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Standard electrodes have limitations in design flexibility, production
time, cost, material waste, and customization. Additive manufacturing
overcomes these barriers, offering an efficient, cost-effective, and
environmentally friendly approach to manufacturing electrochemical
components. This study explores the usability of selective laser
sintering for producing electrodes for green hydrogen production,
focusing on emergency applications and prototype development. A
honeycomb-structured metal cathode for alkaline electrolysis is 3D-
printed and tested for tensile strength. Electrochemical methods,
including cyclic voltammetry, linear sweep voltammetry, and
chronoamperometry, evaluate its catalytic performance against graphite
and platinum electrodes. For a 30-minute electrolysis period, the
volume of hydrogen gas values for selective laser sintering
manufactured cathode electrodes @ 2.4, 2.7, and 3 V are 10.5, 19.75,
and 28.5 mL, respectively. Results show superior performance
compared to literature. Additionally, wind turbine models (NACA12,
NACAL1S5, NACA18) are analyzed for hydrogen production efficiency,
with NACA 12 proving most effective at moderate to high wind speeds.
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Standart elektrotlar tasarim esnekligi, liretim siiresi, maliyet, malzeme
israfi ve 6zellestirme agisindan sinirlamalara sahiptir. Eklemeli imalat
teknigi bu engelleri agarak elektrokimyasal bilesenlerin iiretiminde
verimli, uygun maliyetli ve ¢evre dostu bir yaklagim sunar. Bu ¢alisma,
acil durum uygulamalarina ve prototip gelistirmeye odaklanarak yesil
hidrojen iiretimi igin elektrot iiretmek amaciyla segici lazer
sinterlemenin kullanilabilirligini arastirmaktadir. Alkali elektroliz igin
petek yapili bir metal katot 3 boyutlu olarak yazdirilir ve ¢ekme
dayanimi agisindan test edilmistir. Dongiisel voltammetri, dogrusal
tarama voltammetrisi ve kronoamperometri dahil olmak iizere
elektrokimyasal yontemler, grafit ve platin elektrotlara karsi katalitik
performansini degerlendirilmistir. 30 dakikalik bir elektroliz siiresi i¢in,
secici lazer sinterleme ile iiretilen katot elektrotlari i¢in hidrojen gazi
hacmi degerleri @ 2.4, 2,7 ve 3 V sirasiyla 10,5, 19,75 ve 28,5 mL'dir.
Sonuglar, literatiire kiyasla {istiin performans gostermektedir. Ayrica,
hidrojen {iretim verimliligi acisindan riizgar tlirtbini modelleri
(NACA12,NACA15,NACA18) analiz edilmis ve NACA12'nin orta ila
yiiksek riizgar hizlarinda en etkili oldugu kanitlanmistir.
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1. INTRODUCTION

