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SiOx with various oxygen contents were synthesized from Si powder by a simple room-temperature ball milling method by
controlling the air exposure time during milling. The resulting SiOx consists of nano and amorphous Si dispersed in an amorphous
silicon oxide matrix. The oxygen saturated composition of SiO0.37 is thermally stable up to 800 °C and has improved cycling
performance after annealing. The 1st irreversible capacity is reduced by high temperature annealing due to defect healing, while the
high reversible capacity (1500–2000 mAh g−1 or 1600–1800 Ah l−1) is well maintained. This work demonstrates the thermal
properties of SiOx made by reactive gas milling and how internal defects directly influence its electrochemistry.
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With growing demands for high energy density storage devices,
increasing the negative electrode capacity beyond what is possible
with graphite has been widely studied in order to increase lithium ion
battery (LIB) energy density.1–5 In this vein, silicon and silicon-based
intermetallic/composite negative electrode materials have been widely
investigated due to silicon’s high theoretical volumetric capacity of
2194 Ah l−1.6–8 However, the alloying/de-alloying of Li with Si
causes drastic volume changes (up to 280%), which can lead to
particle/electrode mechanical failure, solid electrolyte interphase (SEI)
disruption, electrolyte decomposition, and rapid capacity decay.9–11

Extensive work has been carried out during the last two decades to
address these problems. Improvements have been made by reducing
the Si grain size,12 controlling crystallization,9,10,13 forming alloys/
composites with other elements,14–16 carbon coating,17,18 etc. A great
amount of effort is being applied to improve performance further.

SiOx has attracted much attention in recent years because of its high
capacity, relatively long cycle life and special microstructure.19–24

According to the random bonding model, SiO consists of nanometer
regions of SiO2 and nano-clusters of Si surrounded by a sub-oxide
(SiOx) matrix.25 This structure can be considered as a frozen non-
equilibrium state. Commercial bulk amorphous silicon monoxide is
produced by simultaneous evaporation of silicon and silicon dioxide (Si
(s) + SiO2(s) → 2SiO(g)) in vacuum at approximately 1400 °C.25,26

Other methods, including the thermal plasma (>5000 °C) process27 and
mechanical milling Si and amorphous SiO2,

28 have been reported for
synthesizing SiOx powder. When used as an anode material in Li-ion
cells, the low initial coulombic efficiency (ICE) of SiO is considered as
one of its main drawbacks. The cause of this low ICE is the irreversible
reaction of Li with oxygen in the suboxide matrix during the first cycle.
Yamada et al. reported that the lithiation of SiO results in the formation
of Li15Si4, surrounded by amorphous lithium silicon oxides, mainly
Li4SiO4.

29 Small Si domain sizes in SiO can inhibit c-Li15Si4
formation.30 At cycling potentials typical for the anode in Li-ion cells
(<0.9 V vs Li/Li+), the formation of Li4SiO4 is irreversible and causes
a decrease in ICE. This mechanism was verified by the study of SiOx (x
= 0.11–0.67) and SiOx (x = 0.4, 0.7, 1.1, 1.3) thin films.21,31

Various methods have been proposed to improve the cycling
performance and coulombic efficiency of SiO. Solid SiO is

thermodynamically unstable at high temperatures and dispropor-
tionates to Si and SiO2 upon heating above 800 °C.32,33

Nevertheless, high temperature heat treatment can increase SiO
performance. The disproportionation of SiO at several temperatures
was studied by C.M. Park et al., who found that a commercial SiO
heat treated at 1000 °C contained well-developed Si nanocrystals
uniformly dispersed within an amorphous SiOx matrix.33 Coulombic
efficiency and cycling performance were slightly increased after the
heat treatment. Choi et al. found that controlling the microstructure
in SiO could result in the application of strong compressive stresses
to Si and thus improve ICE.34 Carbon coating on SiOx particles is
also effective for improving performance.33,35 Carbon coating is
usually carried out at high temperature (>800 °C) by using
CVD,36–38 hydrothermal carbonization,39,40 or pyrolysis41–43

methods. The high thermal stability of SiOx makes it amenable
towards these processes.

Recently, we reported that amorphous SiOx (0 ⩽ x ⩽ 0.37) can be
synthesized by simply ball milling Si in air.44 This simple and low-
cost synthesis method makes SiO0.37 a highly attractive material
because of its relatively low oxygen content, compared to con-
ventionally made SiO. The lower the oxygen content of SiOx, the
higher the reversible capacity and ICE. Here, a systematic study is
presented, showing how the electrochemistry of SiOx is related to its
microstructure as a function of oxygen content and heat treatment
temperature. These results are compared to SiOx made by directly
ball milling Si and SiO2 together and also to a commercial SiO.

