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ABSTRACT: The work described herein deals with efforts to
make a persuasive correlation between structural characteristics
and electrochemical lithium storage for a silicon oxycarbide
prepared from poly(methylhydrogensiloxane) and divinylben-
zene. Structural characterization reveals that the silicon
oxycarbide includes excess free carbon in an amorphous
network. The reversibility of lithiation and delithiation in the
silicon oxycarbide reaches 74% between 0.005 and 3 V relative
to lithium at the first cycle but falls to only ca. 30% between 0.4
and 3 V. We found two resonances at 0 and 2.4 ppm in the 7Li
magic angle spinning nuclear magnetic resonance spectrum of
the silicon oxycarbide lithiated to 0.4 V, whose contributions are
67 and 33%, respectively, and thus are in good agreement with
the reversibility observed between 0.4 and 3 V. The fully
lithiated silicon oxycarbide shows a single resonance at ca. 3−9 ppm, which tends to broaden at lower temperatures to −120 °C,
whereas the fully delithiated silicon oxycarbide has a single resonance at 0 ppm. These results indicate that both reversible and
irreversible lithium species have ionic natures. The Li K edge in electron energy loss spectroscopy does not show clearly any
identified near-edge fine structures in the inner part of the silicon oxycarbide after delithiation. Near the surface, on the other
hand, LiF and oxygen- and phosphorus-containing compounds were found to be the major constituents of a solid electrolyte
interface (SEI) layer. Over repeated lithiation and delithiation, the SEI layer appears to become thick, which should in part trigger
capacity fading.

KEYWORDS: rechargeable lithium batteries, anode material, silicon oxycarbide, amorphous structure, electrochemical lithium storage,
lithium species

■ INTRODUCTION

Rechargeable lithium-ion batteries have certainly achieved
success in consumer applications such as smart phone and
lap top computers. In addition, such batteries are steadily
filtering into automotive and energy storage applications. Due
to increased requirements in battery performance, research
efforts need to make further contributions to the advancement
of technology. From the perspective of a material, active
materials are a prominent figure in rechargeable lithium-ion
batteries. Particularly, graphite has been long used as an anode
material for several reasons such as operating potential vs
lithium and favorable cycling performance. However, graphite is
facing its limitation in lithium storage capacity because of the
formation of a well-organized stage structure LiC6 offering a
capacity of 372 mA h g−1.1 Therefore, much effort has been
devoted to seeking a high-capacity anode material alternative to
graphite. Silicon (Si) simply becomes magnificent in terms of a
lithium storage capacity, which is calculated to be ca. 3600 mA
h g−1 for a metastable phase Li15Si4 based on the weight of Si.2

A variety of Si-containing materials have also been investigated
with ingenuity.3−5 In a practical sense, in addition to a lithium

storage capacity, several factors need to be matched well with
the demand for a particular application.
In recent years, silicon oxycarbides and their related materials

have drawn renewed attention in the battery research field from
electrochemical and materials science standpoints.6−22 The
ability of silicon oxycarbides to electrochemically accommodate
lithium ions largely depends on their chemical compositions
and structures.8,18 In general, silicon oxycarbides can be
produced from Si-containing polymer precursors through
pyrolysis.23 A wide range of choices for the polymer precursors
is highly advantageous, making it possible to tailor the chemical
composition of silicon oxycarbides to a reasonable extent.
Precisely, pyrolysis conditions,19,20 such as temperature and
processing time, have also significance in determining the
characteristics of silicon oxycarbides. Although there are many
research reports on silicon oxycarbides as an anode material for
rechargeable lithium-ion batteries, one needs to make more
robust efforts into deeply understanding their lithium storage
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mechanism including the initial irreversible capacity loss.
Therefore, attempts to identify lithium species stored in silicon
oxycarbides still remain a vital task. Because silicon oxycarbides
do not typically include Si−Si bonds in a glass network that can
be described as xSiC + (1 − x)SiO2 (x = 0−1),24 it would be
reasonable to suppose that electrochemical lithium storage in
silicon oxycarbides is far different from that in Si. Previous work
has shown that lithium species can be stored in more than one
site of a silicon oxycarbide prepared from a blend of phenyl-
substituted polysilane and polystyrene.9 There have also been
reports that deal with lithium storage mechanisms for different
types of silicon oxycarbides.21,22 It should be underscored that
different polymer precursors could form different silicon
oxycarbides; a major difficulty may be involved in applying a
lithium storage mechanism proposed for one particular silicon
oxycarbide to the other.
The morphology and composition of a thin film, generally

