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Due to the high theoretical capacity (ca. 4200 mAhg�1) of Si
when Li4.4Si is formed, it has been extensively investigated for
use as a high-capacity anode material that can replace
graphite, which is currently used (372 mAhg�1). However,
Si exhibits significant volume changes (> 360 %) during Li
alloying and dealloying. These changes cause cracking and
crumbling of the electrode material and a consequent loss of
electrical contact between individual particles and hence
severe capacity drop.[1] However, such mechanical strain
induced by volume change can be reduced by employing
smaller particles.[2–4] To this end, synthetic methods such as
spark ablation,[5] aerogel techniques,[6, 7] and sputtering[8,9]

have been employed. Formation of crystalline Si nanoparti-
cles requires higher temperatures due to the more covalent
nature of these particles compared to Ge particles, and at low
temperature amorphous phases become more common.

The first commonly recognized successful production of Si
nanoclusters was reported by Heath et al.[10] They showed that
Si nanocrystals capped with alkyl groups can be produced by
reduction of SiCl4 and RSiCl3 (R = H, C8H17) according to the
reaction[10] SiCl4 + RSiCl3 + Na!Si + NaCl. This process was
carried out at high temperature (385 8C) and high pressure
(>100 atm) in a steel bomb fitted into a heating mantle. A
process that utilizes SiCl4 reduction at room temperature
under an inert atmosphere was initially reported by Kauzlar-
ich et al.[11] However, the drawback of their method was that
the product obtained at room temperature was not fully
crystallized and was severely capped with alkyl terminators.
Moreover, an annealing process above 900 8C is required to
obtain the crystalline phase.[12] Similar solution syntheses
have been reported at low or high temperature after reducing
Si salts with LiAlH4

[13,14] or alkyl silanes.[15] However, all of
these methods produce a broad particle size distribution or
involve aggregation of the nanoparticles. Furthermore, they
all yield amounts of material too small for use in anode
production for lithium secondary batteries.

We now report a synthetic method using reverse micelles
at high pressure and temperature in a bomb that produces Si

nanoparticles (n-Si) with various particle sizes without
aggregation and thus enables the optimal nanoparticle size
for use in anode materials to be chosen.

Figure 1 shows the XRD pattern and TEM images of n-Si
prepared with trimethyloctadecylammonium bromide
(OTAB) surfactant. The XRD pattern clearly shows forma-

tion of a diamond cubic phase. The particle size, as estimated
by the Scherrer formula, was (5� 0.4) nm. The high-resolu-
tion TEM image (Figure 1c) shows the lattice fringes of the
(311) plane corresponding to the d spacing of 1.6 � of Si
phase. X-ray photoelectron spectroscopy (XPS) of the 5 nm
sized n-Si (Figure 1d) revealed a strong peak at about 100 eV,
which indicates the presence of metallic Si. In the case of
SiO2, two dominant peaks at 110 and 105 eV are observed;
therefore, the shoulders at about 104 eV for the n-Si sample
are indicative of the formation of SiOx with x< 2.[18]

Figure 2 shows the XRD pattern and TEM images of the
n-Si prepared with dodecyltrimethylammonium bromide
(DTAB) surfactant. This XRD pattern is identical to that of
the n-Si prepared with OTAB, but the peaks are sharper. The
estimated particle size of 10 nm agrees with the TEM image
(Figure 2 b). Thus, a longer alkyl chain length of the
surfactant leads to a smaller particle size. Si nanoparticles
5 nm in size could not be obtained by using DTAB as
surfactant, and 10 nm sized particles were the smallest we
could prepare with DTAB. The high-resolution image shows

Figure 1. a) XRD pattern, b) and c) TEM images, and d) XPS spectrum
of the 5 nm sized n-Si prepared with OTAB surfactant (I : intensity, E :
binding energy).
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the lattice fringe of the (111) plane, corresponding to a
d spacing of 3.1 � for the diamond cubic Si phase. The XP
spectrum of the n-Si prepared with DTAB shows a much
weaker peak for SiOx at about 104 eV than the 5 nm sample.
In general, Si containing larger amounts of SiOx leads to
larger irreversible capacity due to decomposition of SiOx to Si
and xLi2O. Accordingly, higher Coulombic efficiency of n-Si
prepared from DTAB than that from OTAB is expected.
However, increasing the Si particle size to 20 nm was found to
be impossible by using surfactant, and hence as-prepared
10 nm sized particles were annealed at 900 8C for 3 h to obtain
20 nm sized ones. Figure S1a (Supporting Information) shows
a TEM image of 20 nm sized particles, which are well
dispersed.

