
PARK ET AL. VOL. 9 ’ NO. 7 ’ 7690–7696 ’ 2015

www.acsnano.org

7690

July 01, 2015

C 2015 American Chemical Society

Dual-Size Silicon Nanocrystal-
Embedded SiOx Nanocomposite
as a High-Capacity Lithium Storage
Material
Eunjun Park,† Hyundong Yoo,† Jaewoo Lee,‡ Min-Sik Park,*,‡ Young-Jun Kim,‡ and Hansu Kim*,†

†Department of Energy Engineering, Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 133-791, Republic of Korea and ‡Advanced Batteries Research
Center, Korea Electronic Technology Institute, 68 Yatap-dong, Bundang-gu, Seongnam 463-816, Republic of Korea

T
he global demand for advanced
power sources with a high energy
density is increasing due to the rapid

growth of emerging markets for various
energy storage applications, ranging from
portable electronic devices to electric vehi-
cles.1�4 Although graphite is widely used as
an anode material in currently commercia-
lized lithium-ion batteries (LIBs), it does not
allow for a further increase in the energy
density of LIBs because of its low theoretical
capacity (372 mAh g�1, LiC6).

4�6 To meet
the growing demand for high-energy LIBs,
the development of high-capacity anode
materials is imperative.
Silicon has been considered a promising

anode material for replacement of graphite
owing to its high theoretical capacity
(3580mAhg�1, Li15Si4) and relatively low redox
potential (∼0.4 V vs Li/Liþ).6,7 Unfortunately,
poor cycle performance of the Si anode,
mainly caused by extremely large Si volume
changes during alloying/dealloying with
Liþ, remains a problem that needs to be

resolved before application at a commercial
scale.8�10 To overcome these limitations,
various structural modifications of Si have
been suggested to effectively control the
mechanical strain inevitably produced dur-
ing cycling.11�16 In particular, Si/SiOx nano-
composites, in which the active Si phase
is surrounded by an inactive or less active
matrix (i.e., the amorphous SiOx phase),
have attracted attention as one of the most
promising candidates for commercial use. In
this nanocomposite, an amorphous SiOx

matrix acts as a buffer phase against huge
Si volume changes during cycling; thus,
Si/SiOx nanocomposites showed better cy-
cle performance and dimensional stability
than conventional Si.
Recently, many research groups have

proposed various Si/SiOx nanocomposites
as high-capacity Liþ storage materials.
Homma et al. developed a SiOx nanocom-
posite using plasma spray�physical vapor
deposition (PS�PVD) that showed a high
reversible capacity of about 1770 mAh g�1
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ABSTRACT SiOx-based materials attracted a great deal of attention as high-

capacity Liþ storage materials for lithium-ion batteries due to their high reversible

capacity and good cycle performance. However, these materials still suffer from

low initial Coulombic efficiency as well as high production cost, which are

associated with the complicated synthesis process. Here, we propose a dual-size Si

nanocrystal-embedded SiOx nanocomposite as a high-capacity Liþ storage

material prepared via cost-effective sol�gel reaction of triethoxysilane with

commercially available Si nanoparticles. In the proposed nanocomposite, dual-size

Si nanocrystals are incorporated into the amorphous SiOx matrix, providing a high capacity (1914 mAh g
�1) with a notably improved initial efficiency

(73.6%) and stable cycle performance over 100 cycles. The highly robust electrochemical and mechanical properties of the dual-size Si nanocrystal-

embedded SiOx nanocomposite presented here are mainly attributed to its peculiar nanoarchitecture. This study represents one of the most promising

routes for advancing SiOx-based Li
þ storage materials for practical use.

