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Abstract

Hydrogen energy is considered a renewable energy source as well as a future fuel choice. Nanoporous-silicon (NPS) is
needed in many fields such as sensors, optoelectronics, drugs and hydrogen production. This study aims to produce
ultra-pure hydrogen gas and (NPS-powder) from Si-powder processing at different KOH %weights as a base medium
and different n-propanol % volumes as a wetting agent. Alkaline etching of Si-powder to produce (NPS) is also
considered a source of Ha-production. The results show the high purity of H, gas (99.99%) produced through this
process.

The method provides for generating H» gas at room temperature from commercial Si-powder is processing, without
using any source of energy and at a stable, high generation rate (=1 L /20 min). XRD results confirmed the formation of
(NPS), its particle size ranged (from 0.05 to 4.00 pm). In addition, TEM measurements indicated the existence of a
nano-ribbon structure with the polycrystalline nature of (NPS).

Keywords: Ultra-Pure hydrogen, Nanoporous silicon (NPS), wet alkali chemical etching process
1. Introduction

In many countries, hydrogen (H») is considered an important carrier of alternative energy and a promising path
towards the future of sustainable energy. [1]. It isn’t a primary source of energy that is freely found in nature, but it's
a subsidiary form of energy which must be produced, such as electricity [2]. The primary energy sources can
produce H; via various production technologies. [3]. The thermo-catalytic technique produces about half of all the
H, production [4]; natural gas is the starting material in the gasification processes [5]; heavy oils and naphtha
occupy the second largest source, then coal; in addition to the water splitting process [6]. Hydrogen production is a
crucial factor in determining whether it meets the standards. Various sources can produce Hydrogen, such as water,
biomass, boron hydrides, hydrocarbon fuels, hydrogen sulfide, and chemical elements containing hydrogen [7]. H,
gas can be obtained during the synthesis of nanoporous silicon (NPS) powder process, which is a material widely
used in various applications in several fields such as optics, energy photovoltaics, chemistry and biology. Here, we
developed a zero-electricity electrolytic technology that converts a variety of waste gases into sustainable hydrogen.
NPS has many properties such as compatibility with silicon-based microelectronics, low-cost, large surface area
within a small volume that is compatible for H, gas production applications. In previous studies, the NPS synthesis
is usually formed by anodizing a silicon wafer in hydrofluoric (HF) solution or a chemical acidic stain etching
technique [8]. H» gas can be obtained during the stain etching of Si powder to produce nanoporous silicon (NPS).
There are some advantages to extracting hydrogen from water environments in the presence of a small amount of
NHs, which are tenability and safety, in addition to the possibility to characterize NPS as a hydrogen source
material in terms of hydrogen-effective shell and crystalline core conception [9].



This aims to produce ultra-pure hydrogen gas (99.99%) through the alkali chemical etching process using potassium
hydroxide (KOH) and n-propanol (as a wetting agent) at room temperature with a high generation rate (=<1 L / 20
min) and high stability. This methodology is one of the promising techniques for the dual production of nano-
porous-silicon (NPS) powder and ultra-pure H, gas (as shown in Table A.1), with respect to its low cost, simplicity,

safety and zero energy consumption.

Table A.1: Comparison between previous studies and our current research.
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2. Materials & Methods

2.1. Setup

The developed technique combines both ultrasonication and alkaline chemical etching (wet technique) [13]. Si-
powder as a precursor (silicon, Pulver-99%, 7 grams) was spread in a solution that carried different concentrations
of potassium hydroxide {6, 7, and 8 wt % KOH}, and various concentrations of n-propanol {15, 20, and 25 Vol%
NPA}; (as presented in Table 1) as a solution in ultrapure water (18 MQ deionized water). So, the glass vessel was
exposed to the ultrasonication waves for different times (30, 60, 90, 120, 150, 180 and 270 min), washing the
produced nano-powders by using distilled water, and then drying them at 40 °C (overnight) [13]. The system for the
production of NPS and H, gas is shown in Fig. A.1.
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Fig. A.1. Schematic diagram for the production of NPS powders and H: gas evolution

2.2. Characterization of NPS powder product

The structure and crystallization of the NPS powder product are characterized by XRD (X-ray Ultra diffractometer,
using Cu-Ka radiation (A = 1.5405 A) at a scanning rate of 4° min"!, 7000 Schimadzu diffractometer). In addition,
the crystalline size of NPS is calculated using the XRD spectra through the Scherrer equation. The composition of
the deposited powders is explored elementarily by JEOL-5300 scanning electron microscope embedded with EDAX
microanalysis. An accelerating voltage of 20 kV was used. FTIR (Fourier Transform Infrared Spectrophotometer,
Shimadzu- 8400s, Japan) and Raman Spectroscopy (Senteral, Bruker Raman micro-spectroscopy, at an excitation
wavelength of 330 cm™") are used to record the chemical bonds of the NPS powder synthesis process. Raman
spectroscopy (Senterral Bruker, Raman micro spectroscope), with an excitation wavelength value of 514.5 cm™'; the
used spectral range is 100 — 4000 cm™'. The NPS powder morphology is inspected using SEM {Scanning electron
microscopy, JEOL (JSM 5300), magnification (1000—30000), at an accelerating voltage of 20 kV} SEM is used for
the determination of the shape, structure and size of NPS powder. JEOL- JEM-2100F is a FE (field emission)
analytical electron microscope that provides the arrangement structure of sample atoms at the crystal arrays. The
lattice image resolution was about 0.1 nm (ultra-high resolution). The point image reached about 0.19 nm, with an
acceleration voltage range of 80-200 kV and magnification of 2,000-1,500,000.