Renewable energy and hydrogen are crucial to tackling climate change, as both offer sustainable, emission-
free solutions to meet our growing energy needs and decarbonize many sectors of the economy [1-3]. The
integration of wind energy to produce alkaline hydrogen holds great promise for the future as it enables the
effective storage of surplus renewable energy and the provision of a clean and versatile energy carrier,
facilitating the transition to a sustainable and decarbonized energy ecosystem [4,5]. The installation of wind
powered electrolysis cells is crucial, especially in situations where conventional power plants cannot
provide energy during natural disasters such as earthquakes, as they offer a resilient and sustainable solution
for continuous energy generation and storage. The biggest bottleneck in the installation of such a system
often occurs during the electrolyzer set-up phase due to the challenges of electrode manufacturing, system
integration and, if present, additional complexities. Additive manufacturing technology offers a valuable
solution in this context. 3D printing simplifies electrode production by enabling the individual and rapid
manufacture of complex components, reducing material waste and facilitating on-demand manufacturing,
which ultimately optimizes the efficiency and cost-effectiveness of the system [6-13]. The main advantage
is that it can be used to manufacture metal electrodes. One advantage of 3D printed metal electrodes is the
ability to create complex and personalized electrode designs that improve the performance and efficiency
of many electrochemical processes. In addition, the rapid prototyping and iteration capabilities of 3D
printing allow for faster creation and improvement of electrode designs. In addition, this method can
provide affordable and environmentally friendly solutions for electrode manufacturing while reducing
material waste. It offers instant 3D printing and the desired geometry [14-17]. The parameters influencing
hydrogen production in alkali electrolysis include electrolyte concentration, temperature, electrode
geometry and material selection [18,19]. Fatouh et al [20] focused on evaluating hydrogen production from
an alkali electrolyzer under various operating and geometric parameters. The study aims to determine the
optimal conditions for efficient hydrogen generation by considering factors such as electrolyte
concentration, temperature, electrode shape, and material. The experimental results show that a 26%
concentration of KOH electrolyte, a temperature of 70°C, and an input voltage of 11 V lead to the highest
hydrogen production rate, with smooth cylindrical aluminum electrodes of larger diameter being the most
suitable choice for the electrolyzer operation. The study of Gillespie and Kriek [21] demonstrates the high
performance of a membraneless DEFT alkaline electrolyzer, featuring a nickel oxide-coated anodic
electrode and pure nickel cathodic electrode, achieving a remarkable current density of 508 mA cm—2 at 2
VDC. While the gas purity in the system is currently limited due to gas/liquid separation constraints, the
technology exhibits stable gas purities across various current density levels, showing promise for
integration with renewable energy sources. Gonzalez-Buch et al. [22] carried out investigation in which the
significance of 3D electrode structure was underlined. Ni and NiMo metallic coatings were electrodeposited
onto a stainless steel AISI 304 substrate using a double-template electrochemical process, and their
performance as H2-evolving cathodes was assessed in a 30% KOH solution at varying temperatures. Tafel
curve analysis indicated that the NiMo-coated electrodes exhibited superior catalytic activity compared to
pure Ni electrodes. Literatures have emphasized the importance of 3D geometries structures of electrodes.
However, it is widely acknowledged that a major limitation in numerous investigations is that investigations
have been conducted with very small electrode geometries on a laboratory scale, and achieving
repeatability, especially on surfaces prepared through galvanostatic methods or chemical deposition
processes, not always feasible. Consequently, the production of 3D-printed electrodes holds significant
importance. It is noteworthy that there is currently a dearth of research in the literature regarding the
performance of materials produced using 3D printing technology with metal feedstock in the context of
hydrogen gas production through electrolysis in an alkaline environment. In this study, we present Additive
Manufacturing as a method of hydrogen production after thoroughly researching it to overcome the
shortcomings indicated above. Nevertheless, this domain is of main significance, particularly in the
manufacturing of materials in various geometries and alloy-component ratios. It exhibits considerable
promise, especially in the context of producing components with specific dimensions and properties for
industrial applications.

In present study, electrodes produced using the additive manufacturing method will pave the way to produce
electrodes in any desired structure or shape instead of the conventional geometry and shape. In this way, it
will open up ways to use hydrogen energy more efficiently. To make the work even more innovative, the
honeycomb structure used in recent years has been adopted. The honeycomb- shaped 3D-printed electrode
made of a steel alloy was used as the cathode for the alkaline electrolysis system. The behavior of the
catalyst was compared with graphite and platinum electrodes using linear voltammetry, cyclic voltammetry
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and chronoamperometry, and the hydrogen volume values generated were also compared. Tensile tests
were carried out on the samples and compared.

In this study, the feasibility and effectiveness of cathodes produced via additive manufacturing for hydrogen
production are explored, with a particular focus on the newly designed 3Dc honeycomb electrodes. The
investigation aims to demonstrate that this process is not only viable in experimental settings but also
applicable in industrial applications. Wind energy, harvested through vertical axis wind turbines utilizing
different NACA airfoil types, was employed to drive hydrogen production. A detailed analysis of power
generation at various wind speeds was conducted, and the results were integrated into both experimental
and simulation models. By combining expertise from fields such as chemistry, electrical engineering,
electronics, and mechanical engineering, this study provides a comprehensive evaluation of additive
manufacturing’s role in green hydrogen production. This pioneering work highlights the potential for
additive manufacturing technologies, particularly with the 3Dc electrodes, to contribute significantly to
sustainable energy solutions, especially in wind-powered hydrogen generation systems.

