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N this research, using powder technology manufacturing is as a pioneering, low

cost, a simple and safe method for the fabrication of nano-porous silicon (NPS-
powder). It's attractive carriers for targeted in several research fields. It's prepared
using a combination of alkali chemical etching process and ultra-sonication technique;
through the utilization of commercial silicon powder; with high yield efficiency
(81.43%). Several 3D-NPS-shapes (nanorods array, nanosheets, and nanoclusters)
are fabricated. It's a mixture of microporous and mesoporous silicon powder {pore
size (28-140 nm)}. The main factors which affect the production of NPS-powder are
(KOHconc.), sonication time, separation process and drying velocity.

Keywords: Microporous materials, Chemical synthesis, X-ray diffraction.

Introduction

Nanoporous silicon (NPS) is very impressive for
many kinds of experimental researches. It has a
large specific surface area; in addition, it’s easily
produced [1]. Plus, its pore sizes and the surface
chemistry are controllable [2]. NPS powder can
be obtained using several techniques [3-5]; as
electrochemical [6], vapor phase etching [7] and
stain etching of Si-wafers [8]. The production
of bulk (PS) in large dimensions shape that
is synthesized using ball milling process and
pressing, simultaneously, and sintering of Si-
particles. As a competitive process for using
electrochemical etching technique in HF [9]; (1)
preparation of microspheres NPS powder using
chemical vapor deposition for decomposition
of disilane gas (Si,H,), (ii) synthesis of NPS
powder starting with commercial Si powder

using photo-thermal annealing in O, -atmosphere
[10]. Noticeable, the especial features of the
stain-etching technique are the simplicity and
the capability of producing large area of porous
silicon. [11]

Recent researches have proved the capability
of the ultra-sonication technique for synthesis
of many materials [12, 13]. The wave motion is
transferred from ultrasound source to the solution
in a bubble shape. So, the bubbles grow fast
and reach the unstable size. And, the energy is
enhanced as a result of the bubbles collapse that
leads to chemical effect [14]. The shock waves
formation linked with the bubbles collapse that
occurs during the ultrasonic irradiation of the
solution. The acoustic cavitation produces the
shock waves that increase the momentum of the
particles. [15]
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As a result of the properties differentiation of
NPS material than the properties of bulk material,
NPS material is reckoned as the base of modern
industries in many fields [16], such as metallurgy,
electronics, and Photonics [10]. There are a large
number of domains such as microelectronics,
optoelectronics and chemical sensors [17]. The
morphological features of NPS material, specific
surface area and the pore wall size, are the key
factors of the NPS performance. [18]

In this work, the combination of the alkali
chemical etching process and the ultra-sonication
technique is used as a new, low cost, safe and
simple synthetic route for the NPS different
constructions powder preparation starting by
commercially available silicon powder. It is a
very interesting way for producing bulk quantities
with high yield efficiency of NPS-powder.

Materials and Methods

To prepare NPS-powder, it is started by
commercially available Si-powder [Silicium,
Pulver — 99 %, 7 gm). Fig. 1 presents the NPS
powder synthesis using the combination of the
anisotropic alkali chemical etching process and
the ultra-sonication technique, (ULTRAsonik
208H, KSU-600) [19]. The commercial silicon
powder was dispersed in the etching glass vessel
which contains alkaline solution. The alkaline
compound used was KOH of concentration
range (3, 4.5 and 6 wt %) dissolved in ultrapure
water [18MQ deionized water]. n-propanol was
added up to the degree to which it was miscible
in aqueous solutions. n-propanol is used as a
wetting agent of concentration 30 vol %. So, the
glass vessel was exposed to the ultra-sonication
waves for different times (2, 3, and 4 hr). The
powder product is filtrated and washed, then dried
overnight at 40°C to obtain NPS-powder.