Materials and Methods

Materials synthesis.—SiOx powders were synthesized by reac-
tive gas ball milling according to the method described in Ref. 44.
0.5 ml of Si powder (Sigma Aldrich, −325 mesh, 99%) and 180 g of
0.125″ stainless steel balls were placed in a 65 ml hardened steel vial
equipped with an o-ring seal. The ball milling was conducted in
either an air or argon atmosphere using a high energy ball mill
(SPEX Model 8000-D, Spex CertiPrep, Metuchen, NJ). For argon
milling, the milling vial was sealed in an Ar-filled glovebox with the
o-ring seal in place. For air milling, the vial was clamped shut in air
with the o-ring seal removed. A small hole was drilled in the
clamping ring at the same level as the vial/cover interface to
facilitate the entry of air during the milling process, as described
in Ref. 44. All samples were ball milled for a total time of 20 h, but
with different air exposure times during milling. Using this protocol,
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samples had 0–16 h of air exposure during milling. All samples were
milled in argon for the final four hours of milling, in order to ensure
the absorbed oxygen/activated oxygen species were fully reacted.
The as-milled samples are labeled here by the number of hours of air
milling. Some samples were subsequently heated for 3 h at 300 °C,
400 °C, 500 °C, 600 °C, 700 °C or 800 °C in an Ar atmosphere. For
comparison, Si and SiO2 (Sigma Aldrich, −325 mesh, 99%)
powders were also ball milled together under Ar in either a 4:1 or
1:1 mole ratio. These samples are denoted as 4Si/SiO2 and Si/SiO2,
respectively. Commercial SiO (Sigma Aldrich, −325 mesh, 99%)
and ball milled commercial SiO (4 h in Ar, BM-SiO) are used as
reference.

Characterization.—X-ray diffraction (XRD) patterns were mea-
sured using a Rigaku Ultima IV diffractometer equipped with a Cu Kα
X-ray source and a graphite diffracted beam monochromator. Each
XRD pattern was collected from 10° to 60°, 2-theta in 0.05°
increments. The intensity of each phase and their grain sizes were
measured by fitting the XRD patterns using Pseudo-Voigt peak
functions. Bulk sample densities were measured with a He gas using
a Micromeritics AccuPyc II 1340 gas pycnometer. Oxygen contents
were determined by the LECO method (NSL Analytical Services, Inc.,
Cleveland OH). Specific surface area was determined by the single-
point Brunauer–Emmett–Teller (BET) method using a Micromeritics
Flowsorb II2300 surface area analyzer. Scanning electron microscope
(SEM) images were measured using a TESCAN MIRA 3 lMU
variable pressure Schottky field emission scanning electron micro-
scope. X-ray photoelectron spectroscopy (XPS) measurements were
conducted with a Multilab 2000 Multitechnique Surface Analysis
Instrument (Thermo VG Scientific) using a non-monochromatic Al X-
ray source (14 kV, 25 mA) and a chamber pressure of 5 × 10−9 torr.
Sample powder was packed into a circular well (2 mm diameter ×
2 mm depth) in a stainless-steel sample holder for the XPS measure-
ment. Measurements were made with a pass energy of 30 eV and the
analysis spot was approximately 0.6 mm in diameter. Some samples
were sputter etched with an Ar-ion beam. XPS spectra at different
etching depths were recorded successively after every etch period
(1200 s). Transmission electron microscopy (TEM) images were taken
using a Philips CM30 TEM. TEM specimens were made by
suspending sample powders in methanol, sonicating 10 min, and
placing a drop onto a lacey carbon coated TEM grid.

Electrochemistry.—Electrode slurries were prepared by mixing
active materials, carbon black (Super C65, Imerys Graphite and
Carbon) and a 10 weight % aqueous solution of lithium polyacrylate
(LiPAA) (made by neutralizing a polyacrylic acid solution (Sigma-
Aldrich, average molecular weight ∼250,000 g mole−1, 35 wt% in
H2O) with LiOH ·H2O (Sigma Aldrich, 98%) in distilled water) in
distilled water to give a final solids volumetric ratio of 70/5/25 after
drying. Slurries were mixed for one hour in a Retsch PM200
planetary mill at 100 rpm with three 13 mm tungsten carbide balls
and then spread onto copper foil (Furukawa Electric, Japan) with a
0.004 inch gap coating bar. Then the coatings were dried in air for
1 h at 120 °C, cut into 1.3 cm disks and then heated under vacuum
for 1 h at 120 °C with no further air exposure. The mass loadings of
electrodes were 1 ∼ 2 mg cm−2, which corresponds to an area
specific capacity of 2 ∼ 2.5 mAh cm−2.