The UV light spectrum (at wavelength 365 nm), in addition to Photoluminescence spectra (PL), is measured using
the FP-8600 spectro-flourometer (FP-8600), which uses a sensitive PMT to collect data from the UV region to the
NIR region. The excitation wavelength ranges are (200- 850 nm) and also up to 1010 nm for fluorescence emission.

2.3. Characterization of the elevated Hydrogen gas product

H, gas volume is determined using the water displacement technique [14], as shown in Figure 1. The impurity of the
product (elevated H») is determined by GC mass chromatography. Also, the amount of residue obtained, such as
(CO, CO; and CHy) is determined via an Agilent 6890N Network Gas Chromatograph. It is used to characterize the
percentage of hydrocarbon (CO, CO, & CHa), and H; gases. The range of suitable operating temperatures for all
columns and chromatographic separations is 4 — 450 °C. In addition, pressure is adjusted by increments of 0.01 psi.

3. Results & discussion

The main objective of this work is to achieve a high degree of hydrogen gas purity through the processing of NPS
powder via chemical reaction from the commercial silicon powder. In the following sub-sections, the effect of
changing concentrations of both KOH and n-propanol will be evaluated through the amount of hydrogen produced
using both quantitative and qualitative analysis.



3.1. Characterization of Nanoporous Silicon (NPS) powders

3.1.1. X-ray Diffraction (XRD)

Fig. A.2 shows the XRD patterns for crystalline NPS powder with respect to the impact of different alkaline etchant
(KOH) concentrations and the wetting agent (n-propanol; NPA) concentrations. The changes in peak intensity and
position show the silicon (nc-Si) size and its concentration, which are obtained using alkaline etching and ultrasonic
processing techniques to produce NPS powder [15]. The polycrystalline NPS powder is formed at etching conditions
(alkaline etchant) KOHcone. = 6, 7, and 8 wt %, in addition, (wetting agent) NPAcone. = 15, 20, and 25 Vol %. The
diagram of planes; peaks are around 20 = 28.23°, 47.193°, 56.023°, 68.989°, and 76.2396° that show nano-
crystalline silicon planes {(111), (220), (311), (400), and (312)}, correspondingly (JCPDS Card No. 01-079-0613
and 00-027-1402) [16].

For the calculation of the average size of the crystalline nc-Si, the full width at half maximum (FWHM) of all atoms
is used, such as the Scherrer equation [17]. It may be differentiated because of the wet alkali chemical etching
technique conditions via the etchant solution (alkaline etchant and wetting agent) concentrations. Scherrer equation

can be used for the calculation of the crystal size value.
K2
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Eq. (A.1)

At D (nm): the crystallite size, k = (0.9 as Scherrer’s constant), A (nm) = 0.15406 as the wavelength of radiation used
(CuKa in this case), B (radians): the full width at half maximum intensity of the diffraction peaks (FWHM), 0
(radians): the diffraction angle of the concerned diffraction peak.

XRD patterns of the polycrystalline NPS powder at different wetting agent concentrations (15, 20, and 25 Vol% n-
propanol) are presented in Fig. A. 2, in addition to Table A.2. The peaks are in good agreement with the joint
committee on powder diffraction (JCPDS Card No. 01-079-0613 and 00-027-1402) data. The corresponding
reflecting planes are (111), (220), (311), (400), (331), (422) and (511), respectively. The NPS powder product's
average crystallite size values are influenced by the difference between the alkaline etchant concentration (wt%
KOH) and the wetting agent concentration (Vol% NPA).

As shown in Fig. A.2.a, in samples 1, 2, and 3, the highest value of (FWHM) corresponds to the plane (111) that is
followed by planes (220), (311), and (422). There is a direct proportional relationship between the concentration
(Vol% NPA) and the value of crystalline size of polycrystalline NPS powder at (8 wt% KOH). On the other hand,
Fig. A.2.b shows data of samples 4, 5, and 6 that have the same order of (FWHM) values with respect to the peak
intensity values. But, there is a slight difference in that some of the peaks have equal intensities, as a result of the
different value of KOHconc (7 wt% KOH). Also, the smallest crystallite size of NPS powder is recorded at (25 Vol%
NPA), and there isn’t a regular relationship between the (Vol% NPA) and the value of crystallite size of
polycrystalline NPS powder as shown in the previous one. Fig. A.2.c presents the highest value of (FWHM) that
corresponds to the plane (111); however, there is a good equality of (FWHM) values of planes (220) and (311). At
(6 wt% KOH), the smallest crystallite size of the NPS powder is recorded at (25 Vol% NPA), with a value of 23 nm.
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Fig. A.2 : XRD spectra of various polycrystalline NPS powder at different (Vol% NPA); a) at 8wt% KOH, b) at

