes (deposited
with similar RF sputtering) showed that peak 3 did not appear
after the first cycle for films with thickness in the micron
range,”'” whereas films with 200 nm thickness exhibited peak
3 after the first cycle.” Thus, the results for the thinner SiO,
films used in the current study (Figure S1) suggest that the
more extensive detection of the oxygen-related reaction at
0.4—0.5 V is enhanced with thinner electrodes.

Ex situ XPS data on SiO, 5 before and after the evolution of
this peak during the fifth cycle in Figure S4 show that the
growth of the assigned Li,Si,O; peak is observed during this
reaction. Previous studies using transmission electron micros-
copy and X-ray diffraction also reported that Li,Si,O5 is the
predominant reaction byproduct at potentials of 0.5 V during
lithiation.”’ Subsequent formation and reduction of Li,Si,05
may explain the continuous observation of peak 3 throughout
cycling in films with composition x > 0.3 as Li,Si,O; has been
identified as one of the lithium silicate species and appears to
be more reversible than other species such as Li,SiO; and
Li,SiO,.”*" In general, films that exhibit an amorphous nature
result in the overlapping of peaks that correspond to similar
chemical bonding states that are difficult to separate with peak-
fitting software. Hence, it is also possible that other lithium
silicate species may form during the peak 3 reaction during
subsequent cycling® but that their growth was not distinctively
observed via XPS.

Tracking the peak positions on dQdV plots for all 100 cycles
readily shows that each of the lithiation peaks shifts over their
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10th cycles. (c) Voltage vs normalized capacity of the SOth cycle of SiO, films used in this study. (d) Discharge capacity of the SiO, film and voltage

hysteresis at 50% SOC of various SiO, films vs cycle number.

cycling history, as seen in Figure 3b. Peaks 1 and 2 correspond
to the lithiation of Si-rich phases, both of which show similar
peak-shift trends over the entire cycling history where the peak
1 and 2 positions do not vary significantly from each other with
subsequent cycling. Compared to the relatively small shifts in
the voltage positions for peaks 1 and 2, the oxygen-related peak
3 shows a more distinctive voltage shift that varies with the
amount of oxygen present in the electrode films. As further
indicated and supported by the arrows in the cyclic
voltammogram in Figure 2b—d, the first few cycles show
drastically different voltage shifting in Figure 3b. For example,
for the SiOy; film, peak 3 shifts to a lower voltage value for the
first 12 cycles, while both more oxygenated samples of SiOg
and SiO show a shift toward higher voltage during the first
10~20 cycles. This unique voltage-shifting behavior of peak 3
for different films compared to the other Si-related reaction
peaks indicates that the amount of oxygen present in the
electrodes affects oxygen-related reaction evolution after
subsequent cycling.

The peak shift observed in dQdV or CV measurements
during cycling usually indicates both: (1) changes in

impedance/resistance in bulk phases that are involved in the
reaction, which relates to kinetic factors such as the surface
overpotential and (2) structural changes that result from
atomic rearrangements from bond breaking during lithium
insertion/removal and possibly stress experienced by the bulk
due to large volume changes. Note that all samples are cycled
at C/20, so the contribution to the voltage shift by the
overpotential is likely small. However, it is possible that
structural change within the bulk of the electrode can facilitate
or impede transport that is needed for a reaction to occur.
Since the amount of Si—O affects its inherent electronic and
ionic conductivities, the coupled effects of structural and
impedance changes should also be considered.

3.2. Additional Cycling in the SiO, Material. Peak 3
shifting during electrochemical cycling in the SiO, electrodes is
somewhat different. Figure 4a compares the peak 3 position
evolution for films with different compositions, with the x and
y axes flipped to better show the changes in the peak position
(voltage). Figure 4a shows that for films with x < 1, the peak 3
position stabilizes after about ~30 cycles. Previous findings on
various SiO,, thin-film compositions 0.11 < x < 0.66 show that
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Figure 5. EIS spectra of fully delithiated (to 1.5 V) SiO, films of (a) SiOy3, (b) SiO, and (c) SiO, thin-film electrodes over 100 cycles.

as the oxygen content increases, the peak 3 position appears at
a higher voltage.'® For the higher oxygen-content films in our
study, peak 3 does indeed stabilize at a higher voltage with
respect to the less oxygenated samples. The films with higher
oxygen content also require an additional number of cycles
before stabilizing at their respective positions. Moreover, for
the SiO, thin-film electrode, it takes over 100 cycles before
peak 3 reaches the higher voltage position.

