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Silicon has been investigated for use as a next-generation,
high-capacity anode material as its theoretical lithium
capacity of approximately 4140 mAhg™' (ca.Li,,Si) is
eleven times higher than the capacity of graphite
(ca.372mAhg ™), which is currently used as an anode
material. In spite of the high capacity of silicon, severe
particle pulverization can be triggered by a large volume
change (> 300 %) during lithium alloying (to form Li,Si) and
de-alloying (to reform Si), which results in electrically
disconnected smaller particles. These disconnected particles
cause a rapid decrease in cycling stability. Intense studies have
focused on reducing this volume change by using composites
with an inactive carbon phase to prevent the aggregation of
particle growth and to act as electrically connecting media
between anode particles and the current collector when the
particle is pulverized.*' However, these methods lead to a
decrease in the charge capacity to less than 1500 mAhg™!
after dozens of cycles. On the other hand, control of the
volume change by control of the morphology of the Si has
very rarely been reported. Chan etal. have reported Si
nanowires that showed a reversible capacity of approximately
2900 mAhg™' at a rate of 0.05C, which were grown on a
metallic current collector.'” However, the capacity retention
at a2 Crate was less than 50 % of the initial capacity. Ma et al.
reported a first-charge capacity of 3952 mAhg™" for nestlike
Si particles, but the capacity retention of the particles was
36% between 1.6 V and 0.02 V at a rate of 0.5 C after 50
cycles.[’!

Recently, Liu and co-workers demonstrated that 3D metal
foam structures of Cu and Sn fabricated by using an electro-
chemical deposition process exhibited not only fast transport
of lithium ions through the electrolyte and the electrode, but
also rapid electrochemical reactions, which resulted in a high
performance anode with a superior rate capability.'*'! For
instance, a Cu,Sns alloy showed a 45 % capacity retention at a
20 C cycling rate, but, because of a very thick pore wall (>
100 pm), capacity fade was pronounced after 40 cycles.'Y To
date, there have been no reports of the synthesis of 3D porous
Si particles, with the exception of those from the magnesio-
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thermic reduction method."” Using this method, three-
dimensional silica microassemblies were formed into micro-
porous silicon replicas in a sealed steel ampoule at 650°C by
the following reaction: 2Mg + SiO, (s)—2MgO (s) + Si (s).

Herein, we report a versatile synthetic method for the
formation of 3D porous bulk Si particles by the thermal
annealing and etching of physical composites obtained from
butyl-capped Si gels and SiO, nanoparticles at 900 °C under
an Ar atmosphere. Complete etching of the SiO, from the
SiO,/carbon-coated Si (c-Si) composite results in the retention
of the remaining c-Si as a highly porous but interconnected
structure, thus preserving the starting morphology. A thin
pore-wall size of approximately 40 nm can accommodate
large strains without pulverization, even after 100 cycles, and
a maintained charge capacity of greater than 2800 mAhg "' at
arate of 1 C (=2000mAhg™).

SEM images of the SiO,/c-Si composites etched in HF
(1m) for 2 h show that the Si particles retained their three-
dimensional morphology and show that the Si particles have
many voids, like an “octopus foot” (Figure 1a-d). Because
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Figure 1. a), b), c), and d) SEM images of the 3D porous c-Si particles
after etching ((d) is the cross-sectioned image of (e)), e) TEM image
of the cross-sectioned 3D porous c-Si particle (the inset shows a
selected area diffraction pattern (SADP), and f) Raman spectrum of
3D porous c-Si particles after etching. I=intensity.
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the porous Si particles were terminated with carbon, Si
dissolution by HF was unlikely to occur. After etching,
interconnected SiO, nanoparticles were completely dissolved
from the SiO,/c-Si replica, to leave silicon with a highly
porous, interconnected structure that preserved the starting
particle morphology. The annealed SiO,/c-Si composite con-
sisted of the same particle size before and after etching.
Before etching, SiO, nanoparticles with a size of 200 nm were
embedded on the c-Si particles (Figure S1 in the Supporting
Information). The cross-sectioned image of the c-Si particles
shows interconnected pores with a size of 200 nm that have a
wall thickness of approximately 40 nm (Figure 1d). The
specific surface area of the samples, as determined by using
Brunauer-Emmett-Teller (BET) measurements, was
158 m?g~'. This surface area value indicates that the silicon
replicas possess a significant population of pores (Figure S2 in
the Supporting Information). The XRD pattern of the porous
¢-Si confirms the presence of the Si phase; its crystallite size
was estimated to be 100 nm (Figure S2 in the Supporting
Information). X-ray photoelectron spectroscopy and energy
dispersive X-ray spectroscopy (EDXS) of the porous c-Si
show a minor contamination of SiO, in the sample (Figure S2
in the Supporting Information). In the case of SiO,, two
dominant peaks at 110 and 105 eV are observed, but the peaks
at 104 eV in the c-Si sample are indicative of the formation of
SiO,, where x is less than 2.0

