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Owing to its simplicity and low temperature conditions, magnesiothermic reduction of silica is one of the
most powerful methods for producing silicon nanostructures. However, incomplete reduction takes place in
this process leaving unconverted silica under the silicon layer. This phenomenon limits the use of this
method for the rational design of silicon structures. In this effort, a technique that enables complete
magnesiothermic reduction of silica to form silicon has been developed. The procedure involves magnesium
promoted reduction of vertically oriented mesoporous silica channels on reduced graphene oxides (rGO)
sheets. The mesopores play a significant role in effectively enabling magnesium gas to interact with silica
through a large number of reaction sites. Utilizing this approach, highly uniform, ca. 10 nm sized silicon
nanoparticles are generated without contamination by unreacted silica. The new method for complete
magnesiothermic reduction of mesoporous silica approach provides a foundation for the rational design of
silicon structures.

A
bove its melting temperature (Tm ca. 650uC), magnesium promotes the transformation of micro-scaled
solid silica bulk structures into nanostructured silicon (equation 1)1. This method contrasts to the
conventional carbothermal reduction of silica to form silicon2, which operates at temperatures above

2000uC. The silicon produced by using magnesiothermic reduction at 650uC possesses the same 3D structure of
the original diatom because the melting temperature of silicon is ca. 1414uC. As a result, various, reaction
template dependent shapes of silicon nanostructures can be prepared by employing this approach1,3. Silicon
produced by magnesiothermic reduction has been used in a number of applications such as gas sensors1, optical
devices4, optoelectronic devices5 and Li-ion batteries6–9.

2Mg gð ÞzSiO2 sð Þ{{{?
6500C

2MgO sð ÞzSi sð Þ DH~{564:42 kJ=mol ð1Þ

However, generation of silicon via magnesiothermic reduction has a critical limitation caused by unavoidable
incomplete reduction that results in the formation of unreacted silica or magnesium silicide. The cause of this
phenomenon is that gaseous magnesium reacts with silica on the surface and, consequently, the formed silicon
product prevents access of magnesium to silica in the interior. In addition, the presence of unreacted silica causes
a mismatch of the stoichiometric ratio of magnesium and silica, which results in an undesired side reaction that
produces magnesium silicide (Mg2Si, equation 2). Because the presence of unreacted silica and magnesium
silicide seriously deteriorates the purity of silicon nanostructures, a higher degree of control over the magne-
siothermic reduction reaction is required when high quality silicon nanostructures are desired for practical
applications10 Although it is known that purity of the silica can be improved by controlling the magnesium to
silica ratio11 and using temperature ramping3, these techniques are still insufficient to fabricate high quality silicon
nanostructures. Because of this problem, magnesiothermic reduction is often followed by an additional etching
process using hydrofluoric acid (HF). However, while producing more pure form of the material the etching
step also leads to serious deterioration and changes in the structure and morphology of the target silicon
nanostructures12.
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2Mg gð ÞzSi sð Þ?Mg2Si sð Þ DH~{318:92 kJ=mol ð2Þ

In the study described below, we developed a new approach for the
complete conversion of silica which employs magnesiothermic
reduction using vertically oriented mesoporous silica channels pre-
sent in two dimensional materials such as reduced graphene oxide
(rGO) sheets. In this system, gaseous magnesium is able to gain
access to the silica within the thin films in the channels. By utilizing
this approach, we were able to produce ca. 10 nm scale silicon nano-
particles that do not contain unreacted silica and undesired magnes-
ium silicide. The superiority of the new technique was demonstrated
by its employment to fabricate silicon electrodes in a lithium-ion
battery that have good cycling stability.