Commercial Si
- powder

Wet Anisotropic Alkali
Chemical Etching

Nano Porous
Silicon powder

[

Ultra-sonication

Fig. 1: Experimental illustration of the nano-porous silicon preparation

The structure and crystallization of the powder
product are characterized by XRD (X-ray Ultra
diffract-meter, using Cu-Ka radiation = 1.5405
A at a scanning rate of 4° min', 7000 Schimadzu
diffract-meter). In addition, the crystallite size and
the energy gap values of NPS can be calculated using
XRD spectra. The composition of the deposited
powders was explored elementary by JEOL 5300
scanning electron microscope embedded with
EDAX microanalysis. An accelerating voltage of
20KV was used. FTIR (Fourier Transform Infrared
Spectrophotometer- Shimadzu- 8400s, Japan) and
Raman Spectroscopy (Senteral - Bruker Raman
micro-spectroscopy, at excitation wavelength 330
cm') are recording the chemical bonds of the
NPS powder synthesis process. The NPS powder
morphology is inspected using SEM {Scanning
electron microscopy, JEOL (JSM 5300), at an
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accelerating voltage of 20 KV} and transmission
electron microscope (TEM; JEOL, Japan),

Results and Discussion

The produced powders were NPS powder
(5.7 gm) with a percentage of powder production
reaches 81.43%, as shown in Fig. 1. The
preparation mechanism for NPS powder is
described. It starts with commercial Si powder
suspended in KOH solution and n-propanol with
different concentrations in the ultra-sonication
unit at different times. The chemical mechanism
equations of the NPS powder formation was
illustrated in previous work. [20]

As a reference characterization technique for
NPS powder product, XRD has chosen for the
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analysis of the diffraction patterns. It can be very
useful to study the changes of the crystal structure
induced by the combining the wet alkali etching
and ultra-sonication techniques, simultaneously
[21]. XRD data describes the NPS diffraction
patterns, as shown in Fig. 2. The changes in the
peak intensities and peak positions are indicated,
which depend on the size of NPS. It depends on
several parameters; the sonication time, KOH__
and the drying process of the NPS powder product.
Fig. 2.a, b and c show the full width at half
maximum (FWHM) of the peaks around 28.23°,
47.193°, 56.023°, 68.989°, 76.261°, 87.9382°,

and 94.8370° (JCPDS Card No. 01-079-0613
and 00-027-1402) [20, 21], which correspond
to (111), (220), (211), (400), (331), (422) and
(511), respectively. In addition, the SiO, layer
broad peak is recorded at 21.5° as that indicates
the formation (SiO,/Si), as shown in fig. 2.c.[22,
23]. The crystallites size of (Si) can be estimated
from diffraction pattern analysis by measuring
FWHM and applying Scherrer’s equation. The
energy band gap value confirms the formation of
NPS that has a characteristic of the energy gap
widening than in the case of nancrystalline silicon
(n-Si). [2]
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Fig. 2: XRD patterns of NPS powder using different (KOH__ ) at several sonication times; (a) KOH_ =3 wt %

at sonication time (2, 3 and 4hr), (b) KOH_
=6 wt % at sonication time (2, 3 and 4hr).

There are other important effective factors
for the formation process of NPS powder, which
are shown in the following; the 1% parameter
is the drying process. Fig. 3.a presents the
polycrystalline-NPS spectra that as a result of
fast drying (using heat treatment). In addition,
the broad spectra are corresponding to the oxide
layer (SiO,) presence, which surrounds the NPS-
particles. At slow drying (without heat treatment);
broad spectrum is appeared strongly than the
other. Then, SiO, spectrum has appeared as a
result of an NPS oxidation process during the
exposure to air and moisture. Fig. 3.b shows

. = 4.5 wt % at sonication time (2, 3 and 4hr), and (¢) KOH

conc. conc.

conc.

the 2nd parameter that is the separation process
of NPS powder from the etchant solution (using
filtration process). The polycrystalline spectra of
NPS powder is appearing clearly. At the formation
of pure SiO, the broad spectrum has appeared in
case of gaining the powder without separation
process. The combinations of two techniques
simultaneously produce the compression and the
rarefaction cycles of ultrasound waves result in
bubble formation. Noticeable, the greatest value
of KOH_ . produces the smallest value of the
crystallite size (27 nm) which corresponds to the
largest value of the energy gap (2.05 eV).

Egypt. J. Chem. Vol. 63, No. 4 (2020)
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Fig. 3: XRD patterns of NPS and (SiO,/NPS) powders using at different effective parameters; (a) KOH_ =6 wt

conc.

%, sonication time = 4 hr, at fast and slow drying process. (b) KOH = 4.5 wt %, sonication time = 4 hr,

using separation process and without.