called a solid electrolyte interface (SEI) layer, on graphite have
become focuses of research.25 Literature reports have shown
that lithium compounds, such as LiOH,26 are major
components in the SEI layer. Because the surface state of
active materials is not exactly the same, such characteristics of
the SEI layer are complex, also depending on type of
electrolyte.27 Unfortunately, to the best of our knowledge,
little information is available on the formation of the SEI layer
on silicon oxycarbides. Reversible lithiation and delithiation
suggests that the SEI layer plays a key role in transporting
lithium ions from electrolyte solutions during lithiation and
from silicon oxycarbides during delithiation.
In this paper, we discuss electrochemical lithium storage in a

silicon oxycarbide derived from poly(methylhydrogensiloxane)
(PMHS) and divinylbenzene (DVB). In an attempt to identify
lithium species in the interior and the exterior of this particular
silicon oxycarbide, several powerful analytical techniques, such
as 7Li nuclear magnetic resonance (NMR) and scanning
transmission electron microscopy (STEM)/electron energy
loss spectroscopy (EELS), have been employed. 7Li NMR
analysis provides an average level of information on the local
environment of lithium species. On the other hand, STEM/
EELS measurements allow us to directly observe the SEI layer
as well as the electronic environment of lithium species in a
certain area of the silicon oxycarbide. Careful attention is paid
here to the silicon oxycarbide to achieve a stringent correlation
between structural characteristics and electrochemical lithium
storage.

■ EXPERIMENTAL METHODS
Material Preparation. DVB (Divinylbenzene 570, Nippon Steel

Chemical, 775 g) and PMHS (Dow Corning, 531 g) were cross-linked
with Karstedt’s catalyst at 120 °C in air. The total ratio of silicon
hydride to unsaturated group is 1.0 and the total concentration of
elemental Pt is 10 ppm. The cured polysiloxane precursor (969 g) was
put in an alumina boat and then heat treated in a furnace at 600 °C for
2 h. Highly purified nitrogen was flown at 2 L min−1 during heat
treatment and the temperature rising rate was 2 °C min−1. 591 g of a
char intermediate obtained was placed in an alumina boat and then
pyrolyzed at 1000 °C for 1 h under an argon atmosphere. The argon
flow rate and the temperature rising rate were 100 mL min−1 and 5 °C
min−1, respectively. The silicon oxycarbide monolith obtained was
finally jet-milled to be particles having a diameter of ca. 10 μm.
Material Analysis. The chemical composition of the silicon

oxycarbide was determined by elemental analysis. The CHN analyses
were performed on an NCH-22F (Sumika Analytical Service) and a
CS-LS600 (Leco). Because the content of N was negligible, we do not

discuss it in this paper. The oxygen content was determined using an
EMGA-2800 (Horiba). Following a fusion process where a solid
sample is turned to be a soluble form, the Si content analysis was
carried out with an inductively coupled plasma (ICP) technique
(iCAP6500DuoView, Thermo Fisher Scientific). The contents of C,
H, O, and Si were 45.7, 0.8, 20.6, and 29.0 wt %, respectively. Solid-
state 13C and 29Si magic angle spinning (MAS) nuclear magnetic
resonance (NMR) analyses were conducted at 75.2 MHz (CMX-300
Infinity, Chemagnetics) and 59.6 MHz (AC300 spectrometer, Bruker),
respectively. The detailed procedure for 29Si MAS NMR analysis has
been explained elsewhere.9 Regarding 13C MAS NMR analysis, dipolar
decoupling (DD)/MAS, cross polarization (CP)/MAS, and dipolar
dephasing techniques were applied in this study. The signals related to
13C in the silicon oxycarbide had the longitudinal relaxation time, T1,
in the range 1.8−2.8 s. Recycle delays of 50 and 5 s were taken for
DD/MAS technique and CP/MAS and dipolar dephasing techniques,
respectively, with a pulse width of 4.2 μs (θ = 90°) in common. In
addition, electron spin resonance (ESR) measurements were
performed at 9.46 GHz using a Bruker ESP350E equipped with a
cryostat (ESR910, Oxford). ESR spectra were collected at 10, 20, 40,
80, and 296 K by sweeping the magnetic field (center = 3375.3 G) in a
range ±50 G. The radical content of the silicon oxycarbide was
determined on the basis of a standard material (ion-doped
polyethylene film). Following a focused ion beam (FIB) process
(FB-2000A, Hitachi), cross-sectional STEM, high-angle annular dark-
field (HADDF)-STEM, and EDX spectroscopy mapping (C, O, and
Si) images were captured using a JEM2100F (JEOL) equipped with a
JED-2300T (JEOL) for the silicon oxycarbide embedded in an epoxy
resin. The corresponding selected area electron diffraction (SAED)
pattern was also collected for the same sample specimen.