Results
The new, mesoporous silica channel based strategy for magne-
siothermic reduction of silica to produce silicon is illustrated in
Figure 1. In this process, vertically aligned mesoporous silica chan-
nels are generated on a two dimensional GO substrate. While GO
was used in this study, depending on target applications different
types of substrates can be employed for this purpose. The mesopor-
ous silica layer was then formed by simply mixing a solution of the
GO substrate with a solution of cetyltrimethylammonium chloride
(CTACl) in 1 M NaOH, followed by addition of tetraethyl orthosi-
licate (TEOS) (Figure 1a)13. By using this approach to control the pH
precisely at 11.7, the mesoporous silica structure are produced via
soft-templating of the block copolymer CTACl followed by hydro-
lytic condensation with TEOS (Figure 1b). The mesoporous silica
formed in this manner was blended with the magnesium granules,
placed within an alumina crucible, and heated in a tube furnace at
650uC under an atmosphere of argon (500 sccm) and hydrogen
(50 sccm). In this process, magnesium infiltrates into the pores
and covers the surface of the mesoporous silica template
(Figure 1b), where it promotes the magnesiothermic reaction (equa-
tion 1) to produce silicon and magnesium oxide (Figure 1c). Loss of
oxygen from silica enables the silicon atoms to arrange into a crys-
talline phase1. Finally, magnesium oxide generated in the reduction
reaction is removed by using 1 M hydrochloric acid (Figure 1d).
Vacuum filtration then leads to isolation of a dark brown silicon
nanoparticle powder that does not contain any unreacted silica
(Figure 1e).

Representative transmission electron (TEM) images of the meso-
porous silica on a GO substrate prior to magnesiothermic reduction
are displayed in Figures 2a and 2b and those of the resulting silicon

nanoparticles are shown in Figures 2c and 2d. In these images, bright
and dark areas correspond to the GO substrate and thin walls of the
silica channels, respectively. As can be seen, the cylindrical mesopor-
ous silica channels are vertically aligned with respect to the GO
substrate (Figure 2a and see Supplementary Fig. S1 online). A mag-
nified image given in the inset of Figure 2a shows the presence of
hexagonally ordered silica mosopores with an average pore size of ca.
3 nm (standard deviation of pore size, s5 0.32) and a wall thickness
of ca. 1.5 nm, determined by averaging the results from analysis of
approximately 50 silica pores taken from the TEM images. This
finding is consistent with the d100 spacing obtained by small angle
X-ray scattering (SAXS) analysis (see Supplementary Fig. S2 online).
The presence of a strong XRD peak at 2h 5 1.98u indicates a d100

spacing of 4.5 nm for the center to center distance of hexagonally
ordered silica pores including the pore diameter and wall thickness.
Upon magnesiothermic reduction at 650uC, the mesoporous
silica transforms into silicon nanoparticles covered with magnesium
oxide. Inspection of a high magnification image (see Supplementary
inset of Fig. 2b online) shows the presence of lattice images for silicon
and magnesium oxide. The lattice fringe with 0.31 nm spacing corre-
sponds to the (111) plane of silicon, while that with 0.21 nm spacing
is associated with the (200) plane of magnesium oxide. After removal
of magnesium oxide by using hydrochloric acid, only the silicon
nanoparticles remain well-distributed and without considerable
aggregation on the rGO substrate (Figure 2c). The nanoparticles have
mostly a spherical shape and a mean diameter of ca. 10 nm (standard
deviation, s 5 2.4), as determined by averaging measurements of
approximately 200 silicon nanoparticles taken from different TEM
images. The TEM images show that only silicon nanoparticles exist
in the entire specimen (inset of Figure 2c), suggesting that complete
reduction has taken place and that undesired products such as mag-
nesium oxide or magnesium silicide are not present. It is important
to note that the silicon nanoparticles prepared by using the new
approach are both very small and uniform, features that contrasts
with those prepared by utilizing previous magnesiothermic reduc-
tion reactions that have a ca. 30 nm size12. This result is attributed to
the existence of vertically oriented mesoporous silica channels, which
increase the accessibility of gaseous magnesium to silica during the
reduction process. Also, the thin walls of the silica channels (ca.
1.5 nm) prevent severe aggregation of silicon atoms.

