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ABSTRACT A blend of phenyl-substituted, branched polysilane, (Ph2Si)0.85(PhSi)0.15, and polystyrene (1:1 in weight) has been
transformed into a composite material consisting of graphene layers, Si-O-C glasses, and micropores through a pyrolytic polymer-
to-ceramic conversion. Several analytical techniques have been employed to characterize the Si-O-C composite material,
demonstrating the presence of the three components in its host framework. The Si-O-C composite material performs well in
electrochemical operations with a characteristic voltage plateau, offering a capacity of more than 600 mA h g-1. When polystyrene
is not blended, the resulting comparative material is even less porous and shows a shorter voltage plateau in electrochemical operations.
A broad resonance in the 7Li NMR spectrum recorded at low temperature can be deconvoluted into three components in the fully
lithiated state of the Si-O-C composite material derived from the polymer blend. This result indicates that the Si-O-C composite
material electrochemically stores lithium species in interstitial spaces or edges of the graphene layers, directly or indirectly the Si-O-C
glass phase, and the micropores. However, both the Si-O-C glass phase and micropores are minor as electrochemically active sites
for lithium storage, and interstitial spaces or edges of the graphene layers act as major electrochemically active sites in this composite
material. Despite the excellent cyclability of the Si-O-C composite material, the voltage plateau disappeared over cycling. This
phenomenon suggests that the microstructure is delicate for repetitive lithium insertion and extraction and that newly formed sites
must generate the nearly equal capacity.

KEYWORDS: polysilane • pyrolysis • silicon oxycarbide • graphene layer • micropore • anode • lithium storage • rechargeable
lithium battery

1. INTRODUCTION

Because of growing energy needs and environmental
aspects, energy storage systems are in need of an
advance in technology for popularization and spread

in emerging fields such as automotive applications. Re-
chargeable lithium-ion batteries are the most promising
candidates because of a high energy density but still have a
challenge. Accordingly, extensive researches have been
conducted on rechargeable lithium-ion batteries to further
improve the performance such as energy density and cy-
cling. Because a conventional anode material, graphite,
almost attains its theoretical capacity (372 mA h g-1 in the
form of LiC6), much effort has been paid to yield new anode
materials capable of offering a higher capacity (1). Among
several alternatives, silicon oxycarbide (Si-O-C) glasses can
be of much interest to us. In fact, many researchers have
evaluated Si-O-C glasses as anode materials (2-12). Ac-
cording to these previous works, Si-O-C glasses have been

shown to offer higher capacities (∼920 mA h g-1) than
graphite. Unfortunately, however, Si-O-C glasses still need
further improvement from an industrial point of view,
suffering from a large irreversible capacity and poor cycla-
bility. Carbon materials have been extensively studied as
anode materials for rechargeable lithium-ion batteries (13),
but there is no research to explain the origin of electrochemi-
cal lithium storage in Si-O-C glasses. It is believed that the
reversible interplay between Si-O-C glasses and lithium
ions occurs in electrochemical operations.

Other than the potential application as an anode material
for rechargeable lithium-ion batteries, Si-O-C glasses have
attracted much attention because of their fascinating physi-
cal and chemical properties (14-26). Replacing divalent
oxygen atoms with tetravalent carbon atoms leads to more
rigid and tough Si-O-C glasses. Because Si-O-C glasses
usually contain free carbon as a second phase, along with a
Si-O-C glass phase, another name they are known by is
“black glasses”. In general, Si-O-C glasses can be synthe-
sized by pyrolysis of a wide variety of polymeric systems
throughout polymer-to-ceramic conversion processes. Sol/
gel precursors (14-22) and polysiloxane polymers (23-26)
are particularly popular. Polysilane and polycarbosilane have
also been known as important precursors to SiC (27-29).
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To tailor the chemical composition of Si-O-C glasses,
several literature reports have described that the choice of
prechar polymers is of importance. Organic substituents
attached to polymer backbones have, in part, significance
in tailoring the chemical composition (30, 31). Other than
methyl groups, more carbon-rich substituents, ethyl, propyl,
phenyl, and vinyl, have been introduced to polymer back-
bones (30, 31). If more free carbon-rich Si-O-C glasses are
needed, phenyl and unsaturated groups, such as vinyl,
are preferable. In contrast, because saturated alkyl chains
are lost during pyrolysis, relatively low residual contents of
free carbon can be realized in the final products. In some
cases, free carbon may be undesired. The adjusted content
of silicon, carbon, and oxygen in prechar polymers thus
makes it possible to reduce the content of free carbon in
Si-O-C glasses (32, 33). At higher temperatures (approxi-
mately >1300 °C), carbothermic reduction leads to the
formation of SiC and turbostratic graphite from Si-O-C
glasses through phase separation (14, 16, 18, 20, 31, 33). It
is also known that the crystalline size of free carbon gradu-
ally becomes large in Si-O-C glasses with increasing heat
treatment temperatures (HTTs) (20).

A Si-O-C composite material that we have found con-
sists of (1) free carbon, (2) Si-O-C glasses, and (3) mi-
cropores (34). Both the free carbon and Si-O-C glasses are
expected to electrochemically store lithium species. The ex-
pected role of the micropores is not only to increase the
capacity as electrochemically active sites for lithium storage
but also to maintain cyclability as alleviative sites for volume
change. However, the micropores should not be major
components from the standpoint of practical use. This is
because high porosity fundamentally causes a low-density
material, and it is eventually a disadvantage for preparing
electrodes and batteries with a high energy density. To
produce the Si-O-C composite material with the three
components, phenyl-substituted, branched polysilane,
(Ph2Si)0.85(PhSi)0.15 (1), was employed as a prechar polymer.
In addition, polystyrene was chosen as another prechar
polymer. The two prechar polymers were blended with a
weight ratio of 1:1 and then pyrolyzed at 1000 °C under an
inert gas atmosphere. Polysilane 1 is expected to act not only
as a silicon source but also as a free carbon one because it
bears nothing but phenyl groups. Polystyrene is also a
popular thermally degradable polymer expected to slightly
yield the free carbon and form the micropores when it
decomposes.