2. MATERIAL AND METHOD
2.1. Production of Cathode Electrodes and Characterization

3D printed metal production by Additive Manufacturing has advantages over traditional techniques in that
it allows for detailed and complicated geometries while decreasing material waste and allowing for more
efficient production, customization, and rapid prototyping. The production of electrodes was achieved via
BLT A160 3D metal additive manufacturing machine and the electrode's surface area was 341.95 mm? in
Figure 1.

Figure 1. The 3Dc (3D metal cathode by Additive manufacturing)

It was denoted as 3Dc (3D manufactured metal cathode). The counter electrode in electrochemical
experiments was built of a 1:1:0.01 cm platinum sheet. It also served as the second working electrode for
comparison. As a reference electrode, a commercial Ag/AgCl (3 M KCl) was employed. A cylindrical
graphite rod with a 0.5 cm diameter served as the third working electrode. The electrochemical tests were
achieved in 1 M KOH by galvanostatically using CHI 660B A.C. electrochemical analyser at room
temperature, open to atmosphere. The linear sweep voltammetry (LSV) study was carried out using a scan
rate of 0.05 V s7!. A scan rate of 0.1 V s was used for the cyclic voltammetry (CV) investigation. The
durability test was performed via chronoamperometry analysis (CA) at -1.8 V. The FEI Quanta 650 Field
Emission SEM with an EDX detector was used to get images at 20 keV. The hydrogen gas volume was
determined by a two-electrode electrolysis cell which, the Pt was used as anode the working electrode was
used as cathode. In the setup of this system, a burette was filled with 1M KOH, it was inverted to the
cathode various constant potential values were applied to the system.

The uniaxial tensile experiments of selective 3D printed samples have been performed with a cross-head
speed of | mm/min on a Shimadzu tensile test machine at room temperature. Each experiment repeated 3
times and the average values were reported as the response variables of the test samples as shown in Figure
2.
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Figure 2. The 3D metal printed samples for tensile test
2.2. Modeling of a Wind Energy System

The electrolysis process plays an important role in the production of hydrogen by separating water into its
components, and this process requires an energy-intensive process. Therefore, using sustainable and
renewable energy sources offers great advantages both environmentally and economically. Wind turbines
are an ideal option to meet this energy need [23-28]. In particular, using a wind turbine with the appropriate
power for electrolysis minimizes the carbon footprint and reduces energy costs by integrating hydrogen
production with clean energy. This approach increases the use of renewable energy, reduces fossil fuel
dependency and contributes to a more sustainable future. In this study, an optimum wind turbine model is
presented for the electrolysis process at different wind speeds.

It is well known that wind and solar energy are among the most studied areas in the literature. Numerous
parameters have been examined in studies on these areas of renewable energy. In order to understand the
study, the parameters used were as simple and comprehensible as possible. For this reason, simplicity has
been prioritized in the simulation studies in the following sections. In this way, the researchers have the
opportunity to show the effects of parameters that were not investigated. The wind turbines and hydrogen
production through alkaline electrolysis play an important role in sustainable energy production in urban
neighborhoods, reducing environmental impact, increasing energy security and facilitating the efficient use
of clean energy sources[29-32]. For the wind turbine, the Q-Blade program was used to determine various
key parameters that significantly influence the turbine's performance. The program facilitates the estimation
of power output, tip speed ratio (TSR) and aerodynamic coefficients such as power coefficient (Cp) and lift
coefficient (Cr). Power output is a key parameter that reflects the turbine's ability to convert wind energy
into mechanical power. TSR, which is calculated as the ratio between the tangential speed of the blade tip
and the wind speed, is crucial for optimizing the efficiency of the turbine. Cp, which represents the
efficiency of energy generation, and Cy, the lift generated by the blade, are essential factors for evaluating
aerodynamic performance.