7wt% KOH, and c) at 6wt% KOH




Table A.2: Standard values of the polycrystalline NPS-powders, XRD diffraction peaks obtained by different
wet alkali chemical etching conditions and crystallite size

Diffraction peaks (20)°
Sample Wt% Vol% planes Crystallite
number KOH NPA size (nm)
(111) (220) | (311) | (400) | (331) | (422) | (511

1 15 23

2 8 20 29 47.88 | 56.66 | 69.65 | 76.88 | 88.50 | 95.38 25

3 25 29.3

4 15 29.5

5 7 20 28.6 47.7 56.54 69.5 76.7 88.3 95.2 39.7

6 25 24.6

7 15 30.1

8 6 20 28.6 47.5 56.54 69.3 76.6 88.3 95.2 314

9 25 26

3.1.2. Fourier-Transform Infrared Spectroscopy (FTIR)

Infrared absorption analysis reveals information on powders' surface chemistry and how it is changed as a function
of the alkaline etchant and wetting agent concentrations. The FTIR spectrum of the silicon powder after alkali
chemical etching is depicted in Fig. A.3. FTIR spectrum of NPS powder shows a clear spectrum of bands in the
region (1000-1300) cm!, which is assigned to Si—O asymmetric stretching at various concentrations of the mixture
of etchants. The stretching and bending of the Si-(0,Si2), Si-(03Si) and Si-(O4) are noticed in band range 450 - 470
cm!. The broadband of 3000 to 3750 cm™' correlates with O-H expansion patterns in SiOH and H»O assemblies in
addition, the frequency range 2000-2300 cm™! is due to the presence of the Si-H group. [18-21]

As shown in Table A.3 and Fig. A.3.a, samples 1, 2 and 3 show the FTIR spectra of NPS powders at 8 wt% KOH
and various values of NPA concentrations (as 15, 20, and 25 Vol% NPA), respectively. It shows an abroad band at
around 3400 cm' that is attributed to v (OH) in O-H stretching bands of Si-OH groups, i.e. 3700-3200 cm™' [21].
The FTIR stretching band for v (Si-Hyx) appears around 2340 cm™' for NPS. Also, that’s the agreement of the
presence of rocking motion of the O atom, which is perpendicular to the Si—O-Si plane, as shown in figure 3.a.the
Si-H group is identified by a band in the range 2280-2080 cm™'; it’s the exact position band which is very sensitive
to the electronegativity of the groups attached to the silicon [24]. In addition to symmetric vibration bands, vs(Si-O,)
and v,4(Si-O,) bands in the region 1945 cm™ [23], and an asymmetric stretching band at 1079 cm'. So, the FTIR
band attributed to vy(Si-O2) of NPS is in red shift and appears in the range 1640- 1655 cm’!. But, the FTIR spectrum
for v,5(Si-02) band is in blue shift and appears around 1080 cm™, representing the & (O-Si-O) stretching vibration
[24]. The FTIR bands at 457, 461 and 463 cm™' for NPS samples, 1, 2 and 3, respectively, are attributed to the
rocking motion of the O atom, which is perpendicular to the Si—O—Si plane [25].

Fig. A.3.b presents the FTIR spectrum of NPS samples 4, 5, and 6 at 7 wt% KOH and different V% NPA
concentration values and is shown in Table A.2. The broad band v (OH) in the (O—H) stretching band of the Si—-OH
group appears in the same regions in Fig. A.3.a. The FTIR stretching band for v (Si-Hy) appears at 2343.6 and
2347.5 cm™! for NPS samples 4 and 5, respectively. It disappears in sample 6 in the FTIR spectra. Also, the FTIR
band attributed to vs(Si-O2) for NPS is in a red shift. On the other hand, the vas (Si-O) band makes a blue shift and




appears at 1084 and 1086 cm™! for NPS samples 4 and 6, respectively. The FTIR bands at 794.7, 788.9 and 773.5
cm! for NPS (samples 4, 5 and 6) represent the § (O-Si-O) stretching vibration [24].

Fig. A.3.c shows FTIR spectrum of NPS powder with 6 wt% KOH and 25, 20 & 15 Vol% NPA, “7, 8 & 9”, has
abroad bands at 3458.5, 3441 & 3443 cm’!, respectively which is attributed to v(OH), where the O-H stretching
bands of Si-OH groups appear in the same region as alcohols, i.e. 3700-3200 cm™' [25]. The IR stretching band for
v(Si-Hx) appears at 2345.5 , 2253 and 2355 for samples “7, 8 and 97, respectively . The Si-H group is characterized
by a spectral band in the 2280-2080 cm™ range. There is no interference from other spectral bands in this part of the
spectrum. The precise location of this band is strongly influenced by the electronegativity of the silicon-bound
groups [27]. vy(Si-O) and v.s(Si-O2) bands, respectively, where it exhibits two absorption IR bands, a symmetric
vibration in the region 1945 cm™! [28] and an asymmetric stretching band around 1079 cm™! [29] . So, the IR band
attributed to vs(Si-O2) for NPS samples 7, 8 & 9 is red-shift and appears at 1658.8 , 1653 and 1662.7 cm !
respectively. While FTIR spectrum for v,4(Si-O2) bands makes a blue shift and appears at 1084, and 1084 cm™' for
NPS powder 7 and 9 respectively. But it makes a little red-shift in sample 8 at 1076 cm™. The band at 785, 763.8
and 763.8 cm™! for NPS 7, 8 and 9 represents the & (O-Si-O) stretching vibration. The IR bands at 457 and 428 cm’!
for NPS 7 and 8 are respectively attributed to the rocking motion of the O atom which is perpendicular to the Si—O—
Si plane [30]. But, this band disappears at NPS sample 9.
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Fig. A.3 : FTIR spectra of various polycrystalline NPS powder at different (Vol% NPA); a) at 8wt% KOH, b) at
Twt% KOH, and c) at 6wt% KOH