Electrochemical Testing. Electrochemical lithiation and delithia-
tion of the silicon oxycarbide was performed using a battery cycler
(Hokuto Denko, HJ1010mSM8A) at 30 °C. Prior to coin cell
fabrication (either 2016- or 2032-type) in an argon-filled glovebox, a
working electrode (14 mm diameter) was prepared by mixing the
active material, acetylene black, and poly(vinylidene fluoride) (PVDF)
in a weight ratio of 85:5:10. The powdery mixture dispersed in N-
methyl-2-pyrrolidinone (NMP, Wako Pure Chemical Industries) was
coated on copper foil. After NMP removal, the working electrode was
cut away from the copper foil. Lithium foil (15 mm diameter, Honjo
Metal) was used as the counter electrode. The electrolyte used was 1
mol dm−3 LiPF6 dissolved in a mixed solution of ethylene carbonate
and diethyl carbonate (1:1 by volume, Kishida Chemical). A polymer
film was sandwiched between the working electrode and the counter
electrode as a separator. Assuming that a theoretical capacity is 700
mA h g−1, electrochemical lithiation was performed at 0.1C under a
constant voltage condition until the current reaches a value
corresponding to 0.01C, whereas electrochemical delithiation was
conducted under the same constant current condition unless otherwise
noted. The cutoff voltage was varied between 0 and 3 V for the
purpose intended.

Lithiated/Delithiated Sample Analysis. All sample handling was
carefully performed under an argon atmosphere or using a specially
designed transfer vessel to avoid exposure to open air. For 7Li NMR
analysis, coin-type cells were dismantled in the glovebox after reaching
a certain depth of lithiation (DOL) and delithiation (DOD), and then
the working electrodes at different DOLs and DODs were washed
with dimethyl carbonate (Tomiyama Pure Chemical Industries). 7Li
NMR spectra were measured on a CMX-300 spectrometer (116.2
MHz, Chemagnetics) at 25 °C. At DOL = 100% 7Li NMR spectra
were also collected at low temperatures (0 to −120 °C). Relaxation
times, T1 and T2, were measured at different temperatures, ranging
from ca. 0.5 to 2.4 s and from ca. 0.04 to 0.10 ms, respectively. A
recycle delay of 2−12 s was used for single pulse excitation with a
pulse width of ∼1.40 μs (θ = 30°) depending on measuring
temperatures. The samples were spun at 9−10 kHz if necessary. All
7Li NMR spectra obtained in this study were referenced to LiCl (0
ppm). STEM, HADDF-STEM, and energy-dispersive X-ray (EDX)
spectroscopy mapping (C, O, F, Si, and P) images were obtained from
thin-film working electrodes in a delithiated state prepared by FIB,
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after 2 and 28 cycles, at 200 kV using an HD-2700 (Hitachi High
Technologies). EELS spectra were also collected to gather information
on local environments of C, O, Si, and Li for the same thin film
specimen.

■ RESULTS
After pyrolysis to 1000 °C under an argon atmosphere and
milling, black silicon oxycarbide powders were obtained from a
cured form of PHMS and DVB. According to elemental
analysis, the silicon oxycarbide was found to have the chemical
composition described as SiO1.2C3.7H0.8. Because the ratio of C
to Si in PHMS is almost 1.1, excess carbon, as seen in the
chemical composition, must be supplied by DVB unless Si is
removed during the course of pyrolysis. In this regard, our
preliminary experiment confirms that major components
detected by TGA coupled with GC/MS analyses do not
contain Si-containing species.
Figure 1a shows the cross-sectional STEM image of the

silicon oxycarbide embedded in an epoxy resin. It can be seen

that the silicon oxycarbide has particles of irregular shape. The
corresponding SAED pattern in the inset of Figure 1a
represents the amorphous nature of the silicon oxycarbide
with only a diffuse diffraction ring. This is mainly due to the
pyrolysis temperature set in this study lower than that leading
to the formation of crystalline phases such as silicon carbide.24

Figure 1b shows the HADDF-STEM image of an inner part of
the silicon oxycarbide. The contrast of the image was indistinct
partly because of no large difference in atomic number among

three elements (C, O, and Si) present in the silicon oxycarbide.
It is of interest to analyze how such elements are dispersed in
the silicon oxycarbide. EDX analysis shows that at least O and
Si are likely to be dispersed throughout each particle of the
silicon oxycarbide (Figure S1 in the Supporting Information).
We also made an attempt to measure local compositions at four
different locations inside the silicon oxycarbide, as indicated in
Figure 1b. The local compositions (SiO0.7−1.0C5.3−6.5) are in
general different from the chemical composition (SiO1.2C3.7)
determined by elemental analysis but fall within a relatively
narrow range at several nanometers scale.
Concerning the local environment of silicon in the silicon

oxycarbide, 29Si MAS NMR analysis shows that there are
mainly four resonances at ca. −12 (26.52%), −38 (19.69%),
−75 (22.91%), and −111 ppm (30.88%) (Figure 2a). These