The performance of turbines used to generate wind energy depends on the type of blades used. These blades
have very different numbers and characteristics. For the study presented, a horizontal wind turbine and a
suitable blade type studied in the literature were selected for lower energy production and usability. Large
wind energy systems are usually installed in remote offshore locations because they require long
transmission lines and extensive installation equipment. In contrast, small wind turbines offer advantages
in reducing installation costs, especially for modest power generation. When comparing small vertical axis
wind turbines (VAWTSs) with small horizontal axis wind turbines (HAWTs), VERTs offer significant
advantages. This is because HAWTs do not work well in urban areas, which are characterized by high
turbulence and low wind speeds. The typically high tip speed ratio of HAWTSs results in significant
aerodynamic noise from the blades, and the rapid rotation can prevent birds from avoiding them. In contrast,
vertical axis wind turbines (VAWTSs) typically have a lower tip speed ratio, resulting in less aerodynamic
noise. Consequently, VAWTs facilitate the feasibility of wind turbine installations in urban public facilities
and residential areas [33-35]. In wind energy simulation studies, the simplest and most useful parameters
possible were selected to determine the efficiency of the wind turbine. In wind turbines, the aerodynamic
performance of blades is commonly characterized by using the lift coefficient (Cr) and drag coefficient
(Cp). These coefficients elucidate how the blades interact with the airflow, delineating the generation of
aerodynamic forces. Cr and Cp values are typically determined through methods such as laboratory tests
or computer simulations, and they often exhibit variations for different wind speeds. These coefficients are
pivotal parameters for optimizing blade design, ensuring the wind turbine operates with maximum
efficiency.
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Lift Coefficient (Cp)represents the lift force generated by the blades. In wind turbines, the blades exhibit a
high-pressure side and a low-pressure side as the airflow passes over them. The Cp coefficient expresses
the lift force resulting from this pressure difference. Drag Coefficient (Cp) characterizes the resistance force
exerted by the blades. When the blades move against the airflow, Cp denotes the resistance force
counteracted by the air. Cr. and Cp are typically expressed by the following general formulas:

F,
C=csy (M
0.50V"A4

F

D
_ 2
0.5pV°4 )

D
where FL represents the lift force (in Newtons), FD is the drag force (in Newtons), p denotes air density (in
kilograms per cubic meter), v represents the airspeed (in meters per second). A refers to the wing or surface
area (in square meters).

The determination of Cr, and Cp values is crucial for advancing the understanding of aerodynamic behavior
and optimizing the design of wind turbine blades for enhanced performance [36,37]. The rotor diameter of
vertical wind turbines is determined based on various factors and typically varies according to design
objectives and application conditions. The rotor diameter directly influences the turbine's ability to capture
wind energy and, consequently, mechanical power production. Factors influencing rotor diameter
determination include wind speed, power production goals, aerodynamic design, site constraints, cost
considerations, and durability. Mechanical power is closely associated with the determined rotor diameter,
wind speed, turbine aerodynamic characteristics, and other relevant factors. In this context, mechanical
power is often expressed by the following formula:

— 1 3

where p represents the air density, A denotes the turbine blade area, V signifies the wind speed, Cp is the
power coefficient, R represents the turbine rotor radius, and o represents the angular velocity of the turbine.
This formula serves as a fundamental mathematical expression for calculating the mechanical power of the
turbine. Tip Speed Ratio (TSR) is a crucial parameter in wind turbine design. It represents the ratio between
the speed of the tip of the wind turbine blade and the actual wind speed. Wind turbine designers and
operators aim to adjust the TSR. A good TSR value depends on various factors, including the specific wind
turbine design, site conditions, and the intended purpose of the turbine. TSR selection is crucial for
maximizing energy production and ensuring the longevity of wind turbines. TSR is defined as:

@R
TSR = - 4)

where o is the angular velocity, R is the rotor radius, and V is the wind speed.
3. RESULTS AND DISCUSSIONS

Electrolysis requires electrical energy to separate water into hydrogen and oxygen gases, and it is of great
importance to meet this energy need in a sustainable manner. Wind turbines, as a renewable energy source,
can provide the electrical energy required for the electrolysis process. A wind turbine selected with the
appropriate power provides the continuous and sufficient energy required for electrolysis, both increasing
operational efficiency and reducing dependency on fossil fuels. In this way, hydrogen production that does
not harm the environment and keeps the carbon footprint to a minimum becomes possible. In this study,
the hydrogen gas value generated as a result of the electrolysis process will be determined by using the
optimum wind turbine model for the electrolysis process. The system design is presented in Figure 3.
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Figure 3. Proposed renewable energy-supported electrolysis system

Different wind turbine models are examined for the electrolysis process. The wind turbine model with
optimum efficiency is determined for wind turbine models with varying types of blades. The hydrogen
production potentials of wind turbine models with electrolysis are compared with different scenarios.