Electrodes were assembled in 2325-type coin cells with a lithium
foil counter/reference electrode. Two layers of Celgard 2300
separator were used in each coin cell. 1 M LiPF6 (BASF) in a
solution of ethylene carbonate, diethyl carbonate and monofluor-
oethylene carbonate (volume ratio 3:6:1, all from BASF) was used
as electrolyte. Cell assembly was carried out in an Ar-filled glove
box. Cells were cycled galvanostatically at 30.0 ± 0.1 °C using a
Maccor Series 4000 Automated Test System. For the 1st cycle, the
electrodes were lithiated at a current of C/20 and held at 5 mV until
the current decayed to a value of C/40 (trickle current), and
delithiated at C/20 until a 0.9 V cutoff was reached. In subsequent

cycles, the electrodes were lithiated/delithiated at C/5 with a C/20
discharge trickle current (lithiation).

Results

All SiOx products have a similar morphology, consisting of
∼1 μm particles, as observed by SEM (shown in our previous
publication44). The BET surface area of all samples is also similar,
being about 21 ± 1 m2 g−1. XRD patterns of SiOx powders made
with different air exposure times are shown in Fig. 1a. The oxygen
content of each sample is indicated. When Si is ball milled in Ar
with the conditions used here, the steady-state result is a 2-phase
mixture of ∼7 nm nanocrystalline Si (n-Si) and amorphous Si
(a-Si).45 If the sample is exposed to air during milling, the n-Si
fraction decreases, while the a-Si fraction increases, and an
amorphous SiO2−δ phase is formed, causing additional intensity to
appear left of the Si (111) peak at 28.5°. A steady state is reached at
8 h of milling time. At this point the n-Si fraction is nearly consumed
and the oxygen content is about x = 0.37. Neither the grain structure
nor oxygen content changes with further air milling time, as shown
in Fig. S1 (available online at stacks.iop.org/JES/167/110501/
mmedia). Also shown in Fig. 1a for comparison are the XRD
patterns of ball milled commercial SiO (BM-SiO) and a 4:1 by mole
sample of Si and SiO2 ball milled in Ar (4Si/SiO2), which has a
similar composition (SiO0.4) to the oxygen saturated ball milled SiOx

samples (SiO0.37). Compared to the Si(16h) sample, there is more X-
ray intensity from silicon oxide in BM-SiO, due to its higher oxygen
content. In addition, there is significant amount of FeSi contamina-
tion in the BM-SiO sample, compared to the Si(16h) sample. The
4Si/SiO2 sample diffraction pattern is also similar to that of Si(16h).
However, a small Fe peak at ∼44.7° is also present in this sample, as
indicated by a red arrow in Fig. 1a. The iron contamination in these
samples arises from the steel ball mill vial and milling media and
reflects the high abrasiveness of SiO2 and SiO. The Fe contamina-
tion becomes more pronounced after high temperature heating, as
shown in Fig. S5d for the 4Si/SiO2 sample, where impurity peaks
from Fe and FeSi are apparent. In contrast, no obvious Fe
contamination is observed in the samples made by ball milling Si
in air.

Figure 1b shows XPS Si 2p spectra of ball milled SiOx samples.
The XPS Si 2p spectrum of Si(0h) consists of a peak corresponding
to elemental Si and another peak corresponding to Si4+. These peaks
correspond to bulk Si and surface Si oxides or hydroxides,
respectively. As the amount of air exposure time during milling
increases, the Si4+ peak grows, as would be expected for the
formation of SiO2-like species. The XPS spectra do not change
appreciably after 8 h of air exposure during milling, in agreement
with the oxygen content and XRD analyses, which show that these
samples reach a steady-state structure and oxygen content after 8 h
milling in air. BM-SiO, whose composition is SiO0.97, has a higher
oxygen content and, accordingly, more silicon exists as Si4+ as
detected by XPS. Figures 1c and 1d show depth profile Si(4h) and Si
(8h) XPS Si 2p spectra. The Si4+ content decreases gradually with
prolonged etching time in Si(4h). In Si(8h), the Si4+ content inside
the sample is relatively stable, except that there is more Si4+ on the
surface. This suggests that the reaction between Si and air proceeds
from the surface and a steady-state is reached after 8 h, which is
consistent with the reported mechanism.44 Figure S2a shows the O
1s XPS spectra of all samples. There is no significant difference of
the oxygen state in all the samples except in Si(0h), which may be
related to rich hydroxide groups on the surface of Si(0h). Depth
profile Si(4h) and Si(8h) XPS O 1s spectra shown in Figs. S2b and
S2c show that oxygen state in the samples are homogeneous,
indicating that the reaction between silicon and oxygen only produce
one kind of uniformly distributed oxygen species.