resonances may be attributed to local silicon environments
usually described as SiC4, SiC2O2, SiCO3, and SiO4,
respectively.24 We show the 13C DD/MAS, CP/MAS, and
dipolar dephasing NMR spectra of the silicon oxycarbide in
Figure 2b. The 13C NMR resonances were grouped into two;
the minor broad resonance at 10−40 ppm and the major broad
resonance at 110−160 ppm. The dipolar dephasing technique
is sensitive to both aliphatic carbon CH3 and quaternary
carbon,28 whereas the CP/MAS technique enhances the
sensitivity of dilute 13C spins by the neighboring abundant
1H spins.29 We observed that there was little enhancement of
the 10−40 ppm resonance by the CP/MAS technique but
rather a slight enhancement by the dipolar dephasing
technique. Therefore, the 10−40 ppm resonance may be
mainly associated with quaternary carbon bound to silicon (C−
Si)30 rather than aliphatic carbon such as CH3. In general, the
resonances associated with aromatic carbon can be seen in the
range 90−165 ppm.31 The 110−160 ppm resonance observed
for the silicon oxycarbide was mainly related to aromatic carbon
bound to hydrogen or carbon.31 The relative intensity of the
resonance at ca. 123 ppm became weak by the CP/MAS
technique. Therefore, the 110−160 ppm resonance is probably
derived from aromatic carbon bound to carbon but not
hydrogen. Given that no resonance was observed at 170−200
ppm, both COOR (R = H, alkyl, etc.) and CO groups were not
identified.31 Comparison between the 10−40 ppm and the
110−160 ppm resonance confirms that the silicon oxycarbide
has excess carbon called free carbon as a major constituent,
which is usually inseparable in this type of material.24

Figure 3a shows the first-derivative ESR spectrum of the
silicon oxycarbide obtained at 296 K. A single signal was
observed at ca. 3376 G (g = 2.0023). The spin density of the

Figure 1. (a) STEM and (b) HADDF-STEM image of a cross section
of the silicon oxycarbide embedded in an epoxy resin. The inset in
panel 1a represents the corresponding SAED pattern.

Figure 2. (a) 29Si MAS NMR and (b) 13C DD/MAS, CP/MAS, and
dipolar dephasing NMR spectra of the silicon oxycarbide. An asterisk
indicates spinning sideband.
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silicon oxycarbide was estimated to be 3.8 × 1019 spins g−1. The
g-value can be attributable to radicals present on carbon but not
silicon in the silicon oxycarbide.32 It is known that a
temperature-dependent ESR signal intensity provides further
insights into type of radical; either localized or conduction
electrons. As shown in Figure 3b, the signal intensity crosses
the origin, directly proportional to the reciprocal of temper-
atures ranging from 10 to 296 K. In addition, the ESR line
width tended to broaden as temperatures decreased. These
results indicate that the radicals observed for the silicon
oxycarbide are basically localized paramagnetic centers on
carbon.33

Figure 4 shows the lithiation and delithiation curve of the
silicon oxycarbide obtained at the first cycle. In the inset of

Figure 4, a comparison between the first and the second
lithiation curve is also shown. In the voltage range 0.005−3 V,
the silicon oxycarbide had a lithiation capacity of 1159 mA h
g−1 and a delithiation capacity of 862 mA h g−1, leading to a
Coulombic efficiency of 74%. The silicon oxycarbide features
an obvious voltage hysteresis between lithiation and delithiation
curves. It has been reported that the gap in cell voltage
observed for a silicon oxycarbide persists even after sufficient
relaxation times.34 Thus, it is suggested that there is a different
electrochemical equilibrium between lithiation and delithiation
reactions. In Figure 4, we also show the first-cycle lithiation
curve of the silicon oxycarbide to 0.4 V. Because the silicon
oxycarbide has a Coulombic efficiency of ca. 30% between 0.4
and 3 V, a majority of the capacity (276 mA h g−1) observed
during lithiation to 0.4 V becomes irreversible.
Figure 5 shows the room-temperature 7Li MAS NMR spectra

of the silicon oxycarbide cycled between 0.005 and 3 V,

lithiated to 0 V and short circuited, and partially lithiated to 0.4
V. All spectra exhibit at least one resonance near 0 ppm. Of
particular interest is the similarity between the silicon
oxycarbide cycled between 0.005 and 3 V and the silicon
oxycarbide partially lithiated to 0.4 V. Both silicon oxycarbides
show a resonance at almost 0 ppm, which is indicative of a
more ionic nature of lithium species than that formed in the
fully lithiated silicon oxycarbide; the lithium species responsible
for the initial irreversible capacity apparently have an ionic
nature such as LiCl used as a reference. As mentioned above,
irreversible reactions account for 70% of the total amount of
lithium species stored between 0.4 and 3 V; the rest of the
lithium species (30%) can only be used in a reversible manner.
We further analyzed the 7Li NMR spectrum measured for the
silicon oxycarbide partially lithiated to 0.4 V, as shown in Figure
6. The 0.4 ppm resonance can be separated into two
resonances; one is centered at 2.4 ppm and the other is
centered at 0 ppm. The 2.4 ppm and the 0 ppm resonance have
a contribution of 33% and 67%, respectively.
It has been reported that lithium species stored in anode

materials, such as hard carbon, feature mobility, which appears
as a resonance shift in NMR spectra at lower temperatures.35,36

Figure 3. (a) First-derivative ESR spectrum of the silicon oxycarbide
obtained at 296 K and (b) temperature (T) dependence of ESR signal
intensities.