It can be seen in Figure 4a that during the initial cycles, the
peak 3 positions of films with higher oxygen content (e.g., SiO
film) are at lower voltage positions compared to the x = 0.3
material. If these initial peak 3 shifts toward the higher voltage
are solely due to structural changes, then the higher
oxygenated samples should exhibit peak 3 positions at higher
voltage positions starting from the initial cycles. In the early
cycles, however, the SiO film’s peak 3 position is at a lower
voltage value than the films with lower x. This trend deviates
from the expectations of structural change. It suggests that in
the early cycles (1—20 cycles), peak 3 shifting is likely affected
by kinetic factors such as impedance and overpotential that
arise from higher concentrations of Si—O bonds that are more
electrochemically resistive, although it may also relate to some
differences in structures (i.e., stoichiometry) of lithium silicates
formed during this reaction. In the later cycles, peak 3 of films
with higher oxygen concentration (e.g.,, SiO sample) stabilizes
at higher voltages than those of films with lower oxygen
content. If impedance effects dominated in the later cycles, it
would suggest that the SiO sample has a lower impedance than
the SiOy; films. However, SiO, films with hizgher oxygen
concentration generally exhibit higher impedance, % and hence,
the differences in peak 3 positions after they stabilize are
probably affected by structural differences. In particular, the
difference likely reflects the structural differences in lithium
silicate formation that result from various oxygen concen-
trations in the SiO,, leading to the stabilization of lithium
silicates with different compositions.

In the early cycles with higher-oxygen-content films, the
larger number of cycles required to stabilize peak 3 is probably
limited by diffusion. Higher concentrations of covalent Si—O
bonds limit Li-ion’s ability to break these bonds and diffuse,
and the Li-ion solid-state diffusion is additionally hindered by
the lower electron conduction in the presence of oxygen. The
bonds present in highly concentrated films require subsequent
cycling to break. It is likely that Si—O bonds are initially
electrochemically inactive, and that Si—Si bonds established
after lithiation can be reversibly cycled. This process, known as
“electrochemical activation” of silica, is generally observed after
additional cycling of SiO,, resulting in an increase in ionic

conductivity and capacity.”>~*® This activation of near-fully
saturated films is observed in the current study. The CV curve
in Figure 4b shows that the Li—Si peaks (peaks 1 and 2) start
to emerge with subsequent cycling. During this period, the CV
curve also shows an increased area under the curve, indicating
an increase in capacity as more Li—Si species are activated. The
additional capacity from activated Li—Si bonds is reflected in
the discharge capacity versus cycle data seen in both Figures 2a
and 4d, where gradual increases in capacity are observed after
~18§ cycles in the SiO, film.

3.3. EIS Measurements of SiO, Films During Cycling.
As shown in Section 3.1, the dQdV data suggests that
increased oxygen content results in slower peak 3 stabilization
during the initial cycles and that more cycles are required to
stabilize this particular peak at higher voltage positions for
films with higher oxygen content. This is likely related to the
increased impedance of the films due to higher concentrations
of Si—O bonds and their inherently insulating nature that
impedes diffusion and bond breaking to form various lithium
silicates.”**>?*” To directly observe this impedance effect, EIS
measurements were carried out every five cycles for each SiO,,
film. From the spectra after full delithiation in Figure S, it is
generally seen that as oxygen content increases: (1) the overall
resistance of each film increases, which can be seen by the size
differences of the respective curves prior to their tails, and (2)
as cycling proceeds, changes in both the size and the shapes of
the spectra are more pronounced in films with higher oxygen
content. The higher overall impedance observed in films with
higher oxygen content is consistent with the peak 3 shifting
differences observed in the previous section, where slower
stabilization of peak 3 during the early cycles is attributed to
kinetic factors rather than structural differences.

Furthermore, a dramatic change in the spectra is seen in
SiO, in Figure Sc with a reduction in the overall resistance of
the film from the 25th to 30th cycle, where activation occurs.
Qualitatively, the middle-frequency semicircular region is
reduced during the activation, suggesting that the charge-
transfer properties at the interface between the surface of the
film and the SEI are further enhanced during activation. The
EIS measurements reveal the effects of various Si—O
concentrations on the overall impedance experienced within
the SiO, films with additional cycling and that it is likely
related to significant structural changes occurring with
increasing oxygen content as shown in the evolution of
dQdV peak shift in the later cycles.