Table A.3: By using various wet alkali chemical etching conditions, the FTIR spectrum bands of the

polycrystalline NPS-powders are obtained.

vs(Si-03) rocking
Number of | ¢y ) v(Si-Hy) (cml) vu(Si-02) | 3(0-si-0) | metons
sample (em™) (em™) (em™) (em™) [O atom]
(cm™)
1 3443.05 2339.73 (s) 1654.98 1084.03 790.84 457.14
(strong)
2 343341 2347.45 (s) 1641.48 1080.17 792.77 461.00
3 3439.19 | 234552 (m) 1643.41 1085.96 788.91 462.93
4 3448 84 2343.59 1641.48 1084.03 794.70 461.00
S 343534 2347.45 1637.62 1078.24 788.91 461.00
6 343534 | e 1654.98 1084.03 773.48 42628
7 345848 2345.52 1658.84 1084.03 785.05 45136
8 3441.12 2253.00 1653.05 1076.32 763.8 42821
? 3443.05 2355.00 1662.69 1084.03 763.84 | oo

3.1.3. Raman Spectroscopy

Fig. A.4.a shows the Raman spectrum of sample 2, that shows five peaks at the KOH concentration (8 wt %) and (20
Vol % of NPA). Each peak corresponds to a transition of electrons between energy levels, as follows: band (a)
shows sharp peak as the highest Raman intensity with red-shifted to 504.3 cm™! with respect to the peak obtained
from commercial silicon powder. Also, band (b) is detected at 922.7 cm ! which is due to 2T0 overtones that are
completely in agreement with the existing literature [28]. In addition, peaks (c and d) at 291.8 and 230 cm™!. And,
peak (¢) which is at 72.9 cm.

While the Raman spectra of sample 6 (NPS) shown in Fig, A.4.b present four peaks, which has some differentiate
than the existing literature. The red-shifting of peak (a) is recorded at 514.8 cm™'. Peaks (b, ¢, and d) appear at (940,
966, and 295.8 ¢cm '), respectively. On the other hand, Fig. A.4.c shows the Raman spectrum of NPS powder,
sample 7. Band (a) is red-shifted and broadened relative to 519.5 cm™! sharp line compared with the spectrum
obtained from commercial silicon powder. The second band, (b), appear at 947.5 cm™! which corresponding to 2™
order TO phonon (NPS) [32]. And band (c) appears at 306 cm™' due to 2TA phonon [33].
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Fig. A.4. Raman Spectra of; a) NPS powder sample 2; 8 wt % KOH, 20 Vol % NPA, b) sample 6; 7 wt % KOH, 25

Vol % NPA, and ¢) sample 7; 6 wt % KOH and 15 Vol % NPA at etching time 180 min.

3.1.4. UV Emision lamp & Photoluminescence Spectroscopy (PL)

The photoluminescence (PL) of nanoporous silicon (NPS) has been extensively studied and many models of its
mechanism have been proposed, but to date the photoluminescence mechanism of PS remains controversial. Some
groups have observed the blue and even violet light emission from oxidized NPS (OPS), and suggested that it
originated from the Si oxide in NPS [34]. Fig. A.5 shows the violet light UV lamp emission for NPS powders with
different concentrations of KOH and different concentrations of n-propanol wetting agent. The samples 2 and 7
show similar behavior of UV emission, while sample 6 (Fig. A.5.b) shows a different color of light purple. This may
be attributed to the NPS (PL spectra) obtained by PL spectroscopy system, [Model FP-8600 in the range (200 -1010

nm)], also the value of energy gap is obtained via Eq. (A.2) [35].




Eg=hv/A Eq. (A.2)

Where, E, (eV) is the optical energy gap, h (joules. sec) equal to 6.626x103* which is Planck’s constant , v (
m/sec) is equal to  2.99 x 108 m/sec, velocity of light , A (nm) is the wavelength of absorption peak value

The optical properties of NPS were further studied using photoluminescence spectroscopy. Photoluminescence
spectra show a single broad band that is similar to a Gaussian curve-like shape [36]. Fig.6 shows the NPS
photoluminescence spectra etched at various concentrations of KOH and NPA. The NPS can illuminate visible
violet PL range with a peak wavelength that falls in (319-320) nanometers. This effect is due to the surface types
and the quantum confinement effect that develops on porous nanoparticles during the etching process. [37]. The PL
intensities are nearly similar with different wt % KOH concentrations and different V % (NPA). This result can be
attributed to the same porosity and total surface area of all NPS powders. By comparison the impact of KOH and
NPA concentrations of samples 2 and 6, respectively; at Table A.4, etched NPS has a broader PL peak centered at
319 nm as shown in Fig. A.6.a and b, as compared to the other concentrations of sample 5, that have the PL peak a
little redshift to higher wavelength at 320 nm (Fig. A.6.c). The values of energy gap for NPS powders specified via
equation (A.3) lie between the regions of 3.89 eV to 3.87 ev that is more than the standard value for p-type silicon
(1.11 eV). Also, the gap range can be attributed to quantitative confinement [38].