KEYWORDS: lithium-ion battery . Si/SiOx
. Si embedded SiOx nanocomposites . anodes
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with good cycle performance.17 A Si/SiOx nano-
composite was also prepared and adopted as a constitu-
ent in an anode blended with graphite in some commer-
cial LIBs by another group of researchers.18 However, the
practical use of these materials is still limited by their
high production cost, because the fabrication of Si/SiOx

nanocomposites requires both ultrahigh vacuum
conditions and temperatures greater than 1400 �C.
Recently, we prepared carbon-coated Si nanocrystal
(∼10 nm)-embedded SiOx nanospheres with sizes of
about 200 nm through a cost-effective sol�gel reac-
tion of triethoxysilane; this material showed a reversi-
ble capacity of 950 mAh g�1 with excellent capacity
retention over 100 cycles.19 Another attractive feature
of this Si/SiOx nanocomposite is its good dimensional
stability during cycling. We found that carbon-coated
Si/SiOx nanosphere electrodes showed height expan-
sion of only 37.5% after 100 cycles. The superior
mechanical stability of Si/SiOx nanocomposites mainly
comes from a robust SiOxmatrix phase, which acts as a
mechanical buffer to accommodate the tremendous
volume changes of Si during cycling. However, its low
initial Coulombic efficiency (58%) needs to be further
improved because the irreversible capacity loss of the
anode in the first cycle causes a decrease in the energy
density of the LIB full-cell. The irreversible electro-
chemical reaction of the SiOx phase with Liþ to form
lithium silicate (Li�Si�O) in the first cycle is one of
the main reasons for the low initial Coulombic
efficiency.20�22 One effective way to raise the initial
Coulombic efficiency of the Si/SiOx nanocomposite is
to increase the relative amount of Si in the nanocom-
posite. However, this can lead to severe degradation in
the cycle performance of the Si/SiOx nanocomposite.
Here, we demonstrate a mechanically robust dual-

size Si-embedded SiOx nanocomposite with a core�
shell nanostructure that addresses the aforementioned
problems regarding initial Coulombic efficiency and

cycle performance. In this core�shell nanostructure,
mechanical stress exerted on themore active Si phases
during cycling can be effectively mitigated by a sur-
rounding, less-active SiOx shell layer. The use of a less-
active phase in the shell also results in a highly stable
solid electrolyte interphase during cycling. Wu et al.

demonstrated that a double-walled silicon nanotube
surrounded by a Liþ-permeable SiOx layer anode
showed highly stable capacity retention over 6000
cycles.23 More recently, Liu et al. prepared a Si/Silicon
oxycarbide (Si�O�C) nanocomposite via sol�gel re-
action of diethoxymethylsilane and triethoxysilane
with Si nanoparticles. Despite Si/Si�O�C nanocompos-
ites exhibiting a reversible capacity of 1190 mAh g�1

with a high initial efficiency of about 69%, only 76% of
this initial capacity was retained after 20 cycles, which
is insufficient for commercial use.24 Choi et al. reported
that a Si�O�C-coated Si nanoparticle anode showed
excellent cycle performance over 200 cycles with a
high initial capacity of 2093mAh g�1.25 Although these
previous reports dealt with different matrix phases (i.e.,
Si�O�C), they provided insight into the design of our
dual-size silicon nanocrystal-embedded SiOx core�
shell nanocomposite. In this work, we focus on com-
positional and structuralmodifications of the proposed
Si/SiOx nanocomposite to attain a robust microstruc-
tural layout of active and less-active constituents in the
nanocomposite, as shown in Figure 1. Furthermore, the
proposed material design can be simply synthesized
by adding commercially available Si nanoparticles
during scalable sol�gel reaction of triethoxysilane in
an acidic aqueous medium.

RESULTS AND DISCUSSION

Dual-size Si nanocrystal-embedded Si/SiOx (denoted
as D-Si/SiOx hereafter) nanocomposites were prepared
by simple addition of commercial Si nanoparticles
(Si-NPs, <100 nm in size) during a sol�gel reaction of

Figure 1. Schematic illustration of (a) SEI formation on the dual-size Si nanocrystal-embedded SiOx nanocomposite and
(b) bare Si nanoparticles during lithiation and delithiation.
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triethoxysilane followed by heat treatment at 1000 �C,
as illustrated in Figure 2a. Various D-Si/SiOx nano-
composites with different amounts of Si-NPs were
obtained; the weight ratios of Si-NP to HSiO1.5 were
fixed at 1, 2, and 4 in this work. Morphologies of D-Si/
SiOx nanocomposites with different amounts of Si-NPs
were characterized using FESEM. All nanocomposites
have a similar spherical particle shape with an average
particle size of 300�500 nm (Supporting Information
Figure S1). This size is larger thanSi/SiOxnanocomposites
without Si-NPs (Supporting Information Figure S2) and
commercial Si-NPs (Supporting Information Figure S3).

