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ABSTRACT

The need for clean energy as an alternative is inevitable. HHO gas has received much
attention lately. In addition to electrolyte concentration, the breakthrough with a diverse
electrode surface texture approach has not been extensively performed. Therefore, this
study aims to determine the effects of NaOH concentration and plate surface texture on
the performance of the HHO generator. In general, the increase in electrolyte concentration
combined with surface texture caused an increase in output current, HHO gas production,
and output temperature. As for the applied voltage variation with various surface textures,
the increase in output current, HHO gas production, and output temperature also took place,
similar to the case of increasing NaOH concentration. Either an increase in electrolyte
concentration or an increase in applied voltage triggers faster ion movement, leading to

an increase in conductivity, thus effectively

assisting the electrolysis of water. Regarding

the output current and HHO gas production,

the textured surface had a much higher value
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relationship with the output current and
HHO gas production than the cross surface.
In the case of the output temperature, the
linear surface was slightly lower than the
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cross surface. It is possibly due to impurities in the electrolyte solution that contaminate
the electrode surface, resulting in a lower output temperature on the linear surface.

Keywords: HHO generator, hydrogen, NaOH, performance, surface texture

INTRODUCTION

The ongoing problem of global warming and ozone layer depletion has prompted a search
for renewable energy alternatives that do not emit harmful pollutants to human health and
the environment. In addition, this is also inspired by the availability of fossil fuels that
have begun to deplete; thus, the development and discovery of renewable energy must
get more serious attention for the benefit of human life in the future ( Dufour et al., 2011;
Muritala et al., 2020). One alternative energy introduced lately through the development
of oxyhydrogen (HHO) generators has an economic advantage and a main resource easily
obtained and available in nature, namely water (Dincer & Zamfirescu, 2012).

Among the various types of alternative fuels that exist, hydrogen gas is the cleanest
energy source. The hydrogen gas can be principally produced using electrolysis (Grigoriev
et al., 2020), which is achieved by separating the atoms contained in water molecules by
applying electric current to the cathode and anode, acting as negative and positive poles,
respectively, immersed in water, resulting in chemical reactions in accordance with the
concept of redox. The interesting things about HHO gas are its lightness, colourlessness,
easy reaction with other chemicals, and flammability. However, the improvements in
the performance of the generator are still needed. The proposed method to improve its
performance is either increasing the concentration of the catalyst, which is made of an
electrolyte solution (Hassan et al., 2022; Soler et al., 2009), or, more recently, manipulating
the effective surface of the electrode plate (Ayub et al., 2022).

Meanwhile, surface texture engineering has been introduced in recent years to
optimise engine performance and is expected to expand its practical applications (Rao
et al., 2021). For example, in a study conducted by Borghi et al. (2008), the effect of
surface modification by laser texturing on the tribological performance of nitrided steels
for high-performance engine applications was thoroughly investigated. The original idea
of surface texture engineering was to improve the mechanical and tribological properties
of engine metal components (Naat et al., 2023; Rajput et al., 2021). It is noted that the
chemical composition and surface hardness of objects have an important influence on the
wear resistance of materials under sliding conditions. Many components made of steel or
other ferrous materials are nitrided to improve their wear resistance, fatigue strength, and
corrosion resistance (Fahy, 2014; Kato et al., 1994). Moreover, surface texture fabrication
has been carried out by various techniques, i.e., chemical etching, atomic layer deposition,
ultrasonic-assisted milling, laser surface texturing, micro-milling, and electrical discharge
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(EDM) (Ayub et al., 2022; Li et al., 2018; Li et al., 2022). Based on the literature review,
surface texture engineering provides several advantages, including lowering friction and
wear, increasing load-carrying capacity, and increasing fluid layer stiffness. Previous studies
hinted that the surface texture of the electrode impacts electrolysis, which in turn impacts
the rate of hydrogen gas production (Xu et al., 2021; Zeng & Zhang, 2014).