3.4. XPS: Structural Changes in SiO, Films during
Electrochemical Cycling. The structural evolution of SiO,
thin-film electrodes during electrochemical cycling was
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Figure 6. XPS profiles of Si 2p and O 1s spectra of delithiated (a,d) SiO,3, (b,e) SiO, and (c,f) SiO, thin-film electrodes after the 1st, Sth, 10th,
25th, 50th, and 100th cycles. All spectra were measured in the middle of the film after etching and then charge-corrected. This resulted in relatively
high noise-to-signal ratios for carbon and near-surface-related spectra. The minor shift/mismatch of the peaks for a few of the spectra shown in
Figure 6 (e.g, bulk Si peaks in the 10th and 25th vs 2nd and 5th cycles in Figure 6b) likely arises from small inaccuracies during the deconvolution
of the C 1Is C—C peaks for charge correction.
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Figure 7. (a,c,e) XPS C 1s and (b,d,f) Li s spectra on the same samples discussed in the main text. Their respective peak positions are tabulated

from the literature.

investigated using XPS measurements. Figure 6a—f shows the
XPS spectra and respective fits for Si 2p and O 1s post
delithiation after the 1st, Sth, 10th, 25th, 50th, and 100th
cycles for each SiO, thin film. Because the goal of this study is
to look at chemical changes in the bulk of the film over
subsequent cycling, XPS spectra after Ar-etching are shown.
These measurements are all approximately at the center of the
film, which was determined by the onset of Cu current
collector peaks that indicated the point where the etch level
had reached the bottom of the films. Examples of the full-depth
profiles are shown in Figure SS, which show the Si 2p and Cu
2p depth profiles that were used to determine the approximate
center position of the films. The spectra shown in Figure 6
hence reflect broader results in the middle of the film only. The
fitted peaks in Figure 6 are color-coded in the following way: Si

is light brown, Li,Si is dark brown, Li,SiO; and/or Li,SiO, is
blue, Li,Si,Os is green, SiO, is peach, SiO,F, is purple, Li,CO;
is sky-blue, and Li,O is gray. Additionally, measured C 1s and
Li 1s spectra in the middle of the film are partially inconclusive
and are shown in Figure 7. The binding energy values of all
relevant compositions are listed in Table $1.*’~>" The binding
energy values of various Li,SiO, phases were determined in
previous studies by either sol—gel or precipitation synthesis of
Li,SiO; and Li,SiO,”" and crystallization of lithium disilicate
glass at high temperature and pressure to create Li,Si,Og
crystals.”® It is important to note that the different Li,Sio,
peaks fit in this study are an approximate way to interpret
bonding distribution in the amorphous film. Thus, for the
Li,SiO; and Li,SiO, peaks, a wider range of binding energy
(100.5—102.1 eV) was used to fit these as an approximation.
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The summary of how these various peaks evolve during
cycling is plotted in Figure 8, where the ratios of each of the
peak’s areas are plotted with evolving number of cycles.

3.4.1. Si0y ;. After the first cycle, the Si 2p spectra in Figure
6a show that the film is primarily composed of bulk Si (99.4
eV) with minimal Li,SiO, and SiO, formation. The O 1s
spectra after the first cycle show minimal intensity, which
confirms the low detection of oxygen-related peaks within the
bulk of the film. As cycling progresses, the Si 2p spectra show
increased detection of oxygen-related peaks such as Li,SiO;
and/or Li,SiO, (100.5—102.1 eV), Li,Si,O¢ (102.7 V), and
SiO, (103.5 eV) that are observed along with decreased
intensities of bulk Si doublet peaks. The overall intensities of O
1s peaks are amplified as cycling continues, and these oxygen-
related species are primarily composed of the following order
throughout the 100 cycles: Li,Si,Os, SiO,, and Li,SiO;/
Li,SiO. By the 25th cycle, the Si 2p spectra show that the bulk
Si peak has decreased, and oxygen-related peaks have increased
significantly. This trend of decreasing bulk Si peaks and
increasing oxygen-related peaks continues until the 100th
cycle, where it shows almost negligible amounts of bulk Si
peaks compared to the oxygen-related species mentioned
above. By the 100th cycle, most of the reversible capacity is
hence expected to arise from the lithium silicate species rather
than from the lithiation/delithiation of pure Si.

In the SiOy; electrode, the results in Figure 8a show that the
film is gaining oxygen. This structural evolution also coincides
with decreasing bulk Si—Si bonds. As cycling continues, the
peak area ratio of bulk Si decays significantly as oxygen-related
peaks including Li,SiO, and SiO, increase. It appears that the
SiOg; thin film reacts with oxygen from the liquid electrolyte
since this is the only oxygen source present. This hypothesis is
consistent with depth profiles of SiO,; in Figure SS, which
show higher intensities of oxygen-related peaks and lower
concentrations of bulk Si near the surface. This gradient of
oxygen-related phases’ concentrations from the surface to the
bottom of the electrodes indicates that the additional oxygen is
being incorporated near the surface that is in contact with the
liquid electrolyte.