The TEM image of the cross-section of the porous 3D c-Si
particle shows an amorphous carbon layer with a thickness
less than 10nm (Figure 1e). The lattice fringes of the
d spacing value (3.1 A) correspond to the (311) plane of the
Si diamond cubic structure. The electron diffraction pattern of
the sample shows only a spot pattern, which indicates the
presence of single-crystalline Si. Raman scattering of the
annealed sample was performed in order to see the ordering
of the carbon layer on the sample (Figure 1 f). The two peaks
at approximately 1360 and 1580 cm™' are assigned to the
D(disordered) band and the G(graphene) band, respec-
tively.l'’! The dimensional ratio of the D band to the G band
for the samples annealed at 900°C was estimated to be 1.51,
which indicated the formation of a disordered carbon
structure.

Figure 2 shows the voltage profiles of the 3D porous c-Si
particles at 0.2, 0.5, 1, and 3 C rates between 1.2 Vand 0 V in
coin-type half cells (1 C=2000 mA g~ =40 mAcm™). At a
rate of 0.2 C, the first discharge and charge capacities are 3138
and 2820 mA g~!, respectively, which indicates a coulombic
efficiency of 88 % . The improved efficiency of the porous c-Si
as compared to the Si nanowires (which showed ca. 79 %
coulombic efficiency)!'” may be associated with the carbon
coating layer, which may decrease the occurrence of side
reactions with the electrolyte. Since the reversible capacity of
the amorphous carbon is approximately 100 mAhg=',* the
capacity contribution from the carbon layer (12 wt%) is
negligible. An estimate of the loading level of the 3D porous
Si is 2.0 gcc™', therefore its volumetric density is approx-
imately 6204 mAhcc™ (2.0 gcc™' x 2820 mAhg™"). For com-
parison, the volumetric density of graphite is approximately
580 mAhcc™!. The discharge capacities at a rate of 1, 2, and
3C are 2668, 2471, 2158 mAhg™!, respectively, and the
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Figure 2. a) Voltage profiles of the 3D porous c-Si particles at different
Crates between 0 and 1.5 V in coin-type half cells, b) voltage profiles
of the 3D porous c-Si particles at a rate of 0.2 C between 0 and 1.5V
in coin-type half cells, and c) plot of charge capacities versus cycle
number of the 3D porous c-Si particles cycled at different rates (0.2 C
and 1 C) between 0 and 1.5V in coin-type half cells. x=charge
capacity, N =cycle number, Q = coulombic efficiency.

capacity retention at 3 C is 72%. This value is the highest
among silicon electrodes reported to date, we believe that
such a superior rate capability can be attributed to the
interconnected 3D porous structure that provides fast lith-
ium-ion mobility. Moreover, the capacity retention at a rate of
0.2 Cis 99 % (2820-2780 mA hg') after 100 cycles, while at a
rate of 1C it is 90% (2668-2434 mAhg™"). Furthermore,
coulombic efficiencies of the porous c-Si particles at both
0.2 C and 1 C rates are greater than 98%.

These capacity retentions are far superior to previously
reported nanosized Si/carbon composites or Si nanoparti-
cles.” When the bulk particles contain ordered mesopores,
these pores act as a buffer layer for volume changes of the
pore wall; indeed, mesoporous and crystalline tin phosphate
composites showed excellent capacity retention, which dem-
onstrates another means of controlling the volume expansion/
contraction.'* Although large-capacity loss after dozens of
cycles was inevitable in SnO,-based materials, well-ordered
mesopores with a pore wall frame of less than 3 nm could
accommodate the volume change during lithium-ion insertion
and extraction, thereby demonstrating excellent cycling
stability.?’! In this regard, pores in c-Si particles act as a
“buffer layer” for alleviating the volume changes during
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lithium alloying and dealloying. A study of the pore size effect
on the electrochemical properties by using different SiO,
particles is underway.