3.1. Wind Turbine Models

In order to improve performance of the wind turbine, a vertical axis wind turbine was designed using the
Q-Blade program. In order to save cost, the number of blades was reduced on the prototype and the number
of blades was selected as three. NACA 0012, NACAO0015 and NACA 0018 blades, which are the most
preferred blades in the literature, were used in the Q-Blade software to improve the design performance of
the vertical axis wind turbine [38—41]. The study focused on power generated by the wind turbine through
experimentation with different wind speed and rpm for three airfoil profiles. Figure 4 presents the
performance analysis results conducted at different revolutions per minute values and wind speeds ranging
from 3 m/s to 18 m/s using NACA 0012, 0015, and 0018 airfoils. These graphs help us understand how
wind turbine performance varies with wind speed and rotation speed. Selecting a specific wind speed and
rotation speed for optimum power generation can enhance the turbine's efficiency, extend its lifespan, and
optimize energy production capacity.

NACA 0012 NACA 0015
350 =50 rpm 150 50 rpm
75 1M
300 P! 120 =75 rpm
3 250 100 rpm _ 100 rpm
E i —1251pm g % ——1251pm
g —— 150 ipm g
£ 150 JUIPI £ 60 ——150 rpm
B 100 175 ipm A~ 175 rpm
50 e 200 1pm 30 ——200 rpm
4
0 w22 Srpm 0 =——225rpm
345 6 7 8 9 10111213141516 17 18 ——250 1pm 345 6 7 8 9 1011 121314151617 18 550
Wind speed (m/s) Wind speed (m/s) =
NACA 0018
150 50 1pm
120 e
= 100 1pm
g % —— 125 1pm
b
Z 60 =150 rpm
I~
175 rpm

- =200 rpm

0 —225rpm
3 4 5 6 7 8 9 10111213 14 1516 17 18

Wind speed (mv/s)

250 rpm

Figure 4. Electrical performance at different wind speeds (a) NACA 0012 (b) NACA 0015 (c)
NACAO0018

Until the wind speed reaches 8 m/s, there is a rapid increase in power production, while after 8 m/s, the
increase in power production continues with a less steep slope in Figure 4a. At a wind speed of 18 m/s and
a rotation speed of 250 rpm, the power production value reaches 356.9 watts. The steepest points in the
power increase for NACA0015 and NACAO0O018 airfoils are observed at wind speeds of 4 m/s, 5 m/s and 6
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m/s, after which it gradually levels off. As seen in Figure 4b and Figure 4c, the maximum power produced
is 127.1 watts for NACAO0015 and 135 watts for NACAOO018, respectively.

The performance assessment of a vertical axis wind turbine, equipped with 3 blades, a rotor diameter of
50 cm, and blade lengths measuring 100 cm, involved experimentation with various airfoils to enhance its
efficiency. The performance of a vertical axis wind turbine with three blades, each utilizing a different
airfoil, was simulated. The results were presented in Figure 5 for comparative analysis.

400
£ 300
gzoo
e wuhhhhkl
0 — H
3 4 5 10 11 12 13 14 15 16 17 18
‘Wind Speed (m/s)

ENACA0012 mNACA0015 NACA0018

Figure 5. The comparison of power generation of wind turbine for airfoils
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Power coefficient

4
=]
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=——NACA0012 =—=NACA0015 NACA0018

Figure 6. The lift coefficients (Cp) at angles of attack 0° and 20° (a), The drag coefficients (Cp) at angles
of attack 0° and 20° (b), The Lift coefficients (Cp) from 3 m/s to 18 m/s wind speed (c)

Figure 6a and Figure 6b depict the Cy and Cp values for NACO0A 12, NACAO0015, and NACAO0018 profiles
over a range of attack angles from 0° to 20°. As the angle of attack increases from 0°, Cy. also increases. At
a 15° angle of attack, the NACA12 profile reaches a Cp value of 1.38, indicating that the airfoils are
approaching stall. As the angle of attack reaches 20°, Cy. decreases to 1.15, signifying that the airfoils have
entered the stall. At a 15° angle of attack, NACAO0015 and NACAO0O018 profiles reach a Cy, value of 1.4.

When the angle of attack reaches 20°, C; decreases to 1.29 for NACAO0015 and 1.28 for NACAO0018,
respectively.