Fig. 4 shows the energy dispersive X-ray
analysis (EDAX) comparison between the
commercial Si powder sample and NPS powder
product. The weight percent of Oxygen element is
increased by exposing the commercial Si powder
to the etching mixture (4.5 wt% KOH and 30
vol% n-propanol) in presence of ultra-sonication

waves for 4 hr. The weight percentage of O is
11.77% in case of commercial Si powder, but its
value is increased to 56.96% as shown in fig. 4
(after). Then, its argent to know what the chemical
bonds are already formed in the product! It was
necessary to study the FTIR and Raman spectra
of the NPS product.

Before After
= =i
— ST R X3
Element o] Si
Wt % (before) 11.77 88.23
Wt% (after) 56.96 44.07

Fig. 4: EDAX data of commercial Si powder (before) and NPS powder using KOH_ = 4.5 wt %, 4 hr, and fast-

drying (after).

Infrared  transmittance  analysis  reveals
information on powders’ surface chemistry and
how it changes as a function of the sonication times.
The FTIR spectrum of the Si-powder after the
combination of alkali chemical etching process and
the ultra-sonication technique is depicted in Fig. 5.
The band in the region (1000-1300) cm™ is assigned
to Si—O in the asymmetric stretching in Si—O-Si at
different KOH_ . The characteristic bands at 802

Egypt. J. Chem. Vol. 63, No. 4 (2020)

and 466 cm™ are corresponding to the stretching and
bending vibrational, respectively. The NPS powder
is formed that is recorded at wavenumber value
1093 cm™! [8]. The broad band in the range 3050 to
3750 cm! corresponds to O-H stretching modes in
SiOH groups and H,O, in addition 1637 cm™' due to
O-H scissor bending vibration in the water.
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Fig. 5: FTIR spectra of NPS powder at different KOH

and sonication times; a) KOH

conc.

=4.5 wt %, sonication

conc.

time =2, 3 and 4 hr, b) KOH = 6 wt %, sonication time = 2, 3 and 4 hr.

Fig. 2 and 5 proves the agreement of FTIR
results and XRD data. The NPS powder is partially
formed that appears NPS shoulder peak at 1900
cm’, as shown in the curve behavior similarity.
Then, NPS material is already formed as shown
in fig. 5.a. In fig. 5.b, the suitable sonication
time for KOH = 6 weight% is 4 hr. The NPS
formation conditions have a great importance as
recorded in fig. 6. At fast drying process, fig. 6.a
shows the NPS spectrum that appears clearly at

range 1200-1300 cm™ [24, 25]. But, at the slow
rate of drying process, the broad spectrum is
appeared at the same region as shown previously.
Then, the spectrum of Si-O asymmetric
stretching in Si—-O-Si is appeared [26]. Therefore,
the (Si0,) is formed, which is in line with fig.
3.a. After filtration process, fig. 6.b shows NPS
spectra clearly at range 1200-1300 cm'. Without
filtration process, the broad spectrum is appeared
[27]; which is in line with fig. 3.b.
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Fig. 6: FTIR spectra of NPS particles and porous silica particles at different effective factors; a) KOH_ =6 wt %,

sonication time = 4 hr at different drying rate, b) KOH

process and without.

conc.

=4.5 wt %, sonication time = 4 hr using separation

conc.
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So, as shown in fig. 5 and fig. 6, the chemical
mechanism of the NPS formation can be explained
as follows:

Si+ 2KOH + 2H,0 — SiO, (OH),? + 2K" + 2H,

-‘:—H2

Si* + 4e” + 2K* + 4H,0 — Si* + 2KOH + 2(OH)'

+2H,0  ----- > (4)

In this case, we have obtained the porous
silicon, which has the active surface to conduct
many chemical reactions, which can be used
in many chemical applications that depend on
surface chemistry of materials. If the powder is not
separated from the oxidation solution used, we will
get the silica powder at high pH range (alkaline
medium), as shown in the following mechanism:

Si* + 2KOH + 2(OH) +2H,0 — Si (OH), + OH
— Si (OH), O+ H, O

Si (OH), O" + Si (OH), O" —Si (OH)3 -O-Si
(OH), ----- > (6) [19]