Figure 4. Lithiation and delithiation curves of the silicon oxycarbide
obtained at the first cycle. The inset shows a typical difference in
lithiation curve between the first and the second cycle.

Figure 5. Room-temperature 7Li MAS NMR spectra of the silicon
oxycarbide cycled between 0.005 and 3 V, lithiated to 0 V and short
circuited, and partially lithiated to 0.4 V. An asterisk indicates spinning
sideband.

Figure 6. Experimental and simulated 7Li MAS NMR spectra of the
silicon oxycarbide partially lithiated to 0.4 V.
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In this study, we directed our attention to how measuring
temperatures affect 7Li NMR resonances. Figure 7 shows the

static 7Li NMR spectra for the fully lithiated silicon oxycarbide
measured in the temperature range +25 to −120 °C. One
noticeable change is that the peak shape tends to broaden as
measuring temperatures become lower. Even at −120 °C, there
appears to be no clear peak separation, as opposed to the case
of a silicon oxycarbide previously reported9 and hard
carbon.35,36 In Figure 8, we show a plot of 7Li NMR resonances

vs temperatures. Interestingly, the 7Li NMR resonances were
shifted within a very narrow range ca. 3−9 ppm between falling
and rising temperature directions.
A further attempt was made to achieve a better under-

standing of how lithium species remain in the interior and
exterior of the silicon oxycarbide. The delithiated silicon

oxycarbide was analyzed after 2 and 28 cycles between 0.005
and 1.5 V using STEM/EDX techniques. The cross-sectional
STEM and the corresponding EDX mapping images of the
working electrode after 2 cycles are shown in Figure 9. The

STEM image in Figure 9a and the Si map in Figure 9b confirm
that the cycled electrode still has silicon oxycarbide particles of
irregular shape with some void spaces and that the particles do
not fracture over 2 cycles. Because all components include
carbon as a constituent element, the C map in Figure 9c does
not reflect a different level of distribution in the whole region
except the void spaces. PVDF is located between the silicon
oxycarbide particles, apparently forming aggregates based on
the F map in Figure 9d. In addition, it clearly indicates that F-
containing compounds are present near the surface of the
silicon oxycarbide particles. The O map in Figure 9e shows that
O is an element near the edge of the PVDF aggregates
somehow as well as in the silicon oxycarbide particles. This
might be due to the presence of very small silicon oxycarbide
particles trapped in PVDF. In addition, there could also exist
some O-containing compounds formed on the surface of the
silicon oxycarbide. According to the P map in Figure 9f, it can
be seen that P-containing compounds are also formed on the
surface of the silicon oxycarbide particles. Figure 10a,b shows
the HAADF-STEM image and EELS (Li K edge) spectra for
the working electrode after 2 cycles. We analyzed in total 20
different points from the interior to the exterior in a delithiated
silicon oxycarbide particle but show only five representative
points (1, 6, 11, 16, and 20 in Figure 10a). There was little
difference in the EELS spectra of Li K edge from the interior to

Figure 7. 7Li NMR spectra of the fully lithiated silicon oxycarbide
measured in the temperature range +25 to −120 °C.

Figure 8. Relationship between 7Li NMR resonances and measuring
temperatures for the fully lithiated silicon oxycarbide.

Figure 9. (a) Cross-sectional STEM image and (b−f) the
corresponding EDX mapping images (Si, C, F, O, and P) of a silicon
oxycarbide composite electrode in a delithiated state after 2 cycles.
Electrochemical lithiation and delithiation rates were 0.5 and 0.1C,
respectively, at the second cycle.
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the exterior of the silicon oxycarbide particle after 2 cycles.
However, interestingly, a different Li K edge spectrum (point
20 in Figure 10b) was obtained near the surface of the particle
where no Si was indentified (Figure S2 in the Supporting
Information).
The same set of experiments was performed for the working

electrode after 28 cycles. Figure 11 shows the cross-sectional

STEM and the corresponding EDX mapping images of the
cycled working electrode. The silicon oxycarbide particles
appear to remain intact even after 28 cycles (Figure 11a). As a
whole, the results show five-element maps almost similar to
those obtained from the electrode after 2 cycles (Figure 11b−
f). As seen in the case of the electrode after 2 cycles, a

significant change in Li K edge spectrum was observed near the
surface of the silicon oxycarbide particle after 28 cycles (points
16 and 20 in Figure 12a,b). The repeated lithiation and

delithiation provides a clear Li K edge spectrum showing a peak
at ca. 62.5 eV. According to the feature of the spectrum, LiF
appears to be formed near the particle surface.37 We have
confirmed that the surface regions where LiF is found hardly
include detectable Si (Figure S3 in the Supporting
Information). We notice that LiF tends to grow over such a
longer cycle as well as O- and P-containing compounds (Figure
11d).

