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Abstract Double-walled core-shell structured Si@SiO,@C
nanocomposite has been prepared by calcination of silicon
nanoparticles in air and subsequent carbon coating. The ob-
tained Si@Si0,@C nanocomposite demonstrates a reversible
specific capacity of about 786 mAh g ' after 100 cycles at a
current density of 100 mA g ' with a capacity fading of
0.13 % per cycle. The enhanced electrochemical performance
can be due to that the double walls of carbon and SiO,
improve the electronic conductivity and enhance the compat-
ibility of electrode materials and electrolyte as a result of
accommodating the significant volumetric change during cy-
cles. The interlayer SiO, may release the mechanical strain
and enhance the interfacial adhesion between carbon shell and
silicon core.

Keywords Li-ion batteries - Anodes - Electrochemical
characterizations - Electrochemical stabilities - Charging/
discharging

Introduction

With increasing energy demand, lithium-ion batteries with
high energy density and long life span are strongly desired
from a utility standpoint. Among various anode materials,
silicon is very attractive for the next generation high-energy
rechargeable lithium-ion batteries because of its highest theo-
retical specific capacity of 4,200 mAh G™' and satisfactory
potentials for lithium ion insertion and extraction [1]. In
addition, the silicon as anode materials has the advantages of
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abundance in nature and environmentally friendly. However,
the large volume changes of Si during lithium ion insertion
and extraction lead to the pulverization of the electrode mate-
rials and thus causing the decay of capacity with cycling [2, 3].
Moreover, the low electronic conductivity of Si can cause the
polarization of electrode during cycling process.

To overcome these problems, many strategies have been
implemented, especially focusing on reducing the silicon par-
ticle size and preparation of silicon/carbon composites.
Various nanostructured silicon materials (silicon nanoparticles
[4], silicon nanotubes [5], silicon hollow nanospheres [6],
silicon nanowires [7], silicon nanonests [8], silicon nanoarrays
[9]) exhibit improved electrochemical performance because
nanosized silicon could buffer volume stress and shorten the
Li-ion diffusion path lengths. In addition, silicon/carbon com-
posites (silicon/carbon nanorods [10], silicon/carbon nano-
spheres [11], silicon/graphene nanosheets [12], silicon/
carbon nanotubes [13], silicon/carbon nanofibers [14],
silicon/graphite [15], silicon/fullerene [16]) have been widely
studied to improve the cycling stability. The carbon can pre-
vent aggregation of Si nanoparticles and improve electronic
conductivity of electrode. Furthermore, carbon coating can
release the mechanical stress caused by large volume changes
of Si during charge/discharge process and protect the Si elec-
trode from direct contact with the electrolyte due to the supe-
rior chemical and electrochemical stabilities of carbon, thus
stabilizing the solid electrolyte interphase (SEI) layer and
enhancing the cycle life of Si-based electrodes. Core-shell-
structured Si/C composite can combine the advantages of
silicon core (high capacity) and carbon shell (long cycle life
and high electronic conductivity). Core-shell-structured Si/C
nanocomposites have been prepared to obtain a stable capac-
ity because of the homogeneous distribution of Si nanoparti-
cles in carbon matrix [17, 18]. Core-shell-structured Si/C
composites are usually formed by mixing active materials
with carbon precursor and then heat treatment at high
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temperature in an inert atmosphere. It is difficult to form a
uniform carbon layer on the surface of active particles due to
the weak interface bond between active materials and carbon
coating. Su et al. report the SiO, layer is beneficial to coating a
dense carbon layer on silicon [19].

Herein, we report a simple and large-scale method for
preparation of double-walled core-shell structured
Si@SiO,@C nanocomposite though calcination of silicon
nanoparticles in air to obtain core-shell-structured Si@SiO,
nanocomposite followed by carbon coating. The thin interlayer
SiO, (~5 nm) can strengthen adhesion of the carbon shell
and silicon core. The obtained double-walled core-shell struc-
tured Si@SiO,@C nanocomposite exhibits an excellent cy-
cling stability.