3.4.2. SiO. During cycling, the Si 2p spectra evolution in
Figure 6b shows that the SiO film’s structural change is
somewhat similar to the SiOg; film. After the first cycle, initial
Si—O bonds are converted to lithium silicates in addition to
the remaining SiO,. As cycling continues, Figure 8b shows that
the SiO film also shows a reduction in bulk Si doublet peaks,
while SiO, and Li,SiO, peaks grow during cycling. Note that
the changes in peak area ratios in SiO are less pronounced than
in the SiOy; film, which suggests that starting with higher

concentrations of oxygen within the film reduces the rate at
which it drags oxygen from the excess oxygen source. By the
50th cycle, it can be seen in Si 2p spectra in Figure 8b that
most of the bulk Si peaks have disappeared, although
noticeable Li,Si species were detected after the 50th cycle.

The SiO film shows similar structural change compared to
SiO, 3, where a reduction in bulk Si and addition of Si—O
related species is generally observed with continued cycling but
to a lesser extent. Additionally, a similar depth profile trend
compared to SiOg ; film was observed in Figure S5c, where the
SiO film shows higher concentrations of lithium silicates near
the surface, supporting the idea that the oxygen is being
dragged from the oxygen source near the surface (ie.,
electrolyte).

3.4.3. SiO,. The bonding changes that occur within SiO,
during cycling are considerably different from the SiO,; and
SiO results, which is consistent with the substantial differences
in the parallel electrochemical measurements in Figures 2a, 3,
and 4d. As shown in the Si 2p spectra in Figure 6¢ (up to the
10th cycle), the film consists of largely SiO, with minimal
growth of Li,SiO;/Li,SiO, species. However, as activation
begins around the 20th cycle, where bond-breaking and
establishments of Si—Si bonds and are expected to occur,* >’
the film undergoes significant structural rearrangement. This is
seen in Figures 6¢ and 7c, where there is a significant reduction
in the SiO, peak after the 25th cycle and a large growth of
Li,SiO, species. As activation and cycling continue, both bulk
Si and Li,Si species are detected from the 25th to the 100th
cycle, suggesting that some Si—Si bonds are established during
activation after the breakage of Si—O bonds. This probably
contributes to the observed increase in utilized capacity.

The initially dominant SiO, peak is minimal by the 100th
cycle, and here the film is largely composed of Li,SiO,, Li,Si,
and small amounts of Si—Si. This observation differs
substantially from the films with lower oxygen content where
increased intensities of SiO, peak were observed. Instead, the
SiO, films show a loss of SiO, throughout cycling. Recent
investigation on the activation process of silica by Entwistle et
al. showed direct evidence of the reduction of SiO, into
amorphous silicon during the lithiation process.”* This study
further highlights the idea that the silica continues to reduce
into other Si-related compounds such as Li,SiO, and bulk Si
with additional cycling.

3.5. Cracking in the Films. As seen in Figure 6, small
amounts of electrolyte-related components such as SiO,F, and
Li,COyj are detected at places that are close to the center of the
films. This is likely to be related to the cracking caused by the
large deformations that Si-based electrodes experience during
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cycling, which increases the available surface area for the
electrolyte reaction and SEI formation. The SEM images of the
top surfaces of the different films in Figure S6 show the extent
of cracking that occurs. It is generally seen that as oxygen
content increases, the film requires a larger number of cycles
before cracks are observed. Cracks in the SiOg; occur as early
as the fifth cycle, whereas SiO films show no cracking until the
25th cycle. Moreover, the SiO, film did not show evidence of
cracking until the 100th cycle as seen in Figure S6. This
observation is also consistent with the concentrations of
electrolyte-related species in the XPS measurements in Figures
6 and 8. The SiO; films that crack in earlier cycles show the
SiO,F, peak as early as the 25th cycle, while the SiO and SiO,
films with less cracking show this in later cycles, where the
magnitudes of the SiO,F, and Li,CO; peaks are also smaller
compared to the SiO ; material. Also, although cracking in the
SiO,, films leads to more SEI formation, note that the crack
spacings are larger than the film thickness. This implies that the
amount of additional SEI formation due to cracking is a
relatively small fraction of the total SEI present in most of the
specimens, which is consistent with the observation that the
electrolyte-related species generally show small contributions.

3.6. Oxygen Content Variations During Electro-
chemical Cycling. The evolving changes in Si, SiO,, and
Li,SiO, with subsequent cycling indicate that structural
changes in the films vary with the initial amount of oxygen
that is present. The significant increase in oxygen-related peaks
and loss of Si in SiO, 3 and SiO films, in addition to the loss of
SiO, in SiO, films, suggest that different reaction mechanisms
govern multiple structural changes that depend on the oxygen
content of these films. Potential mechanisms are discussed in
this section.