Fig. A.5. UV lamp emission for NPS powders at different concentrations of KOH and NPA; a) sample 2, b) sample
6, and ¢) sample 7.

a) — 8 wt % KOH + 20 V % (n-propanol)
—— 7 wt % KOH + 25 V % (n-propanal)
€) = 6 wt % KOH + 15 V % (n-propanol)
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Fig. A.6. PL intensity for NPS powders; a) sample 2, b) sample 6, and ¢) sample 7.



Table A.4 tabulates all the values of PL peak intensity, wavelength, and energy gap values that are determined for
the NPS powders etched via various concentrations of KOH and various NPA concentrations as the wetting agent.

Table A.4 The Peak intensity, PL peak wavelength and energy gap values determined for the production of NPS via
various wt % KOH and Vol% (n-propanol) concentrations.

Sample NPS KOH NPA PL Peak PL peak intensity Energy
number powder (wt %) (Vol %) | Wavelength (nm) (a.u) (g;?)
2 a 8 20 319 4331 3.89
6 b 7 25 319 4214 3.89
7 c 6 15 320 4352 3.87

Then, this enhanced charge separation mechanism is further supported by the PL and FTIR results. The surface
states identified via PL serve as intermediate energy levels that efficiently trap photo- or chemically-excited
electrons, suppressing recombination. As verified by the FTIR functional group analysis, these active surface sites
promote strong chemical binding with the alkaline etchant, ensuring rapid interfacial charge transfer and
accelerating the reduction process to yield higher H- output.

3.1.5. Scanning Electron Microscope (SEM)

Fig. A.7 shows the morphology of the synthesized NPS powder samples (1, 2, and 3) at different etching
conditions with various n-propanol concentrations (15, 20, and 25 Vol% NPA), respectively. The used sonication
time is 180 min. It shows the etched silicon powder surface, where some nearly uniform cracks are observed
throughout the sample at lower magnification. At higher magnification small nanopores are observed. Fig. A.7.a and
a’ shows the layer thickness of sample 1 is in the range (0.05 -0.07 um) and the pore size (70-100 nm). The pore size
is directly proportional with the wetting agent concentration as shown in Fig. A.7.b, and b’. The pore size value in
sample 2 is in the range (400-900 nm). But, Fig. A.7. ¢ and ¢’ show the morphology of sample 3, which has the
largest value of the layer thickness (2.32 - 4.00 um) and the smallest pore size (40-60 nm). The uniform cracklings
are in some places on the edge surface due to the anisotropic etching process of NPS powder using NPA as a wetting
agent at drying the samples in air. In addition, Fig. A.8 shows the morphology of synthesized NPS powder samples
(4, 5, and 6). The layer thickness is in the range (1.42 to 3.94 um) and the pore size values are in the range (40 to 80
nm).

Fig. A.9 shows the morphology of synthesized NPS powder samples (7, and 8). The layer thickness of sample 7 is in
the range (1.21 -1.27 um) and the pore size value is in the range (40- 50 nm) as shown in Fig. A.9. a, a'. On the other
hand, the value of the layer thickness is inversely proportional with the NPA concentrations. As shown in Fig. A.9.
b, b', layer thickness is in the range (0.05 -0.08 pm) and pore size (60-70 nm).

The micro-pores of NPS are filled by an alkaline etchant (KOH), so the surface tension is increased and capillary
stresses are formed that cause uniform cracking [39]. The shape morphology is changed due to changing the alkaline
etchant concentration. The rod arrays are formed at (7 wt% KOH), and NPS sheets are formed at (6 wt% KOH).



Fig. A.7. SEM images of NPS powder using 7 gm Si Powder and 8 wt % KOH; a, a") sample 1 at 15 Vol% (NPA),
b, b") sample 2 at 20 Vol% (NPA), and c, c¢') sample 3 at 25 Vol% (NPA).
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Fig. A.8. SEM images of NPS powder using 7 gm Si Powder and 7 wt % KOH; a, a’) sample 4 at 15 Vol% (NPA),
b, b") sample 5 at 20 Vol% (NPA), and c, ¢') sample 6 at 25 Vol% (NPA).
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Fig. A.9. SEM images of NPS powder using 7 gm Si Powder and 6 wt % KOH; a, a’) sample 7 at 15 Vol% (NPA),
and b, b") sample 8 at 20 Vol% (NPA).

3.1.6. Field Emission Transmission Electron Microscope (FE-TEM)

Fig. A.10 shows HRTEM images of the etched silicon powder for producing both nanoporous silicon [40]
and hydrogen gas under different etching conditions of both KOH and n-propanol and at 180 minutes as the etching
time.