The specific surface area and pore size of the mesoporous silica
were determined by employing nitrogen-sorption analysis at 77 K
(Figure 3). The adsorption-desorption isotherm exhibits a typical
type IV isotherm for the N2-sorption branch with an pronounced
adsorption at ca. 0.4 P/P0, indicating that uniform cylindrical meso-
pores are present. The pore size distribution is calculated using the

Figure 1 | Schematic diagram of the fabrication process. (a) Mixing of silica source, block copolymer and graphene oxides (b) Synthesis of vertically

oriented mesoporous silica channels on two-dimensional substrates. (c) Infiltration of gaseous magnesium into mesoporous silica. (d) Formation of

magnesium oxide and silicon nanoparticles. (e) The formation of completely reduced silicon nanoparticles after removal of magnesium oxide by

treatment with hydrochloric.
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adsorption branch of the capillary condensation region utilizing the
Barrett-Joyner-Halenda (BJH) algorithm14. The results show that a
narrow distribution of mesopore diameters centered at 3 nm are
present (inset of Figure 3), which is consistent with the pore size
measured from the TEM image (Figure 2a). Also, the adsorption
and desorption branches display very small hysteresis, demonstrat-
ing that the mesopores are uniform and open without any pore-
blocking effects occurring during desorption15. Consequently, the
specific surface area of the vertically aligned mesoporous silica,

calculated by using the Brunauer-Emmett-Teller method16 is
1030 m2/g, is considerably higher than that of previously reported
mesoporous silica13,17,18. The adsorption-desorption isotherm of the
silicon nanoparticles resulting from the magnesiothermic reduction
reaction displays small hysteresis of type H3 at 0.4-0.8 P/P0 (see
Supplementary Fig. S3 online), indicating plate-like particles that
do not display pore-blocking effects during desorption15. The specific
surface area of the completely reduced silicon nanoparticles is
363 m2/g, a value that is large as compared to that obtained in prev-
iously generated silicon nano-structures produced by using magne-
siothermic reduction19–21. This outcome is the consequence of the
fact that the starting silicon particles with ca. 10 nm size are well
distributed over the rGO sheets without significant agglomeration or
a restacking of rGO sheets.

To verify that complete conversion of silica to silicon takes place in
the magnesiothermic reduction carried out by using the new
approach with vertically aligned mesoporous silica channels, ana-
lyses of wide angle X-ray diffraction (XRD) pattern and X-ray photo-
electron spectroscopy (XPS) spectra were performed. For this
purpose, XRD of silicon nanostructures were prepared by magne-
siothermic reduction reactions of two different silica templates. First,
silicon nanoparticles were generated by employing a conventional
silica-GO composite as a control (black line). In this case, XRD
analysis (Figure 4a) shows that the silica layer not having a porous
structure is formed on the graphene oxide sheets by simply mixing of
TEOS and GO12. Second, silicon nanoparticles were prepared by
using the mesoporous silica structure (red line). Analysis of the
XRD patterns of the silicon particles produced by reduction of the
conventional silica composite show three prominent diffraction
peaks for silicon at 2h 5 28.4u, 47.3u and 56.1u (JCPDS #.65-1060),

Figure 2 | Conversion of vertically aligned mesoporous silica channels to silicon nanoparticles. (a) TEM image of mesoporous silica; scale bar 10 nm.

(inset: high magnification image indicating the sizes of pores and walls; scale bar 5 nm); (b) TEM image of the mesoporous silica after magnesiothermic

reduction; scale bar 10 nm. (inset: high magnification image indicating the (111) lattice of silicon and the (200) lattice of magnesium oxide (MgO);

scale bar 5 nm) (c) TEM image of pure silicon nanoparticles; scale bar, 10 nm. (inset: high magnification image of the (111) lattice spacing of crystalline

silicon of pure silicon nanoparticles; scale bar 5 nm.) The red arrow indicates the location of a silicon nanoparticle; scale bar 10 nm. (d) High

magnification TEM image of pure silicon nanoparticles showing ca. 10 nm size; scale bar 5 nm.

