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Abstract

Global warming, driven by scientific and technological progress and rising
environmental pollution, has intensified the need for alternative renewable
energy sources like hydrogen. This study focused on designing a hydrogen-
hydrogen oxygen (HHO) cell using primary materials, where stainless steel
electrodes (10 cm diameter) were coated with carbon nanotubes (CNTS) via
electrochemical deposition. The CNTs were synthesized from potato peel
waste, demonstrating an eco-friendly approach to nanomaterial production.
Structural and morphological analyses of the CNTs were conducted using
scanning electron microscopy (SEM), atomic force microscopy (AFM), and X-
ray diffraction (XRD), confirming their high surface area and crystalline
structure. The research also investigated the impact of electrolyte concentration
potassium hydroxide (KOH) on hydrogen production efficiency. By varying
electrolyte parameters and applied current, the study monitored gas output per
unit time, revealing a significant increase in Hz and O: flow rates with CNT-
coated electrodes. The enhanced performance was attributed to the electrodes'
improved conductivity, corrosion resistance, and catalytic activity. These
findings highlight the potential of nanotechnology in optimizing renewable
energy systems, offering a sustainable solution for green hydrogen production.
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1. Introduction

Gas Global warming is a major issue among many others that the scientific
community must find solutions for [1,2]. Effective solutions should aim to reduce
pollution in order to preserve the environment for current and future generations. One
contemporary possible solution is the use of renewable energy, which is considered a
clean and relatively harmless energy source. As a result, numerous research projects and
experimental initiatives are being carried out worldwide to promote the use of renewable
energy [3,4]. Hydrogen-hydrogen oxygen (HHO) generation cells are presented as a
source of green alternative energy due to their ability to combat environmental pollution
[5,6]. These cells are environmentally friendly because hydrogen burns completely
without producing pollutants or toxic fumes [7,8]. Recently, HHO cell has been developed
as an innovative solution for green hydrogen production [9,10]. Additionally, HHO
generation cells have also been proposed as a storage for green alternative energy [11,12].

Water electrolysis is the working principle of the HHO generator. Electrolysis has
been used to produce hydrogen since the 19th century [13]. Water electrolysis is a
promising technique for producing clean water as a sustainable energy source. Current is
passed through an electrolyte using an electrode. The flowing current separates water into
hydrogen and oxygen gases, which are combined into a mixture called Brown’s Gas HHO
[14]. The HHO generation cells are of two types according to their construction: the wet
cell and the dry cell. The dry cell was adopted in this work. Industrial applications of HHO
gas include welding and metal cutting. Currently, it is also used as an additive fuel to
conventional fuels to reduce pollutant concentrations emitted during combustion in diesel
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and petroleum engine chambers. This process uses water as the main raw material to
produce HHO gas without emitting pollutants into the environment [15].

To improve the electrical properties of electrolytic cell electrodes, they are coated
with nanomaterial that enhances their physical and mechanical properties. These
nanomaterials intersect between the overall structure of the material and the atomic or
molecular structure, improving its electrical and mechanical properties. In contrast, the
physical properties of the overall material remain constant regardless of its size. However,
upon reaching the nanoscale, the properties of the material change according to the size
of the nanoparticles and the principle of quantum confinement [16]. Therefore, it is
necessary to select promising materials suitable for this work to achieve high quality [17].
Carbon nanotubes are an important and promising material in this regard, and they are
prepared using electrochemical deposition techniques [18, 19]. The aim of this study is to
design an HHO cell coated with carbon nanotubes through electrochemical deposition and
to investigate the electrochemical parameters of the cell.

2. Experiential Work

The cell electrodes were prepared from stainless steel 316L. The stainless steel sheets
were of 10 mm thickness and cut into pieces of 5x2 cm? area. These pieces were cleaned
in an ultrasonic bath using acetone and ethanol sequentially for 10 minutes. Subsequently,
they were immersed in a 20% HF acid solution for ten minutes. Finally, they were rinsed
with distilled water.

In this work, carbon nanotubes (CNTSs) purchased from (Cheap Tubes Inc-USA,
purity 90 wt%, OD: 20-40 nm, ID: 5-10 nm, length: 10-30 nm) was used. The CNTs were
oxidized with a mixture of sulfuric acid (H,SO,) and nitric acid (HNO3) at a mixing ratio
of 1:3 to introduce a carboxyl group (COOH-), making the tubes more water-dispersible.
The CNTs were thoroughly washed with distilled water until the pH reached 7 and dried.
An electrolyte was prepared from 10 mg of CNTs in 100 ml of water, and the solution was
subjected to a sonication bath for 1 hour. After ensuring the dispersion of the CNTSs, the
electrochemical process of coating the electrodes with CNTs was then carried out by
immersing the electrodes in the prepared electrolyte solution to find the equilibrium
between the electrodes and the electrolyte solution [20], as shown in Fig. 1.