3.6.1. Oxygen Incorporation in SiO,3; and SiO Films.
Figure 8a,b shows significantly increased detection in oxygen-
related peaks, such as Li,SiO, and SiO,, throughout cycling for
both SiOg; and SiO film. This suggests that oxygen is gained
from the liquid electrolyte with subsequent cycling. It is
difficult to speculate about the exact mechanism which causes
the films to gain oxygen during cycling, but one possible
explanation is that the oxygen is incorporated from the SEI
(e.g., from reactions with Li,CO; or Li,O). Li,O, a common
SEI constituent, reacts with Si to form additional lithium
silicate phases during electrochemical cycling.*>*” Note here
that the O 1s spectra in Figure 6 for all films in all cycled films
do not show any evidence of Li,O. This has been previously
attributed to subsequent reactions between Li,O and Si
electrodes to form lithium silicate.”® Negligible detection of the
Li,O peak in Figure 6 hence suggests that Li,O formed on the
surface of the electrode likely reacted with the bulk film,
resulting in additional growth of lithium silicates with
additional cycling that was observed in the XPS results.
Additionally, for SiOg3 and SiO films, it can be seen in Figure
7a,c that as cycling progresses, there is a significant increase in
the detection for both C—O and COj; bonds. This increasing
concentration of organic compounds in the middle of the film
could indicate that the films have more access to oxygen as
cycling continues. Hence, other SEI-related compounds that
build up throughout the film may be an additional source of
oxygen for incorporation. Moreover, the increasing concen-
trations of these SEI-related species in the bulk of the film
suggest that the thin-film SiO, undergoes changes that
effectively make the initial film material part of the SEI This
interpretation differs significantly from the traditional under-

standing of the SEI where the layer is formed directly on top of
the electrode. The implication of this new finding is further
discussed below.

Cracking may also increase the amount of SEI that is
available for this reaction as it creates additional surface area.
This is consistent with the fact that the SiO 5 film that showed
cracking during as early as the fifth cycle in 14a exhibits the
presence of the electrolyte-related SiO,F, peak earlier with
larger intensities than samples with higher oxygen content that
exhibit less cracking. It can also be seen that for SiOys a
relatively sudden change in the XPS spectra is observed
compared to the SiO film (e.g, changes from the 10th to 25th
cycle in Figure 6a). This large and rapid change in the
compositions of SiO,; may be explained by the higher oxygen
incorporation near the surface of the films evident in Figure SS.
For SiOy; in Figure S3a, the intensity gradient of the bulk Si
peak is more apparent compared to that of SiO in Figure SSb.
This likely results in a higher driving force for the oxygen
incorporation reaction and could explain this sudden change
compared to the results for SiO. The gain of oxygen during
cycling for lower x films is also consistent with the peak 3
evolution of SiOy; in Figures 3b and 4a, where the oxygen-
related reaction peak 3 re-emerges after ~60 cycles. In previous
work with Si particles, XPS shows that the native oxide can
react with lithium with further cycling to create additional
Li,Si0, and Li,O phases.’® In contrast, the results in Figure 6
suggest that oxygen incorporation originates from the liquid
electrolyte, introducing low concentrations of oxygen in the
SiO, film throughout cycling. To our knowledge, this behavior
has not been reported previously.

The rate at which the SiO film gains oxygen varies
significantly compared to the SiOg; film. The results in Figure
8b show that the structural changes in the SiO film are similar
to the SiOg; film, with increasing SiO, and Li,SiO, intensities
as cycling continues. However, compared to the trends for the
SiOgy; film shown in Figure 8a, the increases in the SiO, and
Li,SiO, intensities in the SiO film are less pronounced than in
SiOy;. This indicates that increasing the oxygen content
reduces the rate of oxygen uptake.

3.6.2. Loss of Si—Si Bonds in the SiO,; and SiO Film. In
addition to the oxygen incorporation mentioned above, it can
be seen in Figures 6a,b and 8a,b that there is a significant loss
of pure Si—Si bonds with subsequent cycling for both the
SiOy; and SiO films. Possible explanations for the loss of Si
may be attributed to (1) additional bonding of Si with oxygen
that is incorporated from the electrolyte/SEI as mentioned
above, (2) trapping of the Li,Si species in the SEI layer, and
(3) HF etching produced by hydrolysis of the LiPFq salt.

As mentioned previously, some Li,Si was detected in the
later cycles in both the SiOy; and SiO films. Increases in the
Li,Si peak intensity were observed after 100 cycles in the SiO 3
and after 50 cycles in SiO. Fracture or delamination can lead to
the trapping of some of the active material in the SEI, where it
then becomes electrochemically inactive during subsequent
cycling.¥**Figure S6b shows that the SiO film undergoes
cracking around ~25 cycles, and the LiSi species observed
here is consistent with trapped Li Si within the SEI layer that
forms along the cracks in the film. The presence of LiSi in
films after full delithiation then suggests that this material is
electrochemically inactive due to trapping in the insulating SEI,
resulting in the loss of Si—Si. In the SiO film, significant Li,Si
was detected earlier (after S0 cycles). However, the amount of
Li,Si in the SiO film after 100 cycles shows negligible Li,Si
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(i.e., significantly lower intensity than the SiO,; film after 100
cycles). The mechanisms leading to Li,Si after the SOth cycle
in the SiO film are currently inconclusive, but it is possible that
the higher oxygen content here leads to incomplete Li removal
during delithiation.