■ DISCUSSION
Composition and Structural Characteristics. As seen in

the STEM-EDX measurements, it appears that the composition
of the silicon oxycarbide is relatively homogeneous in the
amorphous network evidenced by SAED analysis. DVB has
been reported to increase the content of free carbon in silicon
oxycarbides through thermal decomposition.38 Based on the
stoichiometric description of SiCxO2(1−x),

24 our elemental
analysis shows that the silicon oxycarbide consists of excess
free carbon yC; SiC0.4O1.2 + 3.3C. The 13C NMR experiments
also support the idea that the silicon oxycarbide includes a free
carbon phase. Because quantitative analysis is possible by
measuring the 13C NMR spectra in full consideration of T1
(=1.8−2.8 s) for the resonances observed, free carbon can be
excess in the silicon oxycarbide. In the lower field 110−160
ppm, at least two major resonances are identified, which can
typically be assigned to aromatic carbon. Various types of
aromatic carbon could be present in the silicon oxycarbide. We
see that the silicon oxycarbide has little hydrogen bound to
aromatic carbon by comparison between the DD/MAS, CP/
MAS, and dipolar dephasing experiments. As stated above,
elemental analysis shows that a non-negligible amount of
hydrogen is present in the silicon oxycarbide. Due to the
broadening of the 10−40 ppm peak in the 13C NMR spectra
(Figure 2b), we cannot completely rule out the possibility that
hydrogen is present in aliphatic carbon. Given that our
pyrolysis temperature is 1000 °C, free carbon can have
disordered structures with some groups (e.g., C−OH) on the
edges, which can be observed at 150−165 ppm.31

Although there could be uncertainty because of a large
distribution of local silicon environments and some peak
overlaps, a silicon oxycarbide phase can be identified by 29Si
MAS NMR analysis on some level. The four distinguishable
resonances indicate that the silicon oxycarbide phase is basically

Figure 10. (a) HAADF-STEM image and (b) EELS Li K edge spectra
of a silicon oxycarbide composite electrode in a delithiated state after 2
cycles.

Figure 11. (a) Cross-sectional STEM image and (b−f) the
corresponding EDX mapping images (Si, C, F, O, and P) of a silicon
oxycarbide composite electrode in a delithiated state after 28 cycles.
Both electrochemical lithiation and delithiation rates were 0.2C
between the second cycle and the 27th cycle.

Figure 12. (a) HAADF-STEM image and (b) EELS Li K edge spectra
of a silicon oxycarbide composite electrode in a delithiated state after
28 cycles.
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made up of Si−C and Si−O bonds. In this study, because the
precursor was pyrolyzed at 1000 °C, it is possible that
redistribution of such Si−C and Si−O bonds occurs during the
course of decomposition as previously reported.23 Assuming
that quantitative analysis of these resonances is achieved, the
silicon oxycarbide phase can be described as SiC0.42O1.16, which
is very close to that determined by elemental analysis. The
silicon oxycarbide has the local environments, such as SiC4, on
the basis of our 29Si MAS NMR observation and, therefore, a
broad resonance observed at 10−40 ppm in the 13C NMR
spectra is attributed to, in part, carbon surrounded by four
silicon atoms. In the case of the dipolar dephasing technique, in
fact, the 10−40 ppm resonance became slightly intense, relative
to other lower-field resonances. Also, as opposed to the general
formula, we cannot completely ignore the possibility that the
local environment of Si also involves some hydroxyl groups
(Si−OH) at present.
As a result of the ESR experiments at various temperatures,

the silicon oxycarbide has localized paramagnetic centers, which
have been similarly observed for carbon materials.33 Such
paramagnetic centers may be found as unpaired electrons in
dangling bonds due to disordered structure of the silicon
oxycarbide. The line width change observed in the ESR spectra
as measuring temperatures decreased would be related to the
mobility in the silicon oxycarbide.
Lithium Species in the Silicon Oxycarbide. It should be