Figure 3a,b shows the SEM images of the 3D porous c-Si
particles after 100 cycles. The cycled electrode exhibits similar
morphology to that of the pristine sample, but a cross-
sectional image shows that the pore diameter and the pore-
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Figure 3. a) and b) Ex situ SEM images of the 3D porous c-Si particles
after 100 cycles ((b) is the cross-sectioned image of (a)), c) TEM
image of the 3D porous c-Si particle 100 cycles (the inset shows the
SADP of image (c)), and d) XRD pattern of the 3D porous c-Si
particles after 100 cycles. | =intensity.

wall thickness increased to 70 nm from 40 nm because of the
volume change between the LiSi and Si phases. However,
with a large volume change of over 300 %, maintenance of
such morphology is unexpected. A similar result was reported
in nanowire Si with a diameter of 100 nm.""?! Figure 3d shows
the XRD patterns of the 3D porous Si particles after 100
cycles, which indictates the formation of amorphous Si. It has
been reported that the initial crystalline Si phase turns into
amorphous Si after the initial cycles.”>*) However, an HREM
image of the cross-sectioned particle (Figure 3¢) shows that
crystalline Si nanoparticles less than 5 nm in diameter are
distributed throughout the amorphous Si matrix. Once this
amorphous Si matrix is formed, it also serves as a buffer layer
for the volume changes. The crystallite size in the cycled
sample decreased from 100nm to 2-5nm. This result
indicates that the pristine Si crystalline phase is not fully
transformed into the amorphous phase even after extensive
cycling.

The present work demonstrates that 3D, porous Si
particles that consist of bulk sizes greater than 20 um can be
prepared by simple thermal annealing of SiO, and butyl-
capped Si particles at 900°C under an Ar stream. Since this
method does not require the use of a sealed ampoule, the
reduction is easy to scale up. These particles facilitate faster
transport and better intercalation kinetics of lithium ions; the
ordered arrangement guarantees that a rapid charge—dis-
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charge process can be completed in a very short time, which
results in a high specific capacity even with a high charge-
discharge current.

Experimental Section

Butyl-capped Si gels were prepared by reduction of SiCl, with sodium
naphthalide according to a published method*?”! and form a dark-
brown solution in 1,2-dimethoxyethane. SiCl, (30g, 99.999%,
Aldrich) and 1,2-dimethoxyethane (200 g) were thoroughly mixed
and added into a solution of sodium naphthalide (100 g). The
resulting solution was heated at reflux at 400°C for 9 h. This solution
was mixed with butyllithium (80 mL, 99 % ) and stirred overnight. The
solvent and naphthalene were removed by using a rotary evaporator
and by heating under vacuum at 120°C, respectively, and NaCl and
LiCl byproducts were removed by partitioning between excess n-
hexane and water. The final product was a pale-yellow viscous gel,
which was then mixed with spherical silica nanoparticles (Stober
silica) prepared according to a previously reported method by
Philipse et al.?®! The mixed gels/SiO, ratio was 70:30 wt%. The
mixed gels were annealed at 900°C under an Ar stream for 3 h. The
obtained powders were immersed in an HF (1m) solution for 2 h.
CHN analysis also confirmed that the carbon content in the sample
was 12 wt %.

The electrolyte for coin-type half cells (2016R type) was LiPF,
(1.05m) with ethylene carbonate/diethylene carbonate/ethyl-methyl
carbonate (EC/DEC/EMC, 30:30:40 vol %, Cheil Industries, Korea).
The coin-type half cells were cycled at a rate of 0.2C (1C=
2000 mA g~") between 0 and 1.5 V. The electrode was composed of
3D porous Si active material (80 wt %), poly(vinylidene fluoride)
binder (10 wt %), and Super P carbon black (10 wt % ). The Si loading
amount was 20 mgem 2. The Super P carbon black additive did not
contribute to the total capacity as it acted only as a conducting agent.
Typically, five coin-cells were tested to check the capacity variation at
the same cycling condition; this value was less than +5mAhg™.
XRD patterns were obtained using Cug, radiation at 3 kW. Delithi-
ated Si samples were sensitive to moisture and therefore all SEM,
TEM, and XRD sampling processes were carried out in a glove box
filled with pure Ar. Anhydrous solvents were used for dispersing the
electrode particles used for TEM sampling, and samples were
prepared by the evaporation of the dispersed nanoparticles in
acetone or hexane on carbon-coated copper grids. For ex situ SEM,
TEM, and XRD measurements, the specimens were sealed in plastic
bags within the glovebox and removed from the glovebox. The sealed
bags were then placed inside a glovebag that was, in turn, sealed
around the antechamber of the SEM and TEM instruments. After the
glovebag was purged with high-purity Ar gas, the specimens were
removed from the plastic bags and placed on the sample holder, which
was then inside the antechamber. The XRD chamber was circulated
with high purity Ar gas during the ex situ XRD measurements.

Raman measurements were performed using a Renishaw 2000
Raman microscope system. A Melles Griot He-Ne laser operating at
A=632.8 nm was used as the excitation source with a laser power of
approximately 30 mW. The Rayleigh line was removed from the
collected Raman scattering using a holographic notcher filter located
in the collection path. Raman scattering was collected using a charge-
coupled device (CCD) camera at a spectral resolution of 4 cm™'. An
additional CCD camera was fitted to an optical microscope to obtain
optical images. Each spectrum was accumulated three times with an
exposure time of 30 seconds using a 50 x objective lens.
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