An equally important variable for increasing hydrogen gas production is the type of
electrolyte solution and concentration levels used. Among the types of electrolytes that
have been used previously in HHO generators are potassium hydroxide (KOH) (Karthik,
2017; Manu et al., 2016) and sodium hydroxide (NaOH) (Alam & Pandey, 2017; Ismail
et al., 2018). Many studies have been conducted to find the relationship between the
electrolyte type and the HHO gas production rate. The results show that the electrolyte
concentration is important in increasing the HHO gas flow rate. It was also found that an
increase in electrolyte concentration by 1% molality led to increased current consumption
(Yilmaz et al., 2010). Fiala et al. (2013) have conducted a comparative study on the use
of KOH and NaOH in HHO generators. The conclusion obtained is that the use of a KOH
electrolyte concentration of 10% was able to achieve optimal conditions because KOH has
better chemical stability and more efficient HHO gas production when compared to NaOH.
Santilli (2006) reported that sulfuric acid and other electrolytes are sometimes added to
KOH and NaOH to promote water electrolysis.

Apart from what has been described above, it turns out that other important parameters
also affect the production of HHO gas, such as the cross-sectional area of the electrodes
used, the distance between electrodes, the configuration of the plate arrangement, and
the type of electrode plate materials, (Ridhuan et al., 2021). With regard to the lack of
research on the effect of surface texture on electrode plates that have been carried out,
the combination of the two variables, in this case, the type of electrolyte and the surface
texture of the electrode, is a very interesting and promising topic for further study in efforts
to develop HHO generators in the future. Therefore, the main objective of this study is to
evaluate the effects of varying NaOH concentrations and the surface texture of the electrode
plates on the performance of the HHO generator.

MATERIALS AND METHODS
Materials

In this study, the first stage involves modifying the surface of the electrode plate to be
installed on the HHO generator. Following the modification, performance testing of the
HHO generator was conducted with variations in NaOH catalyst concentrations, specifically
10 g,20 g, 30 g, 40 g, 50 g, and 60 g, respectively, at 12V applied voltage. Subsequently,
the applied voltage was kept constant at 12V for all test parameters. The research then
proceeded to test the performance of the HHO generator using electrode cell plates with
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different surface textures. These surface textures of the electrode plate consist of plain,
linear, and cross patterns (Figure 1). The output parameters analysed based on the catalyst
concentration and application voltage input include the HHO gas production rate, output
current, and output temperature.

The electrode plate base material is made of commercial 316 stainless steel labelled
“SS316L,” which has a chemical composition as shown in Table 1. The electrode plates
used in this study have dimensions of 100 mm x 100 mm x 1 mm and three different types
of plate surface textures, as illustrated in Figure 1. Based on the prepared design, the HHO
generator was equipped with five SS316L electrode plates with 2 mm between each plate.

Table 1

The chemical composition of SS316L (in wt.%)
Fe Cr Ni Mo Mn C P S Si N
Bal. 16 10 2 2 0.03 0.045 0.03 0.75 0.1

(a) (b)
Figure 1. Surface texture types of electrode plates used in HHO generators: (a) plain; (b) linear; and (c)
cross-surface

Fabrication of Electrode Surface Textures

The texturing of the electrode surface was performed using a machining process. The first
step starts with creating patterns for each design using CAD software called CATIA V5
R20 to produce patterns with good precision and accuracy, as presented in Figures 2 and
3. The second step is to use the patterns prepared to proceed with the machining process
and obtain the program codes for each pattern. In the third step, the program codes were
input into the CNC machine to create the desired texture on the surface of each electrode
plate. Electrode surface texturing was performed using a machining process. The first step
was to create patterns for each design using CAD software, CATIA V5 R20, to produce
patterns with precision and accuracy. In the second step, based on the created patterns, the
machining process was continued to obtain the program codes for each pattern. In the third
step, the program codes are input into the CNC machine to create the desired texture on the
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surface of each electrode plate. In the fourth step, the fabrication process for texturing was
carried out at 1150 mm/min for about 20 minutes for each type of plate. In the fifth step,
coolant was continuously applied during the machining process to lubricate the contact
area between the surface of the plate and the tool and to cool the temperature arising from

It

Linear Surface

Pattern 1 A4

6 5 4 3 2 1

Figure 2. The surface texture design of the electrode plate with a linear pattern (unit dimension = mm)
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Figure 3. The surface texture design of the electrode plate with a cross-pattern (unit dimension = mm)
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the contact, thus preventing tool wear and producing a good surface finish. The last step
was to ensure that the surface of the electrode plate was free from any remaining cutting
residue with the aid of a tool file before polishing with isopropyl.