Cp values increase with the angle of attack as seen Figure 6b. At 20°, NACA0012, NACAO0015, and
NACAO0018 airfoils have Cp values of 0.14, 0.104, and 0.088, respectively. NACAO0015 and NACAO0018
profiles have a shallower slope angle compared to NACAO0O012. This results in less lift generated by
NACAO0015 and NACAO0018 profiles. However, the reduced lift also leads to lower drag forces. This
enhances the efficiency of the NACA0015 and NACAO0018 profiles.

The Cp value in wind turbine blades is the ratio of the power generated by the blades to the power obtained
from the wind. Although the highest value is observed in the NACAO0018 airfoil at a wind speed of 5 m/s,
as the wind speed increases, it can be seen in Figure 6c¢ that the Cp value is much better for NACA0012,
and NACAO0015 and NACAO0018 have approximately the same values.
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3.2. The Characterization of Electrodes

The morphological characteristics of metal particles pre and post the 3D printing process were scrutinized
through Field Emission Scanning Electron Microscopy (FESEM) analysis, and their chemical compositions
were ascertained via Energy Dispersive X-ray Spectroscopy (EDX). The corresponding findings were
elucidated in Figures 7a and 7b. As depicted in Figure 7a, distinct particle structures were observed, with
the particle size falling within the range of 20-50 pm. Furthermore, Figure 7a illustrated the EDX spectra,
confirming the presence of Nickel (Ni), Chromium (Cr), Cobalt (Co), Molybdenum (Mo), Manganese
(Mn), Aluminum (Al), and Iron (Fe) within the examined metal particles. Figure 7b revealed the presence
of homogeneous surfaces. The chemical composition observed on the surface of the 3D-printed sample
closely resembled that of the metal particle mixture, indicating a high degree of consistency. When the
contents were examined in detail, it was seen that the electrodes produced were compatible with AISI 304
steel.

00 3 28 39 52 s 7. .

Figure 7. The FESEM — EDX measurements of metal particles (a), The FESEM — EDX measurements of
3Dc (b)
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Moreover, comparison of the 3D-printed electrode with the properties of AISI 304 steel was substantiated
through tensile tests. Three samples for tensile testing were prepared according to ASTM E 8M standards,
and the experiments were conducted using a SHIMADZU tensile test machine. The graphical representation
of the tensile test results was provided in Figure 8, the results were presented in Table 1. As seen from the
analysis result, comparable material was produced via 3D printing method [42,43].

—Test sample
1200 -
1000 A
800 -
600 -
400 A
200 A

Stress (MPa)

0 0,05 0.1 0,15
Strain (mm/mm)
Figure 8. Tensile test result of sample

Table 1. Investigation and comparison of the properties of test pieces

Tensile trength, Tensile strength Elongation at Modulus of  Shear modulus
ultimate (Mpa) Yield (Mpa) break (%) elasticity (Gpa) (Gpa)
AISI 304 505 215 70 193-200 86
AISI 305 580 230 45 200 77

3.3. Electrochemical Measurements

The outcomes of the linear sweep voltammetry analysis were depicted in Figures 10 and 11. Evaluation of
the hydrogen production efficiency for the examined electrodes centered on their catalytic activity, as
indicated by the onset potential and current density values within the cathodic region. Notably, the 3D-
printed metal electrode exhibited remarkable effectiveness in comparison to both platinum (Pt) and graphite
(G) electrodes among those investigated. This underlined the higher catalytic performance of the 3D-printed
electrode than G and comparable with Pt, showcasing its potential as a highly efficient cathode in the
context of hydrogen production. The synergistic effects observed in the combination of nickel, cobalt, iron,
chromium, and copper showcase a synergistic enhancement of catalytic activity. The concerted action of
these metals manifests in improved electronic and structural properties, creating a synergistic environment
that elevates the catalytic efficiency for the Hydrogen Evolution Reaction (HER). Particularly, the inclusion
of transition metals in the iron electrode induces modifications in its electronic structure, thereby
establishing a more favorable energy landscape conducive to the HER. This structural adjustment enhances
the adsorption and activation of hydrogen ions, thus facilitating and promoting the reaction. Furthermore,
the incorporation of nickel and copper contributes to the generation of additional active sites on the
electrode surface. These supplementary active sites play a crucial role in facilitating more hydrogen
evolution reactions, so substantially augmenting the overall catalytic activity

The stability of the electrode holds equal importance to its Hydrogen Evolution Reaction (HER) activity.
The durability of the electrode during HER is a critical factor as it significantly influences the reliability
and reproducibility of experimental outcomes. A durable electrode ensures stable and consistent
performance over extended periods, minimizing the necessity for frequent electrode replacements.