Clear enhancements of the nano-pores of the nano-powder are exhibited in sample 2; in addition, the existence of the
nano-ribbon nature is clearly indicated in Fig. A.10.a, a’. The selected area electron diffraction (SAED) in the inset
of Fig. A.10.a indicates clearly the different planes of the polycrystalline nature of the NPS as confirmed by XRD
data. On the other hand, the image of sample 6 shows a great effect on maximizing the nano-ribbons and minimizing
the nanoparticles, as shown in Fig. A.10.b, b’.



The SAED still gives the polycrystalline nature and fringes of 0.3 nm that indicate the good crystallinity of the
etched nano-powder. At lower concentrations of the etching solution (sample 7); the etched powder exhibits a mixed
structure of silicon nanoparticles of about 50-70 nm accompanied by wide nano-ribbons with 3-4 layers of NPS as
shown in Fig. A.10.c and its inset. High resolution of this nano-powder shows nano-pores with dimensions ranging
from 2-5 nm and the nano-ribbons have the silicon fringes with a dimension of 0.3 nm of the (111) plane as shown
in Fig. A.10.c, ¢'.

So, the formation of nanopores and nanoribbons, observed via SEM and HRTEM, plays a pivotal role in
accelerating the hydrogen generation performance. The network of nanopores significantly increases the accessible
surface area, exposing a higher density of active catalytic sites. Concurrently, the unique 1D morphology of
nanoribbons provides a continuous pathway for rapid electron transport and minimizes mass transfer resistance. This
structural synergy facilitates the immediate release of generated H. bubbles, preventing catalyst surface blocking
and sustaining high reaction kinetics

3.2. Hydrogen Production

Silicon element is capable of reacting with alkali etchant mixture (KOH and n-propanol) and producing
hydrogen gas in aqueous solutions at ambient conditions [41]. In addition, the qualitative and quantitative analyses
of hydrogen gas are presented as follows.

3.2.1. Qualitative analysis of hydrogen gas production

For the determination of H» gas volume, using water displacement technique for quantification and collection the
evolved H; gas, as shown in the Fig. A.1. The qualification and purity percent of the evaluated H, are determined by
GC mass chromatography [42] (Methanizer Agilent 6890N) as mentioned before. In addition, some impurities of
hydrocarbons like (CO, CO, and CH4) of some NPS powder samples (2, 6, and 7), are determined too by GC mass
chromatography (Hp 6890 series). The hydrogen purity for all samples is ~ 99.99 %.



Fig. A.10. HRTEM of etched silicon powder for producing both NPS and hydrogen gas at different etching
conditions; a, a') sample 2, b, b') sample 6, and c, c') sample 7.

Table A.5: Hydrogen purity and concentration of CO, CH4 and CO,

Components Method Result

Sample 2 Sample 6 Sample 7
Hx (vol %) 99.99 99.99 99.99
CO (ppm) UOP 603 7 3 3
CHs4 (ppm) 4 3 2
COz (ppm) 107 115 61




3.2.2. Quantitative analysis of hydrogen production

For the determination of H, gas volume, we applied the water displacement technique for quantification and
collection the evolved H, gas [43], as mentioned before in the Fig. A.2. As well known, the density is the ratio of the
weight of substance to its volume, so the weight accumulated (wt.) of hydrogen gas evolved can be calculated from
Eq. (A.3).

Wt. (gm) = C * [V (ml) *107] Eq. (A.3)

Where, wt. (g): weight of the calculated of hydrogen gas evolved in grams, V (ml): Volume of hydrogen gas
evolved in milliliters, C (g/L): = 0.08988, a constant which is the density of hydrogen gas

Fig. A.11, shows the elevation process of hydrogen gas with 7 gm Si powder, during preparation samples (1, 2 and
3) which starts approximately at 22, 27 and 20 min, respectively. For sample 1, elevation of hydrogen gas records
one liter after 30 min of the reaction starting. Hydrogen quantity increases gradually until reach to the constant rate
at 70 min which equivalent to about 3000 ml. While for sample 2, it registers one liter after 40 min of the reaction,
also hydrogen elevation increases gradually till constant rate at 70 min which equivalent to about 3500 ml. For
sample 3, shows the production of hydrogen which starts approximately at 20 min then complete to one liter after 30
min of the reaction, hydrogen quantity increases gradually until reach to the constant rate at 100 min which
equivalent to about 4080 ml .

According to Equation (4) the accumulated weight of H, (the equivalent volume and weight of H» at different times)
for sample 1, at 180 min, is about 0.28 gm. And the value of accumulated weight of H, for sample 2 and 3, are 0.55,
and 0.38 gm, respectively. So the highest value of the accumulated weight of H; at concentrations 8wt% KOH and
20 Vol% NPA, at 180 min as the etching time, as shown in Fig. A.11.a.

