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ABSTRACT: We demonstrate a facile synthesis of micrometer-sized porous
Si particles via copper-assisted chemical etching process. Subsequently, metal
and/or metal silicide layers are introduced on the surface of porous Si particles
using a simple chemical reduction process. Macroporous Si and metal/metal
silicide-coated Si electrodes exhibit a high initial Coulombic efficiency of
∼90%. Reversible capacity of carbon-coated porous Si gradually decays after
80 cycles, while metal/metal silicide-coated porous Si electrodes show
significantly improved cycling performance even after 100 cycles with a
reversible capacity of >1500 mAh g−1. We confirm that a stable solid-
electrolyte interface layer is formed on metal/metal silicide-coated porous Si
electrodes during cycling, leading to a highly stable cycling performance.
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■ INTRODUCTION

As there is increased demand of energy from mobile electronic
devices to large-scale energy storage systems, lithium-ion
batteries (LIBs) have been given much attention due to their
high power and high energy density. Carbonaceous materials
(e.g., natural graphite, mesophase carbon microbeads, and
carbon nanofiber) have been used as the anode material in
commercialized LIBs. However, limited capacity (>350 mAh
g−1) of the carbon-based anode materials is urging development
of alternative materials with a high specific capacity. Lithium
alloying materials (e.g., Si, Ge, Sn, Sb, etc.) and metal oxides
(CuO, SnO2, NiO, etc.) with various morphologies have been
developed.1−8

Among them, silicon (Si) is a promising anode material,
because it is abundant, is cheap, has a low working potential
(<0.5 V vs Li/Li+), and has a high theoretical capacity (3579
mAh g−1 for Li15Si4). However, Si electrodes suffer from a large
volume change (>300%) during the lithiation/delithiation
process, resulting in poor cycling life due to pulverization and
subsequent loss of electrical contact between the active material
and the current collector.9,10

To solve this problem, numerous nanostructured Si
structures were proposed to sustain their own structures such
as thin film,11−14 nanoparticles,15,16 York−shell,17−19 nano-
wires,20 and nanotubes.21,22 These nanostructured Si electrodes
showed significantly improved electrochemical performances,
including a high specific capacity, long-term cycling stability,
and improved rate capabilities.11−22 However, nanostructuring
of nanosized Si particles has several disadvantages in practical

LIB applications due to high production cost, complicated
synthetic route, and low packing density.23,24

A plausible strategy is to introduce a nanostructuring concept
in micrometer-sized Si particles by using several methods, like
metal-assisted chemical etching, catalytic growth of nanowires
onto the Si surface, and microassembly of nanoparticles.25−27

Another problem of Si is an intrinsically low electrical
conductivity (band gap of ∼1.2 eV in bulk Si). To enhance
the electrical conductivity of Si particles, various coating layers
such as carbon,28−30 metal,31,32 metal oxide,33 conducting
polymers,34 and metal silicide15,35 have been introduced on the
Si surface. Among them, metal silicide-coated Si electrode
showed superior electrochemical performances due to a
formation of stable solid-electrolyte interface (SEI) layer and
increased electrical conductivity.15,35 However, the effect of
various metal silicide coating layers on the electrochemical
properties of Si-based electrodes was not clearly described in
other reports.
Herein, we demonstrate a facile synthesis of micrometer-

sized porous Si particles via copper-assisted wet chemical
etching and subsequent introduction of electrically conductive
metal and/or metal silicide layers on the Si surface. Our
investigation reveals that porous Si and metal/metal silicide-
coated Si anodes exhibit remarkably high initial Coulombic
efficiency of ∼90%. Reversible capacity of bare porous Si
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dramatically decreases after 60 cycles at C/5 rate, while carbon-
coated porous Si gradually decays after 80 cycles at the same
rate. In contrast, metal/metal silicide-coated porous Si
electrodes show significantly improved cycling performance
even after 100 cycles with a reversible capacity of >1500 mAh
g−1. We confirm that metal/metal silicide-coated Si forms a
stable SEI layer on the Si surface during cycling, leading to a
highly stable cycling performance.