Figure 3 | N2-sorption analysis of vertically aligned mesoporous silica
channels. N2-adsorption-desorption isotherms of vertically aligned

mesoporous silica channels (inset: pore size distributions).
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along with a broad peak around 2h ca. 23u corresponding to residual
silica. In contrast, the XRD pattern for silicon nanoparticle derived
from the mesoporous silica only contains diffraction peaks for silicon
only.

In order to further demonstrate that complete magnesiothermic
reduction takes place when vertically aligned mesoporous silica sam-
ples are employed, the chemical bonding status of silicon was eluci-
dated by using X-ray photoelectron spectroscopy (XPS). The Si2p
spectrum of the silicon particles arising from silica composite pro-
duced using the conventional method (Figure 4b) contains two peaks
at 99.5 eV and ,102.2 eV, corresponding to Si-Si (elemental silicon)
and Si-O (silicon oxide) bonds, respectively22–24. The existence of a
strong peak for Si-O bond (38.8%) in this spectrum indicates the
presence of silica residues. In contrast, the Si2p spectrum of com-
pletely reduced silicon nanoparticle formed by using the new strategy
(Figure 4c) contains mainly a peak for Si-Si bonds at 99.5 eV.
However, deconvolution of the Si2p XPS peak of the spectrum of
completely reduced silicon nanoparticles shows that a Si-O peak
(23.5%) exists, although it has a much reduced intensity as compared
to silicon nanoparticles prepared by using a conventional silica com-
posite. To show that the relatively weak Si-O peak does not arise from
residual silica in the reduction reaction but rather from Si-O nat-
urally formed on the surface of silicon nanoparticles after reduc-
tion25, we examined Si-O peak of the silicon nanoparticles
prepared by using a conventional silica composite after removing
the residual silica by HF treatment of silicon particles. The shape
and ratio of the Si-O peak for the sample after HF treatment are
almost identical to those of the silicon nanoparticles prepared by
using mesoporous silica structures and not treated with HF (see
Supplementary Fig. S4 online). This observation indicates that

Si-O in the XPS of the mesoporous structure originates from nat-
urally formed silica layer, not from residual silica. In fact, it has been
demonstrated previously that a thin layer of silica is naturally formed
on silicon surface in the presence of air and humidity at room tem-
perature25,26. Finally, inspection of the XPS spectrum of completely
reduced silicon nanoparticles on rGO (Figure 4d) shows that no
impurities such as Mg2Si or Mg2SiO4 are present and that only car-
bon (C1s), silicon (Si2p) and oxide (O1s) atoms exist, which arises
from rGO and silicon nanoparticles, respectively.

Raman spectroscopy was also employed to provide additional
evidence that complete reduction takes place when mesoporous silica
is employed in the reduction process. Two samples were analyzed
following hydrofluoric acid treatment. The first contained silicon
particles prepared by utilizing a conventional silica composite and
the second used completely reduced silicon nanoparticle from meso-
porous silica. The Raman spectra of the first material (Figure 5a)
contains a very small peak corresponding to silicon at 504 cm21

and two prominent peaks for graphene oxide at 1355 cm21(D) and
1579 cm21(G). However, the Raman spectrum of completely
reduced silicon nanoparticles after HF treatment (Figure 5a) con-
tains a very strong peak for silicon along with rGO peaks. The results
clearly show that silicon particles produced by using the conven-
tional method detach from rGO sheets because of the existence of
silica residue between silicon and rGO sheets. Indeed, the graphene
layer has strong van der Waals forces and, thus, it is easily re-stacked
if no interlayer materials such as silicon nanoparticles exist12.
However, when the mesoporous silica based method is employed,
the absence of residual silica enables silicon to remain on the rGO
sheets after HF treatment. This finding is in good agreement with the
results of analysis of SEM images (see Supplementary Fig. S5 online),

Figure 4 | Characterization of completely reduced silicon nanoparticles. (a) Wide-angle X-ray scattering (WAXS) patterns of completely reduced silicon

nanoparticles (red line), and conventional silicon nanoparticles (black line). X-ray photoelectron spectroscopy (XPS) spectrum of Si2p of (b)

conventional silicon nanoparticle, (c) completely reduced silicon nanoparticles (d) the survey spectrum of completely reduced silicon nanoparticles.

www.nature.com/scientificreports
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which show that the conventional reduction method generates
aggregated rGO sheets after HF treatment. In contrast, completely
reduced silicon nanoparticles on rGO sheets have two dimensional
sheet-like morphology after HF treatment because silicon nanopar-
ticles prevent re-stacking of rGO sheets (see Supplementary Fig. S5b
online).