In this paper, structural analyses of the Si-O-C com-
posite material with the three components are undertaken
in depth using elemental analysis, powder X-ray diffraction
(XRD), Raman spectroscopy, N2 sorption isotherms, small-
angle X-ray scattering (SAXS), 29Si magic angle spinning
nuclear magnetic resonance (MAS NMR) spectroscopy, scan-
ning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), transmission electron microscopy (TEM),
electron energy loss spectroscopy (EELS), and high-angle
annular dark-field scanning transmission electron micros-
copy (HAADF-STEM). A further effort is devoted to evaluation

of the electrochemical lithium storage capability of this
composite material to demonstrate the advantage of our
material design. We also pay attention to 7Li NMR analysis
to gain beneficial information on its electrochemical lithium
storage mechanism.

2. EXPERIMENTAL SECTION
2.1. Prechar Polymers. Polystyrene (average degree of

polymerization ) 2000) used in this study was purchased from
Wako Pure Chemical Industries. Polysilane used in this study,
(Ph2Si)0.85(PhSi)0.15 (1), was kindly supplied by the Dow Corning
Corp. This polysilane was used as received. Neither a product
name nor a product number is given to 1 because it is a test
sample. A typical polymer characteristic from gel permeation
chromatography analysis (tetrahydrofuran, polystyrene stan-
dard) is Mw ) 1.03 × 103.

2.2. Preparation of the Polymer Blend. Polysilane 1 and
polystyrene were dissolved with a weight ratio of 1:1 in toluene
at 100 °C and then gently mixed with a rotary evaporator for
60 min. After evaporation of toluene, the polymer blend was
further heated to remove residual toluene at 100 °C under
vacuum. The resulting powdery sample was used for pyrolysis
as a polymer blend.

2.3. Pyrolysis of the Prechar Polymer. The polymer blend
(approximately 10 g) was placed in an alumina boat and then
heat-treated to remove any possible decomposed byproduct,
such as benzene and silane compounds, in a muffle furnace
(NEMS, MT-400) at 600 °C (heating rate of 2 °C min-1) under a
nitrogen atmosphere (flow rate of 2000 mL min-1) for 2 h. After
heat treatment, the isolated char intermediate was milled (Itoh,
VP-100) with a single zirconia ball (5-cm diameter) in air. The
milled char intermediate was sieved with a 300 mesh. Eventu-
ally, the char intermediate (1 g) was placed in an alumina boat
and then pyrolyzed in an alumina tube furnace at 1000 °C
(heating rate of 5 °C min-1 from 100 °C, KRB-22HH, Isuzu
Seisakusho) under an argon atmosphere (flow rate of 100 mL
min-1) for 1 h. Prior to pyrolysis, the tube furnace was always
flushed with argon (purity of 99.999%) at a flow rate of 100
mL min-1 for 3 h. After the final temperature was kept for 1 h,
the tube furnace was cooled down to <100 °C without control.
The resulting Si-O-C composite material was named as PB.
In this study, furthermore, polysilane 1 itself was also pyrolyzed
in a similar way to yield a comparative material, PP. This allows
us to obtain information about the effect of polystyrene on
micropore formation.

2.4. Material Analysis. Elemental analysis (CHN, O, and Si)
was performed at Sumika Chemical Analysis Service. The
chemical composition of PB is SiO0.51C7.78H0.49, and that of PP
is SiO0.61C6.22H0.78. There is no apparent reason to explain the
incorporation of oxygen in both composite materials at present.
Because the inert gases are not strictly pure, oxygen might leak
in the furnaces during pyrolysis. The all-phenyl-substituted,
branched backbone appears not to decompose exactly the same
as dimethylpolysilane, which can be transformed into a Si-C-Si
backbone through a methylene insertion at approximately 400
°C (27-29). The morphology of powdery samples was ob-
served with a JEOL JSM-6490A (JEOL). Raman spectra were
recorded on an NRS-1000 (Jasco) equipped with a microscope
and a CCD detector. Excitation was by means of a green laser
of 532 nm. Powder XRD patterns were measured on a RINT
2200 (Rigaku) equipped with an Ultima II+ high-resolution
goniometer in the range of 2θ ) 10-90°. Cu KR radiation
(1.5418 Å) was used as an X-ray source. A Belsorp mini II (BEL
JAPAN) was employed to measure N2 sorption isotherms at 77
K for open-pore characterization. The Brunauer-Emmett-Teller
(BET) method was used to estimate the BET surface area (SBET).
The SBET values of PB and PP are 14 and 4.2 m2 g-1, respectively.
This difference would be caused by the decomposition of
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polystyrene. A SAXS pattern of PB was obtained using a RINT
Ultima III (Rigaku) equipped with transmission geometry in the
range of 2θ ) 0.1-10°. Cu KR radiation (1.5418 Å) was used
as an X-ray source. All paths in a receiving system to a detector
were kept in vacuum so that X-rays are not scattered and
adsorbed by air. 29Si MAS NMR spectra were recorded on a
Bruker AC300 spectrometer at 59.6 MHz. A pulse width of 3.40
µs (θ ) 45°) and a recycle delay of 30 s were used for single-
pulse excitation without a cross-polarization technique. This will
make it possible to gain at least general insight into the local
environment of silicon in PB and PP. Powdery samples were
placed in a 7-mm zirconia rotor and then spun with a seal at 4
kHz. All spectra were simulated with WINFIT software to
quantitatively analyze the local environment of silicon. 29Si NMR
chemical shifts were referenced to external tetramethylsilane.
TEM, EDS, EELS, and HAADF-STEM analyses were performed
at Kobelco Research Institute.