Figure 3a shows the discharge and charge curves during
the first cycle in a coin-type half-cell between 0 and 1.5 V at a
rate of 0.2 C (= 900 mAg�1). The n-Si with an average particle
size of 5 nm shows first discharge and charge capacities of
4443 and 2649 mAh g�1, that is, a Coulombic efficiency of
60%. On the other hand, the 10 nm sized particles, with
capacities of 4210 and 3380 mAh g�1, show a Coulombic
efficiency of 80%. In the case of 20 nm sized particles,
discharge and charge capacities of 4080 and 3467 mAh g�1,
respectively, correspond to 85% Coulombic efficiency. The
decreased irreversible capacity of the particles with increasing
size results from decreased formation of the nonconducting
solid–electrolyte interface (SEI) due to the decreased surface
area. Reduced SEI formation can lead to higher Coulombic
efficiency in the 20 nm sized samples. Aurbach et al. reported
that the irreversible capacity of the nanoparticles is closely
related to the intensive side reactions between the active
material and electrolyte species (especially LiPF6).[16] This
leads to generation of a nonconducting SEI layer. Further-
more, the surface area of the metal increases with decreasing
particle size; thus, the amount of Li that is irreversibly
consumed during the formation of SEI should also increase.
These phenomena also contribute to capacity fading in the

cell. In addition, decreased formation of SiOx leads to
improved Coulombic efficiency. As can be seen in Figure SI2
(Supporting Information), Coulombic efficiencies of the 5, 10,
and 20 nm sized n-Si were 90, 93, and 92%, respectively, while
carbon-coated 10 nm sized n-Si showed 98 % efficiency up to
40 cycles.

Figure 3b compares the capacity retention of 5, 10, and
20 nm sized n-Si nanoparticles up to 40 cycles. They respec-
tively show capacity retentions of 71, 81, and 67 %, after 40
cycles. Overall, 10 nm sized n-Si shows the highest capacity
retention among the samples. This retention value is far
superior to previous results. Ma et al. reported a first charge
capacity of 4000 mAh g�1 for nestlike Si particles. The
capacity retention after 20 cycles, however, was 38 %.[17] On
the other hand, commercial Si powder consisting of strongly
aggregated nanoparticles with an average particle size greater
than 50 nm showed rapid capacity fade after only two cycles
at 214 mAhg�1.[12] Li et al. reported that Si nanoparticles
obtained from SiH4 decomposition showed a first charge
capacity of 2000 mAhg�1, which decreased to 150 mAh g�1

after 20 cycles.[18] Gao et al. reported that Si nanowires
created by a laser ablation method exhibited a charge
capacity of about 700 mAh g�1.[19] These results indicate that
nanostructured Si can become severely contaminated with
SiOx except for bulky hollow Si.[17] The significantly improved
capacity retention of the present samples compared with
those in other studies results from the uniformly distributed Si
nanoparticles that were dispersed between the carbon black
in the composite electrode. Hence, although Si nanoparticles

Figure 2. a) XRD pattern, b) and c) TEM images, and d) XPS spectrum
of the 10 nm sized n-Si prepared with DTAB surfactant.

Figure 3. a) Voltage profiles of 5, 10, and 20 nm sized n-Si and 10 nm
sized n-Si after carbon coating during the first cycle in coin-type half-
cells at a rate of 0.2 C between 0 and 1.5 V. b) Plot of charge capacity
versus cycle number (red: 5 nm, blue: 10 nm, orange: 10 nm after
carbon coating, black circles: 20 nm).
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may be pulverized as a result of a large volume change, the
electrical connection between them is maintained by the
carbon black. Nonetheless, many studies in which silicon/
carbon composites were used to improve the cycle life of Si
reported that commercially available Si powder became
severely aggregated with nanoparticles greater than 30 nm
in size.[20–23] Therefore, it is impossible to coat carbon onto the
Si nanoparticles uniformly.

When 10 nm sized Si particles were coated with carbon, a
particle size similar to that of the pristine counterpart was
observed, and the Raman spectrum of the sample confirmed
formation of an amorphous carbon coating layer (Supporting
Information SI3). The charge capacity (3535 mAh g�1) and
Coulombic efficiency for the first cycle (89%) are much
improved over those of the pristine counterpart, and this
confirms the role of the carbon layers in diminishing side
reactions with the electrolytes. Furthermore, its capacity
retention was 96 % after 40 cycles. Sony researchers reported
that a tin-based amorphous anode led to a 30% greater
volumetric capacity than conventional graphite anode.[24]

Later, Whittingham et al. confirmed that the Sn-based
electrode consisted of an Sn–Co–Ti–graphite composite, the
particle size of which was smaller than 300 nm.[25] Since the
electrode density of the carbon-coated 10 nm sized n-Si anode
was estimated to 1.3 gcm�3 after charging (lithium deal-
loying), the volumetric energy density of the cell was
estimated to be 4596 mAh cm�3. On the other hand, natural
graphite was estimated to have 560 mAhcm�3 (electrode
density and reversible capacity were 1.6 gcm�3 and
350 mAhg�1). As a consequence, our n-Si anode has eight
times higher volumetric energy density than graphite.