We have reported the electrochemistry of SiOx samples
previously.44 Here, we show that the features in the potential profiles
are directly related to the oxygen content. Potential profiles and
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differential capacity curves of all samples are shown in Figs. 2a
and 2b. The capacity of the SiOx samples decreases with increasing
air exposure time during milling, reflecting the reduced amount of
elemental silicon present in SiOx as the oxygen content is increased.
A high potential first lithiation plateau at about 0.5 V is present for
SiOxelectrodes with air exposure time longer than 4 h during milling.
Similar high potential first lithiation plateaus are observed for
4Si/SiO2 and BM-SiO electrodes, except these appear at even higher

potentials (0.63 V for 4Si/SiO2, 0.77 V for BM-SiO). After the first
lithiation, this high potential plateau is no longer present and all of
the potential profiles have the characteristic lithiation/delithiation
features of amorphous silicon,9 indicating that silicon is the only
active phase present. In a previous study, we showed that the
capacity associated with the high potential first lithiation plateau
increases in area with air exposure time during milling for the SiOx

samples, consistent with the irreversible formation of a Li4SiO4

Figure 1. (a) X-ray diffraction pattern fitting results of SiOx samples, ball milled Si+SiO2 (4Si/SiO2) and ball milled commercial SiO (BM-SiO), (b) XPS Si 2p
spectra of SiOx samples and BM-SiO. Depth XPS Si 2p spectra of (c) Si(4h)-SiO0.21, (d) Si(8h)-SiO0.37. The compositions of each sample are indicated in figures.
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matrix.44 Here we observe that the potential of this plateau also
increases linearly with increasing oxygen content, as shown in
Fig. S3. This may be due to an increased electron density on oxygen
or weaker Si-O bonds as the oxygen concentration is increased,
facilitating reaction with Li at higher potentials. This will be
discussed in greater detail in relation to annealed samples below.

A delithiation plateau at about 0.43 V in the potential profiles of
the SiOx samples, shown in Fig. 2a, and a corresponding peak in
their differential capacity, shown in Fig. 2b, indicates the delithiation
of Li15Si4 phase, which would have been formed below 50 mV
during the previous lithiation half-cycle. With increasing air

exposure time during milling, the formation of Li15Si4 is reduced
gradually. For Si(0.5h), Si(4h) and Si(8h), Li15Si4 formation is fully
suppressed during initial cycles. As the oxygen exposure time is
increased further to 12 h, the formation of Li15Si4 is completely
suppressed for all 50 cycles and little change is seen in the
differential capacity curve. When the oxygen content exceeds x =
0.2, i.e. Si(4h), the differential capacity curves in Fig. 2b exhibit a
tail during delithiation corresponding to additional capacity that
extends to potentials higher than 0.9 V. The magnitude of this tail
increases as the oxygen content is increased. Therefore, all the
electrodes were delithiated to 2.5 V to further understand this

Figure 2. Electrochemical performance of the SiOx electrodes. (a) Potential vs capacity curves, (b) differential capacity curves.
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process. Figure S4a shows the potential profiles of SiOx alloys
cycled between 5 mV and 2.5 V. Corresponding differential capacity
curves are shown in Fig. S4b in the 0.8–2.5 V range. Substantial
delithiation capacity can be obtained above 0.9 V for all composi-
tions. This high potential capacity has been associated with lithium
delithiation from Li4SiO4,

21 and is quantified below.
Figures 3a and 3b show the lithiation and delithiation capacities

of the electrodes. A model suggested by Al-Maghrabi et al. for the
cycling behavior of sputtered Si–O alloy thin films (Ref. 21) was
used to describe the results. This model assumes that active Si and
Li4SiO4 are formed during the first lithiation of Si–O alloys, where

the Si formed has a reversible capacity of 3.75 li per Si and the
Li4SiO4 is inactive below 0.9 V during delithiation. Figure 3a shows
that the first lithiation capacity decreases with increasing oxygen
content, as well predicted by this model. Figure 3b shows the
reversible (first delithiation) specific capacity for cells cycled up to
0.9 V and 2.5 V. The cells cycled up to 2.5 V have slightly higher
reversible capacity than the cells cycled to 0.9 V because of the extra
capacity observed in that region of the potential profiles (shown in
Fig. S4a). The reversible capacities are below that predicted by the
model and all deviations from the model are nearly the same.
Furthermore, this is true even for the SiO0.1 sample, that is nearly