repeatedly noted that the structure of silicon oxycarbides relies
much on several conditions such as type of precursor, pyrolysis
temperature, etc.23 Therefore, it is understood that our study
does not provide a general but rather an example picture of
lithium species stored in silicon oxycarbides. Given structural
characteristics of the silicon oxycarbide, incumbent carbon
materials are considered useful examples to gain insight into the
type of lithium species. Graphite has widely been known to
store lithium species in a unique manner to form graphite
intercalation compounds (GICs).1 Literature shows that the
first-stage structure of GICs has a characteristic resonance at ca.
45 ppm in 7Li NMR spectra.39,40 Interestingly, on the other
hand, nongraphitizable carbon, called hard carbon, shows quite
different 7Li NMR resonances from graphite, featuring a
dynamic behavior of lithium species upon changing measuring
temperatures. This behavior is attributed to the mobility of
lithium species stored in at least two sites in hard carbon on the
NMR time scale. Lithium species in one site (e.g., microcavity)
have been reported to have a more metallic nature, while
lithium species in the other site (e.g., between disordered
graphitic carbon layers) are thought to have a more ionic
nature.35,36 Another example is carbon materials that are
prepared at low temperatures such as 700 °C. This type of
carbon usually provides a single resonance at ca. 10 ppm, which
does not change in shift even at lower temperatures.41 The fully
lithiated silicon oxycarbide shows a resonance at 3−9 ppm in a
wide temperature range (+25 to −120 °C) without any peak
separation but rather with only broadening. This behavior
monitored in the 7Li NMR spectra is similar to that observed
for carbon prepared at low temperatures.41 If the silicon
oxycarbide phase plays a role in structural disordering, it is
possible that the silicon oxycarbide mainly stores lithium
species in unorganized structures of the free carbon phase. The
reversibility of lithium storage in the silicon oxycarbide can be
seen in typical electrochemical lithiation and delithiation cycles
(Figure 4). Our results show that ionic lithium species are
reversibly stored in and released from the silicon oxycarbide.

The observed slope voltage curves except the first lithiation
suggest that a one-phase reaction occurs in the silicon
oxycarbide (Figure 4).42

The silicon oxycarbide also has irreversible lithium species
that account for ca. 30% of the initial lithiation capacity
measured at 0.005 V. In the 7Li NMR spectrum of the silicon
oxycarbide lithiated to 0.4 V, the resonance at 0 ppm becomes
the main component (67%) when compared to that at 2.4 ppm
(33%). If we assume that the 2.4 ppm and the 0 ppm resonance
correspond to the 30% reversible and the 70% irreversible
lithium species observed between 0.4 and 3 V, respectively,
such a contribution of each resonance gives a good agreement
by ensuring quantitative accuracy of the 7Li NMR measure-
ments as much as possible. When electrochemical lithiation
proceeded further in the silicon oxycarbide, a resonance was
shifted to 8.6 ppm. Because the silicon oxycarbide offers much
better reversibility of lithiation and delithiation in the range
0.005−0.4 V, it is thought that reversible lithium species have
significance with respect to the resonance shift.
Upon delithiation to 3 V, the 0 ppm resonance can also be

seen. This result provides a strong indication that the
irreversible capacity observed for the silicon oxycarbide is
rendered by the formation of some ionic lithium species upon
the first lithiation. Previously, it has been reported that 7Li
NMR resonances attributed to typical ionic lithium species,
such as Li2O, LiF, and Li2CO3, appear in a small shift range
+2.8 to −1 ppm relative to LiCl.43 In the interior and exterior
of the silicon oxycarbide, although our measuring condition
provides a different resolution due to lower magnetic field when
compared to that used in a previous study,43 these ionic lithium
species could be formed. The difference in Li K edge in the
EELS spectra shown in Figures 10b and 12b reflects changes in
the electronic environment of lithium species. Unfortunately,
our EELS analysis does not clearly show any distinct Li K edge
in the inner part of the silicon oxycarbide particle, which makes
it difficult to indentify lithium species that are not released
during delithiation to 1.5 V. If the ionic lithium species
evidenced by 7Li NMR analysis after delithiation to 3 V are
electrochemically no longer active in subsequent cycles, they
should remain completely in the interior and the exterior of the
silicon oxycarbide particle. In addition, we see that a fraction of
stored lithium species can be reversibly used at >1.5 V, as
shown in Figure 4. Thus, both EELS spectra shown in Figures
10b and 12b should also include information on the electronic
environment of such reversible lithium species.
It is noticeable that the silicon oxycarbide shows a pseudo-

voltage plateau of at least ca. 150 mA h g−1 between 0.25 and
0.35 V during the first lithiation but not the second lithiation
reaction; the lithiation reaction path at the first cycle is quite
different from that at the second cycle (the inset in Figure 4).
Generally, the presence of a voltage plateau is an indication of
phase transformation.42 It has been reported that transition
metal oxides (metal = Fe or Co, for example) can reversibly
store and release lithium by forming metallic nanoparticles in a
Li2O matrix and that the size of the nanoparticles becomes a
key factor of reversible Li2O formation and decomposition.44

