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Nano-porous silicon powders were produced via novel efficient magnesiothermic reduction. In this
work, thermal and reduction process time effects on the porous silicon structure were investigated. The
nano-porous silicon powders were characterized by X-ray diffraction analysis and field emission

scanning electron microscopy. It was the first time that the nano-porous structure was produced in
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presence of both novel SiO; cryogel and SiO, nano-particles at heating ramp rate of 10 °C/min and was
changed to homogeneous and uniform porous structure throughout the sample when the heating ramp
rate was controlled at 5 °C/min. It was held that the wall thickness and average pore size of uniform

porous silicon were decreased from 120.8 nm and 219.05 nm at the heating ramp rate of 10 °C/min to
87.6 nm and 195.8 nm at heating ramp rate of 5 °C/min, respectively.

1. INTRODUCTION

Silicon is second abundant element after oxygen in the
earth. It is an important element because of its high
melting point (1414°C) and low density (2.32 g cm™). To
date, silicon attracts many researchers attentions for its
unique properties in semiconductors [1] and
optoelectronic applications [2]. In addition, silicon
nanostructures attract much attention as a promising
nanostructure for high technology devices such as gas
sensing [3], energy storage devices [4, 5] and biological
applications [6]. Silicon nano-particles (SiNPs) are
common nanostructures applicable in different
industries [7]. To date, silicon nano-particles are
produced by various chemical, physical and mechanical
methods. Micro-emulsion synthesis is one of the popular
methods for producing SiNPs [8]; Moreover, to this end
researchers have used electrochemical reduction of silica
precursor in presence of molten salt as a chemical route
[9]. Gaseous compound pyrolysis was also used to
produce SiNPs [10]. Furthermore, physical and
mechanical methods such as low pressure microwave
[11], ball mill [12] and Pulsed laser ablation (PLA) [13]
were used for SiNPs synthesis.

Recently, many Si nanostructures such as quantum
dots[14], Si nano-wires [15] and porous structures [16]
attract much attention. On the other hand,
electrochemical etch is a common technique for
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producing porous silicon (PSi) [17]. In this way, boron-
doped Si wafer in presence of HF- based electrolyte
etched under constant current density. Chemical etching
is another method for producing etched PSi layer [18].
Investigation on porous silicon nano-powders was
carried out by reducing SiO, with different precursors
such as SBA-15[6], MCM-48 [19] and TEOS [20].
Moreover, SiO» cryogel with unique properties such as
low density (more less than 0.05 g/cm®) and 700-800
m?/g specific surface area was produced by freeze drying
method as an appropriate method to synthesize porous
materials [21] that can be used as a source of porous Si.
The diameter of pores in porous structure divided into
three classes containing spongy micro-porous (pore size
<10 nm), branchy meso-porous silicon (pore size 10-50
nm) and classical macro-porous silicon (pore size 50 nm—
20 um) [22].

Nano-porous structures are favorable structures because
of their high porosities and high surface area [23]. So far,
magnesiothermic reduction is a common method for
producing nano-porous silicon [6, 24]. In this method,
Si0O; as a source of Si was reduced to nano-porous Si by
magnesium as a reducing agent. Recently, Lu Shi and co-
workers were used the bio-silica from the rice husks as
the silica precursor and synthesized porous Si by
magnesiothermic reduction method [25]. The advantage
of this method in comparison to chemical methods is
conservation of morphology of raw SiO», In addition this
method has the advantage of low temperature and short
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process time in comparison to physical and mechanical
methods respectively.

To date, synthesis of nano-porous silicon via
magnesiothermic reduction are rapidly developed in the
world. During recent years, produced silicon through this
route are potentially used in a number of applications
such as optoelectronic devices [21] and biomedical
industry [6]. In addition, the synthesized nano-porous
silicon are extensively investigated as a novel anode for
rechargeable lithium-ion batteries [16].