Microstructures of D-Si/SiOx nanocomposites were
further investigated using TEM. As-prepared D-Si/SiOx

nanocomposites had a typical core�shell structure, in
which crystalline Si-NPs (<100 nm) are uniformly cov-
ered with a Si/SiOx matrix (Figure 2b,c). EDS elemental
mapping results revealed that a higher oxygen content
was detected in the Si/SiOx shell rather than the Si-NP
core (inset of Figure 2c). The thickness of the Si/SiOx

shell was measured to be about 20�30 nm (Figure 2d).
We also found that many smaller Si nanocrystals with
sizes of about 5 nm were incorporated into the SiOx

shell, as shown in Figure 2e. These smaller Si nano-
crystals were mainly formed as a result of the thermal
decomposition of HSiO1.5 at 1000 �C under a reducing
atmosphere.26�28

Further structural characterization of thesematerials
was carried out using powder XRD and XPS. XRD
patterns of D-Si/SiOx nanocomposites with different
amounts of Si-NP showed a broad Bragg peak at 2θ =
21.8�, which was attributed to the amorphous SiOx

matrix of the Si/SiOx shell (Supporting Information
Figure S4). Reflections appearing at 2θ = 28.6, 47.6,
56.5, 69.7, and 77.0� matched the Bragg peaks of
crystalline Si. The growth of these peakswas evidenced
by increasing Si-NP content in the nanocomposites.
Peaks associated with smaller Si nanocrystals (less than
10 nm) embedded in the SiOx matrix were not detect-
able in the XRD pattern of the Si/SiOx nanocomposite
even though they were clearly found in the TEM
images (Figure 2e). This can be explained by the fact
that the Si nanocrystals dispersed in the amorphous
SiOx matrix have a short-range crystalline order,26

which is not detectable in XRD analysis. Smaller Si
nanocrystals in the Si/SiOx nanocomposites were char-
acterized by XPS analysis. Figure 2f shows Si 2p XPS
spectra of D-Si/SiOx nanocomposites and a Si/SiOx

nanocomposite without Si-NPs. Even though Si-NPs
were not added in the Si/SiOx nanocomposite, a peak
corresponding to elemental Si (∼99.5 eV) was clearly
observed, indicating the presence of smaller Si nano-
crystals, as confirmed by TEM observations. Further-
more, it should be noted that there is no evidence for
Si�C bonds in the D-Si/SiOx or the Si/SiOx nanocom-
posite (Figure 2g) even after Arþ sputtering for 300 s
(Supporting Information Figures S5 and S6), implying
that the SiOxmatrix consists only of silicon and oxygen.
Figure 3a shows voltage profiles of D-Si/SiOx nano-

composite anodes during the first cycle. Cells were
charged (Liþ insertion) and discharged (Liþ extraction)
in a voltage range from 0.01 to 2.0 V vs Li/Liþ at a
constant current density of 0.2 C (200 mA g�1). The
initial reversible capacities of the anodes were
1914 mAh g�1 (D-Si/SiOx-1), 1536 mAh g�1 (D-Si/SiOx-2),
and1352mAhg�1 (D-Si/SiOx-4). The introductionofSi-NPs
increased the discharge capacity of the D-Si/SiOx nano-
composite by expanding the voltage plateau at around
0.4 V vs Li/Liþ. This plateau corresponded to the redox

