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ABSTRACT: Si/SiO, composite materials have been ex-
plored for their commercial possibility as high-performance
anode materials for lithium ion batteries, but suffer from the
complexity of and limited synthetic routes for their
preparation. In this study, Si/SiO, nanospheres were
developed using a nontoxic and precious-metal-free prepara-
tion method based on hydrogen silsesquioxane obtained from
sol—gel reaction of triethoxysilane. The resulting Si/SiO,
nanospheres with a uniform carbon coating layer show
excellent cycle performance and rate capability with high-
dimensional stability. This approach based on a scalable sol—
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gel reaction enables not only the development of Si/SiO, with various nanostructured forms, but also reduced production cost

for mass production of nanostructured Si/SiO,.
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B INTRODUCTION

With the growing market for electric vehicles, lithium ion
batteries (LIBs) have received a great deal of attention as
suitable power sources owing to their high energy and power
densities. Over the past several decades, the main challenge
facing LIBs has been finding new materials which can deliver
higher capacities than currently commercialized materials.'>
Silicon (Si) has been regarded as a promising anode material
for LIBs because of its highest theoretical capacity (~3580 mA
h g7', Li;sSi,) among alloy-type anode materials and relatively
low discharge potential (~0.4 V vs Li/Li*).* Despite its
attractive features, the practical use of Si is still limited by its
poor cycle performance, which is associated with its severe
volume changes during Li* insertion and extraction.*”® In an
attempt to overcome these limitations of Si, much attention has
been devoted to the nanoengineering of Si. A technical
breakthrough has been made by confining active Si on the
nanoscale, which is advantageous to effectively minimize the
mechanical strains induced by the volume changes of Si.'"~"”

In particular, the Si/SiO, composite, in which crystalline Si is
confined in an amorphous SiO, matrix, showed drastically
improved anode performance compared to Si.'®'? The
amorphous SiO, matrix allows for effective accommodation
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of the volume changes of the confined crystalline Si undergoing
a partially reversible reaction with Li', resulting in a high
reversible capacity and good cycle performance. Nevertheless,
Si/SiO, composites still have some drawbacks that need to be
resolved before wide usage in LIBs is possible, especially
because their cost is much higher than that of graphite. Until
now, most Si/SiO, composites, including SiO, have been
obtained by an expensive fabrication process involving vacuum
evaporation of Si and SiO, at high temperatures (above 1400
°C).*>*! One can reasonably expect that nanostructured Si/
SiO, composites would be more favorable for electrochemical
reactions with Li*. Recently, Yoo et al. reported a Si/SiO,
urchinlike structure obtained by chemical etching of Pt-
decorated Si with HF.'” Chemical etching of Si may be a
more promising process than vacuum evaporation, as chemical
etching of Si particles may not only reduce the production cost,
but also enable various Si/SiO, nanostructures. The issues
related to the use of toxic chemicals (HF) and precious metals
(Pt) need to be further addressed, however, on the basis of
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Figure 1. (a) Schematic illustration of the proposed synthetic route for C-coated Si/SiO, nanospheres. FESEM images of (b) HSQ nanospheres
prepared by a sol—gel reaction of triethoxysilane, (c) HSQ-derived Si/SiO, nanospheres obtained by the heat treatment of HSQ nanospheres at
1200 °C under an Ar-balanced 4% H, atmosphere, and (d) C-coated Si/SiO, nanospheres after the pyrolysis of pitch at 1000 °C under a N,

atmosphere.

production costs and safety. Our major concern for the
development of Si/SiO, composites is to find a scalable
synthetic route combined with proper nanostructures, as
current synthetic methods are highly limited for mass
production, as well as for rationally designed Si/SiO,
nanostructures.

Herein, we demonstrate a highly efficient but scalable
synthetic route based on hydrogen silsesquioxane (HSiO,g,
HSQ) to produce a nanostructured Si/SiO, composite as a
high-capacity lithium storage material. Usin§ a sol—gel reaction
of triethoxysilane in an aqueous medium,”* >* we synthesized
Si/SiO, nanospheres with a size of 100—200 nm, in which
crystalline Si nanodots about S nm in size are integrated into
the amorphous SiO, matrix. We formed a uniform carbon shell
on the surface of the Si/SiO, nanospheres to improve electrical
conductivity. The resulting C-coated Si/SiO, nanospheres
exhibited a high reversible capacity and outstanding cycle
performance. Besides its ability to simplify the production
process, it is worth emphasizing that our sol—gel approach has
the capacity to produce various forms of Si/SiO, nanostruc-
tures which could not prepared using conventional synthetic
routes.