Figure 3. (a) First discharge capacity for SiOx electrodes. (b) Reversible capacity (first charge) to 0.9 V (black circles) and 2.5 V (red triangles) as a function of x
in SiOx. (c) The amount of Li inserted per mole of SiOx at different states. Red stars: 1st lithiation high potential plateau. Blue diamonds: the difference in
delithiation capacity between electrodes cycled up to 0.9 V and 2.5 V, respectively. (d) Lithiation/delithiation process in a typical SiOx particle.
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pure Si. This suggests that a systematic reduction in capacity is
occurring that is not related to the alloy chemistry. We believe that
this systematic capacity loss is due to the mechanical disconnection
of the alloy from the electrodes during delithiation as the alloy
undergoes volume contraction, which is commonly observed for
high capacity alloys, especially in coatings that do not contain
graphite.15

Figure 3c shows the amounts of lithium associated with the high
potential initial lithiation plateau and the first 0.9–2.5 V delithiation
capacity plotted vs x in SiOx. Both quantities increase linearly with
the oxygen content, with slopes of 0.95 and 0.92, which are nearly
equal to one lithium per oxygen. This indicates that the high
potential initial lithiation plateau and the first delithiation capacity
above 0.9 V are both correlated with the oxygen content in SiOx.
Moreover, the slope of Li/O ≈ 1, is consistent with the formation of
Li4SiO4 during the initial high potential lithiation plateau and the full
delithiation of Li4SiO4 in the potential range of 0.9–2.5 V. This is
consistent with the first lithiation and delithiation capacity predic-
tions shown in Figs. 3a and 3b, which also support the formation of
Li4SiO4.

The scheme of the lithiation/delithiation process in a typical SiOx

electrode is summarized in Fig. 3d. Initially the SiOx particles
consist of isolated nano-Si embedded in a SiO2−δ matrix (see XRD,
and TEM results below). The SiO2−δ phase is first lithiated at the
potential indicated by the first lithiation peak above 0.5 V. At
potentials just below this peak, the sample is composed of nano-Si
embedded in a Li4SiO4 matrix. At lower potentials the nano-Si phase
is lithiated. Li15Si4 formation is fully suppressed during lithiation, so
that only broad peaks corresponding to the delithiation of a-LixSi are
present in the differential capacity curve during delithiation. At
potentials higher than 0.9 V, lithium is removed from the Li4SiO4

phase.
The SiOx materials were annealed at high temperatures to test

their thermal stability and study the dependence of microstructure
and electrochemistry on temperature. Figure 4a shows changes in the
XRD pattern of the Si(8h) sample after heating to different
temperatures up to 800 °C. At 800 °C, the (111) Si XRD peak at
28° consists of a single narrow peak, corresponding to an average
crystallite size of 7 nm (the broad intensity towards lower angles,
corresponds to amorphous SiO2−δ). At lower temperatures, the Si
(111) peak seems to be a combination of the peak from ∼7 nm n-Si
grains with broader peaks from smaller a-Si grains, which are X-ray

amorphous. Therefore, to quantify changes in the microstructure
during heating, the XRD patterns were fit using a polynomial
background and pseudo-Voigt peak shape functions representing
nanocrystalline Si, X-ray amorphous Si, and amorphous SiO2−δ.
This interpretation of the grain structure will be justified from TEM
observations below. The nanocrystalline-Si/amorphous-Si (n-Si/a-
Si) fraction was calculated from the fits and is plotted in Fig. 4b as a
function of heating temperature. Also shown in the plot is sample
oxygen content from LECO testing. The fraction of n-Si in the
samples remains low at temperatures less than 700 °C. Significant
crystallization occurs when the annealing temperature is higher than
700 °C. Figure 4b also shows that the oxygen content does not
change with annealing temperature even when the sample is heated
up to 800 °C.