2.5. Electrochemical Testing. The lithium storage capabil-
ity of PB and PP was studied with 2016 coin-type cells. Prior to
cell fabrication, a working electrode (14-mm diameter) was
prepared in the following manner: (1) the active material, ketjen
black (KB) as a conducting agent, and poly(vinylidene fluoride)
(PVDF) as a binder were mixed with a weight ratio of 85:7.5:
7.5; (2) the powdery mixture was appropriately dispersed in
N-methyl-2-pyrrolidinone (NMP; Wako Pure Chemical); (3) the
resulting slurry was applied on a copper foil; (4) the copper foil
was placed in an oven at 85 °C under vacuum and then stored
overnight to evaporate NMP; (5) the working electrode was cut
away from the copper foil and then pressed at 20 MPa. The coin-
type cells were fabricated with the working electrode, a lithium
foil (15-mm diameter, Honjo Metal) as the counter electrode,
and 1 mol dm-3 LiPF6/ethylene carbonate and diethyl carbonate
(1:1 in volume, Kishida Chemical) as the electrolyte in an argon-
filled glovebox. A double-layered polypropylene sheet (Tonen
Chemical) was sandwiched between the working and counter
electrodes as a separator. In the range of 0-3 V, lithiation/
delithiation testing was galvanostatically undertaken using an
HJ1010mSM8A (Hokuto Denko) in a temperature-controlled
bath (30 °C, FMO-133Z, Fukushima) at 37.2 mA g-1. The
average lithiation/delithiation capacities are shown with stan-
dard deviation. A rest period of 30 min was set at every
lithiation/delithiation switch. Lithiation/delithiation cycle testing
was performed in the same manner.

2.6. 7Li NMR Analysis. A total of 2016 coin-type cells were
fabricated in a way similar to that described above, with the
exception that the active material, KB, and PVDF were mixed
with a weight ratio of 85:5:10. The coin-type cells were short-
circuited at least overnight to ensure the fully lithiated state of
the active material and then dismantled in the glovebox. To
draw the spectral change of PB at different states of lithiation
and delithiation, several coin-type cells were carefully dis-
mantled after reaching a given cell voltage at 18.6 mA g-1. The
working electrode was washed with dimethyl carbonate (DMC,
Tomiyama Pure Chemical) and then transferred to a side
chamber attached to the glovebox to evaporate DMC under
vacuum. The resulting powdery sample was placed in a 7.5-
mm Kel-F tube (JEOL), and then the sample tube was tightly
sealed with a lid. 7Li NMR spectra were acquired on a CMX-300
spectrometer (116.6 MHz, Chemagnetics) at room temperature.
A 1 mol dm-3 aqueous LiCl solution was used as an external
standard (0 ppm). A pulse width of 2.65 µs (θ ) 90°) and a
recycle delay of 1 s were used for single-pulse excitation. To
further analyze the fully lithiated PB, low-temperature measure-
ments (-50, -90, and -120 °C) were conducted at Toray
Research Center.

3. RESULTS
3.1. Thermolysis. According to our thermal analysis

(see Figure S1 in the Supporting Information), thermolysis
of 1 and the polymer blend involves several stages in weight
loss. A notable observation is that polysilane 1 and polysty-
rene have a major weight loss in almost the same temper-
ature range. This thermolysis behavior is thought to be highly
influential on micropore formation in the pyrolysis product.
After heat treatment to 600 °C, polysilane 1 and the polymer
blend both yielded an ocher monolith, and char yields
became 47 and 26%, respectively. The difference in the char
yield is reasonable because polystyrene contributes little to
the char yield obtained from the polymer blend. Char yields
after pyrolysis to 1000 °C became 96% in both prechar
polymers. In the TGA curves (see Figure S1 in the Supporting
Information), in fact, there exists little weight loss in a
temperature range of 600-1000 °C.

3.2. SEM, Raman Spectroscopy, and XRD
Measurements. Figure 1 presents the SEM images of PB.
It can be seen that this composite material is made up of
particles that are irregular in shape with partially rounded
ones and large or submicrometer platelets. The surface of
larger particles craters like “terraces”, covered with tiny
particles. Furthermore, cracks were also observed on the
surface.

Raman spectroscopy is a powerful technique to evaluate
graphitic structures in carbon materials. When HTT ) 600
°C, the char intermediates for PB and PP showed no peaks
in the range of 100-2100 cm-1. This is probably due to the
poor growth of the free carbon at this temperature. As shown
in Figure 2a, two broad peaks can be seen in the Raman
spectra of PB and PP. One is associated with the G band (E2g

mode), and the other is assigned to the D band (A1g mode)

FIGURE 1. SEM images of PB.
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(35). The D band is known to appear in graphite with small
particle sizes but not in large single crystals (35). According
to the Raman spectra, PB and PP contain graphitic carbon.
However, both composite materials show that the D band
is more intense than the G band, thereby indicating that the
edge density of graphitic carbon is high.