In all samples, small amounts of SiO,F, peaks were identified
in Figures 6 and 8 after the 25th cycle. These peaks also
become more pronounced with additional cycling for the SiO
film. The irreversible formation of SiO,F, generally occurs at
the interface between the electrode and the SEI due to a
reaction with HF formed from H,O and the LiPF, salt. This
can also result in some loss of active Si,*”*' but these effects
appear to be relatively small.

The XPS data for SiOy; and SiO films in Figure 6ab
suggests that reversible-capacity contribution from pure Si
should be minimal after a large number of cycles, as shown by
the negligible detection of bulk Si after a large number of
cycles (after the SOth cycle). In addition to deformation-
induced capacity loss, the loss of Si—Si bonding from the
formation of oxygen-related species that are either electroni-
cally insulating (SiO,) or irreversible (Li,SiO, and Li,O) likely
contributes to the rapid capacity degradation of SiOy 3, as seen
in Figure 2a.”” However, it is also worth noting that the EIS
spectra show minimal change for SiO,; throughout cycling
(Figure Sa), which indicates that the Li-ion conductivity does
not change even after significant increases in these oxygen-
related species. Previous XPS studies with SiO, generally
consist of measurements during or after a single lithiation/
delithiation sequence where the pre-existing and prominent
bulk Si peak still remains as a dominant contribution to the
spectra.”’~>* Based on the results for SiO, 5 and SiO films after
50 and 100 cycles where little to no Si peak is observed, the
loss of Si—Si bonds is a significant factor in the structural
evolution of SiO, thin films after repeated electrochemical
cycling.

3.6.3. Disproportionation of SiO,. In the SiO, films, the
evolution of the Si, SiO, and LiSiO, peaks during cycling
differs considerably from the SiOy 3 and SiO films. Here, Figure
8c shows the rapid decay of SiO, intensities as activation
continues. The corresponding increase in Li,SiO, and minor
amounts of Si—Si bonding after a large number of cycles
indicates that silica disproportionates to form Li SiO, and Si—
Si, which is consistent with previous studies.””*>***® This is

described by

5$Si0, + 4Li" + 4e” S 2Li,Si,04 + Si (1)
28i0, + 4Li" + 4e” S Li,SiO, + Si )
SiO, + 4Li" + 4e” < 2Li,0 + Si (3)

The additional free Si here can then contribute to the
additional capacity, which is observed after activation in
Figures 2a and 4d. It has also been shown that the reduction of
SiO, via lithium insertion results in a positive feedback loop,
where increased electronic conductivity from newly formed
silicate species further facilitates the reduction of SiO, with
continuous cycling.”* This continuous reduction process can
explain the observed structural change in Figures 6¢ and 8c
with the rapid decay of SiO, intensities after activation and a
corresponding increase in capacity. Equation 2 provides a
convenient basis for estimating the amount of free Si based on
the assumption that all of the oxygen in SiO, is irreversibly
converted to Li,SiO,. The free Si here corresponds to half of

the total amount in the initial SiO, film, such that converting
all of the oxygen to Li,SiO, corresponds to a total capacity
increase of ~1800 mA h/gg;. Figure 2a shows a lower capacity
increase (up to ~450 mA h/g) after activation, which implies
that the SiO, does not fully disproportionate via eq 2.

3.7. Correlations between XPS and Electrochemical
Data. The variations in the lithium silicate peaks that evolve
during the initial 25 cycles for different SiO, films can also be
correlated with the oxygen-related peak in the dQdV data in
Figure 4a. As noted in section 3.1, the normalized CV curves
(e.g, Figure S3) show increased lithium uptake during the
reaction represented by peak 3 (i.e., lithium silicate formation).
Based on these data, films with higher oxygen content are
expected to grow more lithium silicate species during this
reaction. This is supported in the XPS measurements in Figure
8, where the relative amount of lithium silicate present varies
significantly in the SiOy; and SiO films during the first 25
cycles. A larger silicate peak contribution in the SiO film
compared to the SiOg; film shows that there is increased
lithium uptake, and this is also correlated with the silicate peak
in the normalized CV curves in Figure S3. Furthermore,
different positions of stabilized peak 3 for all films after the
initial cycles suggest that the lithium silicate compositions vary
with the initial oxygen content. Although exact lithium silicate
compositions are difficult to probe in amorphous films, varying
intensity ratios between the Li,Si,Os and Li,SiO;/Li,SiO,
peaks in Figure 8 for different samples are consistent with
the idea that lithium silicate compositions vary with oxygen
content. Overall, the correlations between XPS and electro-
chemical data strongly support the idea that peak 3 in the
dQdV analysis is closely related to lithium silicate formation.