In addition, the standard deviation of Raman peak positions of
silicon in the two samples were inspected (Figure 5b) to evaluate the
uniformity of resulting silicon nanoparticles. Generally, the Raman
spectrum of crystalline silicon contains one sharp peak at 520 cm21

while spectrum of nano-crystalline silicon has this peak shifted to
below 520 cm21 27,28 in a particle size dependent manner27. The nar-
rower standard deviation of the silicon peak in the Raman spectrum
of completely reduced silicon nanoparticles indicates that they have a
relatively small and more uniform particle size (Figure 5b), a finding
that agrees with estimate made from analysis of the TEM images
(Figure 2c). The results demonstrate that the open cylindrical vertical
pore nature of mesoporous silica leads to complete reaction with
magnesium to create uniform and very small silicon nanoparticles
that do not contain impurities such as silica and magnesium
derivatives.

To demonstrate the applicability of the ca. 10 nm scale silicon
nanoparticles on rGO sheets produced by using the new approach,
we explored their use as an anode for Li ion batteries in the coin-type
half-cells. We anticipated that the silicon nanoparticles on the rGO
sheets would enable Li1 ion access and electron transfer, and would
accommodate the severe volume changes taking place during battery
operation29,30. For comparison purposes, two silicon anodes were
generated, one containing commercially available silicon particles
(Alfar Aesar, average particle size #50 nm) and the other completely

reduced silicon nanoparticles. The cycling performances and cou-
lombic efficiencies of half-cells containing both anodes were evalu-
ated (Figures 6a and see Supplementary Fig. S6 online). The results
show that the capacity of commercial silicon nanoparticle anode
drops rapidly over time and reaches a value of 715 mAh/g after
100 cycles, with an initial capacity retention of 43.7%. The relatively
poor cycling performance of this anode is attributed to the dramatic
changes in volume of silicon particles occurring during Li ion inser-
tion and the extraction process, which leads pulverization of the
electrode materials and breakdown of the electrically conductive
network. In contrast, the capacity of the anode fabricated using com-
pletely reduced silicon nanoparticles increases in the initial 24 cycles
and retains 100% capacity until 40 cycles. Moreover, this anode
retains 82.8% (956.7 mAh/g) of its capacity following 100 cycles. It
should be noted that this level of capacity retention is achieved with-
out the need to employ an additional carbon coating process. The
superior cycling performance of the anode comprised of completely
reduced silicon nanoparticles can be attributed to the small particle
size (ca. 10 nm), which enables the anode to endure volume changes
during the operation.

In order to determine the integrity of the electrodes after battery
cycling, the cells were disassembled and the anodes were examined
(see Supplementary Fig. S7 online). Inspection of the SEM images of
the commercial silicon nanoparticle anode shows that the overall
morphological stability is poor, with some cracks appearing on the
electrode surface. However, the integrity and morphology of the
completely reduced silicon nanoparticle anode was preserved over
100 cycles. The high morphology stability indicates that the two
dimensional shape of completely reduced and un-aggregated silicon
nanoparticles enables excellent pathways for the electrolyte. Also, the

Figure 5 | Raman analysis of completely reduced silicon nanoparticles (a) Raman spectra and (b) standard deviation of the silicon Raman peak
positions of completely reduced silicon nanoparticles (red line) and conventional silicon nanoparticles (black line).