Fig. A.11.b shows the production of hydrogen due to synthesis process of NPS via different etchant mixture
concentrations, that corresponding to samples 4, 5, and 6. For sample 4, it shows the hydrogen production which
starts approximately at 25 min then complete to 1000 ml after 45 min of the reaction, hydrogen increases gradually
till reach to the constant rate of elevation at 90 min which equivalent to about 4000 ml. And in case of sample 5, it
shows the time of hydrogen production is at 30 min then complete to 1000 ml after 58 min of the reaction, hydrogen
increases gradually until reach to a constant rate at 110 min which equivalent to about 4150 ml. While for sample 6;
27 min is the time of the beginning of H, gas elevation and then produces 1000 ml after 32 min of the reaction,
hydrogen increases gradually until reach to the constant elevation rate at 100 min which is equivalent to about 5100
ml. The accumulated weight for hydrogen calculated from equation (4) is about 0.47, 0.45, and 0.54 gm, it
corresponding to samples 4, 5 and 6, respectively.

The production of H, gas during preparation of samples 7, 8, and 9 is presented in Fig. A.11.c. For sample 7, H, gas
elevation starts approximately at 30 min then complete to one liter at 50 min from starting of the reaction, H»
increases gradually until reach to the constant rate at 90 min which is equivalent to about 3830 ml, according to
equation (4) the accumulated weight is about 0.49 gm. In case of sample 8, the H; is produced at 23 min and one
liter at 44 min of the reaction, H» increases gradually until reach to the constant rate at 130 min which equivalent to
about 4150 ml, so the accumulated weight is about 0.39 gm. While for sample 9, the production of H, starts
approximately at 31 min then complete to one liter after 45 min of the reaction, H» increases gradually until reach to
the constant rate at 100 min which equivalent to about 4000 ml, the accumulated weight is about 0.47 gm in 180 min
for reaction.
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Fig. A.11: the accumulated elevation hydrogen gas (Hz) during preparation process of; a) samples 1, 2, and 3, b)
samples 4, 5, and 6, and c¢) samples 7, 8, and 9.

So, as shown in Table A.5, the best amounts of H; gas in grams at constant weight amount of Si powder (7 gm) and
constant time of ultrasonic reaction at 180 min. Thus, it’s observed that at 8wt% KOH and 20 V% NPA, sample 2
has the highest amount of H; gas which is equal to 0.55 gm rather than the two other concentrations of NPA. While
at concentrations 7 % wt KOH and 25 Vol% (NPA), the best amount of H; gas production is observed (Sample 6),
0.54 gm comparing with the other two concentrations. And sample 7 at etchant mixture concentrations (6 wt
%KOH, and 15 Vol% (NPA)), the best value of accumulated H, gas is 0.49 gm.



Table A.6. Quantitative comparison between weight and volume accumulated of H: gas evolution with
different concentrations of KOH and n-propanol

Concentrations Time of Reaction in ultra-sonication system is 180 min
wt % (KOH) Vol % Volume accumulated Weight accumulated
(NPA) (ml) (gm)
15% (3110) (0.28)
8% 20% (6100) (0.55) (Best Result)
7 gm (si- .
powder) 25% (4280) (0.38)
15% (5200) (0.47)
7% 20% (5000) (0.45)
25% (6050) (0.54) (Best result)
15% (5450) (0.49) (Best Result)
6% 20% (4370) (0.39)
25% (5230) (0.47)

Then, the H» evaluation depends on several parameters as shown in the following; a) Influence of KOH
concentrations: the hydrogen evolution rate scales [nearly linear] with KOH concentration within the range of [6 to
8 wt%]. Quantitatively, increasing KOH enhances the concentration of reactive OH™ ions, accelerating the
nucleophilic attack on the silicon backbone. However, beyond [8 wt%], excessive isotropic etching leads to a
decrease in active surface area, stabilizing or reducing the net H, output. b) Influence of NPA concentrations: it
serves a dual quantitative role as a surface tension reducer and a kinetic moderator. At an optimal value of [20
vol%], NPA maximizes bubble detachment (reducing H, bubble pinning on pores) and improves wetting. Exceeding
this concentration limits the diffusion of OH™ to the silicon interface, slowing down the reaction kinetics. c)
Influence of sonication time: Increasing the sonication time from 30 to 270 minutes yields a [196%] increase in the
initial hydrogen generation rate. This is attributed to the continuous mechanical removal of passivating byproduct
layers K,SiOspropoxides) and the accelerated mass transport of reactants into the deep nanopores. And, d) Influence
of morphology: SEM imaging confirms that the transition from a (e.g., macro-porous to a dense nanoporous
network) directly governs the reaction kinetics. The highly interconnected nanoporous structure minimizes the
diffusion path for alcohol molecules.

To evaluate the practical significance and efficiency of the proposed alcoxylation process, the key performance
metrics were standardized against the mass of the starting material. Based on the consumption of 7.0 g of silicon
powder to generate 1.0 L of H> over a 20-minute interval, the system demonstrated a hydrogen productivity (yield)
0f 0.1429 L g* Si and an average production kinetic rate of 0.4286 L g™! Si h'. Given the 1:2 stoichiometric ratio of
Si to H2 defined by the reaction equation, the theoretical maximum hydrogen output is 11.17 L (at STP), yielding a
reaction conversion efficiency of 8.95% (8.20% at 25 °C). This baseline evaluation establishes a benchmark for
future optimization of the catalyst or reaction conditions to overcome potential kinetic bottlenecks.