XRD analysis provides information on the crystalline
structure of PB and PP. Figure 2b exhibits the XRD patterns
of both composite materials. Because no sharp peaks can
be seen, they have amorphous nature. A broad diffraction
peak at 2θ ) 21-23° is associated with the Si-O-C glass
(amorphous SiO2) and graphitic carbon phases with high
disorder in PB. Like hard carbon, graphitic carbon in PB
likely forms graphene layers with stacking faults. PP shows
a slightly different pattern, and this pattern difference signi-
fies polystyrene-driven structural modification in the poly-
mer blend.

3.3. SAXS Analysis. N2 sorption isotherms provide
information only on open pores accessible to N2 molecules
but not on closed pores (latent pores) (36, 37). Because
closed pores are thought to be located next to the edges of
neighboring graphene layers, other techniques are desired
to analyze them. SAXS is known as a powerful tool to
characterize closed-pore-size distributions, based on electron
density contrast (38, 39). Figure 3a presents the SAXS
pattern of PB. In the range of 2θ ) >1°, the scattering
pattern recorded was monotonic and showed no appreciable
peaks. The pore-size distribution for PB was characterized
by NANO-Solver software (40), where two types of scatterers,
sphere and column, served as shape models. Figure 3b
shows the pore-size distributions calculated for both spheri-
cal and columnar models. The spherical model offered a
narrower pore-size distribution than the columnar one. In
addition, the pore diameter was smaller in the columnar
model than in the spherical one. However, both models
indicate that the pore size in PB is in the range of <2-nm

diameter in common. The pore diameters averaged 1.18 nm
for the spherical model and 0.89 nm for the columnar one.
The SAXS technique shows the presence of micropores in
PB.

3.4. 29Si MAS NMR Analysis. The local environment
of silicon in Si-O-C glasses is also of great interest because
it is believed that the Si-O-C glass phase acts as an
electrochemically active site for lithium storage (2-12). 29Si
MAS NMR analysis was thus conducted for PB and PP (Figure
4). In general, all peaks broaden because of disordered
structures having a large distribution of silicon units. A major
29Si NMR resonance at -17 ppm in the spectrum of PB can
be assigned to SiC4 (66.3% in contribution). The presence
of SiO4 (26.4%) is seen at -110 ppm. In addition, a minor
resonance corresponding to SiCO3 (7.30%) can be visible
at -69 ppm. In the spectrum of PP, a 29Si NMR resonance
ascribed to SiC4 (38.0%) became less intense at -16 ppm.
Instead, a new resonance appeared at -41 ppm, tentatively
assigned to SiC2O2 (23.7%). Two more resonances can be
seen at -75 ppm for SiCO3 (12.0%) and -113 ppm for SiO4

(26.3%). In both composite materials, no resonance associ-
ated with metallic silicon was observed (-80 ppm) (20).

3.5. EELS and HAADF Measurement. A focused
ion beam (FIB) process was employed to prepare an ap-
proximately 100-nm-thick film of PB for EELS analysis. Over
an area of 10 nm, as indicated in Figure 5a, EELS spectra, C
K-edge, O K-edge, and Si L-edge, were measured (Figure
5b-d). In the C K-edge spectrum (Figure 5b), there exist two
characteristic features at 285 and 291-310 eV. The former
corresponds to a 1s-π* loss peak as seen in graphite, and
the latter corresponds to a 1s-σ* loss peak as seen in
diamondlike carbon (41). Any extra features are not dis-
played in the C K-edge spectrum. With reference to the
spectrum of SiC, which is also displayed in Figure 5b for
comparison, graphene layers are apparently one component

FIGURE 2. (a) Raman spectra and (b) XRD patterns of PB and PP.

FIGURE 3. SAXS analysis results of PB: (a) SAXS pattern; (b) pore-
size distribution calculated from part a.

FIGURE 4. 29Si MAS NMR spectra of PB and PP.
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in PB. The 1s-σ* loss peak broadens and thus indicates the
existence of several types of tetrahedral carbon in PB. The
O K-edge spectrum alone does not necessarily give much
information, but PB has oxygen environments close to those
of SiO2 (Figure 5c). In the Si L-edge spectrum (Figure 5d), a
broad feature was observed without clearly assignable peaks.
According to the reference spectra displayed in Figure 5d,
it can be seen that the silicon environments in PB encompass
a variety of bonding types ranging from SiC to SiO2. The
environment of metallic silicon is, if any, very scarce, as
identified in the 29Si MAS NMR analysis.

HAADF imaging is capable of providing a Z-contrast
image (Z is the atomic number) (42), allowing us to gain
helpful information on chemical compositions. The FIB-
processed thin film of PB was further analyzed with a
HAADF-STEM technique. Figure 6a shows the HAADF-STEM
image of PB. Brighter portions in the image can be consid-
ered as locations where heavier elements exist because the
magnitude of brightness is approximately proportional to the
square of Z (42). Because there is no large Z difference in PB
(C, O, and Si), the image gave no strong contrasts in the thin
film. To clarify the homogeneity of these three elements in
PB, EDS analysis was conducted to capture elemental map-
pings for carbon, oxygen, and silicon in the thin film. It can
be seen in Figure 6b-d that each element is homogeneously
distributed without localization in the depth order of the thin
film. This good homogeneity may deliver better electro-
chemical performance in rechargeable lithium-ion batteries.