Figure 6 | Electrochemical characteristics. (a) The cycling performances and coulombic efficiencies of unit cells fabricated using completely reduced

silicon nanoparticles (red dot) and commercial silicon nanoparticles (black square) at 2 A/g, (b) rate capability of completely reduced silicon

nanoparticle electrode measured at a series of current rates.

www.nature.com/scientificreports
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retention of capacity is mainly a consequence of the sub 10 nm size of
the silicon nanoparticles bound onto the rGO sheets. According to
the results of previous studies, the fracture toughness of lithiated
silicon nanoparticles is significantly improved when they are smaller
than 20 nm31, and 10 nm sized silicon particles have a capacity
retention of 81% after 40 cycles32.

The anode comprised of completely reduced silicon nanoparticles
displays an excellent rate capability at different rates (Figure 6b). The
cell was exposed to an increasing current rate from 0.5 A/g (1/3 C) to
12 A/g (8 C). Surprisingly, the completely reduced silicon nanopar-
ticle anode exhibits very stable capacity even at a 8 C rate, which
indicates that the discharging time is only 7.5 min with the capacity
of up to 1231 mA/g (83.4% of initial capacity at 0.5 A/g(Figures 6b
and see Supplementary Fig. S8 online). Furthermore, the electro-
chemical performance of the anode derived from completely reduced
silicon nanoparticles is demonstrated by using the electrochemical
impedance (EIS) measurements after cycling in (see Supplementary
Fig. S9 online). The charge transfer resistance of completely reduced
silicon nanoparticle anode, determined by analysis of a Nyquist plot,
is much smaller than that of the anode created by employing com-
mercial silicon nanoparticles, indicating that faster charge trans-
fer18,33,34 takes place as a consequence of the existence of excellent
electrolyte pathways associated with the two dimensional shape of
completely reduced silicon nanoparticles and their direct contact
with the rGO sheets.

Discussion
As described above, a new method for carrying out complete mag-
nesiothermic reduction of silica to produce silicon not containing
undesired side products was developed. The process utilizes highly
ordered vertically aligned mesoporous silica channels. The high effi-
ciency of this reduction reaction can be attributed to interaction
occurring between gaseous magnesium and silica that has a high
surface area when arranged in this manner. As a result, efficient
infiltration of gaseous magnesium takes place and gaseous magnes-
ium diffuses into the vertically aligned, thin cylindrical mesopores.
The mechanism of the complete reduction process is shown in
Figure 7. The results of N2-sorption analysis show that the vertically
aligned mesoporous silica channels have a high surface area of ca.
1030 m2/g, which provides a large number of reaction sites between
silica and magnesium. Gaseous magnesium easily infiltrates into the
nanoscale mesoporous silica channels of silica by capillary force.
When heated to 650uC under a mixture of argon and hydrogen
gas, gaseous magnesium driven by capillary forces diffuses into silica
pore spaces. Moreover, the vertically aligned mesoporous cylinder
channels provide optimum geometric confinement of gaseous mag-
nesium35,36. These features enable complete reduction reaction. In
other words, the mesoporous silica structure not only increases the

number of reaction sites, it also causes geometric constraints37. Last
but not least, the thin silica mesopore walls (ca. 1.5 nm) might also
contribute to the complete reduction of silica.

In summary, the study has resulted in the development of a new,
magnesiothermic reduction based method for fabrication of high
quality of ca. 10 nm sized silicon nanoparticles on rGO sheets. The
vertically aligned mesoporous silica channels effectively converted
into silicon nanoparticles without any residues during the magne-
siothermic reduction due to high surface area, confinement of gas-
eous magnesium, and thin mesopore walls. In addition, we have
shown that the silicon nanoparticles (ca. 10 nm) on rGO sheets
provide very stable electrochemical performance for Li-ion battery
anode without further steps (carbon coating, HF etching) to handle
its volume expansion and charge transfer problem. The simplicity
and cost-effectiveness of the new method, which produces very
small-sized nanostructures with the help of mesoporous templates,
is advantageous for its potential use in a variety of promising
applications.