2. 1. Preparation of Potassium Hydroxide (KOH) Electrolyte
Potassium Hydroxide (KOH) at 0.0099 M was taken in a 2 L flask containing 500
mL of distilled water. The mixture was exposed to ultrasonic waves for 10 minutes. The
flask was then filled with distilled water up to 2 L to prepare a 0.16 M KOH solution. The
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flask was subjected to ultrasonic waves for 5 minutes to ensure homogeneity. Two
concentrations of KOH solution were prepared, 0.16 M and 0.32 M. Since pure water has
low electrical conductivity. Electrolyze solutions such as KOH are added for the increase
of ions number, thus improving the electrical conductivity.

2. 2. Design of HHO Cell

Three circular plates of stainless steel 316L with a diameter of 10 cm, one serving
as the cathode electrode (the negative terminal), the other as the anode electrode (the
positive terminal), and the third as a neutral plate positioned between the two plates to
facilitate the electrolysis process. The surfaces of the electrodes were coated with carbon
nanotubes, as explained. Two holes, each with a radius of 3 mm, were drilled into all three
electrodes to equalize the liquid level and allow the passage of the electrolyte and HHO
gas. Circular gaskets with a 10 cm diameter were cut from 1.6 mm thick Ethylene
Propylene Diene Monomer (EPDM) rubber, and two transparent acrylic sheets with a
diameter of 12 cm were also cut for this design were arranged and fixed until had become
a small chamber to hold distilled water mixed with the solution of ammonia hydroxide,
as shown in Fig. 2.

Figure 2:

The final construction part of dry HHO cell.

3. Results and Discussion
3. 1. X-Ray Diffraction
Fig. 3 shows the X-ray diffraction (XRD) pattern of the CNTs. The CNTs
diffraction peaks located at 20: 25.5°, 34.5°, and 52.7° are well matched with the Miller
indices (hkl) at (110), (002), and (101), respectively, according to the JCPDS Card
Number 26-1079 [21]. The crystallite size was determined using the Scherrer equation:

KA 1
BcosO 1)

D) =

where D is the crystalline size in nm, X is the X-ray wavelength (1.54 A), k is the Scherrer
constant equal to 0.89, 6 is the diffraction angle, and B is the full width at half maximum
(FWHM) in radian.

The results obtained showed that increasing the angle and decreasing the FWHM
led to an increase in the crystallite size, as shown in Table 1, which indicates an
improvement in the crystallinity of the material. The (002) plane is the main plane and
represents the rotation of crystallization, also the planes (100) and (101) showed the
arrangement of atoms in the transverse directions. It was noted that the highest crystalline
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size was 21 nm at the angle 34.5° of the plane (002). These results agree with those of
Duraia et al. [22] and Dore et al. [23].
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Figure 3: X-ray diffraction of the CNTSs.
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Table 1: The XRD parameters of CNTSs.
FWHM | dexp. Lattice constant St. cart
Name sample 20 (degree) | (nm) (B) (hm) hkl JCPDS
25.5 0.60 0.349 14.0 (110) 26-1079
CNT/SS316L | 345 0.40 0.340 21.0 (002) 26-1079
52.7 0.45 0.20 18.2 (101) 26-1079

3. 2. Scanning Electron Microscopy (SEM) Analysis
Fig. 4 shows the SEM image for the CNTSs, it can be noted that the shape and
distribution of the grains are different. The grains were spiky in shape, had quasi-uniform
distribution, and were vacancy-free. This situation is preferred in the present work
because it provides a high surface area by offering more binding sites, thereby enhancing
the adsorption activity of reactants and improving the electrical characteristics (potential
and current density) required for a high-efficiency cell.

SEM MAG: 330 kx [

WO 4.84 rrwn - T.00 100 ren
Vi frpbd. © 8T9 prn  Owte{rmidy) 117157 4

Figure 4: SEM images of the CNTSs.
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3. 3. Atomic Force Microscopy (AFM) Analysis
The numerous bumps visible in the 3D AFM image of carbon nanotubes indicate that
the grain size on the sample surface is larger than the crystalline size shown in XRD and
the particle size shown in SEM; this can be attributed to the agglomeration of particles
into granules. Also, the increased roughness indicates a high surface area and adsorption
activity, which increases the release of hydrogen gas due to the increased conductivity, as
shown in Fig. 5 and Table 2.

