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We demonstrate a simple process to synthesize silicon-based

multicomponents via a high-temperature annealing of bulk silicon

monoxide in the presence of sodium hydroxide. The carbon-coated

Si-based anodes exhibit a highly stable cycling performance

(capacity retention of 99.5% after 200 cycles) with a reversible

charge capacity of 1280 mA h g�1.
Lithium-ion batteries (LIBs) are widely regarded as suitable power

sources for mobile electronic products, power tools, and upcoming

electric vehicles (EVs). The rapid development of electronic devices

and EVs requires a much higher energy and power density for

anodes, compared to those of conventional carbon-based materials

(e.g., natural graphite, MCMB (mesocarbon microbeads)).1–3

Therefore, pure elements (e.g., Si, Ge, Al, Sn, Sb, etc.), their alloys,

and metal oxides (e.g., Fe2O3, NiO, CuO, etc.) have been explored as

promising electrodes in LIBs.4–9 Among them, Si-based materials

have been attracting much attention, as they offer the essential

advantages of abundant sources and a high theoretical capacity.

However, the practical use of these materials has been frustrated by
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rapid capacity fading, due to the unavoidable large volume changes

during charging and discharging.10

The use of nanostructured Si-based electrodes, including nano-

particles, nanowires, nanotubes, and nanoporous structures, provides

an effective solution to achieve a high reversible capacity, an

improved rate capability, and a stable cycle performance, because the

nanomaterials have enhanced active sites due to a high surface area

and favor the electronic and ionic diffusion.4,11,12 However, some

intrinsic drawbacks, including high-cost, low packing density (i.e.,

low volumetric energy density), and a serious surface side-reaction

due to the high surface area, remain to be solved to maximize the

advantages of the nanostructured electrodes.

Nanostructuring of microscale electrode materials can be one of

the best solutions to increase the volumetric energy density. The

examples are nanoscale active materials uniformly confined to

a microscale matrix,13–15 microscale active materials within a nano-

structured conductive network,16,17 and microscale active material

with an nanostructured coating layer.18,19

Among them, a silicon monoxide (SiO) based composite electrode

is one of the good candidates which can exhibit highly stable cycling

retention in LIBs.20–23 SiO shows better cycling performance than

silicon composite electrodes. The first lithiation process results in the

formation of nano-sized amorphous Si clusters surrounded by

lithium oxide and lithium silicate that act as buffer layers to minimize

the volume changes during the charging and discharging. The

combination of nano-sized active material and micro-scale inactive
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materials provides a significantly improved cycling performance.

However, SiO-based composite electrodes exhibit a poor initial

coulombic efficiency, due to a conversion reaction.

Herein, we present a simple route for synthesizing Si–SiO–SiO2

three-component particles, consisting of a Si/SiO core and a crystal-

line SiO2 shell, from commercially available SiO bulk particles via

a thermal annealing process in the presence of sodium hydroxide

(NaOH). The Si and SiO act as active materials in LIBs, while the

crystalline SiO2 serves as a buffer material. The combination of high

specific capacity of Si and highly stable cycling performance of SiO

exhibits high-performance electrochemical properties, including

a high reversible capacity of 1280 mA h g�1 and an excellent cycle

retention of 99.5% at 0.2 C after 200 cycles, compared to that at 0.1 C

rate.

Despite a variety of physical and chemical investigations of

amorphous SiO, there is still no unambiguous structural model.24–26

Recently, a plausiblemodel has been proposed, in which both clusters

of amorphous Si and amorphous SiO2 are surrounded by a suboxide

matrix.27 Owing to the microstructures of solid SiO, it is thermody-

namically unstable at all temperatures. When SiO was thermally

annealed at high temperatures (>900 �C) for several hours, it

decomposes to Si and SiO2.
22,28 In cases of commercially available

solid SiO particles, the decomposition of SiO was not observed at

<900 �C.
We used commercially available amorphous SiO (325 mesh)

particles to synthesize Si-based multicomponents, consisting of Si,

SiO, and SiO2, using thermal decomposition of SiO in the presence of

NaOH (scheme of Fig. 1a). When a mixture of bulk SiO powders

(10 g) andNaOH (0.5 g) was thermally annealed at 800 �C for a short

period of time (10 min), the decomposition of the SiO was clearly
Fig. 1 Synthesis of an Si-based multicomponent from bulk SiO particles

via thermal annealing in the presence of NaOH. (a) Schematic illustration

for the conversion of bare SiO to Si–SiO–SiO2 three-components, (b)

SEM image of Si-based multicomponents, SEM image (c) and Raman

spectrum (d) of carbon-coated Si-based multicomponents, (e) XRD

patterns of Si-based multicomponents as a function of NaOH amount,

and (f) calculation of silica and silicon crystallite size as a function of

NaOH amount.
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observed (Fig. 1).We propose the chemical reaction between SiO and

NaOH occurring on the surface of particles as follows: 3SiO +

2NaOH / Na2SiO3 + H2 + Si + SiO2.