Methods
Preparation of GO. Graphene oxide was synthesized using a modification of
Hummer’s method. Graphite powder (1 g, Aldrich) was added to sulfuric acid (98%,
30 mL). Then, potassium permanganate (3.5 g) was gradually added to the solution
with vigorous stirring for 10 min. After stirring at 35uC for 2 h, the solution was
cooled in an ice bath and diluted with deionized water (200 mL). Following 1 h of
stirring, hydrogen peroxide (100 mL) was added to the resolution, which was then
filtered and the filtrate was washed several times with hydrochloric acid (10%), and
the solid GO dried under a vacuum at room temperature for 12 h.

Synthesis of completely reduced silicon nanoparticles. Mesoporous silica on GO
sheets (mSiO2-sheets) was synthesized by using a modification of the method
described by Ozin’s group13. A GO (0.1 g) dispersion in distilled water (200 mL) was
added to cetyltrimethylammonium chloride (CTACl, 14.5 g) followed by stirring and
sonication. Then 1 M NaOH (3 mL) was added to adjust the pH to 11.7. The mixture
was stirred at 80uC for 90 min, cooled to room temperature (RT), and TEOS (0.2 g)
was added dropwise to the solution. The mixture was stirred at 80uC for 24 h. The as-
synthesized sample was collected by vacuum filtration and washed by diluted
hydrochloric acid solution and then calcinated at 400uC in argon at a rate of 1.7uC/
min and then held at 400uC for 4 h. The mSiO2-sheets (0.6 g) were positioned on the
crucible (15 ml) and covered evenly with magnesium flake. The Mg:mesoporous
silica weight ratio was 0.851. The crucible was placed in a tube furnace at 680uC for
3 h under an Ar (500 sccm) and H2 (50 sccm) atmosphere. The resulting sample was
washed with 1 M hydrochloric acid and then vacuum filtered. The control sample of
silica not containing pores was synthesized by using the method described by Liu’s
group12. Accordingly, 5 mL of TEOS was added to 85 mL of ethanol with stirring.
Then, 7.4 g of GO solution (1 wt% in water), 100 mL of ethanol, and 5 mL of
ammonium hydroxide are added and stirred for 6 h and aged for 8 h at room
temperature.

Material characterizations. The samples were characterized by using X-ray
diffraction (XRD, Rigaku D/Max-2500(SWXD) and Rigaku D/Max-RB (12 KW))
using Cu Ka radiation (l 5 0.15406 nm), scanning electron microscopy (SEM, FEI
Nova230), a transmission electron microscope (TEM, Philips Technai F20), Raman
spectroscopy (Horiba Jobin Yvon ARAMIS) using Ar ion CW Laser (514.5 nm),

Figure 7 | Proposed mechanism for complete reduction process. Illustration of the silicon nanoparticle formation using vertically aligned mesoporous

silica channels.
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X-Ray photoelectron spectroscopy (XPS, Thermo VG Scientific Sigma Probe), and
Fourier-transform infrared spectroscopy (FT-IR, Bruker Alpha-P). N2-sorption was
carried out at 77 K by a Tristar 3000, Micromeritics (U.S.A).

Electrochemical characterization. Electrodes were fabricated using the completely
reduced and commercial silicon nanoparticles (SiNPs, average particle size #50 nm,
Alfar Aesar) as active materials, Super-P carbon (conductive agents) and polyacrylic
acid (PAA, polymeric binder) in a weight ratio of 60520520. Coin-type
electrochemical cells (2032) were assembled in an Ar-filled glove box and composed
of the silicon based electrode, which were placed on copper foil, Li metal counter
electrodes and a polyethylene separator (PE, Asahi Kasei), which was soaked with the
electrolytes (1 M LiPF6 in ethylene carbonate/diethylene carbonate (EC/DEC, 50/50
by vol.%) containing 5 wt.% of fluoroethylene carbonate, PANAX ETEC). The
assembled unit cells were cycled at current rates ranging from 100 mA g21 to 12 A g21

over potential ranges of 0.005–1.5 V (vs. Li/Li1) using a WBCS 3000 battery tester
(Wonatech) at room temperature. Electrochemical impedance spectroscopy (EIS)
measurements were conducted using Solartron 1400/1470E in the frequency range of
1 MHz–100 mHz.
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