The voltage hysteresis that is commonly observed in Si-
based electrodes has been attributed to differences in the
atomic bonding structure in these materials during lithiation
versus delithiation.*® Films with different initial oxygen
contents also exhibit this type of voltage hysteresis, as seen
in the voltage versus normalized capacity data in Figure 4c.
This implies that the material with the same Li content exhibits
structural differences (i.e., different Si—O—Li bonding
configurations) when it is formed during lithiation or
delithiation. In thin films, elastic strain energy in the electrode
also contributes to voltage hysteresis, but this only accounts for
roughly 60 mV (i.e., less than half of the amount measured).*”
Electrodes also exhibit larger hysteresis at higher currents due
to higher overpotential.**~** However, in Si thin-film electro-
des, these overpotential effects are small at the low current
densities used for the experiments in Fig. 4;*>*" hence, the
kinetic contributions are expected to be minimal here
(especially for films with low x). Thus, while kinetic factors
make some contribution to the voltage hysteresis of the highly
oxygenated films during the initial cycles, the later cycles show
trends that are consistent with structural differences in films.
These differences are also reflected in the different peak 3
positions in Figure 4a. Hence, the large voltage hysteresis in
the later cycles is mainly attributed to structural bonding
differences in the material that varies with the lithiation/
delithiation history. In other words, the differences reflected in
the voltage hysteresis here mean that amorphous films with the
same composition [i.e., the same state of charge (SOC)] have
a significantly different atomic structure during the lithiation
versus delithiation sequence. In Figure 4c, with increasing
oxygen content in the film, increased hysteresis is observed,
which suggests that higher oxygen concentrations result in
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larger structural differences. This is also consistent with the
observation with the XPS measurements that the films with
lower oxygen content gain oxygen with additional cycling as
increasing hysteresis magnitudes are shown in Figure 4d for
SiOy3, SiOgys, and SiO films after 15—20 cycles as the cycles
proceed.

The SiO, films show a very different hysteresis behavior
compared to the films with less oxygen. Voltage hysteresis at
50% SOC defined by the normalized capacities of each film
during 100 cycles is plotted in the bottom figure of Figure 4d.
For a SiO, film composition x < 1, it is generally seen that at
least for the first half of 100 cycles, the films show increased
hysteresis with increasing oxygen content, with a slight dip in
the values for ~20 cycles or less and then a gradual increase in
the value until the end of 100th cycle. However, the hysteresis
behavior of the SiO, film shows almost the opposite trend
from the others. For the initial 20 cycles, SiO, not only exhibits
much larger hysteresis but also shows an initial increase in the
hysteresis value during the first 20 cycles. Around ~20 cycles,
there is a dramatic decrease in the hysteresis of SiO, film as the
activation of silica and the increase in capacity is observed.
With increasing Li,SiO, and Si peaks that result from the
breakage of initial Si—O bonds via disproportionation reactions
discussed above in Section 4.1.3, the decrease in hysteresis
during activation in Figure 4d suggests that the structural
disproportionation of SiO, reflects their hysteresis behaviors
throughout cycling.

The close overlap of the normalized voltage profiles during
lithiation in Figure 4c suggests that most of the reversible Li
ions are stored in remarkably similar local bonding environ-
ments for different SiO, films. Minor detection of Si—Si bonds
in the later cycles of all samples in Figure 6 then suggests that
similar local bonding configurations where Li can be reversibly
inserted and extracted likely have some amount of oxygen.
This differs substantially from previous arguments that most
lithium silicate species are irreversible. It should be noted that
given the amorphous nature of these films, it is difficult to
ascertain how much oxygen is involved in the bonding
configurations that lead to reversible cycling.

The differences in the SiO, film composition primarily affect
the voltage hysteresis during delithiation. This suggests that
higher oxygen levels correspond to an increase in the difficulty
of removing Li ions. During delithiation, the Si structure
undergoes significant structural relaxation;*® thus, the
variations seen with different SiO,, materials imply that Si—O
bonding affects how the overall film relaxes during lithium
removal. The differences in the relaxation behavior during
delithiation may also reflect the behavior of inactive
components (i.e., Li,SiO, and SiO,) in the cycled films.