Figures S5a–S5c shows XRD patterns of all the SiOx powders, as
milled, and after heating to 600 °C and 800 °C. After annealing, a
higher fraction of n-Si is formed, especially for materials annealed at
800 °C, and especially for those materials ball milled for brief times
in air. The size of the Si crystallites was about 7 nm for all samples
annealed at 800 °C, i.e.: irrespective of air exposure time during
milling or annealing conditions. These XRD patterns were fitted as a
combination of a-Si, n-Si and amorphous SiO2−δ peaks, as described
above and the n-Si/a-Si ratio is plotted in Fig. 4c as a function of air
exposure time during milling. At 600 °C, only slight increases in the
amount of nanocrystalline Si phase are observed for those samples
milled in air for less than 4 h. At 800 °C, significant crystallization
occurs in the Si(0h) sample. As the air exposure time during milling
is increased, the tendency for Si to crystallize during annealing is
drastically reduced and reaches a steady state after the sample
reaches its oxygen saturation point, i.e. after 8 h air exposure time
during milling. For these samples, about 55% of the Si remains
amorphous, even after heating to 800 °C. Figure S1 shows the
oxygen content of SiOx materials with different air exposure times
during milling and for the same materials after annealing at high
temperatures. The oxygen contents after annealing these materials at
600 °C and 800 °C are similar to the corresponding room-
temperature samples. Therefore, no oxygen loss occurs during
heating these samples in argon up to 800 °C.

Figure 5 shows TEM images of Si(8h) annealed at various
temperatures. The materials are mostly amorphous, but a small
amount of <10 nm embedded grains, which correspond to n-Si, can
be observed. The n-Si grains are completely isolated from one

Figure 4. (a) Dependence of the nanocrystalline-Si/amorphous-Si (n-Si/a-Si) phase ratio on sample air exposure time, (b) XRD profiles of Si(8h)-SiO0.37

samples annealed at various temperatures, (c) Dependence of the oxygen content, and nanocrystalline-Si/amorphous-Si (n-Si/a-Si) phase ratio on annealing
temperature.
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another and are surrounded by an amorphous phase. The amount and
average size of silicon grains increases with annealing temperature.
This indicates that the crystallization of silicon in the samples are
formed through nucleation and aggregation. However, the aggre-
gates appear to still be well separated and their maximum size does
not exceed ∼5–10 nm. The surrounding matrix likely impedes
aggregation, limiting the Si grain size during annealing. These
observations are consistent with the XRD results above.

To summarize these results, the SiOx materials made by milling Si
in air are composed of grains of n-Si that are about 7 nm in size and a-
Si dispersed in an amorphous SiO2−δ matrix. During heating to 800 °
C no oxygen loss occurs, and the size of the n-Si phase does not
change appreciably. Instead, the amount of n-Si grains increases and
the amount of a-Si decreases. However, the Si phase cannot crystallize
beyond 10 nm in size, indicating that ⩽10 nm regions of active Si
must be isolated from each other by the SiO2−δ matrix. Such a
microstructure is highly desirable, since the active Si phase should be
well protected from reaction with electrolyte from the surrounding
amorphous matrix phase. What’s more, since active Si nanoregions
are completely isolated by the amorphous matrix phase, Si aggrega-
tion during cycling or during high temperature treatment should be
limited, resulting in good capacity retention and high thermal stability.

For comparison 4Si/SiO2 and Si/SiO2 samples were also
annealed at 600 °C. Figure S5d shows XRD patterns of these
samples before and after annealing. The 4Si/SiO2 sample has a
composition and XRD pattern that is similar to the Si(8h), excepting
a small peak from Fe contamination is present. The Si/SiO2 sample
has a composition that is similar to the SiO sample; however, its
XRD pattern shows extensive Fe contamination. After heating the
4Si/SiO2 and Si/SiO2 samples, peaks from Fe contamination become

sharper and more pronounced. Therefore, ball milling Si and SiO2

directly can result in a similar composition as ball milling Si in air,
but a higher level of Fe contamination results. This is likely because
of the abrasive nature of SiO2 precursor prior to its being
incorporated in the alloy.