Experimental
Preparation of Si@SiO,@C nanocomposite

The double-walled core-shell structured Si@SiO,@C nano-
composite was prepared through two steps. Firstly, 1 g of Si
nanoparticles was calcined in air at 700 °C for 2 h to form a
layer of SiO, on the surface of Si. Secondly, to prepare double
core-shell-structured Si@SiO,@C nanocomposite,
predetermined amount of epoxy resin as carbon source was
heated to 100 °C and then the Si@SiO, nanocomposite was
added into the epoxy resin until vigorous stirring to obtain a
gel. The gel was calcined at 700 °C under Ar atmosphere for
1 h to get double-walled core-shell structured Si@SiO,@C
nanocomposite. For comparison, Si@C nanocomposite was
obtained according to the above method without calcination of
Si in air.

Structural characterization

X-ray diffraction patterns were collected on a Rigaku Ultima
IV with filtered Cu Ka radiation. Raman spectra were record-
ed on LabRAM HR800 (Horiba JobinYvon) with a laser
wavelength of 532 nm. Transmission electron microscope
(TEM, JOEL JEM-200CX) and high-resolution TEM (HR-
TEM) were employed to visualize the morphology and parti-
cle size. Thermogravimetric analysis (TGA) was carried out in
air from 25 to 1,000 °C on a PerkinElmer Instruments
Diamond TG/DTA.

Electrochemical measurements

The electrochemical properties were investigated by using
CR2032 coin cells. The working electrodes were prepared
by mixing the active materials (Si@SiO,@C nanocomposite,
Si@C nanocomposite, and Si nanoparticles), carbon black
(Super P) and polyvinylidene difluoride (PVDF) at a weight
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ratio of 80:10:10 in N-methyl-2-pyrrolidone (NMP) solvent to
form slurry. The slurry was pasted on Cu foil and then dried at
120 °C for 24 h. The electrolyte was 1 M LiPFg in ethylene
carbonate/dimethyl carbonate with a volume ratio of 1:1, and
lithium foil was used as the counter electrode. Coin cells were
fabricated in an Ar-filled glove box with the concentration of
moisture and oxygen below 1 ppm. Galvanostatic discharge
and charge measurements were performed at a rate of
100 mA g ' between 0.01 and 1.5 V using a land CT2100
battery test system. Cyclic voltammograms (CV) were mea-
sured on a CHI660C Electrochemical Workstation (Shanghai
Chenhua) with a voltage range from 0.01 to 1.5 Vata scan rate
of 0.5 mV s . Electrochemical impedance spectra (EIS) were
collected from 0.01 Hz to 100 kHz with an alternating current
amplitude of 5 mV using a CHI660C Electrochemical
Workstation (Shanghai Chenhua).

Results and discussion

Figure 1a illustrates the schematic diagram of the fabrication
procedure for Si@SiO,@C nanocomposite. The
Si@SiO,@C nanocomposite was obtained by forming a
SiO, layer on the surface of Si nanoparticles and subsequent
coating a carbon layer. The Si@SiO,@C nanocomposite is
spherical with a diameter in the range of 100 to 200 nm
(Fig. 1b). The Si nanoparticles are well coated into SiO, and
carbon shells, the double walls SiO, and carbon can encapsu-
late completely the Si core (Fig. 1b). The HR-TEM (Fig. 1¢)
image reveals that the Si nanoparticles are coated with a layer
of SiO, and carbon layer, and the thickness of interlayer SiO,
is about 5 nm. The coating carbon shell exhibits a disordered
microstructure. No obvious SiO, layer is observed in Si@C
nanocomposite, indicating that the Si nanoparticles are direct-
ly coated with carbon layer (Fig. 1d).