Figure 4 shows TEM images of the 5 and 10 nm sized n-Si
nanoparticles after 40 cycles, and the 5 nm sized particles
show no particle growth after cycling. Extracted n-Si particles
from the composite electrode were aggregated and their

images were very difficult to observe. In spite of this problem,
our images provide clear evidence for estimating the particle
size even after cycling. Previous studies on Si nanowires with a
diameter of about 100 nm and nanotubes with a wall thickness
of less than 100 nm clearly demonstrated increased wire
diameter and wall thickness after cycling.[26–29] The 10 nm
sized n-Si sample shows mixed amorphous and crystalline
phases but appears to retain its pristine particle size after
cycling (Figure 4b). At this time, although further fundamen-
tal work is necessary to elucidate this difference, this effect
could be because the surface area to volume ratio increases
dramatically when size decreases to the nanometer range, and
any dislocations may be quickly drawn to the surface.[9,29] This
agrees with the previous finding that fracture toughness of
lithiated silicon nanoparticles smaller than 20 nm[30] or nano-
wires smaller than 100 nm is significantly improved.[30] The
above results indicate that the critical Si particle size is 10 nm
and that the particles should be coated with carbon to
improve the cycle life and Coulombic efficiency. The 20 nm
sized n-Si shows only an amorphous phase with loss of its
original morphology (Supporting Information SI2b).

In conclusion, n-Si prepared at 380 8C and under high
pressure shows different particle sizes depending on the
surfactant. This is a new means of obtaining well-dispersed
nanoparticles without aggregation. Although 10 nm sized Si
particles showed the highest charge capacity, they exhibit
lower Coulombic efficiency than 20 nm sized n-Si and a low
capacity retention of 81%. When carbon coating was applied
to 10 nm sized n-Si, however, both Coulombic efficiency and
capacity retention were significantly improved, to 89 and
96%, respectively.

Experimental Section
Silicon nanoparticles were prepared in reverse micelles at high
pressure and temperature in a bomb. OTAB or DTAB was used as
surfactant for the following syntheses. All experiments were carried
out in a glove box with < 20 ppm oxygen. The synthesis was carried
out in a 250 mL Hastelloy Parr reactor, equipped with a thermocon-
troller, a magnetic stirrer, and a cooling coil. In a typical synthesis,
SiCl4 (0.1 mol, anhydrous, 99.999%) was dissolved in a solution of
OTAB or DTAB (1.5 g) in anhydrous THF (150 mL). This solution
was then mixed with 25 mL of a previously prepared solution of
naphthalene sodium (3 g) in THF, followed by pouring into the
reactor vessel. The vessel was pumped down to about 150 mTorr and
the temperature increased to 380 8C and maintained for 1 d. After
cooling, the bomb was opened to the atmosphere and the product
collected by filtration and washed several times with an excess of
hexane and water to remove naphthalene and NaCl byproduct. The
final product was annealed at 600 8C for 1 h to decompose residual
surfactant under Ar stream in a tube furnace. Most of the anode
particles differed in size less than 2 nm.

For carbon coating of 10 nm sized n-Si, acetylene gas was fed into
a tube furnace in an Ar stream at 500 8C for 2 h. The carbon content of
the product was about 6 wt %. The anodes for the battery test cells
were made of n-Si, super P carbon black, and poly(vinylidene
fluoride) (PVDF), binder (Solef) in a weight ratio of 80:10:10. The
slurry was prepared by thoroughly mixing an solution of PVDF in
N-methyl-2-pyrrolidone (NMP, Aldrich), carbon black, and the anode
material. The coin-type half-cells (2016R size), prepared in a helium-
filled glove box, contained n-Si, Li metal, a microporous polyethylene
separator, and an electrolyte solution of 1m LiPF6 in ethylene

Figure 4. Ex situ TEM images of a) 5 nm sized Si particles (red lines
indicate n-Si crystallites), b) and c) 10 nm sized particles (red lines
indicate n-Si particles), and d) selected area diffraction pattern of (c)
after 40 cycles (arrows indicate crystalline regions). All electrodes were
dissembled after fully charging to 1.5 V (after lithium removal).
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carbonate/dimethyl carbonate (EC/DMC, 1:1 v/v; LG Chem.,
Korea). The loading of pure active material was 9 mgcm�2, and
therefore 0.2 C (= 900 mAg�1) corresponded to 8.1 mAcm�2. The
same charge and discharge rates were used for cycling tests. For the ex
situ TEM analysis of the cycled samples, the composite electrode was
dissembled from the cell and dispersed in acetone with ultrasonic
treatment.

A field-emission transition electron microscope (FE-TEM)
(JEOL 2010F), operating at 200 KV, was used for investigating the
microstructure of the samples. X-ray photoelectron spectroscopy
(XPS) was performed on a Thermo Scientific Ka spectrometer with
monochromatic AlKa radiation (1486.6 eV). Spectra were recorded in
the constant-pass energy mode at 50.0 eV. Raman measurements
were performed with a Renishaw 2000 Raman microscope system. A
Melles Griot He–Ne laser operating at l = 632.8 nm was used as
excitation source with a laser power of approximately 30 mW. The
Rayleigh line was removed from the collected Raman scattering by
using a holographic notch filter located in the collection path. Raman
scattering was collected with a charge-coupled device (CCD) camera
at a spectral resolution of 4 cm�1. Each spectrum was accumulated
three times with an exposure time of 30 s by using � 50 objective lens.
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