Setup of the HHO Generator

In this study, the designed HHO generator combines wet cells and dry cells since both cell
types have advantages over each other that are interesting to observe. It should be noted
that the calibration method was used to assess the performance of the HHO generator in
producing the desired HHO gas. A detailed schematic of the HHO generator parts is shown
in Figure 4. The following steps need to be taken to set up the HHO generator: NaOH
electrolyte solution is put into the container to submerge the electrode plates completely.
Then, the power supply is connected to the HHO generator by providing a constant input
voltage of 12 V. After the voltage is supplied, the electrolysis process takes place, and
bubbles begin to appear slowly as a sign of HHO gas production. The calibration method
is used to evaluate the performance of the HHO generator in producing the HHO gas.

Overview of HHo generator parts:

1. Electric power rod 5. HHO gas outlet 9. Flowmeter

2. Spacer module 6. Thermocouple 10. Voltmeter and Amperemeter
3. Electrode plates arrangement 7. HHO gas flow pipe 11. Thermometer

4. Water inlet 8. Bubbler tube 12. Enlargement of no.3

Figure 4. Schematic arrangement of the parts of the HHO generator

Measurement Procedures

The procedure of measuring the output current, HHO gas production rate, output
temperature, and operating time is important to understand. Systematically, it starts filling
the container with NaOH electrolyte with a predetermined concentration ranging from 10
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g/L to 60 g/L so that the installed electrode plates are thoroughly and evenly submerged.
Then, the “on” button on the generator is pressed to activate the electricity needed for
the electrolysis process to take place as expected. After pressing the on button, the HHO
generator is allowed to stand for approximately 30 minutes to stabilise its condition. After a
stable condition has been achieved, the voltage is kept constant at 12 V, and the stopwatch
starts to be activated at the beginning of the calculation.

Furthermore, the HHO gas production process runs as the operating time increases,
which causes a gradual increase in the volume of water in the flowmeter so that the
scale shows a value of 10 ml (assumed to be the maximum value), which indicates that
the hydrogen production rate is running well and is usually followed by an increase in
temperature due to the chemical reactions taking place. After reaching the maximum
condition, the HHO generator engine was immediately deactivated, the amount of output
current produced was visible on the power supply screen, the volume of hydrogen gas
produced was easily identified, and the output temperature was also read on the screen via
the thermocouple connection connected to the generator. The operating time is calculated
from the start of the generator being turned on until it is turned off, which can be read
through a stopwatch. The results of each determined parameter are obtained from the
various observations made. In the final stage, data analysis is needed to be able to find
out how variations in NaOH electrolyte concentration and electrode plate surface texture
affect the actual performance of the HHO generator.

RESULTS AND DISCUSSION

Effect of NaOH Concentration on Output Current at Varying Plate Surface
Textures

Figure 5 shows the relationship between 1"

the output current and NaOH concentration 19{ % Pain surace e(F(’fg)

at various surface textures of the electrode 107 4 e i) a87) P

plate under the condition of a constant | - Z:_‘_'__‘_ R 00 ,/'A',///.

voltage of 12 V. It is obviously seen that | 7] ”,,',"/- -t

the output current increases with increasing g 61 /:,;x/ - ol

NaOH concentrations from 10 g/L to 60 ; i ,I/", /'";_/‘/.

g/L, which occurs in all types of plate § 3] ’j:;"":-//

surface textures. From the results obtained, 21 ¥

increasing the electrolyte concentration ;k . . . | . .

plays an important role in producing the 0 10 20 30 40 50 60 70
. . NaOH concentration (g/L)

output current obtained. It is understandable

that the NaOH electrolyte will decompose
into Na+ and OH- ions, resulting in electron

Figure 5. Output current vs. NaOH concentration
under varying plate surface textures at 12V applied
voltage
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transfer and increased water conductivity (Rusdianasari et al., 2019). Increasing the
electrolyte concentration has an impact on increasing the rate of electron transfer between
the installed electrode plates.