3.6. Electrochemistry. The typical lithiation/delithia-
tion profiles of PB are displayed in Figure 7. PB offers the
first lithiation capacity of 867 ( 18 mA h g-1 and the first
delithiation one of 608 ( 12 mA h g-1. The first Coulombic
efficiency of PB thus becomes approximately 70%. The SEI
formation can be seen at around 0.9 V upon the first

lithiation. A major irreversible reaction occurs over a wide
range of voltages during the first lithiation. It is noteworthy
that PB shows the most distinctive voltage plateau in the
narrow range of approximately <0.1 V upon delithiation,
thus indicating the presence of micropores where less ionic
lithium species can be formed as seen in hard carbon
(43-48). The voltage plateau corresponds to a delithiation
capacity of approximately 80 mA h g-1, not largely contrib-
uting to the total delithiation capacity. In the delithiation
profile of PB, a slope other than the voltage plateau can be
identified at approximately >0.1 V. Taking it into consider-
ation, at least two electrochemically active sites are present
in PB.

We believe that micropore incorporation contributes not
only to increasing the capacity but also to prolonging the
lithiation/delithiation cycle life by alleviating volume changes
in repetitive lithium insertion and extraction. As shown in
an inset of Figure 7, however, the voltage plateau tended to
fade over cycling. Some structural changes are thus likely
to occur by repetitive lithium insertion and extraction. It is
worth noting that 95% of the first delithiation capacity (97%
of the second delithiation capacity) was retained even after
40 cycles (Figure 8). This phenomenon is very interesting
because some other forms of lithium species must offset the

FIGURE 5. EELS analysis results of PB. (a) TEM image of a thin film
of PB. The region indicated by a circle was analyzed with EELS. (b)
C K-edge. (c) O K-edge. (d) Si L-edge. The spectra for SiC, SiO2, and
Si are also displayed for comparison.

FIGURE 6. HAADF-STEM image and elemental mappings of a thin
film of PB: (a) HAADF-STEM image; (b) carbon mapping; (c) oxygen
mapping; (d) silicon mapping.

FIGURE 7. Selected lithiation/delithiation profiles of PB at the 1st,
2nd, 5th, and 10th-50th (every 10 cycles) cycles. The inset is the
enlarged view of the delithiation profiles in the range of 0-150 mA
h g-1.
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delithiation capacity originally delivered by less ionic lithium
species in the micropores. Unfortunately, the fate of the
micropores has remained uncertain.

Figure 9 exhibits the typical first and second lithiation/
delithiation profiles of PP. The first lithiation and delithiation
capacities of PP were 827 ( 9 and 573 ( 8 mA h g-1,
respectively, leading to the first Coulombic efficiency of
approximately 70%. As a result, the first delithiation capacity
of PP decreased by about 6%, compared to that of PB. The
delithiation curves show that the voltage plateau unequivo-
cally shortens, yielding a delithiation capacity of approxi-
mately 50 mA h g-1. This capacity corresponds to approxi-
mately 60% of that observed in PB.

3.7. Room-Temperature 7Li NMR Analysis. How
PB and PP electrochemically store lithium remains an open
question. The use of lithium nuclei as probes makes it
possible to distinguish the local environment of lithium
species in both composite materials. Figure 10a shows the
7Li NMR spectrum of PB in a fully lithiated state at room
temperature. The unsymmetrical shape of a broad peak
suggests the presence of two or more electrochemically
active sites for lithium storage in PB. The broad peak was
thus deconvoluted into two Lorentzian components, one at
a lower field (38 ppm, 79% in contribution) and the other
at a higher field (14 ppm, 21%). For comparison, the 7Li
NMR spectrum of PP is displayed in Figure 10b. There was
a clear difference between PB and PP in the 7Li NMR spectra.
In the 7Li NMR spectrum of PP, the shape of a broad peak
(approximately 20 ppm) was more symmetrical. The broad
peak was deconvoluted into two Lorentzian components,

one at a lower field (24 ppm, 37%) and the other at a higher
field (19 ppm, 63%). As for the lower and higher field peaks,
there are large differences in resonance and contribution
between the two composite materials.

3.8. Low-Temperature 7Li NMR Analysis. 7Li
NMR resonances of lithiated hard carbon have been reported
to be far more complicated at room temperature and highly
dependent on the components of composite electrodes such
as binders (49). It is thus difficult to interpret 7Li NMR spectra
obtained at room temperature in some cases. Meanwhile,
it appears that 7Li NMR spectra become much easier to
interpret at low temperatures (49). Figure 11a presents the
7Li NMR spectra of PB in a fully lithiated state at low
temperatures. It is apparent that a shoulder peak shifted to
lower fields with lowering temperatures. Unfortunately,
using the 7Li NMR spectra obtained at -90 and -120 °C,
quantitative analysis may be uncertain at present. This is
because the peak intensity of the lowest field peak (the
shoulder peak) was so weak that difficulty was encountered
in estimating the T1 relaxation time and simulating by
Lorentzian line shapes. Thus, the -50 °C spectrum was
quantitatively analyzed, but the -90 and -120 °C spectra
were qualitatively treated in this paper. In particular, the
lowest field peak can be barely identified in the 7Li NMR
spectrum acquired at -120 °C.

Figure 11b exhibits a detailed view of the 7Li NMR
spectrum of PB obtained at -50 °C. As a result, the
experimental peak was deconvoluted into three Lorentzian
components (131, 18, and -21 ppm), indicating the pres-
ence of three electrochemically active sites for lithium
storage in PB. The 7Li NMR resonance at 131 ppm further
shifted to a lower field, >200 ppm at -120 °C. The most
intense 7Li NMR resonance at 18 ppm hardly shifted even
at -120 °C but just broadened. An additional resonance at
-21 ppm led to a better simulation of the -50 °C spectrum
(Figure 11b). As temperatures decreased to -90 and -120

FIGURE 8. Lithiation/delithiation capacity and Coulombic efficiency
vs cycle number.