Si 2p and O 1s XPS spectra were measured to characterize the
state of silicon and oxygen in the samples annealed at different
temperatures. As shown in Fig. S6a, the Si 2p XPS spectra of the Si
(8h) sample consist of a peak corresponding to elemental Si and
another peak corresponding to Si4+. The content of elemental Si on
the surface slightly increases after heating. However, the O 1s and Si
2p surface XPS spectra do not change appreciably after the sample
was annealed at different temperatures, except for a slight shift
towards higher binding energies at 800 °C, which may be from the
conversion of hydroxide surface groups into oxide groups. In order
to better understand the states of oxygen and silicon species, XPS
spectra at different depths were probed by argon ion etching
unheated and heated Si(8h) samples and the results are shown in
Fig. 6. As shown in Fig. 6a, the O 1s peak shifts only very slightly
towards higher binding energies with detection depth in the unheated
sample. This shift may be from the presence of hydroxide species on
the surface. In contrast, a second higher binding energy (BE) O 1s
peak, which is related to more stable oxygen species, is present in
the sample annealed at 800 °C when the sample is etched for some
time. As shown by the LECO test results in Fig. 4b, the oxygen
content does not change with annealing temperature. Therefore, the
increasing O 1s BE in the bulk is due to the increasing amount of
more stable oxygen species. Figure 6b shows the Si 2p XPS depth
profiles of the Si(8h) sample as synthesized and after the sample was
heated at 800 °C. The Si4+/Si0 ratio is highest on the surface and

Figure 5. TEM images of (a) RT synthesized, (b) 400 °C annealed, (c) 600 °C annealed, and (d) 800 °C annealed Si(8h)-SiO0.37 samples.
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decreases with greater depth in the room temperature synthesized
sample, as shown in Fig. 6c. Si4+/Si0 ratios in the bulk are increased
in the 800 °C annealed sample while the surface silicon state is
similar to the room-temperature sample. It has been reported that
solid SiO is thermodynamically unstable towards disproportionation
into Si and SiO2 at high temperatures.33 The above results indicate
that the silicon suboxide (SiO2−δ) may undergo disproportionation
by forming silicon- and silicon-dioxide-like regions in the synthe-
sized SiOx.

Potential profiles of all electrodes are shown in Fig. S7. During the
first lithiation of the room temperature synthesized alloys, the high
potential plateau at about 0.5 V increases in capacity with increasing
oxygen content, as discussed above and in Ref. 44. Figures S7b and S7c
show potential profiles of the same samples after annealing at 600 °C
and 800 °C, respectively. The oxygen related high potential lithiation

plateau at 0.5 V becomes less pronounced after annealing at high
temperatures. Moreover, the plateau position shifts to lower potential
with increasing annealing temperature. Corresponding differential
capacity curves of the electrodes in Fig. S7 are shown in Fig. S8.
Corresponding to the trends seen in the potential profiles, the peak
corresponding to the high potential initial lithiation plateau increases in
potential and area with oxygen content and decreases in potential and
area with annealing temperature. During delithiation, a peak due to
Li15Si4 delithiation is prominent for samples with low air milling time
and/or high heating temperature. After annealing at 800 °C, sharp
Li15Si4 peaks are present in all samples. The increase in Li15Si4
formation is related to the increasing crystalline silicon content, as
shown in the XRD and TEM results.

Figure 7a shows the differential capacity curves of the 1st
lithiation process of the Si(8h) sample after heating to different

Figure 6. Depth XPS profiles of the Si(8h)-SiO0.37 sample as synthesized at room temperature (RT) and after annealing at 800 °C (a) O 1s (b) Si 2p.
(c) Correlation between Si4+/Si0 ratios and etching time.

Figure 7. (a) Differential capacity curves of first lithiation, (b) Oxygen related lithiation peak potential and amount of lithium inserted per mole of Si(8h)-SiO0.37

annealed at different temperatures.
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temperatures. All potential profiles and differential capacity curves
are shown in Fig. S9. The high potential initial lithiation peak is
present at ∼0.55 V in the RT sample, and shifts to lower potential
and decreases in area with increasing annealing temperature. The
potential and area of this peak are plotted in Fig. 7b. With increasing
annealing temperature, potential decreases linearly and the amount
of Li associated with this potential plateau also decreases roughly
linearly. This plateau is directly related to the irreversible reaction of
Li with reactive oxygen that is easily available for reaction. LECO
testing shows that there is no change of oxygen content in the
annealed samples (Figs. S1, 4b). Therefore, the oxygen bonding
environment must be changing. This is supported by XPS results,
which show that higher bonding energy electrons are associated with
oxygen after heating (Fig. 6a). We therefore ascribe the initial high
potential oxygen peak to oxygen near defect sites that can react with
lithium at high potential. Heating allows defect oxygen to form
stronger bonds and eliminates some defect sites, resulting in the
reduction in the potential and capacity of the initial high potential
lithiation plateau. To confirm this result further, cells were con-
structed of commercial SiO, commercial SiO after ball milling, and
commercial SiO after ball milling and annealing. The differential
capacity curves are shown in Fig. S10. No initial high potential
lithiation plateau is observed in the commercial SiO sample
(Fig. S10a). After introducing defects by ball milling, the plateau
appears (Fig. S10b), and after annealing to reduce oxygen defects,
the plateau disappears (Figs. S10d, S10f).