■ EXPERIMENTAL SECTION
Synthesis of Macroporous Si Particles. To synthesize micro-

meter-sized macroporous Si, Si powders (particle size of ∼10 μm,
Shandong Co., China), copper sulfate (CuSO4, Sigma-Aldrich),
hydrofluoric acid (HF, J.T. Baker), and hydrogen peroxide (H2O2,
Samchun, Korea) were purchased. In a typical metal-assisted chemical
etching process, 50 g of Si particles was added to a solution of 40 mM
CuSO4 and 5 M HF with stirring at 50 °C for 12 h to make porous Si
structures. Subsequently, the remaining Cu particles were completely
dissolved in concentrated nitric acid at 50 °C for 3 h.
Carbon-Coated Porous Si Particles. Porous Si particles (1 g)

were exposed to toluene vapor with argon purging at 900 °C (with a
heating rate of 10 °C/min) in a quartz tube furnace. At this
temperature, toluene vapor was transformed to amorphous carbon.
The carbon contents were controlled with exposure time of toluene
vapor. In this study, carbon of 10 wt % was deposited on the Si surface
at 900 °C for 10 min in a stream of argon/toluene.
Cu/Cu3Si-Coated Si Particles. 10 mL of 0.1 M aqueous

Cu(NO3)2·2.5H2O (Sigma-Aldrich) solution and 20 mL of 0.1 M
aqueous LiOH (Sigma-Aldrich) were mixed together and heated up to

70 °C. Porous Si powder (1 g) was added into the mixture with
vigorous stirring. Then 0.1 mL N2H4 solution (35 wt %, Sigma-
Aldrich) was added to the mixed solution. After 10 min, the final
product was rinsed with deionized water and dried completely in a
vacuum oven. The dried powder was annealed at 750 °C for 1 h in
argon atmosphere to make Cu/Cu3Si-coated Si particles.

Ni-Coated Si Particles. 10 mL of 0.1 M aqueous NiCl2 (Sigma-
Aldrich) solution and 1.5 mL of NH4OH solution (Sigma-Aldrich)
were mixed together at room temperature with vigorous stirring and
heated to 80 °C. Subsequently, 1 g of porous Si particles was added to
this mixture to make Ni(OH)2-coated Si particles. In the final step,
Ni(OH)2-coated Si particles were converted to Ni-coated Si by
thermal annealing at 300 °C for 1 h in Ar/H2 forming gas.

Fe2Si-Coated Si Particles. 5 mL of 0.1 M aqueous Fe(NO3)3·
9H2O (Sigma-Aldrich) solution were mixed with 1 g of porous Si
powder at 60 °C with vigorous stirring. At this temperature, water is
slowly evaporated to make a uniform mixture of Fe/Si. Subsequent
thermal annealing at 900 °C for 1 h in Ar/H2 (96/4) forming gas led
to a formation of FeSi2-coated Si particles.

Characterization. Scanning electron microscopy (Nano SEM 230,
FEI) was used to characterize porous Si, Si particles with various
coating layers at an accelerating voltage of 10 kV. A cross-sectional
view of each electrode of pristine and after 100 cycles was observed
after disassembling cells in the glovebox. The nitrogen adsorption and
desorption isotherms were measured with a VELSORP-mini (BEL
Japan, Inc.) at 77 K in the relative pressure range of P/P0 from 0.05 to
0.3 to obtain the Brunauer−Emmett−Teller (BET) surface areas. X-
ray diffraction (D8 ADVANCE, Bruker) was used to investigate
microstructures of Si and metal/metal silicide-coating layers. To
characterize solid-electrolyte interface layers of Si electrodes, X-ray