FIGURE 9. First and second lithiation/delithiation profiles of PP. The
inset is the enlarged view of the first delithiation profile in the range
of 0-150 mA h g-1.

FIGURE 10. Room-temperature 7Li NMR spectra of (a) PB and (b) PP
in a fully lithiated state.
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°C, the highest field peak became more intense, presumably
owing to the short T1 relaxation time.

3.9. 7Li NMR Resonance vs Cell Voltage. Further
7Li NMR analysis was undertaken to understand how lithium
species are inserted into and extracted from PB at room
temperature. At lower cell voltages, the local environment
of lithium species should be liable to variation. Thus, 7Li NMR
spectra were acquired in the most informative range of
0-150 mV. Figure 12 displays the 7Li NMR spectra and
resonance changes of PB at different cell voltages. The
symmetrical shape of a peak centered at 9-12 ppm can be
seen at 50-150 mV upon lithiation. It is also evident from
Figure 12a that a shoulder peak becomes more discernible
with lowering cell voltages (lithiation). A further cathodic
reduction to 0 mV led to another peak at 27 ppm.

Compared with the 7Li NMR spectrum shown in Figure
10a, the newly emerged resonance (the shoulder peak)
shifted to a higher field at 0 mV (38-27 ppm). This is
because the 7Li NMR spectrum at 0 mV was not necessarily
obtained in a fully lithiated state. In other words, each cell
voltage is far from equilibrium. Upon delithiation, in fact, a

hysteresis was observed in the 7Li NMR spectra. At 50 mV,
the shoulder peak can be unambiguously seen in the direc-
tion of delithiation. This is also explained by polarization
behaviors as mentioned above. As shown in Figure 7, once
the cell voltage reaches 0 V, it tends to quickly elevate during
rest periods taken in each lithiation/delithiation switch. The
shoulder peak almost disappeared at 100 mV upon delithi-
ation.

4. DISCUSSION
4.1. Composition and Microstructure. Si-O-C

glasses have higher capacities than graphite, but their poor
cyclability and large irreversible capacity are disadvantages
in practical use. In this study, the formation of micropores
is thought to deliver advantages, such as increasing the
capacity and prolonging the cycle life, in Si-O-C glasses.
First, efforts were thus made to understand the composition
and microstructure of our Si-O-C composite materials.

Assuming that the general formula SiCxO2(1-x) + yC (free
carbon) (20) is applicable to PB and PP, the chemical
compositions indicate that both composite materials have

FIGURE 11. (a) Low-temperature 7Li NMR spectra of PB in a fully lithiated state and (b) a detailed view of the spectrum measured at -50 °C.
In the -50 °C spectrum (experimental), T1 ) 0.6 s (the major peak) and 0.8 s (the lowest field peak).

FIGURE 12. (a) Room-temperature 7Li NMR spectra of PB at different cell voltages. For clarity, the spectra were normalized with the peak
amplitude. (b) 7Li NMR resonance changes vs cell voltages.
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SiC0.75O0.51 + 7.03C and SiC0.70O0.61 + 5.52C, respectively.
The free carbon is present in PB and PP, but the difference
in y is not small. This result suggests that polystyrene
provides part of the free carbon through its thermal decom-
position. The Raman spectra of PB and PP exhibiting two
broad bands (G and D) evidence that the free carbon is
composed of graphene layers with a high edge density. This
result is in good agreement with the presence of the 1s-π*
loss peak in the EELS spectrum of C K-edge for PB. The XRD
patterns of PB and PP show that both composite materials
are featureless in a long-range order and that the stacking
of the graphene layers is quite small in extent. The disor-
dered structures of PB and PP are reasonable because of the
low-temperature treatment of the prechar polymers and are
similar to the characteristics of hard carbon. The SiC crystal-
lization through carbothermic reduction does not occur at
1000 °C (14, 16, 18, 20, 31, 33).

Open and closed porosities should be handled separately
here. Considering decomposition of the electrolyte, leading
to irreversible capacities upon the initial lithiation, the
surface area should be small. According to the N2 sorption
isotherm, the SBET values of PB and PP are relatively small.
Because of the sensitivity of open porosity, unfortunately, it
is difficult to compare the surface areas of PB and PP with
those of the previously reported carbon materials (46) and
Si-O-C glasses (12). If PB and PP have closed pores located
next to the edges of neighboring graphene layers, SAXS
analysis should give helpful information on the pore-size
distribution. Closed pores with appropriate sizes are ex-
pected to act as electrochemically active ones that reversibly
store lithium species. As shown in Figure 3b, our simulated
SAXS pattern confirms that there are micropores (<2-nm
diameter) in PB with two shape models.

The 29Si MAS NMR and EELS analyses demonstrate that
most, if not all, of the Si-Si bonds are cleaved in 1 during
pyrolysis to 1000 °C. On the surface of PB and PP, our XPS
analysis confirms that silicon is bound to three or four
oxygen atoms (see Figure S2 in the Supporting Information).
It is reasonable to assume an oxidized surface state because
the char intermediates were mechanically pulverized in air.
In a short-range order in the inside of PB and PP, on the other
hand, several SiCxO4-x (x ) 0, 1, and 4 in PB and x ) 0, 1,
2, and 4 in PP) environments can be seen, as shown in the
29Si MAS NMR spectra (Figure 4). The broad environment
of silicon in PB is also evidenced by the Si L-edge spectrum
(Figure 5d). In the 29Si MAS NMR spectrum of PP, the
assignment of the broad resonance at approximately 40
ppm is uncertain and some overlapped peaks may thus be
included. Although the Si-O-C glass phases are not exactly
the same, however, PB and PP have a random distribution
of Si-O and Si-C bonds in the glass phases. This agrees with
the mapping result of carbon, oxygen, and silicon in the thin
film of PB (Figure 6b-d).