This transformation gives a different lithiation curve compared
to that observed at subsequent cycles. The nanosized
characteristics apparently remain in the active materials once
formed at the first lithiation. Li et al. also reported the
theoretical electromotive force value (0.694 V) for the reaction
of bulk SiO2 and Li based on the Nernst equation.45 Our 29Si
MAS NMR analysis shows that the silicon oxycarbide includes
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the SiO4 unit in the glass network, which makes up almost 50%
of the total amount of oxygen. The SiO4 unit might fully react
with lithium to form Li2O in a way similar to that discussed for
transition metal oxides.45 However, the silicon oxycarbide has
at least four different Si units and the free carbon phase. Even
assuming that such a reaction occurs in the silicon oxycarbide, it
would be a more complicated structural reorganization process
involving bond breaking and formation. The paramagnetic
centers found in the silicon oxycarbide might partly be
associated with the lithiation reaction as proposed for carbon
materials.46,47 Given the spin density of the silicon oxycarbide,
however, the paramagnetic centers appear to contribute far less
to the observed irreversible capacity of 297 mA h g−1 (=1159 −
862 mA h g−1).
On the surface of the silicon oxycarbide, it would be

reasonable to suppose that the SEI layer forms via
decomposition of the electrolyte, as usually seen in the case
of anode materials.25 This SEI formation is partly involved in
the initial reaction that consumes irreversibly charges. It is
known that the composition of SEI varies depending on type of
electrolyte.48 When the LiPF6 salt is used in the electrolyte, LiF
has been reported to be a major component of SEI, as detected
by X-ray photoelectron spectroscopy analysis, on graphite.27 It
may be difficult to clearly distinguish the Li K edge between
LiPF6 and LiF in the EELS spectra.49 Because the electrodes
used were washed prior to a series of analyses, however, the
residual electrolyte should contribute little, if any, to our
measurements. As indicated by both EELS and EDX measure-
ments, LiF appears to be the only identified compound present
near the surface of the silicon oxycarbide particle particularly
after 28 cycles (points 16 and 20 in Figure 12b). It is also
possible that some O- and P-containing compounds, such as
LixPOFy species, form on the surface via decomposition of the
LiPF6 salt.

48,50 The thickness of the SEI layer including LiF and
O- and P-containing compounds appears to vary depending on
location of the surfaces. This variation could happen given the
perception that the nature of the SEI layer is very sensitive to
small changes in surface condition.
There is uncertainty that the SEI layer is damaged by

radiation, which inhibits observation of the electronic environ-
ment of Li in its pristine form. As reported previously,49 if
radiation damage occurs, LiF could transform into Li2O due to
the presence of residual oxygen and/or moisture in the
equipment. In this regard, we believe that our analytical
condition suppresses such possible radiation damage without
affecting interpretations.
According to the difference between the electrodes after 2

and 28 cycles in the STEM/EDX results, the thickness of the
SEI layer including LiF and O- and P-containing compounds is
likely to grow over electrochemical cycling. Similar phenomena
have been reported for anode materials, leading to an increase
in internal resistance.48 Likewise, the SEI layer growth can be
partly responsible for a descending trend in lithiation and
delithiation capacity toward 28 cycles for the silicon oxycarbide.
To suppress the SEI layer growth on the silicon oxycarbide
particles, careful choice of the electrolyte may be necessary as
well as concurrent use of additives such as vinylidene
carbonate.25

■ CONCLUSION
There has not yet been a full understanding of the
electrochemically lithiated and delithiated states of silicon
oxycarbides. In the present work, attention has been directed to

lithium species accommodated by a representative silicon
oxycarbide prepared from a cured form of poly-
(methylhydrogensiloxane) and divinylbenzene. The chemical
composition of the silicon oxycarbide was determined to be
SiO1.2C3.7H0.8. Several analytical methods have shown that the
silicon oxycarbide has excess free carbon other than carbon
bound to silicon. 7Li NMR analysis confirms that lithium
species have ionic natures in both fully lithiated and fully
delithiated silicon oxycarbides. Even at −120 °C, the fully
lithiated silicon oxycarbide does not show any peak separation
but broadening within a narrow range of resonance shift. These
results give an idea that such ionic lithium species are not
involved in any dynamic exchange between greatly differing
sites on the NMR time scale. A majority of the ionic lithium
species (ca. 70%) stored to 0.4 V with respect to lithium is
apparently related to the first-cycle irreversibility, whereas
better reversibility of lithiation and delithiation is found in the
range 0.005−0.4 V. The Li K edge in EELS can be generally
used as a valuable source to verify the electronic environment
of lithium species. Indistinct Li K edge spectra inhibit the
identification of ionic lithium species in the interior of the
delithiated silicon oxycarbide in this study. However, LiF and
O- and P-containing compounds detected by EELS and EDX
mapping appear to be major components in the SEI layer,
which tends to become thick over repeated lithiation and
delithiation. These compounds are thought to cause part of the
initial irreversible capacity and capacity fading over electro-
chemical cycling.
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