Figure 1. (a) Schematic illustration showing the synthetic route of porous Si particles via Cu-assisted chemical etching. (b) Low-magnified and (c)
high-magnified SEM images of as-synthesized macroporous Si particles. (d) XRD pattern of as-synthesized porous Si particles. (e) Nitrogen
adsorption/desorption isotherm of porous Si powder.
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photoelectron spectroscopy (XPS) was used. Impedance analysis was
performed on IVIUM frequency response analyzer ranging from 0.01
Hz to 100 kHz.
Electrochemical Test. The coin cell was assembled to evaluate

electrochemical properties of Si-based electrodes. The Si electrodes
were prepared by spreading a slurry mixture of porous Si powder,
poly(acrylic acid) (PAA, weight-average molecular weight = 100 kg/
mol, Aldrich), sodium carboxymethyl cellulose (CMC, 4 wt % in H2O,
Aldrich), and super P (70:20:10 in weight ratio) on a piece of Cu foil.
Specifically, the slurry was mixed with a mixer (Thinky mixer,
ARE310) at a high speed (2200 rpm) to homogenize for 10 min. After
spreading the slurry mixture, electrodes were dried at 150 °C for 60
min in a vacuum oven. The area loading level of all electrodes was 3−4
mAh/cm2. Galvanostatic charge and discharge cycling (WonATech
WBCS 3000 battery measurement system) was performed in the
potential window from 0.005 to 1.2 V (versus Li/Li+) with a 2016
coin-type half-cell. The electrolyte comprised 1.3 M LiPF6 in a mixture
of ethylene carbonate (EC) and diethyl carbonate (DEC) (30:70, v/v)
with additive of 10% fluorinated ethylene carbonate (FEC). Micro-
porous polyethylene film (Celgard 2400) was used as a separator. Cells
were assembled in an Ar-filled glovebox with <1 ppm of both oxygen
and moisture. After cycling, cells were carefully opened in a glovebox
to retrieve their electrodes, and electrodes were subsequently rinsed in
dimethyl carbonate (DMC) to remove a residual LiPF6-based
electrolyte and then dried at room temperature. To confirm the
cross-sectional view, dried electrodes were immerged in liquid nitrogen
for 10 s. Then the electrodes were cut with scissors quickly to obtain
cross-sectioned electrodes.

■ RESULTS AND DISCUSSION

Synthesis of Macroporous Si Particles with Various
Coating Layers. Figure 1a shows a schematic illustration
showing the synthetic process of micrometer-sized porous Si
particles via copper-assisted chemical etching process. For a
typical Cu-assisted chemical etching process, 50 g of Si particles
(an average particle size of 10 μm) were added to a solution of
40 mM copper sulfate and 5 M hydrofluoric acid (HF) with
stirring at 50 °C for 12 h to make porous Si structures.
Subsequently, the remaining Cu particles were completely
dissolved in concentrated nitric acid at 50 °C for 3 h. Figure 1b
shows a scanning electron microscopy (SEM) image of
chemically etched porous Si particles with a particle size of
3−5 μm. From the magnified SEM image, macropores of 100−
200 nm are clearly seen (Figure 1c). The X-ray diffraction

(XRD) pattern of porous Si particles indicates that pure
crystalline Si is obtained after chemical etching without any
other impurities (Figure 1d). We investigated the surface area
of the porous Si particles by nitrogen adsorption/desorption
experiment. From a Brunauer−Emmett−Teller (BET) iso-
therm plot, the surface area of the porous Si particles is 7.12
m2/g, indicating that macropores are formed in the Si particles
(Figure 1e).
Since Si materials have intrinsically low electrical con-

ductivity, various conductive materials (e.g., carbon, conductive
polymers, metals, and metal silicides) have been introduced on
the Si surface.15,28−35 First, we used the conventional carbon-
coating process, in which toluene vapor as a carbon source was
introduced to Si particles and subsequently carbonized at 900
°C for 30 min to obtain carbon-coated Si particles. Carbon
contents of ∼10 wt % were measured by inductively coupled
plasma mass spectrometry (ICP). An SEM image of carbon-
coated Si particles shows that pore size of as-synthesized porous
Si particles decreases; however, the original porous structure of
Si particles was not destroyed after the carbon-coating process,
as shown in Figure 2a. Also, the XRD pattern of carbon-coated
Si particles shows only crystalline Si peaks, indicating that
amorphous carbon layers are coated on the Si surface (Figure
2e). Furthermore, amorphous characteristics of carbon layers
were confirmed by Raman spectrum (Supporting Information,
Figure S1).
Second, the Cu/Cu3Si-coating process was conducted by a