Even further, the conductance generated by the electrodes also increased. Because of
these two things, the output current achieved will vary, and if observed carefully, it comes
down to the rate of water dissociation (Wang et al., 2021). In contrast, increasing electrolyte
concentration decreases the electrical resistance and increases the current. On the other
hand, decreasing electrolyte resistance can cause an increase in electrical conductivity
and a decrease in potential simultaneously. Besides that, the resistance in the electrolyte
and electrodes can affect the resulting current output values due to side reactions, inverse
reactions, and the factor of impurities attached to the electrode surface. The impurities in the
electrolyte, such as magnesium, calcium, and chloride ions, can also cause side reactions.
On the other hand, the resistances in the electrolytic solution and electrodes brought on
by inverse reactions, side reactions, and impurities in electrode material also influence the
electric current values obtained (Zeng & Zhang, 2010).

Another reason to consider is the distance between the electrode plates. In this study,
the distance between the electrodes was 2 mm, indicating a much closer distance between
the electrodes. As mentioned in the previous study, close spacing between electrodes
effectively reduces the electrical resistance between the electrodes, increasing the amount
of current generated (Galama et al., 2016). Still related to Figure 5, the increase in output
current at electrolyte concentrations of 10 g/L to 60 g/L is above 300% for all electrode
surface textures. However, from a linear regression perspective, the highest R? value is for
the linear surface texture of 0.997, which means the accuracy is very good for this linear
surface. The results also indicated that using different electrode surface texture types affects
the output current achieved by the HHO generator. The surface textures created make a
difference in the effective surface area of the electrodes. The surface area calculation of
each surface texture is summarised in Table 2.

Table 2 shows that the cross-sectional area for the linear surface is 101.8 cm?, which is
the highest compared to the other types. The relationship between electrode cross-sectional
area and electrical resistance is given in Equation 1 (Mazloomi & Sulaiman, 2012).

©

! (1) Table 2
Cross-section area of the electrode plate with varying
surface textures

R=

>|

where R is the electrical resistance of

the material, p is the electrode material’s Type of surface  Texture Cross'se“ion
o ’ ) textures labelling area (cm?)
resistivity, A is the cross-sectional area of the Plain surface S 100.00
electrode and / is the distance between the [ inear surface LS 101.80
electrodes used to do the measurement. The Cross surface CS 102.30
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large cross-sectional area allows the resulting electrical resistance to be small. It is known
that electrical resistance is the opposite of electric current; thus, when electrical resistance
decreases, the resulting output current will increase. It is also necessary to understand that
the surface area of the electrode plate refers to the area of the conducting plate, which
functions to transmit electric current. The broader the cross-section area, the greater the
electric current that can be delivered (Poimenidis et al., 2021).

Effect of NaOH Concentration on HHO Production Rate at Varying Plate Surface
Textures

Figure 6 illustrates the HHO gas production rate against the NaOH electrolyte concentration
at different electrode surface textures. Similar to the output current, the same trend is also
shown by the HHO gas production rate, where the increase fully influences the increase
in HHO gas production in electrolyte concentration. The results showed that the increase
in HHO gas production rate was above 200% for all electrode surface textures. As for
the 60 g/L electrolyte concentration, the HHO gas production rate value is 305.93 L/min,
291.09 L/min, and 218.08 L/min for cross, linear, and plain surface textures, respectively.
It should be noted that increasing the electrolyte concentration can generally accelerate
the movement of molecules in the water so that a higher-intensity collision process occurs
between molecules available in it, such as hydrogen and oxygen. The higher the intensity
of collisions between molecules in the water, the greater the amount of HHO gas produced
(El Soly et al., 2021). However, based on the statistical approach, the linear surface texture
had the highest R? value of 0.991. In addition to the increase in electrolyte concentration,
it appears that the difference in electrode surface texture has a positive impact on the

rate of HHO gas production. Texturing the

surface of the electrode plates has affected ggg Plan suface (PS)
their surface roughness, which results ina | _350] ; Hnearsuface (%33
. . . £ 325]- - PSlinear fit (R2= 0.946) .
difference in cross-sectional area between E 5001 LSiinear it (Re=0.991) L
. . . i e N inear fit (R? = e
each other. The results obtained align with ;’%g- OS fnear ft(RE=0.9%9) A
. - E A e -
the achievements Fahy reported (2014). E 225 " .
: . 9 200+ A -
Another important factor is the type g 1751 e et
of electrode plate material. This study | § lgg i . o "
used SS316L, which has a high nickel | S100{ .~ . . /.’/
. . T 751 - e
concentration (about 10 per cent by weight), T s .-
as the electrode. The electrode made of 28-
SS316L is in an alkaline environment 0 10 20 30 40 50 60 70
. NaOH tration (g/L
because it uses NaOH as the electrolyte, 20H concentration (g/L)