Figure 2. (a) Schematic of D-Si/SiOx nanocomposite pre-
paration, (b) TEM image of the D-Si/SiOx-1 nanocomposite,
(c) TEM image of the D-Si/SiOx-1 nanocomposite combined
with EDS elemental mapping results (O, green and Si, red),
(d) HRTEM image of D-Si/SiOx-1 nanocomposite, (e) HRTEM
image of Si/SiOx shell of the nanocomposite synthesized by
sol�gel reaction. (f) Si 2p and (g) C 1s XPS spectra collected
from various D-Si/SiOx nanocomposites (D-Si/SiOx-1, D-Si/
SiOx-2, and D-Si/SiOx-4).
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potential of dealloying the LixSi phase during dis-
charge. These results reveal that Si-NPs in the nano-
composites are mainly responsible for the notable
increase in the reversible capacity of D-Si/SiOx nano-
composites. Furthermore, the addition of Si-NPs also
increased the initial Coulombic efficiencies of D-Si/SiOx

nanocomposites, which were measured to be 73.6%
for D-Si/SiOx-1, 66.7% for D-Si/SiOx-2, and 59.2% for
D-Si/SiOx-4, respectively. These values aremuch higher
than those of Si/SiOx nanospheres (47.6%). Based on
these results, we conclude that the introduction of
Si-NPs into the Si/SiOx nanocomposite is quite effec-
tive in improving the reversible capacity and initial
Coulombic efficiency simultaneously.
Figure 3b shows potentiostatic intermittent titration

technique (PITT) profiles collected from the D-Si/SiOx-1
nanocomposite anode during the two initial cycles.
From the results, we confirmed that lithiation and
delithiation of the D-Si/SiOx-1 nanocomposite mainly
occur at 0.25 and 0.45 V vs Li/Liþ, respectively, in the
second cycle. This suggests that the electrochemical
performance of the D-Si/SiOx-1 nanocomposite might
mainly be governed by embedded Si-NPs.
Figure 3c,d shows the cycle performance and rate

capability of the D-Si/SiOx nanocomposite anodes,
respectively. All D-Si/SiOx nanocomposite anodes

exhibited stable cycle performance up to 100 cycles
without the significant capacity fading generally ob-
served in the commercial Si anode (Figure 3c). In par-
ticular, the D-Si/SiOx-1 nanocomposite anode retained
a high discharge capacity of more than 1500 mAh g�1

even after 100 cycles. The D-Si/SiOx-2 and D-Si/SiOx-4
nanocomposite anodes also exhibited excellent cyclic
retention up to 100 cycles, regardless of Si-NP content.
This indicates that the dual-size Si nanocrystal-
embedded core�shell nanoarchitecture proposed here
would be advantageous for accommodating severe
volume changes in the active Si phase by integrating
a less-active SiOx shell. The SiOx shell effectively reduced
mechanical strain due to the dimensional changes of
Si-NPs during cycling. The shell also ensured the forma-
tion of a highly stable SEI film on the surface of the
nanocomposite against repeated volume expansion
and contraction of more active Si phases in the nano-
composite. Thus, excellent cycle performance as well as
high reversible capacity can be simultaneously attained
without significant capacity loss during cycling. The
reversible capacity of the proposed core�shell nano-
composite material can be easily tailored by adjusting
the amount of Si-NPs. Note that our material design
does not require the additional carbon coating usually
used to improve the electrochemical performance of

Figure 3. (a) Galvanostatic voltage profiles of D-Si/SiOx-1 nanocomposite anodes in a voltage range of 0.01�2.0 V vs Li/Liþ at
a constant current density of 0.2 C (200 mA g�1) in the first cycle, (b) PITT profiles of the D-Si/SiOx-1 nanocomposite anode
recorded by a potential step of 10mV in the first and second cycles, (c) cycle performance of D-Si/SiOx nanocomposite anodes
at a constant current of 0.2 C (200 mA g�1) for 100 cycles, (d) rate-capability of D-Si/SiOx nanocomposite anodes at different
current densities of 0.5, 1.0, 2.0, 3.0, and 5.0 C (1 C = 1000 mA g�1).
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SiOx-based anode materials, thus enabling further re-
duction of production cost.29,30