4. Suggested chemical reaction mechanism via dual formation of NPS and H: gas
In the presence of a strong base catalyst KOH, silicon directly reacts with n-propanol CH;CH>CH,OH to yield tetra-

n-propoxysilane (or soluble propyl-silicate complexes) and hydrogen gas. The overall stoichiometrically balanced
equation for a single silicon active unit is:

Si+4CH3;CH,CH,OH — KOH Si(OCH,CH,CHs)s+ 2H)1 Eq. (A.4)




If water is present in the KOH solution, a competitive/cooperative hydrolysis and etching reaction occurs
simultaneously, which is balanced as follows:

Si+2 KOH +2 H,0 — K;SiO3+2 H»? Eq. (A.5)
The reaction mechanism contained the following steps:
a) Deprotonation of n-Propanol (Catalytic Activation): The hydroxide ions (OH") from KOH abstract protons
from the n-propanol molecules, generating highly nucleophilic propoxide ions (CH3;CH,CH>O")

CH;3;CH,CH,OH + OH" «» CH3CH,CH,O +H,0O Eq. (A.6)
b) Nucleophilic Attack on the Silicon Surface: The propoxide ions CH3CH>CH>O™ perform a nucleophilic
attack on the polarized surface {Si—Si} backbones or {Si—-H} terminated bonds. This leads to hydride
displacement and temporary formation of surface-bound alkoxide groups:

= Si-H + CH3CH,CH,0O — = Si-OCH,CH,CH; + H +e-  Eq. (A.7)
¢) Hydrogen Evolution Kinetics: The displaced hydride ions H™ or electrons instantly reduce nearby protons
from the alcohol or water molecules to form molecular hydrogen gas H», returning the hydroxyl/propoxide
catalysts to the cycle:

H™ + CH3CH,CH,OH — CH3CH>CH,O" + Ho? Eq. (A.8)

So, scheme 1 shows the suggested mechanism for dual formation of NPS and H, gas production. Firstly, commercial
Si powder reacts with KOH (as an alkaline medium) in the presence of NPA as a wetting agent. Si oxidized and
forms SiO; and also during oxidation process two molecules of hydrogen gas are produced. SiO, during the basic
medium, converts into Si (OH), and also produces hydrogen. Then, the reaction will accelerate and concentration of
KOH increases due to increasing pH of the reaction. At pH = 11 or more, the PS powders formed with producing
double amounts of hydrogen than the last step. After that, the corrosive alkaline medium breaks the bond between
Si-Si to form Si-O-Si, producing four molecules of Ha.
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Scheme 1. Chemical reaction mechanism for dual formation of NPS and H, gas

While older research of hydrogen generation from porous silicon proved that the reaction was possible, it was
highly inefficient for practical applications because [44]: The moment silicon reacts with water; it forms a native
silicon dioxide {SiO,} layer. In past studies, this oxide shell immediately choked the reaction, leaving the bulk inner
core of the silicon completely unreacted. NPS particles tend to clump together (agglomerate) when wet. This
severely reduces the accessible surface area, slowing down the hydrogen generation rate. In addition, most previous
setups required continuous external energy such as high temperatures, constant stirring, or dedicated light sources to
sustain even a modest hydrogen flow.

But in our research, instead of adding porous silicon to an external chemical bath or heating it, the new method co-
embeds the necessary elements directly into the porous matrix. KOH dissolves the passivating oxide layer as soon as
it forms, while the NPA prevents the nanopowder from clumping. Finally, allowing the porous silicon to achieve its
true theoretical hydrogen yield spontaneously as an economical and environmentally friendly method.



Conclusion

The main goal of this work is the production of high-purity hydrogen gas at room temperature, without using any
source of energy and at a stable great generation rate (= 1 L / 20 min). This process combines ultrasonic processing
with wet alkaline chemical etching. Porosification process of commercial silicon powder occurs via using alkaline
medium (KOH). The different characterization techniques confirmed that PS powders product in Nano scale and its
thickness in the range (0.05 to 4.00 pm), in addition XRD peaks show the reflecting planes (111), (220), (311),
(400), (331), (422) and (511). SEM and HRTEM present morphological shapes of NPS; i.e. nano-ribbon with
polycrystalline nature of the NPS and confirmed the superstructure nature of NPS powders.

For the determination of H, gas volume, we applied the water displacement technique for quantification and
collection the evolved H; gas. At etchant solution concentrations (8wt% KOH with 20 Vol% NPA), the highest
amount of H; gas is obtained that equal 0.55 gm rather than the two other concentration of NPA. While at 7 % wt
KOH, the best amount of hydrogen observed at 25 Vol% (NPA), is 0.54 gm comparing with other two
concentrations. On the other hand, at 6 wt %KOH, 0.49 gm of hydrogen accumulated was observed which is the best
one at 15 Vol% (NPA).

Qualitative analysis for hydrogen is measured by GC mass chromatography shows the percentages of H» gas and
some impurities hydrocarbon like (CO, CH4 and CO;). So, the hydrogen product purity is at least 99.999 Vol %
(dry). Thus, allowing the product to be used in many fine industries.
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