During the thermal annealing of the SiO in the presence of NaOH,

sodium silicate (Na2SiO3) formed on the surface of the particles (ESI,

Fig. S1†), and the evolution of H2 gas produced several pores on the

particle surfaces, as shown in the scanning electron microscopy

(SEM) image (Fig. 1b). The formed Na2SiO3 was completely

removed by rinsing with 10% acetic acid. Subsequently, the carbon

coating process was carried out on the surface of the Si-based

multicomponents by thermal decomposition of acetylene gas at

900 �C for 10 min (Fig. 1c). The quality of the carbon layers was

investigated by Raman scattering. It confirmed that two peaks at

�1360 and�1580 cm�1 corresponding to the disordered (D) and the

graphene (G) bands were shown, respectively, indicating the forma-

tion of amorphous carbon with an ID/IG ratio of 2.2 (Fig. 1d).

In order to investigate the effect of the NaOH amount on the

thermal decomposition of SiO particles, the weight ratios of SiO to

NaOH were spanned from 20 : 1 to 5 : 1 under a fixed annealing

condition (800 �C for 10 min). The X-ray diffraction (XRD) analysis

indicated that crystalline Si, crystalline SiO2 (cristobalite), and

amorphous SiOx phases were formed. As the amount of NaOH

increased, a peak intensity of the cristobalite was significantly

increased, indicating the thermal decomposition of a large portion of

the SiO (Fig. 1e). The amounts of Si, SiOx, and crystalline silica may

not be calculated quantitatively from the peak intensities of XRD

patterns. However, the relative amount of Si and crystalline silica can

be estimated from samples obtained at different weight ratios of SiO

and NaOH as shown in Fig. 1e.

From the XRD results, we calculated the crystallite size of the Si

and the cristobalite as a function of the NaOH amount, using the

Scherrer equation, L¼ 0.9l/(B$cos q), where L is the diameter of the

crystallites, l is the X-ray wavelength, B is the full width at half-

maximum, and q is the Bragg angle.29 Both the Si and the SiO2

crystallite sizes increased with an increasing amount of NaOH

(Fig. 1f). In addition, the control of annealing time at a fixed

temperature tuned the amount of Si, SiOx, and cristobalite (ESI,

Fig. S2†).

When a solid SiO powder was thermally annealed at >900 �C for

several hours, the thermal disproportionation of SiO occurred, in

which nanocrystalline Si was dispersed within an amorphous SiO2

matrix. In contrast, thermal annealing of SiO in the presence of

NaOH induced the decomposition of SiO at a lower temperature for

a short period of time. We propose the conversion of the SiO to the

Si-based multicomponents during the thermal annealing process, as

follows: (i) the hydrothermal reaction or high temperature annealing

of amorphous SiO2 in the presence of NaOH led to the formation of

crystalline SiO2.
30,31 Amorphous SiO2 was thermally annealed in the

presence of NaOH (weight ratio of SiO to NaOH ¼ 20 : 1) at the

same condition as those used in the SiO. A great part of amorphous

silicawas converted into crystalline silica (cristobalite) (ESI, Fig. S3†).

The amorphous SiO also has the amorphous SiO2 in the outermost

shell. The amorphous SiO2 in the outer shell reacts with NaOH to

make cristobalite at high temperature (ESI, Fig. S4†). It was

confirmed by time-of-flight secondary ionmass spectrometry analysis

(ESI, Fig. S5†). (ii) Simultaneously, amorphous SiOwas decomposed

to nanocrystalline Si and amorphous SiOx matrix. As the annealing

time increased, the amorphous SiOx in the matrix was continuously

converted into crystalline silica, so that the thickness of crystalline
Energy Environ. Sci., 2012, 5, 7878–7882 | 7879
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silica increased. Whereas, in the inner regions, the annealing process

induced the transport of oxygen from Si–O bond rich regions inside

SiO particles, resulting in the increase of Si–Si bond rich regions (that

is, an increase of Si crystallite size) inside the SiO particles. (iii) The

resulting particles, Si-based multicomponents (Si–SiO–SiO2 three-

component), were composed of an Si/SiO core and a cristobalite shell.