The CA analysis results of all electrodes are presented in Figure 9. To assess the electrode's durability,
chronoamperometry (CA) technique was employed, followed by immediate Linear Sweep Voltammetry
(LSV) measurements presented in Figure 11, and Cyclic Voltammetry (CV) measurements illustrated in
Figure 12. These sequential tests provide a comprehensive evaluation of the electrode's stability under
prolonged HER conditions, contributing valuable insights into its long-term performance and reliability.
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Figure 9. The CA analysis of all electrodes
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Figure 10. The linear sweep voltammograms of C (o), 3Dc (e) and Pt (m) in 1 M KOH solution with
scan rate of 50 mV s!

As depicted in Figure 11, according to the results obtained from LSV analysis, it was observed that,
following CA analysis (@-1.5V vs Ag/AgCl), G lost its stability, whereas both 3Dc and Pt electrodes
maintained their stability.
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Figure 11. The linear sweep voltammograms of electrodes in 1 M KOH solution before and after CA

The 3Dc CV curves before and after CA was shown in Figure 12. After prolonged exposure to cathodic
potential, an increase in oxidation current values was observed during subsequent anodic potential scans.
This was an anticipated phenomenon in Figure 12.
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Figure 12. The cyclic voltammograms of 3Dc in 1 M KOH solution before and after CA
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In Figure 12, the detection of the anodic peak at -0.6 V during forward scanning suggests Ni/Ni?" oxidation,
followed by the conversion of a-Ni(OH) to B-Ni(OH), between -0.4 and 0.4 V (versus Ag/AgCl). NiZ"/Ni**
oxidation is observed around 0.5 V, but Ni**/Ni** is identified as a cathodic peak in backward scan at
approximately 0.35 V. During the reverse scan, the cathodic peaks were seen in the potential of -1.05 V,
related to the reaction of transition metal oxides to reduced forms.

30
29 I

0 10 20 30 40 50
Volume (mL)

mPlatinum ® Graphite m3Dc

Figure 13. Comparison of hydrogen volumes of 3Dc, graphite and platinum electrodes at different
voltages during 30 minutes

Figure 13 indicated the volumes of hydrogen produced during the electrolysis process. The production of
hydrogen increased gradually with time for each catalyst, positively correlated with the longer electrolysis
duration. More hydrogen gas was produced as the potential increased. A volume correction for water vapor
was performed to the data collected every five minutes [44]. Additionally, the tests for 3Dc were repeated
3 times and the hydrogen volumes at different voltages for VH, of 3Dc @ 2.4; 2.7 and 3 V were 10.5; 19.75
and 28.5 mL, respectively for 30 minutes electrolysis period. The 3Dc demonstrated higher hydrogen gas
efficiency. The literature comparison showed in Table 2. According to this study, the hydrogen production
performance of 3Dc was comparable to that of the literature.

Table 2. The hydrogen gas volumes generated during alkaline electrolysis

Electrodes Procedures V H: (mL) Ref.
High Carbon Steel After 30 minutes of e.lectr01y51s at a constant 353 [45]
potential of 4V
. After 30 minutes of electrolysis at a constant
CF/NiGa potential of 3V 28.9 [46]
C/Ni After 30 minutes of e.lectrolys1s at a constant 277 [47]
potential of 3V
C/NiCoW After 30 minutes of e}ectrolysm at a constant 30.6 [47]
potential of 3V
C/NiColr After 30 minutes of e.lectr01y51s at a constant 9.7 [47]
potential of 3V
After 30 minutes of electrolysis at a constant
Znoskes potential of 5V (0.2 A) 27 [48]
After 30 minutes of electrolysis at a constant .
3Dc potential of 3V 28.5 In this study

3.4. Hydrogen Production Potentials

The analysis of hydrogen production (in liters) from the vertical wind turbine at different wind speeds and
NACA airfoil types (NACA12, NACA15, NACA18) demonstrates key differences in performance in Table
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Table 3. Hydrogen production volumes using the 3Dc electrode in 30 minutes at different wind speeds