The XRD patterns and Raman spectra of Si@SiO,@C
nanocomposite and Si nanoparticles are presented in Fig. 2.
In the case of Si@SiO,@C nanocomposite, the main diffrac-
tion peaks at 28.5, 47.4, 56.2, 69.2 76.4, and 88.1° can be
indexed as the (111), (220), (311), (400), (331), and (400)
planes of Si crystallites (JCPDF NO. 27-1402), respectively.
No diffraction peak corresponding to SiO, and graphite is
observed, indicating that the interfacial layer SiO, and carbon
shell are both amorphous. The Raman spectra of Si nanopar-
ticles and Si@SiO,@C nanocomposite are compared in
Fig. 2b. For the Si@SiO,@C nanocomposite, the sharp peak
at about 506 cm ' is due to the Si-Si stretching mode [20]. The
peaks at 1,360 and 1,582 cm ! are assigned to the D band and
G band of carbon, respectively [21]. Three-dimensional ratio
of D band to G band is about 1.26 for Si@SiO,@C nano-
composite, indicating the presence of the disordered carbon in
nanocomposite, which is consistent with the above XRD
result [22].
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Fig. 1 A schematic diagram of (a)
the fabrication for double-walled

core-shell structured

Si@Si0,@C nanocomposite (a);

TEM (b) and HR-TEM images

(c) of Si@SiO,@C

nanocomposite; HR-TEM image

of Si@C nanocomposite (d) Si

From the TGA curves of Si@SiO,@C and Si@C nano-
composites (Fig. 3), it can be estimated that the weight con-
tents of carbon in the Si@SiO,@C and Si@C nanocompos-
ites are about 57 and 55 %, respectively. The first discharge
(lithium ion insertion)-charge (lithium ion extraction) curves
of Si@Si0,@C nanocomposite, Si@C naocomposite, and Si
nanoparticles at a rate of 100 mA g ' between 0.01 and 1.5 V
are displayed in Fig. 4a. The cycling stabilities for
Si@SiO,@C nanocomposite, Si@C nanocomposite, and Si
nanoparticles are presented in Fig. 4b. In case of Si@SiO,@C
nanocomposite, there is a discharge plateau at 0.1 V corre-
sponding to the reaction of between lithium ions and silicon.
The Si@SiO,@C nanocomposite delivers the first discharge
specific capacity and charge specific capacity of 1,755 and
911 mAh g ' (the capacity is based on the total nanocompos-
ite), respectively. The reversible capacity of Si@SiO,@C is
still as high as 845 mAh G—" after 80 cycles, suggesting that
the enhanced cycle stability of Si@SiO,@C in comparison
with Si@C nanocomposite and Si nanoparticles. After 80 cy-
cles, the reversible capacity of Si@SiO,@C starts to decrease
slightly and the reversible capacity is about 785 mAh g after
100 cycles.

Calcination

@

OCarbon coating

Si@Sio,

Si@Si0,@C

(111)
0.31nm

A control sample of only carbon-coated Si nanoparticles
without forming the interlayer SiO, shows much faster capac-
ity decay and lower stable capacity than the one with interlay-
er Si0,. The reversible specific capacity for Si@C nanocom-

posite decreases from an initial 1,057 mAh g ' to less than
500 mAh g " after 65 cycles. The Si nanoparticles also fail to
afford good cycling performance with continuous capacity
decay over 50 cycles. These results suggest that the SiO,
and carbon-coating layers on the surface of Si nanoparticles
are two important factors to the observed cycling stability in
the Si@SiO,@C nanocomposite. The interlayer SiO, on the
surface of Si nanoparticles could provide a flexible cushion in
the Si@SiO,@C nanocomposite to accommodate stress and
volume changes. In addition, the interlayer SiO, also could
enhance the adhesion between silicon core and carbon shell.
Furthermore, the carbon on the Si@SiO, nanocomposite af-
fords electrical conductivity to the Si nanoparticles. These
factors all contributed to the relative excellent performance
of the Si@SiO,@C nanocomposite anode materials.

The electrochemical reaction mechanism of Si@SiO,@C
anode was clearly revealed using CV. The CV curves of
Si@SiO,@C electrode are plotted in Fig. 5. There are two
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Fig. 2 X-ray diffraction patterns (a) and Raman spectra (b) for
Si@SiO,@C nanocomposite and Si nanoparticles

peaks at 0.66 and 0.1 V during the first lithiation process due
to the formation of SEI layer and Li,Si alloy, respectively. The
peak at 0.66 V disappears at the subsequent cycles, suggesting
the formation of stable SEI layer in the first discharge process.
Two peaks at around 0.32 and 0.51 V during the delithation
process are corresponding to the dealloying process of Si with
lithium. These results are consistent with the above discharge—
charge curves.