The first cycle irreversible capacity, which is related to the
irreversible lithiation reaction between lithium and silicon oxide, is
reduced after annealing, as shown for Si(8h)-SiO0.37 samples in
Fig. 8a. This indicates that annealing not only heals oxygen defect
sites, but also reduces the amount of reactive oxygen sites that can
react with lithium during lithiation. Figure 8b shows that the initial
coulombic efficiency (ICE) of SiOx is increased from ∼73% to
∼79% as the annealing temperature is increased. The increase in
ICE is due to a simultaneous decrease in the first cycle irreversible
capacity (shown in Fig. 8a) and increase in reversible capacity. The
increase in reversible capacity indicates an increase in active Si

content. Therefore, annealing results in more stable oxygen sites and
an increase in active Si content, which suggests disproportionation
of SiOx into Si and SiO2, in agreement with the XPS results,
discussed above. The linearity of Figs. 8a and 8b suggest that the
extent of this disproportionation reaction is linear with temperature.
This has indeed been observed to be the case by in situ IR
measurements of SiO during heating.46 The linear behavior of the
disproportionation reaction with temperature being explained by a
decreasing reaction rate as the reaction progresses.

Figure 9 shows the cycling performance of SiOx materials as a
function of air exposure time during milling and annealing tempera-
ture. The cycling retention of SiOx synthesized here is improved
with annealing temperature. Similar results for commercial SiO have
been reported previously.33 Samples milled in air for 8 h or greater
have improved cycling performance that is comparable with the
performance of commercial SiO. There is a significant improvement
in cycling performance for all SiOx samples prepared with more than
4 h milling in air. This is coincident both with the suppression of
Li15Si4 formation (Fig. S8) and with the attainment of oxygen
saturation during milling (Fig. S1). As discussed above, the oxygen
saturated samples contain ⩽10 nm active Si regions that are fully
enclosed by a silicon oxide matrix. Such a microstructure is expected
to be advantageous for good cycling performance, since Si aggrega-
tion is impeded during cycling and the active Si grains are protected
from contact with the electrolyte. The differences in the micro-
structure observed between the heated samples and unheated
samples are the removal of oxygen site defects, disproportionation of
SiOx, and an increase in the average Si grain size. Of these, the
removal of defects during heating may be the cause of improved
cycling, since the defects may be associated with fractures created
during ball milling. Therefore, the particles made by annealing may
be less apt to fracture during cycling.

The capacity of the oxygen saturated samples prepared by our
method is around 1500–2000 mAh g−1 (or 1600–1800 Ah l−1), and
is also much higher than that of the commercial SiO tested here
(∼1000 mAh g−1 or 1400 Ah l−1). However, a major difference
between the two is the small particle size and therefore high surface

Figure 8. Correlation between initial irreversible capacity (a), ICE (b) and annealing temperatures of Si(8h)-SiO0.37.
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area of the ball milled sample, which would result in higher surface
reactivity with electrolyte during cycling. We are currently investi-
gating methods to reduce the surface area of the ball milled samples
and the effects of surface coatings in reducing reactivity.

Conclusions

SiOx materials with various oxygen contents were synthesized by
a simple room-temperature reactive gas milling method by control-
ling the air exposure time during milling. The resulting microstruc-
ture of the SiOx samples is that of n-Si and a-Si dispersed in an
amorphous silicon oxide matrix. Si aggregation during high tem-
perature treatment is effectively avoided, since ⩽10 nm active Si
regions are completely isolated by the amorphous matrix phase. A
high potential capacity plateau occurs during the first lithiation and is
related to defect oxygen sites and increases in potential and capacity
as the oxygen content in SiOx is increased. During annealing, the

initial high potential oxygen plateau becomes smaller and reduces in
potential as the defect sites are healed. The 1st irreversible capacity
is attributed to the reaction of Li with oxygen in the suboxide matrix
forming lithium silicate, and it is reduced in annealed samples also
due to defect healing. As annealing temperature is increased, the ICE
is increased from ∼73% to ∼79% and cycling performance
improves. The capacity of the oxygen saturated samples synthesized
here is around 1500–2000 mAh g−1 (or 1600–1800 Ah l−1), which
can be well maintained after high temperature annealing. With
further improvements, SiOx materials made by reactive ball milling
could be an attractive and likely less expensive alternative to
conventionally made SiO.
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