B EXPERIMENTAL SECTION

Material Preparation. To prepare the HSQ-Si/SiO, nano-
spheres, S mL of triethoxysilane ((C,H;0);SiH; Aldrich, 99.8%) was
first slowly dropped into a 0.1 M HCI solution (250 mL) under
continuous stirring at 800 rpm. The solution was filtered and washed
with deionized water repeatedly. The precipitates were collected and
dried in a vacuum oven at 110 °C to eliminate residual moisture. After
fine grinding, the obtained powder was heated at 1200 °C under a 4%
H,/Ar atmosphere with a flow rate of 0.5 L min~". The heating rate
and time were fixed at 20 °C min™' and 1 h, respectively. For a
uniform C coating, the obtained Si/SiO, nanospheres were thoroughly
mixed with coal-tar pitch in a weight ratio of 7:3. The mixture was
loaded into a vertical furnace and heated at 1000 °C for 2 h under a N,
atmosphere. The final spherical C-coated Si/SiO, nanospheres were
collected and physically ground before use.

Structural Characterizations. The morphologies and micro-
structures of the Si/SiO, nanospheres and C-coated Si/SiO,
nanospheres were examined using field emission scanning electron
microscopy (FESEM; JEOL JSM-7000F) and high-resolution trans-
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mission electron microscopy (HRTEM; JEOL 2100F). Powder X-ray
diffraction (XRD) patterns of the Si/SiO, and C-coated Si/SiO,
nanospheres were obtained using an X-ray diffractometer (Empyrean,
PANanalytical) equipped with a 3D pixel semiconductor detector
using Cu Ka radiation (4 = 1.54056 A). Raman and FT-IR spectra of
the Si/SiO,, and C-coated Si/SiO, nanospheres were collected using a
Raman spectrometer (Bruker Senterra Grating 400) with a He—Ne
laser at a wavelength of 532 nm and a Fourier transform infrared (FT-
IR) spectrophotometer (Bruker VERTEX?70), respectively. For further
characterization of the surface chemistry of the Si/SiO, nanospheres,
X-ray photoelectron spectroscopy (XPS; Thermo Scientific Sigma
Probe) was employed. *°Si magic angle spinning nuclear magnetic
resonance (MAS NMR; Bruker ADVANCE 400 WB) was conducted
to determine the chemical environment of Si in the Si/SiO,
nanospheres. The samples were spun at S kHz, and the number of
scans used was 500. The amount of C in the C-coated Si/SiO,
nanospheres was confirmed by thermogravimetric analysis (TGA;
PerkinElmer TG/DTA 6300).

Electrochemical Measurements. The electrodes were prepared
by coating slurries containing the C-coated Si/SiO, nanospheres (80
wt %) as active materials, conducting agent (Super-P, 10 wt %), and
polyacrylic acid binder (PAA, 10 wt %) dissolved in deionized water
on Cu foil. After coating, the electrode was dried at 120 °C for 10 h
and pressed under a pressure of 200 kg cm™. For comparative
purposes, the loading amount and density of the electrodes were fixed
at 1.5 mg cm™ and 1.0 g cm™>, respectively. The CR2032 coin type
half-cells were carefully assembled in an Ar-filled glove box to evaluate
their electrochemical performance. A porous polyethylene (PE)
membrane was used as a separator, and the electrolyte was 1 M
LiPF, dissolved in a mixed solvent of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (3:7, v/v; Panax Etec Co. Ltd.). The cells
were galvanostatically charged (Li* insertion) and discharged (Li*
extraction) in the voltage range of 0.01—2.0 V vs Li/Li* at different
current densities at room temperature.

B RESULTS AND DISCUSSION

Figure la contains a schematic illustration of the proposed
synthetic route for C-coated Si/SiO, nanospheres in this work.
HSQ_nanospheres were prepared by a sol—gel reaction of
triethoxysilane (Figure 1b). After heat treatment at 1200 °C
under a H, atmosphere, HSQ-derived Si/SiO, nanospheres
were successfully obtained (Figure lc). The Si/SiO, nano-
spheres retained the particle shape and size of the precursor,
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Figure 2. (a) Bright-field TEM image and (b) dark-field TEM image
of HSQ-derived Si/SiO, nanospheres prepared by the sol—gel method.
(c) HRTEM image of a crystalline Si nanodot embedded in a SiO,
matrix in the HSQ-derived Si/SiO, nanospheres. (d) HRTEM image
of C-coated Si/SiO, nanospheres.

which was about 100—200 nm, except that the Si/SiO,
nanospheres became sintered together, resulting in a dumbbell
shape. Finally, amorphous C was coated on the surface of the

Si/SiO, nanospheres by pyrolysis of coal-tar pitch under
optimized conditions (Figure 1d).