The structural stability of D-Si/SiOx nanocomposites
was investigated by post-mortem analyses of the
structure. Figure 4 clearly shows structural changes of
the D-Si/SiOx-1 nanocomposite characterized by ex situ
TEM analyses during cycling. The D-Si/SiOx-1 nano-
composite has a typical core�shell structure before
cycling (Figure 4a). Conversion of crystalline Si-NPs to
a porous structure was obvious even after 1 cycle
(Figure 4b). Interestingly, in contrast to Si-NPs, no
structural changes were observed in the Si/SiOx shell
of the nanocomposite. The core�shell structured D-Si/
SiOx-1 nanocomposite still maintained its initial mor-
phology up to 45 cycles (Figure 4c�e), implying that
the Si/SiOx shell is capable of accommodating severe
volume expansion of the Si-NP core. After 100 cycles,
however, a partial collapse of the core�shell structure
of the D-Si/SiOx-1 nanocomposite was observed, as
shown in Figure 4f. Furthermore, the dimensional
stability of the D-Si/SiOx-1 nanocomposite anode was
also investigated in this work. Figure 4g shows a cross-
sectional FESEM image of a pristine D-Si/SiOx-1 nano-
composite anode before cycling; therein, the thickness
of the anodewasmeasured to be 24.5μm.After 1 cycle,
the anode expanded to a thickness of 25.8 μm, indicat-
ing a 5.3% dimensional change (Figure 4h). Note that
the active materials remained intact without notable
microcrack formation or further pulverization even
after 100 cycles (Supporting Information Figure S7).
To further improve the battery performance of D-Si/

SiOx nanocomposites, an additional carbon coating
layer was added to the surface of D-Si/SiOx materials
with coal-tar pitch as a carbon precursor, as shown in
Figure 5a,b. FESEM and TEM observations showed a

conformal carbon coating layer on the surface of
the D-Si/SiOx nanocomposites. From the TGA curve
(Supporting Information Figure S8), we confirmed the
carbon content (22.3 wt %) in the C-coated D-Si/SiOx-1
nanocomposite. Panels c and d of Figure 5 show the
electrochemical voltage profiles for the first cycle and
the cycle performance of C-coated D-Si/SiOx nanocom-
posite anode materials, respectively. Although the
reversible capacity decreased due to carbon coating,
capacity retention improved during cycling. In parti-
cular, capacity fading in the first few cycles of the D-Si/
SiOx nanocomposites (Figure 3c) was clearly reduced
by the additional carbon coating layer, resulting in
more stable capacity retention over 100 cycles. It is
noticeable that surface carbon layer is effective for
ensuring sufficient electrical conduction, leading to
stable cycle performance. Overall, we strongly empha-
size that the Si/SiOx shell plays an important role as a
buffer phase against mechanical strain induced by the
huge volume change of Si-NPs during cycling; this
results in outstanding cycle performance of the D-Si/
SiOx nanocomposites anodes.

CONCLUSIONS

We demonstrated a cost-effective sol�gel synthesis
route for Si/SiOx nanocomposites with a core�shell
structure in which dual-size crystalline Si approxi-
mately 50 nm and less than 10 nm in size are incorpo-
rated as active materials into an amorphous SiOx

matrix. This mechanically robust design of D-Si/SiOx

nanocomposites provided highly efficient Liþ storage
and dimensional stability. In particular, the D-Si/SiOx-1
nanocomposite anode exhibited a high reversible
capacity of more than 1500 mAh g�1 with an initial
Coulombic efficiency of 73.6% and excellent cycle

Figure 4. TEM observations of D-Si/SiOx-1 nanocomposite collected at different cycles: (a) pristine (before cycling), (b) after
1 cycle, (c) after 2 cycles, (d) after 20 cycles, (e) after 45 cycles, and (f) after 100 cycles. Cross-sectional FESEM images of the
D-Si/SiOx-1 nanocomposite anode at different cycles: (g) pristine (before cycling), (h) after 1 cycle.
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performance up to 100 cycles. The outstanding cycle
performance of the proposed nanocomposite was
mainly attributed to the SiOx shell in the nanocompos-
ite, which acts as a buffer phase to accommodate

volume change of the crystalline Si without significant
degradation. This approach provides a means of im-
proving the electrochemical properties of Si-based
anode materials for use in commercial LIBs.