Fig. 7 shows Raman spectra of the synthesized
material and exhibits the main typical features
of NPS-powder, NPS covered with a SiO, layer
and pure SiO, powder. The shape of the spectra
measured for bulk material, it’s similar to SiO,
Raman spectra of literature [27, 28]. After the
filtration process, fig. 7.a shows Raman peak
spectraat 512 cm that corresponds to the presence
of Si-O bond [22], at the preparation conditions
are KOH = 4.5 wt % at 4 hr. In the case of
without separation (filtration process), a weak
band at 930 cm™! is observed, in addition to the
main peak at 512 cm, that appears as a shoulder
on the hydroxyl terminated SiO, mode (Si-OH)
[29]. Then, the NPS powder covered with (SiO,)
layer is observed. Fig. 7.b shows the boson peak
with maximum at about 60- 70 cm™' [30], at the
preparation conditions KOH_ =6 wt % at 4 hr.
It’s contributed to the main Raman band of bulk
material and assigned to scissoring in tetrahedron
[SiO,,]. In the region 450— 510 cm™ the Raman
modes are essentially Si—Si modes [31]. Fig. 7.b
shows several wide bands, which are observed
in two cases of drying (fast and slow). The
frequencies associated with the vibration modes in
the SiO, structure at n = 968, 1088 and 1171 cm™
are the transversal, longitudinal and asymmetric
stretching, respectively. [32]
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Fig. 7: Raman spectrum of the synthesized materials; a) KOH_ = 4.5 wt %, sonication time =4 h,b) KOH =

6 wt %, sonication time = 4 hr.

Fig. 8 shows SEM images of NPS powder
product. It clearly shows three different porous
architectures, which is as a result of using KOH__
=6 wt % at several sonication times. The diameter of
NPS rods array is in range (0.634 - 0.894 um) and its
length is ~ 3.12 um with a smooth porous surface,
as shown in figure 8.a, the pore size is 28-140 nm.
At the sonication time enhancement from 2 to 3 hr,

Egypt. J. Chem. Vol. 63, No. 4 (2020)

conc.

it converses the NPS rods array to NPS sheets, so the
density of NPS will decrease [33], as shown in Figure
8.b. The lengths of NPS sheets are in range 3.3-9.9
pum. At the sonication time 4 hr, the NPS clusters
are observed as shown in figure 8.c, which is more
suitable for using in water treatment process (for settle
heavy metals, dyes and other mineral) [34]. So, the
NPS surface area is more useful than the commercial
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silicon powder for many environmental applications
[35]; as a removing of different dyes types and heavy

7:- 1 D000

Commercial Si powder

Fig. 8: SEM images of NPS using KOH

conc.

Fig. 9 shows the TEM images at different
magnification, TEM suggest the variation of
the NPS surface morphology with exposing to
the dual techniques contain the etchant mixture
that produces NPS powder. Fig. 9a is an image
of the commercial Si powder sample before the
sonication process that shows the particle size in

metals in wastewater for recycling use.

Nano- porous
rod arrayv

Nano- porous
sheets

Nano- porous
clusters

=6 wt % at different sonication times; a) 2 hr, b) 3 hr and c) 4 hr.

range 2-3um. As for the fig.9b, the image shows
the spherical porosity shape of the prepared NPS
powder at preparation conditions (6 wt% KOH,
at 4hr as sonication time, and fast-drying). So,
the same results are obtained that’s NPS powder
already has been formed.

1 500 nm

100 nm

Fig. 9: TEM images a) commercial Si powder, and b) NPS powder using KOH = 6 wt %, 4 hr, and fast-drying.

The heavy metals removal from wastewater
is the most suitable application that uses the
prepared NPS powder. That’s studied in the
previous papers [34, 36]

Conclusion

The NPS powder production is the main
goal in this study, using combining the alkali
chemical etching process and ultra-sonication

Egypt. J. Chem. Vol. 63, No. 4 (2020)
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technique. It produces improvement of porosity;
reducing the cost and enhancing the safety
with high yield efficiency. This method is very
interesting for the production of NPS powder
from metallurgical grade silicon powder. The
average crystallite sizes of the samples product
are estimated in the nanometer range with several
architectures, which are good matches for the
values of (crystalline size, pore size and energy
gap) and FTIR spectrum. Then, due to using the
combined techniques at different conditions, there
is a possibility to configure NPS powder; NPS
powder coated with (SiO,) layer and pure (SiO,)
powder, which promotes the use of products in
many fields.
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