In this work, we reported the synthesis of homogeneous
porous structure of silicon via magnesiothermic
reduction of both novel SiO; cryogel and SiO; nano-
particles. The effects of changing several parameters
such as heating ramp rate and heating process time on
producing chemical composition and morphology have
been investigated. It has shown that the heating ramp rate
is an essential parameter which changes the morphology
of nano-porous silicon.

2. EXPERIMENTAL

2.1. Materials

Raw materials used in this study were TEOS, HF, HCI,
EtOH, NH/, OH and Mg powder. Tetraethyl
orthosilicate (TEOS, 99.98%, Merck, German),
hydrofluoric acid (HF, 40%, Merck, German),
hydrochloric acid (HCI, 37%, Merck, German) and
absolute ethanol (EtOH, 97%, Merck, German) were
used to produce Si nanostructures. Ammonium
hydroxide (NH4OH, 28%, Merck, German) was used to
prepare the SiO, nano-particles. Magnesium powder
(0.3mm, >98.5%, Merck) as a reducing agent was used
for magnesiothermic processes.

2.2. Synthesis of SiO2 Cryogel by Freeze Drying
Method

To prepare SiO; cryogel, Ethanol (EtOH) and deionized
(DI) water were mixed at room temperature.
Hydrofluoric acid (HF), after tetracthyl orthosilicate
(TEOS), was added to the mixture. The molar ratio of
TEOS: EtOH: H>O: HF was 1: 8: 4: 0.6. After stirring the
mixture for several minutes, it was kept in static
conditions for 20 minutes to form a uniform transparent
gel. The gel sample was aged at room temperature in
ethanol for 7 days. Finally, silica cryogel was
successfully obtained by using freeze drying method. In
this stage, the solvent was exchanged by DI water for 12
hours. Then, the gel was kept in freeze drying chamber
for 24 hours after immerging into liquid nitrogen for 50
minutes. Figure 1 depicts the steps for producing SiO;
cryogel.

Tetraethyl orthosilicate H Ethanol ‘ ‘ DI water

<«4—— HF catalyst

sol
«—— Aging

Dry SiO; gel

Figure 1. Schematic image of SiO2 cryogel synthesis steps.

Freeze drying

2.3. Synthesis of SiO: Nano-Particles by Stober
Method

Silica nanoparticles were synthesized by hydrolysis of
TEOS in presence of ammonium hydroxide. In this way,
EtOH and deionized water were mixed and kept in a
sonication bath. TEOS was added to the solution after 10
minutes. After 20 minutes 14 M NH4;OH was added to
the solvent and was kept for 75 minutes. All processes
were done in ultrasonic bath. Molar ratio of TEOS:
NH4OH: EtOH: H,O was chosen 0.045: 14: 4: 14,
respectively. SiO, nano-particles were subsequently
obtained after heat treatment at 100°C for 3 hours.

2.4. Preparation of Porous Si via Magnesiothermic
Reduction

To reduce SiO; to element silicon, SiO, and Mg powder
were weighted in stoichiometry ratio and mixed. The
molar ratio of SiO,: Mg was 1:2.5. Samples were
prepared through two ways, pellet and non-pellet. The
pelletized samples were pressed under 423 Mpa pressure
by SVOI151G5-1 wuniaxial cold press. The weight,
diameter and thickness of each pellet were 0.8 g, 10 mm
and 3mm, respectively. Afterward, the samples were
placed in stainless steel container. The stainless steel
container avoids local heat accumulation during the
magnesiothermic reduction. The stainless steel container
was moved to tubular furnace and heat treated under
argon atmosphere. The mixture in furnace was heated to
670°C with a ramp rate of 10 °C/min and 5 °C/min,
respectively. Samples were naturally cooled at room
temperature. The process parameters used for synthesis
are tabulated in table 1.

After reduction, the samples were leached in 1 M HCI
solution for 24 hours and then 1 M HF solution for 20
minutes. The products were washed in deionized water
and ethanol for several times. Finally, the produced
porous Si was obtained after drying at 100 °C for 2.5
hours.
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Table 1: The conditions used to produce Si mesoporous by
magnesiothermic reduction.