Figure 2a shows that the heat treatment caused the Si/SiO,
nanospheres to be formed into porous secondary particles with
a large surface area of 19.7 m” g~' (Figure S1, Supporting
Information). The dark-field transmission electron microscopy
(TEM) image (Figure 2b) shows abundant crystalline Si
nanodots (white) embedded in the SiO, matrix (gray). A closer
observation (Figure 2c) confirmed that the crystalline Si
nanodots ori§inated from the thermal decomposition of HSQ
at 1200 °C.>*7% The d spacing of the confined crystalline Si
nanodots was about 3.1 A, corresponding to crystalline Si(111).
An HRTEM image of the C-coated Si/SiO, nanospheres clearly
shows Si nanodots smaller than 10 nm confined in the
amorphous matrix (Figure 2d) and an amorphous C layer with
a thickness of less than S nm on the surface of the Si/SiO,
nanospheres.

Various analytical techniques were employed to study the
microstructure of the Si/SiO, nanospheres in more detail.
From the XRD pattern of the Si/SiO, nanospheres (Figure S2,
Supporting Information), we found a broad peak at 26 = 21.8°,
which is a general characteristic of amorphous silicon suboxides,
together with the Bragg peak of crystalline Si (20 = 28.6°),
which confirms that the crystalline Si nanodots are well
confined in the amorphous SiO, matrix. The Raman spectrum
of a Si/SiO, nanosphere (Figure 3a) shows a single Raman
band at 519.6 cm™, which is slightly shifted compared to that
of the Si reference (519.3 cm™).?® This shift can be attributed
to the strong optical phonon mode of Si nanodots confined in
the SiO, matrix.”” The FT-IR spectrum of the Si/SiO,
nanospheres shows small bands at 1122, 809, and 476 cm™*
(Figure 3b), indicating that the FT-IR bands correspond to the
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Figure 3. Comparisons of (a) Raman spectra, (b) FT-IR spectra, (c) **Si MAS NMR spectra, and (d) XPS Si 2p signals collected from HSQ-derived
Si/SiO, nanospheres with those of the Si and SiO, references shown for comparison.
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Figure 4. Electrochemical measurements on C-coated Si/SiO, nanospheres: (a) galvanostatic charge and discharge profiles in the voltage range of
0.01—2.0 V vs Li/Li" at a constant current of 0.2 C (200 mA g™') for the Ist, 2nd, and 50th cycles, together with the corresponding dQ/dV profiles
(inset), (b) cycle performance and Coulombic efficiencies (inset) of C-coated Si/SiO, electrodes at a constant current of 0.2 C (200 mA g™*) for 100
cycles, (c) rate capability of a C-coated Si/SiO, electrode at different currents of 0.0S, 0.1, 0.2, 0.5, 1.0, and 2.0 C (1 C = 1000 mA g_l) in the given
voltage range, (d) cross-sectional FESEM images of C-coated Si/SiO, electrodes [pristine electrode (left) and cycled electrode after two cycles

(right)].

Si—O bond and were shifted in the Si/SiO, nanospheres owing
to the nonstoichiometric SiO, structure.”® This demonstrates
that nonstoichiometric silicon suboxides preferentially form
under our synthetic conditions instead of stoichiometric silicon
oxides, either SiO or SiO,.

To further clarify the chemical environment of Si in the Si/
SiO, nanospheres, we carried out *Si MAS NMR analysis. As
shown in Figure 3c, Si chemical shifts were observed in the
range between —60 and —160 ppm. The Si reference has a
strong chemical shift at —83 ppm, which corresponds to Si
atoms covalently bonded with neighboring Si atoms,” while
the SiO, reference shows a dominant chemical shift at —110
ppm arising from tetravalent Si (4+).** Interestingly, the Si/
SiO, nanospheres show a dominant chemical shift at —109 ppm
and a small and broad chemical shift at —81 ppm. Since the
chemical shift of Si shows a linear relationship with the
oxidation state of Si, the Si/SiO, nanospheres may be mainly
composed of amorphous silicon suboxides with a small amount
of crystalline Si nanodots. Figure 3d shows the Si 2p XPS signal
obtained from the Si/SiO, nanospheres after correction of the
charging based on C 1s excitation at 284.5 eV. Two dominant
peaks were observed at 101.7 and 102.7 eV, which correspond
to Si’* and are a general feature of nonstoichiometric silicon
suboxides, while the peaks related to Si** (1032 eV) and
elemental Si (99.6 and 982 eV) showed relatively small
intensities.’® From these results, we concluded that HSQ-
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derived Si/SiO,, nanospheres are composed of Si nanodots and
a nonstoichiometric silicon suboxide amorphous matrix. Note
that the amount of C was measured to be about 22.9 wt %, on
the basis of the TGA results, and SiC was not formed during
the carbonization of the pitch (Figure S3 and S4, Supporting
Information).