0,00 0.00

Figure 5: 3-D AFM image of the CNTSs.

Table 2: Average roughness and grain size of CNTSs.

Thickness of CNTs Roughness Average Grain Size
coating (nm) (nm) (nm)
150 6.32 53.84

3 .4. Test of KOH Concentration

The current passing through the electrolysis cell was studied as a function of KOH
concentration. The current was generated at a constant voltage of 12 V; it increased as the
KOH electrolyte concentration increased from 0.16 to 0.32 M, as shown in Fig. 6 and
Table 3. In Table 3, the first current reading was taken after 10 minutes, then the time was
increased to another 5 minutes and a current reading was taken. This process continued
until 35 minutes. The results showed the increasing the electrolyte concentration enhances
the electron transfer rate between the electrodes as well as the conductivity of the
electrodes, ultimately leading to an increase in the electric current generated for all types
of electrode surfaces. This, in turn, influenced the rate of water dissociation [24].
However, the increased the KOH concentration reduces the electrical resistance and
intensifies the electrical current, thus increased the electrical conductivity and resulting in
a decreasing in voltage [25, 26].
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Figure 6: Relationship between the current and Concentration of KOH.

Table 3: Relationship between electrochemical parameters and time.

Time (min) | Current (A) | Voltage | Concentration of Hz Volume

V) KOH (M) (ml)

10 0.5 12 0.16 0

15 1 12 0.18 1.3

20 1.8 12 0.23 4.2

25 2.1 12 0.25 8.4

30 2.3 12 0.28 12,5

35 2.5 12 0.32 18.6

3.5. HHO Cell Results

Hydrogen was produced at the cathode made of 316 stainless steel coated with
carbon nanotubes. The results showed that KOH solution significantly activated the
anode, thus allowing negative hydroxide ions to pass through it [27]. Also, electrical
conductivity increased with time, so did the flow rate of hydrogen and oxygen gases, as
shown in Fig. 7. Coating the cell electrodes with CNTs enhanced the electrocatalytic
activity, thus increasing its efficiency for hydrogen production. These results agree with
the results of Ahmassri et al. [28].

20 -
15

10

Volume H2 (ml)

10 15 20 25 30 35
Time (min)

Figure 7: Relationship between the volume of the produced hydrogen gas with time.
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3.6. Hydrogen Gas Flow Rate Measurements

The hydrogen gas flow rate was measured when using the CNTs-coated electrodes
and when using uncoated electrodes; all other conditions were kept the same, as clarified
in Table 4. Hydrogen gas flow rate nearly doubled with the use of the coated electrodes.
Coating the electrodes with CNTs helped improve their electrical conductivity and high
stability, thus increasing and improving hydrogen production [29,30]. By investigating
the relationships between these variables and the underlying reaction mechanisms, deeper
insights can be gained into the science of electrolysis and develop strategies to improve
the performance and efficiency of the HHO generator [31,32]. The cell generator can
produce more gas depending on the cell type of the electrode [33, 34].

Table 4: The operation condition for measurement of the hydrogen gas flow rate for uncoated
and coated nanoelectrodes.

CNTs-coated CNTs-uncoated .
electrodes electrodes Conditions
v v Input voltage
15A 15A Input current
183.75 cm? 183.75 cm? The active area of the cell
0.28 M 0.28 M Concentration of electrolyte solution
30s 30s Time used to measure the gas flow rate
80 ml/min 45 ml/min Flow rate of hydrogen gas

4. Conclusions

In this work, an HHO cell was fabricated using 316 L stainless steel electrodes
coated with CNTs and an electrolyte solution of KOH to produce hydrogen. The XRD
results showed that the coating of CNTs was crystalline, with the rotation peak at (002).
The SEM image showed spiky-shaped grains with a quasi-uniform distribution and
vacancy-free. The AFM images indicated a high roughness value, resulting in a high
surface area and adsorption activity. In the OHH cell, the generated current at a constant
voltage increased with the electrolyte concentration of KOH. The OHH cell electrical
conductivity increased with increasing time. The CNTSs coated cell electrodes enhanced
the electrical conductivity and their stability, and improved hydrogen production.
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