Figure 6. HHO production rate vs. NaOH

where the hydrogen evolution reaction
(HER) takes place at the cathode, which acts

concentration under varying plate surface textures
at 12 V applied voltage
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as the negative pole. In contrast, at the anode, which acts as the positive pole, the oxygen
formation reaction (OER) takes place. As a function of time, the hydrogen evolution rate
(HER) increases with rising electrolyte concentration. However, the HER rate tends to
be slower in NaOH compared to KOH. The characteristics of the electrocatalytic surface
significantly influence the HER rate. Electrochemical analysis of stainless steel indicates
that 316 steel is the optimal choice for a cathodic electrode in inducing HER within the
solution.

The HER rate is not only affected by the concentration of the electrolyte but also
impacts the formation of metal hydrides in stainless steel, minimising corrosive effects on
the material. Meanwhile, oxygen hydroxide (OH) originates from the water structure and
surfaces of OER. The presence of OH serves a dual purpose: firstly, an excess of OH can
detrimentally affect conductivity and structural integrity. Secondly, moderate OH levels
with the right level of acidity at the electrode/electrolyte interface can positively influence
the fundamental oxygen evolution reaction and thermodynamically reduce the ion release
rate. It is based on the non-electrocatalytic activity in oxygen evolution reactions, as well
as the identification of crystalline defects and stoichiometric oxide anode levels, which
contribute to the oxygen evolution reactions.

Of course, this phenomenon is most likely inseparable from the formation of the
nickel hydrate layer, which acts as a protective layer on the electrode surface, allowing
the corrosion rate to be suppressed, which results in a fairly high HHO gas production
rate (Olivares-Ramirez et al., 2007). The minimum corrosion effect greatly contributes to
the smoothness of the hydrogen formation reaction (Vracar & Conway, 1990). Coupled
with surface texture engineering, this will be a promising technique and should be taken
into account for the development of further enhancements of HHO gas production. The
details of the chemical reaction Equations 2, 3 and 4 at each pole are shown as follows
gas (Subramanian & Thangavel, 2020):

Reaction at the cathode: 2 H,O (1) + 2¢- — H, (g) + 2 OH™ (aq) 2)
Reaction at the anode: 4 OH (aq) > O, (g) +2H,0 (1) +4 ¢ 3)
Overall reaction: 2 H,O (1) > 2 H, (g) + O, (g) “4)

According to stoichiometry, the above chemical reaction shows that the production of
hydrogen gas is double that of oxygen gas (Subramanian & Thangavel, 2020).

Effect of NaOH Concentration on Output Temperature at Varying Plate Surface
Textures

The results of the output temperature versus NaOH concentration at different surface
textures are shown in Figure 7. The output temperature generally shows an increasing trend
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with increasing NaOH concentration at all 80

types of electrode surface textures, where 0 : Plain surfae é’?f%)

the temperature increase ranges above 40 per 5 1. ggﬁ;;:rr;ﬁw (€S)

cent for NaOH electrolyte concentrations of | 604"~ L3fnear il

0-60 g/L. The final output temperatures at g 50 A \
60 g/L concentration were 42.5°C for the g 40 R ST
plain surface, 45.13°C for the linear surface, § 20, t__,,.;:sw:’f‘

and 46.55°C for the cross surface. However, | 2 N

there was some temperature instability 3 2

for each type of surface texture. The most 104

obvious instability is for the electrode with 0 . . . ‘ ‘ ‘
cross-surface texture, where there is a 0 10 Na;?_l c::ceni:tiof(;g/uso 70
decrease in the output temperature at two

different concentrations. one from 39.05°C Figure 7. Output temperature vs. NaOH concentration
’ ) under varying plate surface textures at 12 V applied

to 24°C and the other from 50.18°C to  yotage
46.55°C.