Reduction Process Rate
No. Sample SiO, source temp. (°C) i (*C/min)
()
1 Si-10G8-p Gel 670 8 10
2 Si-10G4-p Gel 670 4 10
3 Si-10NP4-p Nano-particle 670 4 10
4 Si-10NP2.5-n Nano-particle 670 2.5 10
5 Si-5NP2.5-n Nano-particle 670 2.5 5

In the sample column, silicon was called Si. After that, first number is
the heating ramp rate, first letter is source of SiO,, the second number is
process time and the second letter is type of pellet. For instance, Si-10G8-
p, Si: silicon, 10: 10 °C/min, G: SiO; cryogel, 8: 8 hours and p: pellet.

2.5. Structure Characterization

The phase composition of samples were determined by a
Phillips pw 3710 X-ray diffractometer with Co K,
radiation (A=1.789010 °A) at 0.02 %min in the 20 ranges
from 5° to 85° Field emission scanning electron
microscopy (FESEM) (MIRA3 TESCAN model) and
Energy dispersive X-ray spectroscopy (EDS) were
carried out to observe samples morphology and identify
chemical composition of samples, respectively.

3. RESULTS AND DISCUSSION

The melting point of magnesium is 650 °C. When SiO,
were mixed with Mg powder and heated, the redox
reaction (1) occurs to produce porous Si [26].

AG? = —339.6

In first reaction, the magnesium powder was used as a
reducing agent and results in Si/MgO nano-composites
production. The molten magnesium oxide reacts with
SiO, and leads to MgSiO; and MgO products. The
produced MgO was removed by acid leaching but
MgSiOs still remains. The effects of parameters used in
this study on synthesized pure homogeneous porous Si
are as follows;

3.1. The Effect of SiO: Morphology

Figure 2 shows XRD patterns of synthesized Si at 670 °C
with a ramp rate of 10 °C/min for 4 hours in presence of
both cryogel and nano-particle structures of SiO». Figure
2-a depicts the board peak of amorphous SiO,. In Figure
2-b and 2-c, the existence of the four peaks in 20 =33.10°,
55.48° 66.13° and 82.44° were corresponding to (111),
(220), (311) and (400) orientations. This orientations
were shown in cubic silicon phase. The XRD patterns in

Figure 2 suggest that MgSiOsand Mg,Si were produced
when SiO; nano-particle was used as source of Si (Si-
10NP4-p sample). While, the pure Si was synthesized
when SiO; cryogel was used as a source of Si (Si-10G4-
p sample). MgSiO; is an unsolvable compound in HCI
and HF solution. So, it was not removed by acid washing.
Figure 3 shows the morphology of silica cryogel, silica
nano-particles and synthesized porous Si after acid
leaching. Figure 3-c depicts porous structure with
particles agglomeration.
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Figure 2. The XRD patterns of the obtained products after the
magnesiothermic reduction. (a) SiO2 amorphous, (b) Si-10G4-
p sample, (c) Si-10NP4-p sample

While, Figure 3-d depicts porous structure with particles
nucleation. Moreover, Figure 3-d legend depicts spongy-
like porous structure. The measured average pore size
was around 219.05 nm. Figure 3-e and 3-f also show X-
ray energy dispersive (EDS) spectra of Si-10G4-p andSi-
10NP4-p samples. The EDS spectra of both samples are
consist of Si element but a little percent of Mg, F and O
were observed in Si-10NP4-p sample due to the presence
of MgSiO; and Mg»Si.