Wind speed NACA12 NACAI15 NACAI18
(m/s) Ha/liter Ha/liter H/liter

0.73350333 0.62859276 0.67811402
5 2.6700771 2.69879716 3.12643055
6 4.93106704 4.18507954 4.36531795
7 6.91666556 4.2151904 4.45993818

8 9.28573644 4.67356456 4.9028493
9 10.0332071 4.6237322 4.89097944
10 10.6324492 4.61015067 4.89155564
11 11.3945096 4.59721116 4.89676259
12 12.3918196 4.70799262 5.02394519
13 13.3017033 5.19109299 5.54816692
14 14.4846031 5.19298489 5.55387145
15 15.6041429 5.75939121 6.12762853
16 16.7082088 6.36504918 6.75359303
17 18.2129725 6.56782388 6.98919024
18 19.7236072 7.02247209 7.45757097

At low wind speeds (4-6 m/s), the hydrogen production for all three airfoil types is moderate but shows
discernible trends. NACA12 produces the highest amount of hydrogen (0.73 liters at 4 m/s), followed
closely by NACA18 (0.68 liters), while NACA15 produces the least (0.63 liters). However, at 6 m/s,
NACA18 takes the lead with 3.12 liters of hydrogen, surpassing both NACA12 and NACA15. This shift
indicates that NACA 18 begins to outperform the others as the wind speed increases slightly.

In the mid-range wind speeds (7-10 m/s), NACA12 demonstrates superior performance, generating the
most hydrogen consistently across these wind speeds. For example, at 9 m/s, NACA12 produces 10.03
liters of hydrogen, while NACA 18 produces 4.89 liters, and NACA 15 slightly lags behind. This showcases
the efficiency of NACA12 in converting wind energy into hydrogen production more effectively than the
other airfoils at these wind speeds.

At higher wind speeds (11-18 m/s), NACA12 continues to dominate in hydrogen production, reaching
19.72 liters at 18 m/s. NACA18 shows strong potential, improving significantly as wind speeds rise, with
7.45 liters of hydrogen produced at 18 m/s. NACAL1S5, while still lower than the other two, begins to show
steady growth, producing 7.02 liters at 18 m/s, indicating that it performs better as wind speeds reach their
upper range.

Across all wind speeds, NACA12 stands out as the most efficient airfoil for hydrogen production, showing
consistent dominance from low to high wind speeds. NACA18 shows a strong ability to catch up at higher
wind speeds, indicating it may be better suited for conditions where wind speeds are consistently higher.
NACAL1S5, while performing lower across most wind speeds, displays stable increases in hydrogen
production as wind speeds increase, indicating that it might be better suited for environments with higher
and steadier wind conditions.

4. CONCLUSIONS

In this study, a detailed study was carried out for the electrode produced by the 3D additive manufacturing
method in hydrogen production. For hydrogen production, different wind turbines were examined. The
chemical and mechanical properties of the produced 3D metal printed electrode were investigated and the
test results proved its compatibility with AISI 304 steel. The 3D-printed metal electrode outperformed the
typical graphite electrode in terms of catalytic efficiency; it lagged behind the platinum electrode, but the
results were comparable especially according to price. The VH2 of 3Dc @ 2.4; 2.7 and 3 V were 10.5;
19.75 and 28.5 mL, respectively for 30 30-minute electrolysis period. The 3Dc demonstrated higher
hydrogen gas efficiency. The results indicated that 3Dc has the potential to be an efficient cathode for
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hydrogen production. The synergistic effects observed from the combination of transition metals
contributed to increased catalytic activity, while the electrode's stability, as assessed by chronoamperometry
and cyclic voltammetry tests, emphasized its reliability and long-term performance in the hydrogen
evolution reaction. These findings illustrated the potential benefits of using such unique electrode designs
in sustainable hydrogen production systems. Also, the evaluation of hydrogen production in liters from a
vertical wind turbine, considering various wind speeds and different NACA airfoil types, highlights
significant differences in performance. In the future, we aim to modify the metal powder by green chemistry
methods and the 3D metal printing technology by changing all additive manufacturing parameters that will
apply to the production of electrodes.
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