simple chemical reduction process. Copper nitrate (Cu(NO3)2)
and lithium hydroxide (LiOH) were mixed together at 70 °C to
make copper hydroxide (Cu(OH)2)-coated Si particles.
Subsequently, addition of reducing agents (hydrazine, N2H4)
to the solution led to a formation of Cu-coated Si particles. Cu
nanoparticles with diameter of 20−30 nm are uniformly coated
on the surface of Si particles with Cu contents of ∼10 wt % as
confirmed by ICP analysis (Figure 2b). Subsequently, the
thermal annealing process was applied to Cu-coated Si particles
at 750 °C for 1 h in argon atmosphere to make Cu/Cu3Si-
coated Si particles, as confirmed by XRD patterns (Figure 2f).
Previously, Kim et al. reported that alloying reaction between Si
and Cu occurs at ∼300 °C.36 However, in our case, small
amounts of Cu particles did not react with Si. Probably the size

Figure 2. Porous Si particles with various coating layers. SEM images of macroporous Si particles coated with (a) carbon, (b) Cu/Cu3Si, (c) Ni, and
(d) FeSi2 layers. XRD patterns of macroporous Si particles coated with (e) carbon, (f) Cu/Cu3Si, (g) Ni, and (h) FeSi2 layers.
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of the Cu particle and the annealing condition play a key role in
synthesizing pure copper silicide.
Third, we synthesized Ni-coated Si particles. An aqueous

nickel chloride (NiCl2) and ammonium hydroxide (NH4OH)
mixture was prepared at 80 °C, and this was followed by
addition of Si particles with vigorous stirring to make flake-type
Ni(OH)2-coated Si particles. Subsequent thermal annealing at
300 °C in Ar/H2 (95/5) led to a formation of Ni-coated Si
particles (Figure 2c and g). Typically, nickel silicide layers are
formed at the interface between Si and Ni after thermal
annealing at >300 °C in Ar/H2 environment.37 However, flake-
type Ni sheets prepared in this study are not fully in contact
with Si particles, so that most Ni sheets are not transformed
into nickel silicide. Lastly, FeSi2-coated Si particles were
synthesized via solvent evaporation process. Iron nitrate
(Fe(NO3)2) aqueous solution and Si particles were mixed
together and water was evaporated at 60 °C. Subsequent
thermal annealing at 900 °C for 1 h in Ar/H2 led to a formation
of FeSi2-coated Si particles with Fe contents of 10 wt % (Figure
2d). All metal- and/or metal silicide-coating layers were
uniformly distributed on the Si surface, as evidenced by energy
dispersive X-ray spectroscopy (EDS) mapping images
(Supporting Information, Figure S2).
Electrochemical Test of Macroporous Si Particles with

Various Coating Layers. We investigated electrochemical
performances of porous Si electrodes with various coating
layers with coin-type half-cells in the range of 0.005−1.2 V.
Figure 3a shows the first cycle (discharging (lithiation) and
charging (delithiation)) voltage profile of porous Si electrodes

without any coating layers at a rate of C/20. The first discharge
capacity was 2886 mAh g−1 with a high initial Coulombic
efficiency of 90.5%. Subsequent cycle voltage profiles (2nd,
10th, 30th, 50th, and 100th) were obtained at a rate of C/5,
and a specific capacity was significantly decayed at the 100th
cycle, corresponding to capacity retention of 17% compared
with that in the second cycle (Figure 3a). Typically, thick SEI
layers were formed on the surface of bare Si without any
coating layers, and subsequently, they disturbed access of
lithium ions and electrolytes, leading to dramatic decay of
specific capacity.38,39