METHODS

Material Preparation. To prepare Si nanocrystal-embedded
HSQ (hydrogen silsesquioxane, HSiO1.5) precursors, different
quantities of commercial Si nanopowders (Nanostructured &
Amorphous Materials, Inc.) with a size of 50�100 nm were
dispersed in 0.1MHCl solution (25mL). Themass ratio of HSQ to
Si nanopowder was varied to be 1:1, 2:1, and 4:1. Subsequently,
2.5 mL of triethoxysilane ((C2H5O)3SiH; Aldrich, 99.8%) was added
to the solution under stirring at 500 rpm for 20 min. The solution
was filtered and washed with deionized water repeatedly. The
filtered powders were carefully gathered and dried in a vacuum
oven at 110 �C for 6 h to remove any residual water. Dual-size Si
nanocrystal-embedded Si/SiOx nanocomposites with varying Si
contentwereobtainedbyheat treatment at 1000 �C for 1hunder a
4% H2/Ar atmosphere with a flow rate of 0.5 l min�1. The heating
rate was fixed at 20 �Cmin�1. To obtain a uniform carbon coating,
the dual-size Si nanocrystal-embedded Si/SiOx nanocomposites
were groundwith coal-tar pitch at aweight ratio of 7:3. Themixture
was carefully poured into a tetrahydrofuran (THF) solution (200mL)
under constant stirring at 200 rpm at 50 �C. After the solvent
evaporated, the product was collected and loaded into a vertical
furnace andwas heated to 1000 �C for 2 h under a N2 atmosphere.
Finally, the C-coated dual-size Si nanocrystal-embedded Si/SiOx

nanocomposites were ground again before use.

Structural Characterization. The morphology and microstruc-
ture of the dual-size Si nanocrystal-embedded Si/SiOx nano-
composites were characterized using a field-emission scanning
electron microscope (FESEM; JEOL JSM-7000F) and a high-
resolution transmission electron microscope (HRTEM; JEOL
ARM-200F). The microstructure was further identified by con-
ducting powder X-ray diffraction (XRD) with an X-ray diffract-
ometer (Empyrean, PANanalytical). A Raman spectrometer
(Bruker Senterra Grating 400) with a He�Ne laser at a wave-
length of 532 nm was also used to study microstructure. The
surface chemistry of the proposed nanocomposites was inves-
tigated using X-ray photoelectron spectroscopy (XPS, Thermo
Scientific Sigma Probe).

Electrochemical Measurements. A slurry was made consisting of
active material powder (70 wt %) with a mass of 1.5 mg cm�2,
conductive agent (Super-P, 15 wt %) and poly(acrylic acid)
binder (PAA, 15 wt %) dissolved in deionized water. Electrodes
were prepared by placing this slurry on the Cu foil substrate.
After coating, the electrodes were dried at 120 �C for 12 h under
vacuum and were pressed under a pressure of 200 kg cm�2.
A coin-type (CR2032) half-cell was assembled with Li metal as a
counter and reference electrode in a dry room using a poly-
ethylene (PE) membrane as a separator. Then, 1 M LiPF6
dissolved in a mixed solvent of ethylene carbonate (EC) and
diethyl carbonate (DEC) (3:7, v/v; Panax Etec Co. Ltd.) was used

Figure 5. (a) FESEM image and (b) HRTEM image of the C-coated D-Si/SiOx-1 nanocomposite, and (c) galvanostatic voltage
profiles of C-coatedD-Si/SiOxnanocomposite anodes in a voltage rangeof 0.01�2.0 V vs Li/Liþ at a constant current density of
0.2 C (200 mA g�1) during the first cycle, (d) cycle performance of C-coated D-Si/SiOx nanocomposite anodes at a constant
current 0.2 C (200 mA g�1) for 100 cycles.
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as an electrolyte. The cells were tested in constant current�
constant voltage (CC�CV) mode in a voltage window of
0.01�2.0 V vs Li/Liþ at room temperature.
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