And (iv) the relative amount of NaOH to SiO and annealing time

affect the contents of the resulting crystalline Si and cristobalite.

We investigated the phases inside SiO particles after the thermal

annealing of a mixture of SiO and NaOH. The cross-section of Si-

basedmulticomponents was obtained from a focused ion beam (FIB)

that usesGa ions to etch the samples‡. The cross-sectioned specimens

were measured by transmission electron microscopy (TEM) in the

dark-field mode, as shown in Fig. 2. The bright spots correspond to

regions with higher electron density. As the amount of NaOH

increased, the regions of bright spots became larger. Energy disper-

sive X-ray spectroscopy (EDAX) analysis from bright and dark

regions of a representative sample (seen in Fig. 2c) confirmed that

bright spots corresponded to the Si-rich regions, while dark spots

indicated that the x value of SiOx is close to 1 (Fig. 2d). From HR-

TEM analysis, we confirmed that the Si-rich regions consisted of

nano-crystalline Si (ESI, Fig. S6†). It should be noted that the

amount of Si dispersed within the SiO matrix increased with the

increasing NaOH contents, which was in good agreement with

the XRD results seen in Fig. 1.

The solid SiO and Si–SiO–SiO2 three-component electrodes were

used as anode materials in LIBs. Since the Si-based materials have

poor electrical conductivity, carbon layers were coated onto the

surface of particles with carbon contents of 10 wt%, via thermal

decomposition of acetylene gas at 900 �C for 10 min. The electro-

chemical performances were tested using 2016 coin-type half-cells
Fig. 2 Dark-field TEM images of Si-based multicomponents. Three

different samples were obtained by annealing at 800 �C as a function of

NaOH amount (weight ratio of SiO to NaOH, (a) 20 : 1, (b) 10 : 1, and

(c) 5 : 1), and the FIB cross-sections were measured by TEM. (d) From

the sample seen in (c), two different spots (1 and 2) were analyzed by

EDAX to investigate the atomic percent of Si and O.
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with a metallic lithium counter-electrode. The voltage profiles of

carbon-coated SiO (c-SiO), carbon-coated Si–SiO–SiO2 three-

components obtained by a mixture of SiO and NaOH (20 : 1, w/w)

(c-Si-multi-20–1), c-Si-multi-10–1, and c-Si-multi-5–1 electrodes were

obtained at a 0.1 C rate between 0.005 V and 2.0 V (Fig. 3a). The first

discharge capacities are 2090, 1670, 1260, and 1015 mA h g�1 for the

electrodes of c-SiO, c-Si-multi-20–1, c-Si-multi-10–1, and c-Si-multi-

5–1, respectively, with the corresponding coulombic efficiencies of

74.5, 78.0, 79.7, and 78.0%. The higher coulombic efficiencies of c-Si-

multi-electrodes in the first cycles may be attributed to the cristobalite

layer in the outer shells of the particles, which may act as a solid

electrolyte interface (SEI) layer, as described in a previous report.32

Fig. 3b shows the differential capacity (dQ/dV) plots of c-SiO and

c-Si-multi-20–1 electrodes during the first and second cycles. The

irreversible reaction of c-SiO can be identified on the dQ/dV plot. An

intense peak at 0.25 Vwas seen in the first discharging, which was not

observed from the second cycle. Kim et al. reported that the peaks

seen at 0.25 V are caused by the formation of lithium silicate

(Li4SiO4) and lithium oxide (Li2O) in the first discharging of SiO

using nuclear magnetic spectroscopy analysis.33 The other peaks in

the first and second cycles, which appeared at 0.23 and 0.08 V on

discharging and at 0.28 and 0.45 V on charging (indicated by arrows

in Fig. 3b), are assignable as a reversible reaction, similar to those of

amorphous Si electrodes.34 In contrast, the dQ/dV plots of c-Si-multi-

20–1 showed a very weak peak at 0.25 V, indicating small amounts of

Li4SiO4 and Li2O products formed in the first discharge. It may result

in the enhanced coulombic efficiency of the c-Si-multi-electrodes.