3.2. The Effect of Reduction Time

Figure 4 shows the XRD pattern of synthesized Si at 670
OC with a ramp rate of 10 °C/min under 8, 4 and 2.5 hours
heat treatment, respectively. The comparison of three
patterns shows that the increasing of reduction process
time has no effect on product crystallite phase. Figure 5
depicts FESEM macrograph of produced Si at 670 °C in
three different reduction times. Once the reaction time
was 8 hours, the meso-porous structure was formed
(Figure 5-a). Moreover, particles agglomeration was
clearly observed. In Figure 5-b, macrograph of Si-
10NP4-p sample are shown. The porous structure could
be easily observed Figure 5-b also demonstrates Si
particles which are germinated on surface of porous
structure but was not grow because of short process time.
The minimum, maximum and average pore size was
measured to be 105.62 nm, 396.9 nm and 219.05 nm,
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respectively. While, in Figure 5-c, the formation of
macro-porous structure could be observed as a result of
reduction in of process time to 2.5 hours. The minimum,
maximum and average pore size of Si-10NP2.5-n sample
was measured to be 120 nm, 282 nm and 214.3 nm,
respectively. Therefore, by reducing the reduction time
from 8 hours to 2.5 hours, the produced meso-porous
structure  changes to  macro-porous  structure.
Furthermore, decreasing the process time from 4 hours to
2.5 hours lets to the forming of the smaller pore size.
Figure 5-¢ to 5-g also shows X-ray energy dispersive
(EDS) spectra of Si-10G8-p, Si-10NP4-p and Si-
10NP2.5-p samples.
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Figure 2. FESEM macrograph of (a) SiO2 cryogel, (b) SiO2
nanoparticles, (¢) Si-10G4-p sample, (d) Si-10NP4-p sample
and X-ray energy dispersive (EDS) spectra of (e) Si-10G4-p
and (f) Si-10NP4-p. Sub-Figure b depicts SiO2 nanoparticles in
magnification of 200 nm. Sub-Figure d depicts spongy-like
porous structure in magnification of 500 nm.
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Figure 3. The XRD patterns of the obtained products after the
magnesiothermic reduction. (a) Si-10G8-p sample, (b) Si-
1ONP4-p sample, (c) Si-10NP2.5-n sample.
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3.3. The Effect of Heating Ramp Rate

Figure 6 shows XRD patterns of synthesized porous Si at
670 °C with two heating ramp rate of 10 °C/min and
5%C/min. In both patterns the cubic silicon phase without
any impurity was synthesized. Figure 7 depicts FESEM
macrographs of Si-10NP2.5-n and Si-5NP2.5-n samples.
During magnesiothermic reduction of SiO; to Si, it was
found that the ramp rate was significantly affects the
produced  silicon  powder  morphology.  The
heterogeneous porosity with a wall thickness of 120.8 nm
and average pore size 0of 219.05 nm was formed when the
ramp rate was 10 °C/min. When the ramp rate was
controlled at 5 °C/min, the homogeneous porous with
honeycomb-like structure with uniform porosity was
observed. The uniform and homogeneous porous
structure throughout the sample is depicted in Figure 7-
c. Moreover, a wall thickness and average pore size were
decreased to 87.6 nm and 195.8 nm, respectively
representing a high porosity of silicon powder.
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Figure 4. FESEM macrograph of synthesized Si products via
magnesiothermic reduction with a ramp rate of 10 °C/min for
8, 4 and 2.5 hours. (a) Si-10G8-p, (b) Si-10NP4-p, (c) Si-
1ONP2.5-p.
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Figure 5. The XRD patterns of the obtained products after the
magnesiothermic reduction. (a) Si-10NP2.5-n sample, (b) Si-
SNP2.5-n sample.

Figure 6. FESEM macrograph of synthesized Si products via
magnesiothermic reduction with a ramp rate of (a) 10 °C/min in
Si-10NP2.5-p sample and (b) 5 °C/min in Si-5NP2.5-p sample
for 2.5 hours. Figure c¢ depicts homogeneous porosity
throughout the Si-5NP2.5-p sample in magnification of 2 pm.

4. CONCLUSION

In summary, 3D porous silicon with uniform porosity
was successfully synthesized via magnesiothermic
reduction method. The porous structure was produced by
both SiO; cryogel and nano-particles precursor materials.
Moreover, decreasing heating time to 2.5 hours results in
production of macroporous silicon powder and MgSiOs
by product removal. The Si products at 10 °C/min heating
rate show macroporous structure with average pore size
of 219.05 nm, While, magnesiothermic reduction with
ramp rate of 5 °C/min led to uniform and homogenous
porosity with 195.8 nm average pore size.
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