4.2. Lithium Storage and Mechanism. Compared
to hard carbon, in the delithiation profile of PB (Figure 7),
the contribution (80 mA h g-1) of the characteristic voltage
plateau at approximately <0.1 V appears to be small (43-48).

It is thus deduced that PB is less porous than hard carbon
from an electrochemical point of view. In this regard,
however, PP is even less likely to be porous with a contribu-
tion of 50 mA h g-1. This raises a question on what
contributes most to the rest of the delithiation capacity (>500
mA h g-1). In general, micropores are known to be located
next to the edges of neighboring graphene layers in hard
carbon (43-48, 50). In addition, it is reasonable that graphite-
like ordering cannot be realized in hard carbon even at high
HTTs because of its intrinsic nature. Nevertheless, it is not
necessarily correct that graphene layers have no stacking
order. It has been reported that hard carbon is capable of
storing lithium species not only in micropores but also in
interstitial spaces of graphene layers (43-48, 50). Accord-
ingly, lithium species could be intercalated into graphene
layers of PB and PP in a similar manner.

According to the 7Li NMR spectra of PB and PP in a fully
lithiated state (Figure 10), it is obvious that there are at least
two different environments of lithium species in both com-
posite materials. Considering that lithiated hard carbon
presents a similar 7Li NMR resonance at a relatively low field
as well as a voltage plateau (43), less ionic lithium species
could be stored in micropores of PB and PP. The differences
in resonance (38 ppm for PB and 24 ppm for PP) and
contribution (79% for PB and 37% for PP) of the lower field
peaks are significant. The electrochemically active pores are
thus more likely minor components in PP than in PB. This
idea agrees with the difference in contribution of the voltage
plateau. The following can be understood from these results:
(1) polystyrene plays a key role in incorporating micropores
into a Si-O-C host framework as expected; (2) phenyl
groups of 1 also contribute to the formation of micropores
to a certain extent.

It is also known that the 7Li NMR resonance ascribed to
less ionic lithium species in lithiated hard carbon shifts to
considerably lower fields at low temperatures because of the
slow exchange of lithium nuclei (49, 51, 52). Therefore, the
lower field peak shown in Figure 10 could represent an
exchange of lithium nuclei in two or more different electro-
chemically active sites for lithium storage. If an exchange
of lithium nuclei occurs in both composite materials, a
similar phenomenon should be observed in our 7Li NMR
analysis at low temperatures. To clarify a possible exchange
of lithium nuclei in PB, 7Li NMR analysis was conducted at
low temperatures (-50, -90, and -120 °C).

As the temperatures are decreased, the shape of a broad
peak changes in the 7Li NMR spectra of PB (Figure 11a). Of
course, diamagnetic lithium species, such as LiOH and Li2O,
could contribute to the broad peak. In fact, only one 7Li NMR
resonance was observed at approximately 0 ppm after
delithiation to 3 V (see Figure S3 in the Supporting Informa-
tion), usually assigned to these types of lithium species.
However, it has been reported that the diamagnetic lithium
species have much longer T1 relaxation times than para-
magnetic ones (45). We thus assume that our measurement
condition suppresses the contribution of the diamagnetic
lithium species particularly at lower temperatures and that
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they, if any, will have a minimum impact on the 7Li NMR
spectra discussed in this paper.

The 7Li NMR resonance at 131 ppm (Figure 11b) is similar
to that reported in lithiated hard carbon, generally assigned
to less ionic lithium species (45, 49, 51, 52). The most
distinguishing behavior of less ionic lithium species is evi-
denced by the Knight shift. In fact, this prominent 7Li NMR
resonance further shifted to a lower field, >200 ppm at-120
°C. Therefore, the lowest field peak could be ascribed to less
ionic lithium species in micropores of PB.

The 7Li NMR resonance at 18 ppm just broadened as the
temperatures were decreased. A similar resonance is known
to be associated with lithium species intercalated into
graphene layers of hard carbon (51, 52) and soft carbon (53),
or stored in the edges (49, 54). In PB, thus, interstitial spaces
of graphene layers or the edges could be major lithium
storage sites. Our result also suggests that the motion of such
lithium species freezes with lowering temperatures. Little
shift of the 18 ppm resonance is likely unusual because
lithiated hard carbon shows exchange of lithium nuclei
between micropores and interstitial spaces of graphene
layers (51, 52) or the edges (49). This may mean that lithium
species in interstitial spaces of graphene layers or the edges
scarcely participate in an exchange of lithium nuclei in PB.