Fig. 3c shows the cycle performances of c-SiO (black), c-Si-multi-

20–1 (red), c-Si-multi-10–1 (pink), and c-Si-multi-5–1 (blue) elec-

trodes at the 0.1 C rate in the range of 0.005–2.0 V. Three c-Si-multi-

electrodes showed excellent cycling retention of >99.5% after 100

cycles. As mentioned earlier, the thermally annealed SiO particles

were converted to Si–SiO–SiO2 three-component structures, in which
Fig. 3 Electrochemical performances of c-SiO and c-Si–SiO–SiO2 three-

component electrodes. (a) Voltage profiles of c-SiO (black), c-Si-multi-

20–1 (red), c-Si-multi-10–1 (pink), and c-Si-multi-5–1 (blue). (b) dQ/dV

plots of c-SiO and c-Si-multi-20–1 (red) in the first and second cycles. (c)

Cycle performances of c-SiO (black), c-Si-multi-20–1 (red), c-Si-multi-

10–1 (pink), and c-Si-multi-5–1 (blue) at 0.1 C rate. (d) Rate capabilities

of c-SiO and c-Si-multi-20–1 electrodes. The discharge rate was fixed at

a rate of 0.1 C.
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Table 1 Energy densities of c-SiO and c-Si-multi-20–1 electrodes

Samplea
Before
lithiation

After 200
cycles

Mass of active
materials

Volume
change

Energy density
per volume

c-Si-multi 23 mm 33 mm 6 mg 49% 1160 mA h cm�3

c-SiO 23 mm 45 mm 6 mg 90% 830 mA h cm�3

a Area of electrode: 2 cm2.

View Online
nanocrystalline Si was uniformly dispersed within a SiO matrix and

the crystalline silica formed on the outer surface. The nanocrystalline

Si contributed to the high capacity, while Li2O formed in the first

cycle and crystalline silica acted as a buffer layer to alleviate the large

volume change of c-Si-multi-electrodes. This resulted in a highly

stable cycle performance of the c-Si-multi-electrodes. Long-term

cycling tests of c-Si-multi-20–1 at 0.1 C (120 cycles) and 0.2 C

(80 cycles) showed Li extraction capacity retention of 99.5% after 200

cycles (ESI, Fig. S7†).

Moreover, the rate capabilities of the c-SiO and the c-Si-multi-20–1

were tested in the range from 0.1 C to 10 C rates. The c-SiO exhibited

the poor capacity retention of 21% at 10C, compared to that at 0.1C,

while the c-Si-multi-20–1 electrode showed a remarkable capacity

retention of 84% at 10 C. This may be attributed to the minimization

of the Li4SiO4 and Li2O amounts, which can prevent accessibility of

lithium ions. In the case of the c-Si-multi-electrode, during the

thermal annealing process, SiO was decomposed to Si, SiO2, and

remaining SiO. Therefore, the reduced amount of SiO may minimize

the formation of Li2O and Li4SiO4, indicating the improvement of

accessibility of lithium ions. Another piece of evidence for superior

rate capability of the c-Si-multi-electrode is provided by the

morphologies of silicon phase after 100 cycles. The TEM image of the

c-Si multi-sample showed that the Si nanoparticles having an average

diameter of 15 nm were randomly dispersed in the matrix consisting

of SiOx and Li2O, without a serious aggregation of nanoparticles,

compared to that of the c-SiO electrode (ESI, Fig. S8†).

For the comparison study, we used a typical thermal decomposi-

tion process of SiO powders. When the SiO powder was heated at

1000 �C for 3 hr without NaOH, it disproportionated Si and amor-

phous SiO2, as described in other reports.22,28 The carbon-coated

disproportionated SiO (d-SiO) showed a discharging capacity of 2074

mA h g�1, with a coulombic efficiency of 75.4%. Also, the d-SiO

electrode exhibited a capacity retention of 90% at the 0.1 C rate after
Fig. 4 SEM images showing thickness of electrode materials before

lithiation and after 200 cycles. Thickness of c-Si-multi-20–1 electrodes (a)

before lithiation and (b) after 200 cycles at 0.2 C. Thickness of c-SiO

electrodes (c) before lithiation and (d) after 200 cycles at 0.2 C. The Si-

based multicomponent material showed less volume expansion than the

SiO electrode.
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50 cycles. The electrochemical performances of the d-SiO are slightly

better than those of carbon-coated SiO, but it did not exceed the

performances of c-Si-multi-electrodes (ESI, Fig. S9†).