In order to further investigate the mechanism of the en-
hanced electrochemical performance, EIS measurements were
performed and the obtained Nyquist plots of Si@SiO,@C
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Fig. 3 TGA curves of Si@SiO,@C nanocomposite and Si@C nano-
composite under air atmosphere
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Fig.4 The first discharge—charge curves (a) and cycling performance (b)

of Si@Si0,@C nanocomposite and Si nanoparticles cycled between 0.01
and 1.5 V at a rate of 100 mA g

nanocomposite and Si nanoparticles after the first and 20th
cycles are compared in Fig. 6. The plots are composed of one
depressed semicircle in the high frequency range and an
inclined line in the low frequency range. The depressed semi-
circle in the high frequency region corresponds to the overlap
between SEI film resistance and the charge transfer impedance
[23], while the incline line in the low frequency region is
attributed to the lithium ion diffusion within electrode [24].
The Si@SiO,@C electrode exhibits the resistances with a
small variance about 42Q for the first cycle and 57Q after
20 cycles, while the resistance of Si nanoparticles increases
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Fig. 5 Cyclic voltammetry of Si@SiO,@C nanocomposite from 0.01 to
1.5 Vat a scan rate of 0.5 mV s~
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Fig. 6 Nyquist plots of Si@SiO,@C nanocomposite and Si nanoparti-
cles after the first (solid) and 20th (open) cycles, charged to 1.5 V
followed by 24 h rest in an open-circuit potential

from 72 to 105Q after 20 cycles. The smaller interface resis-
tance and resistance change for Si@SiO,@C nanocomposite
are due to the coating carbon shell, which improves the
electric conductivity and enhances the compatibility of elec-
trode and electrolyte as a result of suppressing the resistance
increase.

To characterize the morphology of Si@SiO,@C nanocom-
posite after cycling, the morphology of Si@SiO,@C nano-
composite after 20 cycles was observed (Fig. 7). Although the
spherical structure is not as well defined, the Si cores are still
well coated by carbon, indicating the good connect between
carbon and silicon. The Si@SiO,@C nanocomposite im-
proves the cycling stability of Si electrode but needs to be
further studied to obtain the high capacities for hundreds of
cycles.

The electrochemical reaction mechanism of SiO, with
lithium ions has been studied [25], as follows:

Si0, + 4Li* + 4e — LisSiOs+ Si (a)

Si + xLi* + xe < Li,Si (b)

The reaction of (a) is irreversible and the reaction of (b) is
reversible, and the reversible capacity of nanocomposite is
determined by the reaction (b). The schematic illustration for

Fig. 7 TEM image of Si@SiO,@C nanocomposite after 20 cycles

Li ions insertion

>

Si@sio,@C Lithiation Si@Si0,@C

m C = S0, Si = LiC = LiSiO, ™ LiSi

Fig. 8 The model for lithium ion insertion into the Si@SiO,@C
nanocomposite

the insertion of lithium ions into the Si@SiO,@C nanocom-
posite is displayed in Fig. 8. According to the reaction (a), the
Si0, interlayer may change to the LiySiO4 phase under the
insertion of lithium ions. The LiySiO4 phase can transfer Li
ions from carbon shell to silicon core and maintain the struc-
tural integrity of electrode materials [25].

Conclusion

Double-walled core-shell structured Si@SiO,@C nanocom-
posite was synthesized and studied as an anode material for
lithium-ion batteries, and it exhibits a high storage capacity
and an excellent cycling stability. The thin interlayer SiO,
enhances the adhesion of carbon shell and Si core and can
alleviate mechanism stress acts as inactive phase. The carbon
shell also can alleviate mechanism stress caused by the large
volume changes of Si and improve electronic conductivity,
thus enhancing the cycling stability. The Si@SiO,@C nano-
composite with high specific capacity and good cycling sta-
bility is a promising potential material for future lithium-ion
batteries with high energy density.
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