If the lowest field peak at g131 ppm is a component of
the mean peak at 38 ppm observed at room temperature
(Figure 10a), a counterpeak must concomitantly appear in
the 7Li NMR spectra at low temperatures. The additional
resonance at -21 ppm, which is assigned to lithium species
in a highly shielded environment, was fitted well as a
component in Figure 11b. Because the fully lithiated PB was
washed with DMC, the highest field peak is not assigned to
lithium species of the electrolyte. In addition, lithium species
of the SEI usually do not cause it. If the lithium species
assignable to the -21 ppm resonance take part in an
exchange of lithium nuclei, they would be located close to
less ionic lithium species in the micropores. On the basis of
our structural analysis results, PB consists of three compo-
nents, of which interstitial spaces of graphene layers or the
edges and micropores, as discussed, could act as electro-
chemically active sites for lithium storage. The third com-
ponent turns out to be Si-O-C glasses. Because these three
components are homogeneously dispersed in PB, the high-
est field peak may be related to the interplay between the
Si-O-C glass phase and lithium ions. Recently, Key et al.
have reported that lithiated silicon with the metastable phase
of Li15Si4 shows the 7Li NMR resonance at -10 ppm (55).
Interestingly, while the XPS Si 2p spectra of a PB electrode
exhibit a broad peak centered at approximately 100 eV in a
fully lithiated state (see Figure S4 in the Supporting Informa-
tion), the Si 2p binding energy of the PB electrode is
102-103 eV before lithiation (see Figure S4 in the Support-
ing Information). The lower binding energy after lithiation
suggests the formation of different silicon components
containing Si-C and Si-Si bonds in PB. Concomitantly with
the binding energy change in silicon, the XPS O 1s spectra
of the PB electrode indicate the formation of Li2O after

lithiation (see Figure S5 in the Supporting Information). At
present, the -21 ppm resonance could arise from highly
diamagnetic lithium species in a similar lithiated silicon
phase newly emerged in PB after reductive cleavage of the
Si-O bonds in the Si-O-C glass phase upon lithiation.
Considering the contribution of the-21 ppm resonance, the
Si-O-C glass phase is thought to be minor as an electro-
chemically active site for lithium storage in PB.

The spectral and resonance changes in Figure 12 indicate
that lithium species are first intercalated into graphene layers
of PB or stored in the edges, and then less ionic lithium
species are inserted into micropores of PB at quite low cell
voltages, as previously suggested in hard carbon (43, 56).
Given that an exchange of lithium nuclei was observed, it is
probable that the lithium species associated with the -21
ppm resonance (Figure 11b) are present in PB at 25 mV
upon lithiation. In the direction of delithiation, the disap-
pearance of the shoulder peak at 100 mV is of note. This
result confirms that the voltage plateau terminates at ap-
proximately 100 mV during delithiation in Figure 7 and
corresponds to the extraction of less ionic lithium species
in micropores of PB. A further delithiation to 150 mV gives
nearly the same spectrum as that obtained upon lithiation.
Our 7Li NMR analysis reveals that lithium species are revers-
ibly inserted into and extracted from respective sites in PB,
consequently resulting in a delithiation capacity of ap-
proximately 600 mA h g-1.

It should be noted that the voltage plateau is no longer
visible in the delithiation profiles of PB after several tens of
cycles (Figure 7). As mentioned above, the voltage plateau
is apparently associated with the extraction of less ionic
lithium species in micropores of PB. The disappearance of
the voltage plateau suggests that PB has a delicate micro-
structure affected by repetitive lithium insertion and extrac-
tion. At the moment, of course, we cannot exclude that the
micropores merely lost electrochemical activities for lithium
storage and are still present in PB. Further studies are needed
to clarify the fate of the micropores over cycling.

According to the previous study (12), the Si-O-C glass
phase is of major significance in both reversible and ir-
reversible capacities. In light of the electrochemical perfor-
mance, thus, the fraction of the three components (free
carbon, Si-O-C glasses, and micropores) needs to be
studied in more detail for optimization. Although the initial
irreversible capacity must still be decreased as much as
possible for practical use, the excellent cycle life demon-
strates that PB is a promising candidate as an anode material
for advanced batteries (57), ensuring well-balanced capabil-
ity (high capacity and excellent cyclability) in electrochemical
lithium storage.

5. CONCLUSION
A blend of phenyl-substituted, branched polysilane,

(Ph2Si)0.85(PhSi)0.15, and polystyrene (1:1 in weight) has been
used to prepare a Si-O-C composite as an anode material
for rechargeable lithium-ion batteries. Structural analyses,
using 29Si MAS NMR, XRD, Raman spectroscopy, SAXS,
TEM, and EELS, confirm that the Si-O-C composite ma-
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terial has an amorphous nature with the following compo-
nents: graphene layers (free carbon), Si-O-C glasses, and
micropores (closed pores). Elemental analysis indicates that
the Si-O-C composite material is considerably free carbon-
rich. In the delithiation profiles of the Si-O-C composite
material, a voltage plateau can be seen at approximately
<0.1 V, indicating that the micropores act as electrochemi-
cally active sites where less ionic lithium species can be
formed. Low-temperature 7Li NMR analysis suggests the
presence of three electrochemically active sites for lithium
storage in the Si-O-C composite material. A major lithium
storage site could be interstitial spaces or edges of the
graphene layers. A characteristic 7Li NMR resonance assign-
able to less ionic lithium species in the electrochemically
active pores considerably shifts to lower fields (131 to >200
ppm) at low temperatures. Nevertheless, the intensity of the
7Li NMR resonance is weak in the Si-O-C composite
material, indicating that less ionic lithium species play a
minor role in generating reversible capacities. A notable but
less intense 7Li NMR resonance associated with highly
diamagnetic lithium species suggests the direct or indirect
lithium storage in the Si-O-C glass phase as a minor
electrochemically active site.

The voltage plateau tended to vanish away through
lithiation/delithiation cycling. However, interestingly, the
initial capacity almost remained in the Si-O-C composite
material even after 40 cycles. Thus, some structural changes
are likely to occur by repetitive lithium insertion and extrac-
tion. This result suggests the emergence of some other forms
of lithium species substituted for less ionic lithium ones in
the electrochemically active pores.
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