Figure 4a shows the voltage profiles of a C-coated Si/SiO,
electrode at a current density of 0.2 C (200 mA g~') for the 1st,
2nd, and 50th cycles. The electrode exhibited an initial
discharge (Li" extraction) capacity of 951.4 mA h g~' with an
initial Coulombic efliciency of 58.4%. The corresponding dQ/
dV profiles (inset of Figure 4a) show a main peak at around 0.4
V vs Li/Li*, corresponding to electrochemical reactions
between Si and Li*,>" which implies that crystalline Si (Si
nanodots) is mainly responsible for the reversible Li* insertion
and extraction. Figure 4b shows the excellent cycle performance
of the C-coated Si/SiO, electrode over 100 cycles without
significant capacity fading. The C-coated Si/SiO, electrode
maintained 78% of its initial discharge capacity (740 mA h g™"),
even after 100 cycles. More interestingly, the C-coated Si/SiO,
electrodes showed superior Coulombic efficiencies during
cycling (inset of Figure 4b). The efficiencies reached more
than 99.5% and were maintained even up to 100 cycles. Given
that the Coulombic efficiency of the electrode is the critical
factor for cycle performance of the full cell, the high Coulombic
efficiencies of C-coated Si/SiO, electrodes represent a key

dx.doi.org/10.1021/am5019429 | ACS Appl. Mater. Interfaces 2014, 6, 9608—9613
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indicator of the feasibility of our material for commercialization.
The rate capabilities of the C-coated Si/SiO,, electrodes would
also be another attractive feature for practical use (Figure 4c).
Even at a current density of 2 C (2 A g'), the electrode
maintained more than 90% of its discharge capacity (825.3 mA
hg™") atarate of 0.05 C (50 mA g™"). This good rate capability
of the C-coated Si/SiO, electrode can be ascribed to the
nanoarchitecture of the Si/SiO, composites, which results in a
large interfacial area between the electrolyte and electrode
materials and a short diffusion length for Li'.

Since electrode expansion and cell deformation are the key
factors which limit the adoption of Si-based electrodes in
commercial LIBs, the dimensional stability and the degree of
expansion of the electrode should be minimized. It should be
noted that the cycled electrode (right in Figure 4d) did not
show any noticeable disintegration, such as cracks and
detachment of the electrode from the substrate, compared
with the pristine electrode (left in Figure 4d). Moreover, the C-
coated Si/SiO, nanospheres retained their initial morphology
without significant degradation after cycling. The electrode
showed expansion of the height by about 20.8% after 2 cycles
and only 37.5% after 100 cycles (Figures SS and S6, Supporting
Information). This value for the C-coated Si/SiO, electrode is
much lower than that reported for the Si/graphite composite®*
and slightly lower than that for a Si nanotube electrode (54%)
after the second cycle'' and for an urchinlike Si/SiO,
composite (50%) after 70 cycles.'” The excellent dimensional
and mechanical stability of the C-coated Si/SiO, nanospheres
comes from their microstructure, consisting of (i) an
amorphous SiO,, matrix that can accommodate the mechanical
strains induced by the volume changes in the Si during cycling,
(i) Si/SiO, particles ~200 nm in size, a size which is helpful in
reducing the absolute volume changes of the electrode, and (jii)
the free voids between the Si/SiO, nanospheres created during
heat treatment, which may act as a buffer to accommodate the
mechanical strains arising from the volume changes. We firmly
believe that optimization of the particle size and morphology of
the Si/SiO, nanospheres can further reduce the volume
expansion during cycling.

Bl CONCLUSIONS

We have developed a scalable technique to synthesize
nanostructured Si/SiO, nanospheres based on a sol—gel
reaction and demonstrated their promising electrochemical
performance as a high-capacity lithium storage material. By
confining crystalline Si in the amorphous SiO, matrix on the
nanoscale, the severe volume changes of Si can be effectively
accommodated. The nanosphere form of the Si/SiO,
composite enables facile electrochemical kinetics by offering a
large surface area and short Li* pathways. A uniform C coating
on the Si/SiO, nanospheres is also effective for ensuring
sufficient electrical conduction, leading to excellent rate
capability. We strongly believe that the nontoxic and pre-
cious-metal-free approach proposed here will not only expand
the design possibilities of Si/SiO, nanocomposites, but also
significantly reduce the production costs of Si/SiO, nano-
composite anode materials for LIBs.

B ASSOCIATED CONTENT

© Supporting Information

Figures showing Brunauer—Emmett—Teller (BET) and
Barrett—Joyner—Halenda (BJH) data, XRD patterns, SEM
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images, and TGA curves. This material is available free of
charge via the Internet at http://pubs.acs.org.
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