Another advantage of the c-Si-multi-electrodes is a significantly

reduced volume expansion after 200 cycles, resulting in an enhance-

ment of the volumetric capacity (ESI, Fig. S9†). The c-SiO electrode

expanded the volume to 90% after cycling, while the c-Si-multi-elec-

trode showed less volume expansion (49%), as shown in Fig. 4. The

volumetric energy density of the c-Si-multi-electrode was calculated

to be �1160 mA h cm�3, compared to c-SiO (�830 mA h cm�3), as

summarized in Table 1. This may be attributed to the desirable

structure of the electrodematerials that are composed of a Si/SiO core

and a SiO2/carbon shell.
Conclusions

We demonstrated a simple, but straightforward process for synthe-

sizing Si–SiO–SiO2 multicomponent particles from a commercially

available solid SiO particle via a high-temperature annealing process

in the presence of sodium hydroxide. The use of alkaline solution

enabled us to lower the decomposition temperature of SiO. The

carbon-coated Si–SiO–SiO2 electrodes exhibited a remarkably

improved electrochemical performance, including enhanced initial

coulombic efficiency, highly stable cycling performance, a high

reversible specific capacity, and increased volumetric energy density.

It is strongly believed that our strategies will open up an avenue to

synthesize high-performance anode materials for practical lithium-

ion batteries.
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Notes and references

‡ Commercially available silicon monoxide (SiO, 325 mesh) was
purchased from Aldrich. 10 g of SiO and 0.5–2 g of sodium hydroxide
(NaOH) were mixed in 20 mL ethanol. After removing the ethanol
completely, the mixture of SiO and NaOH was put into an alumina
crucible and transferred to a quartz tube furnace. The furnace was heated
to 800 �C at a rate of 5 �C min�1 under an argon stream, and then held at
this temperature for 10 min. Subsequently, it was cooled down to room
temperature at a rate of 5 �C min�1. During the thermal annealing
process, the SiO was converted to Si–SiO–SiO2 three-component (Si-
based multicomponent) particles. The as-prepared samples were rinsed
with de-ionized water to remove untreated NaOH, and followed by
rinsing with 10% acetic acid to remove sodium silicate that formed during
the chemical reaction of SiO and NaOH. Bare SiO and as-synthesized Si-
based multicomponent particles were coated with a carbon layer (10 wt%
carbon content) which was prepared via a thermal decomposition of
acetylene gas at 900 �C for 10 min under an argon stream. The crystal
Energy Environ. Sci., 2012, 5, 7878–7882 | 7881
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structures of SiO and Si-based multicomponent were measured by an X-
ray diffractometer (XRD) on a Rigaku D/MAX at 2500 V using CuKa

radiation. Raman spectra were recorded on a JASCO spectrometer (NRS
3000) to investigate the characteristics of carbon layers coated onto the
surface of the SiO and the Si-based multicomponent. A He–Ne laser was
operated at l ¼ 632.8 nm. To obtain the cross-sections of the Si-based
multicomponent samples, a focused ion beam (Quanta 3D FEG) was
operated using Ga-ions. A JEM-1400 (JEOL) transmission electron
microscope (TEM), operating at an accelerating voltage of 200 kV, was
used to observe the cross-section. The surfaces of Si-based multicom-
ponent samples were characterized by a scanning electron microscope
(NanoSEM 230, FEI) operating at 10 kV with a 3 nm thick Pt coating
layer. The electrochemical test was performed using coin-type half-cells
(2016 R-type) assembled in an argon-filled glove box. Carbon-coated SiO
and Si-based multicomponent powders as the working electrode and
lithium metal as the counter-electrode were used. The electrode for the
cell test was made of an Si-based active material (60 wt%), Super P carbon
black (20 wt%), and poly(acrylic acid)/sodium carboxymethyl cellulose
(50 : 50, w/w) binder (20 wt%). The electrolyte was LiPF6 (1.3 M) with
ethylene carbonate/diethylene carbonate (EC/DEC, 30 : 70 vol%, Panax
Starlyte, Korea). The coin-type half-cells were cycled at a rate of 0.1–10 C
between 0.005 and 2.0 V.
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