In contrast, Si electrodes with various coating layers showed
significantly improved electrochemical performances, as shown
in Figure 3b−3f. Carbon-coated Si electrodes show a high
initial Coulombic efficiency of 92.8% with first-cycle discharge
capacity of 2820 mAh g−1 at a rate of C/20. Subsequent cycling
performances are much better than that of bare Si electrodes,
corresponding to the capacity retention of 58% after 100 cycles
(Figure 3b and f). Interestingly, dramatic capacity decay of the
carbon-coated Si electrodes was observed near the 80th cycle. It
may be attributed to a formation of thick SEI layers, as will be
discussed later. The Cu/Cu3Si-coated Si electrode showed a
high discharge capacity of 2884 mAh g−1 with a Coulombic
efficiency of 89% at the first cycle (Figure 3c). Compared to
carbon-coated Si electrodes, cycling retention of the Cu/Cu3Si-
coated Si electrode was significantly improved (capacity
retention of ∼65% after 100 cycles) (Figure 3f). It may be
attributed to a formation of stable SEI layers, as reported in
other Cu- and/or copper silicide-coated Si.31,36

Figure 3. Electrochemical properties of porous Si electrodes with various coating layers. Voltage profiles of (a) porous Si, (b) carbon-coated Si, (c)
Cu/Cu3Si-coated Si, (d) Ni-coated Si, and (e) FeSi2-coated Si electrodes obtained at a rate of C/20 (first cycle) and C/5 (subsequent cycles) in the
range of 0.005−1.2 V. (f) Cycling performance and Coulombic efficiency of five different Si-based electrodes at C/5 discharging−charging.
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In the case of Ni-coated Si electrode, initial Coulombic
efficiency (86% at the first cycle) is slightly low, compared to
other electrodes. The first-cycle voltage profile of the Ni-coated
Si electrodes shows that an additional peak is observed at ∼0.75
V (vs Li/Li+). Probably small amounts of nickel oxide still
remain in the Ni-coated Si particles, even after the reduction
process of Ni(OH)2. However, from the second cycle, the
peaks corresponding to the side reaction were not seen (Figure
3d). The capacity retention of the Ni-coated Si was ∼75% after
100 cycles, compared to the initial specific capacity. As another
model system, iron silicide (FeSi2)-coated Si shows enhanced
initial Coulombic efficiency of 89.4% (Figure 3e) and capacity
retention of 61% after 100 cycles, indicating that pure FeSi2
layers stabilize Si-based electrodes, resulting in improvement of
the electrochemical performance during cycles. Overall, Cu/
Cu3Si-, Ni-, and FeSi2-coated Si electrodes showed significantly
improved cycling performances compared to carbon-coated Si
electrode, even though micrometer-sized Si particles were used
as anode materials.
Moreover, we investigated rate capabilities of Cu/Cu3Si-, Ni-,

and FeSi2-coated porous Si electrodes (Supporting Information,
Figure S3). A C rate for the Li insertion was fixed at C/5, and
the Li extraction rate was varied from C/5 to 10C. Cu/Cu3Si-
and FeSi2-coated Si electrodes showed excellent rate capabilities
(specific capacity of >1600 mAh g−1 at 7C), while Ni-coated Si
electrode exhibited a specific capacity of ∼1250 mAh g−1 at 7C
due to weak contact of the flake-type Ni sheet with the Si
surface.
To understand excellent rate capabilities of metal/metal

silicide-coated Si electrodes, the electrochemical impedance
spectroscopy (EIS) measurements of porous Si and Cu/Cu3Si-,
Ni-, and FeSi2-coated Si electrodes were performed after 100
cycles (Supporting Information, Figure S4). Cu/Cu3Si-coated
Si electrode displayed the lowest interfacial resistance (147
ohm) including the SEI and charge transfer resistance. Ni-
coated Si electrode showed high interfacial resistance (302
ohm). This is in good agreement with the EIS result that Ni-
coated Si electrode exhibited inferior rate capability (Support-
ing Information, Figure S3).
Besides cycling performance and rate capability, the volume

change of Si electrodes is a critically important issue in LIBs.
Large volume changes result in significant pulverization of Si
particles as a Li hosting material and a continuous SEI-filming
process, which is caused by severe electrolyte decomposition on
the active Si surface exposed by pulverization. This process
consumes the limited Li+ source in a cell and leads to
undesirable volume expansion of Si electrodes.
Figure 4 displays cross-sectional SEM images of carbon-, Cu/