3.8. Evolution toward Equilibrated Compositions. In
Figure 8, the Li,SiO,, SiO,, and bulk Si in all SiO, films show
similar peak area ratios after the 25th cycle, with subsequent
evolution toward similar compositions. The quantitative
similarity for all phases in the SiOy; and SiO films is
particularly striking. Furthermore, the discharge capacities in
Figure 2a show that by the 100th cycle, the utilized capacity
reaches similar values of roughly 1000 mA h/g for all films.
This observation of similar capacities and the amounts of each
species present after a large number of cycles suggests that
SiO, thin films undergo structural changes where the
continued lithium insertion and removal leads to film
structures with similar structures and compositions. Two likely
mechanisms that result in these similar states are described

above: (1) some oxygen is incorporated from the liquid
electrolyte in the SiOy3 and SiO films, possibly via reactions
with the SEI, and (2) disproportionation/reduction converts
the oxygen-rich material into various lithium silicate species
and disproportionated Si.”**” This hypothesis is strongly
supported by the experiments with the lower oxygen content
films (SiOy; and SiO), whereas there are some quantitative
differences between these data sets and the lithium silicate
content for the SiO, material. This may indicate that the
higher oxygen content alters the silicate formation kinetics;
however, the similar reversible capacities after 100 cycles still
suggest that all of the materials are approaching a similar state.
While the reaction sequences discussed above are speculative
at this point, this work indicates that the solid solution
behavior of SiO, films changes significantly during cycling.

It is also worth noting that the cracking effects in the SiO,
films investigated here are potentially relevant to SEI cracking
on particles. Although the mechanical constraints are different
in the current thin film study, the observation that oxygen
content has a substantial effect on film cracking may affect
phenomena near particle surfaces as well (i.e., as cracks may
facilitate the addition of oxygen-related reactions with an
additional surface area of exposed electrodes created within the
films). The potential impact of this cracking is particularly
relevant, in light of the conclusion that the Si—O reactivity
causes the near-surface portion of the SiO, electrode material
to effectively become part of the SEI. However, a systematic
study of the effects of different cracking behaviors as a function
of electrode oxygen content (i.e, chemo-mechanical effects)
would require a broader investigation where the crack spacing
can be independently varied. Lastly, the overall results from
our experiments suggest that using higher-oxygen-content SiO,,
(1 < x < 2) as a surface layer may provide a better
performance, with structural stabilization occurring in shorter
times while also limiting the mechanical damage of the surface
film.

4. CONCLUSIONS

The effect of the oxygen content of SiO, thin-film electrodes
on both electrochemical and structural changes was inves-
tigated. This study used thinner films (~50 nm) than prior
work, which made it possible to focus on phenomena near the
surface. The chemical changes and their relationship to the
initial oxygen content were investigated with a variety of
methods. In general, the films exhibited decreased capacity as
the oxygen content increased. More importantly, the evolution
of the oxygen-related dQdV peak showed that with increased
Si—O bonding, longer cycling is required to stabilize the
structure. The EIS data further highlights that higher
concentrations of Si—O bonds correspond to slower kinetics,
such that more time/cycling is required to restructure bonding
during early cycles. Based on XPS and other measurements,
two main oxygen-related mechanisms were observed: (1)
oxygen incorporation from the electrolyte leads to the loss of
Si—Si bonds and an increase in Si—O bonding in films with
composition SiOy; and SiO, and (2) significant reduction/
disproportionation of SiO, occurs in highly oxygenated SiO,
films (i.e, leading to increased concentrations of Li,SiO, and
Si—Si). Although the changes that occur vary with the initial
Si—O composition, by the end of the 100th cycle, all of the
films exhibit similar capacities and have chemical compositions
that are qualitatively similar. This suggests that reactions with
the electrolyte and Li can modify the film composition in
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similar ways, regardless of the initial SiO, composition. This
outcome likely arises from similarities in the operative reaction
mechanisms and suggests that surface layers will consist of
equilibrated Si—O—Li chemistries after long-term cycling.

The large changes observed in the 50 nm thin films in this
study imply that Si and SiO, particle-based electrode materials
will undergo similar irreversible changes in surface layers that
are at least tens of nanometers thick, effectively causing these
regions to become part of the SEI passivating layer. This is
distinctly different from the common view of the SEI as a
surface layer that forms on top of the active material. The
oxygen incorporation highlighted in the SiOy; and SiO thin
films is evidence of direct reactions with the electrolyte and/or
the SEI. The additional disproportionation mechanism
observed with the SiO, film is also particularly relevant
because this composition is similar to the surface oxide on
most Si/SiO, particles. This understanding suggests that SEI
films can be engineered by controlling the oxygen content of
the surface regions in both Si- and SiO, -based electrodes,
where the different types of reactions observed for various films
in this study can provide useful guidelines for creating surface
passivating layers with improved properties.
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