Cu3Si-, Ni-, and FeSi2-coated Si electrodes before and after 100
cycles. Carbon-coated Si electrodes showed a severe volume
expansion of ∼500% (Figure 4a). This result suggests that
amorphous carbon is not enough to alleviate a considerable
volume expansion of micrometer-sized Si electrode and the
formation of a thick SEI layer on the carbon and/or Si surface
during a long-term cycling. In contrast, Cu/Cu3Si-, Ni-, and
FeSi2-coated Si electrode showed significantly reduced volume
expansion (Cu/Cu3Si, 125%; Ni, 113%; and FeSi2, 233%),
compared to the carbon-coated Si electrode (Figure 4b−d). It
may be attributed to the formation of a stable SEI layer on the
Si surface modified with metal/metal silicide. The stable SEI
layers can effectively prevent a continuous SEI-filming process
during long-term cycling, resulting in reduced volume

expansion of metal/metal silicide-coated Si electrodes com-
pared to carbon-coated Si electrodes.
The effects of coating materials on the surface chemistry of

porous Si were confirmed by a comparison of the XPS spectra
measured from electrodes after 100 cycles at room temperature.
Figure 5 shows the comparison of the C 1s and F 1s spectra for
the SEIs formed on porous Si electrodes coated with carbon,
Cu/CuSi3, Ni, and FeSi2. Carbon-coated porous Si electrode
showed a pronounced peak corresponding to carbon bonded to
hydrogen (−C−H) at 284.8 eV when compared with the peak
intensity for the C−H group and LiF in the C 1s and F 1s
spectra of Figure 5a. This implies that C−H moieties are
abudant in the SEI layer formed on carbon-coated porous Si
electrode. The F 1s core level peaks assigned to the P−F
moiety and LiF were clearly observed for all porous Si
electrodes, as shown in the F 1s spectra of Figure 5.
A noticeable feature for carbon-coated porous Si electrode in

the F 1s spectra is a relatively small fraction of the LiF peak at
685 eV compared with Cu/Cu3Si-, Ni-, and FeSi2-coated
porous Si electrodes. This result suggests that fluoroethylene
carbonate (FEC) in the electrolyte does not produce LiF as a
dominant SEI constituent on carbon-coated porous Si
electrode. Additionally, the F 1s spectra clearly show that the

Figure 4. Cross-sectional SEM images of porous Si electrodes before
and after 100 cycles: (a) carbon-coated Si, (b) Cu/Cu3Si-coated Si, (c)
Ni-coated Si, and (d) FeSi2-coated Si electrodes.
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surface film of Cu/Cu3Si-, Ni-, and FeSi2-coated porous Si
electrodes contains a relatively large fraction of LiF formed by
the electrochemical reduction of FEC with the relatively low
lowest unoccupied molecular orbital (LUMO) energy
compared to EC.40 It is worthy to note that the LiF-based
SEI is very effective to stabilize the Si−electrolyte interface.27

From the XPS results, we could confirm that carbon-coated Si
electrode has a relatively large fraction of hydrocarbon-based
compounds in the SEI layer (Figure 5a), and Cu/Cu3Si-, Ni-,
and FeSi2-coated porous Si electrodes lead to the formation of
the LiF-based SEI layer with less hydrocarbon compounds
(Figure 5b−d).

■ CONCLUSION

We have successfully synthesized micrometer-sized porous Si
particles using Cu-assisted wet chemical etching process. To
improve electrochemical performance of micrometer-sized Si
particles, we introduced amorphous carbon, Cu/Cu3Si, Ni, and
FeSi2 coating layers on the Si surface using a simple chemical
reduction and subsequent thermal annealing process. We found
that metal- and/or metal silicide-coated Si electrodes showed
significantly improved electrochemical properties including a
highly stable cycling performance, excellent rate capability, and

a control of volume expansion. From XPS analysis, metal- and/
or metal silicide-coated layers contribute to a formation of
stable SEI layers on the Si surface, leading to improved
electrochemical properties of micrometer-sized Si electrodes.
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