This instability phenomenon may be due to the type of electrolyte used, NaOH.
The basic principle of an electrolyte solution is that it is influenced by the mobility and
conductivity of ions that decompose in the solution. As already stated, the mobility and
conductivity of Na+ ions are lower than those of K+ ions (Cao et al., 2009). It is likely to
cause instability in the resulting output temperature, and the presence of impurities in the
electrolyte solution that could contaminate the electrode surface must also be considered
(Doche et al., 1999).

The type of electrolyte and electrolyte concentration play an important role in water
electrolysis. NaOH is strong as a type of electrolyte; it decomposes completely into
ions when dissolved in water, so it has a fairly high conductivity. When the electrolyte
concentration is increased, it increases the intensity of collisions between ions, making
them more intense. The resulting impact is increased conductivity, accompanied by higher
ion mobility during the water electrolysis process. Due to the increased conductivity, it
produces an electrolyte solution temperature that is much hotter than its initial condition,
and thus, the output temperature of the HHO generator also rises (Sun & Hsiau, 2018;
Yuvaraj & Santhanaraj, 2014).

Effect of Applied Voltage on Output Current at Varying Plate Surface Textures

Figure 8 shows the applied voltage and output current at varying electrode surface textures.
Their relationship shows good linearity, where the output current increases with increasing
input current. Upon further observation, the increase in output temperature is more
prominent on textured electrode surfaces, with an increase of over 300% on both types
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of textured electrode surfaces. In contrast,
the increase in output current is only about
148% for plain surfaces with increasing
applied voltage. Beyond that, the largest
R? value of 0.982 was experienced by the
electrode with a linear surface. This value
indicates a strong relationship between
the input voltage variation and the output
current.

Figure 8 shows that a higher applied input
voltage will accelerate the decomposition
reaction in water electrolysis. The supplied
applied voltage causes faster electron
movement, producing a higher output
current (Zhao et al., 2016).

10
" Plain surface (PS)
94 ¢ Linear surface (LS)
Cross surface (CS) A
84— - Linearfit (PS) ,
} —-— Linear fit (LS) ,»’.
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~ ’/ a
€l 6 v
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=N s /: L]
3 9] S
- e e
A A
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o 3 A
pid |
2 37

1 T T T T T T
15 120 125 130 135 140 145 15.0
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Figure 8. Applied voltage variations vs. output
current under varying plate surface textures at 30g/L
catalyst concentration

Effect of Applied Voltage on HHO Production Rate at Varying Plate Surface

Textures

Figure 9 shows the HHO gas production as a function of applied voltage with variations
in electrode surface texture. The results showed a significant increase in the HH gas
production rate on the electrodes with linear and cross textures, namely 508.74 L/min and
573.82 L/min, respectively. A striking difference is seen for electrodes with plain surfaces,

where the HHO gas rate is only 147.66 L/
min. The increased applied voltage resulted
in a uniform increase in charge density,
promoting the acceleration of chemical
reaction rates on the electrode surface by
ion exchange (Lin et al., 2012). It is clearly
seen that electrodes with textured surfaces
are more effective in accommodating the
ion exchange process to increase the rate
of kinetics of the decomposition reaction
in water electrolysis, which in turn can
increase the rate of HHO gas production.
The highest R? value was 0.979, achieved by
the electrode with a linear surface texture.
Lastly, this is also supportive evidence that
HHO gas production is more promising on

800
B Plain surface (PS)
| @ Linear surface (LS)
= 700 A Cross surface (CS)
‘e - - Linear fit (PS)
§ 6004_.~ Linearfit (LS) R
~ - Linear fit (CS) i
£ 500+ L
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Figure 9. Applied voltage variations vs HHO
production gas under varying plate surface textures
at 30 g/L catalyst concentration
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textured electrode surfaces. The results obtained are in accordance with the results stated
by Mounir and Bellel (2011), where it is explained that the rate of hydrogen gas production
will continue to increase as the voltage variation used increases.

Effect of Applied Voltage on Output Temperature at Varying Plate Surface
Textures

Figure 10 shows various plate surface textures’ applied voltage and output temperatures. At
an applied voltage of 12V, the resulting output temperature is 27.88°C for plain surfaces,
33.66°C for linear surfaces, and 32.71°C for cross surfaces. Interestingly, with increasing
applied voltage, the output temperature increased slowly. At an input voltage of 14 V, the
output temperature values achieved are 39.67°C for the plain surface, 37.52°C for the linear
surface, and 44.11 °C for the cross surface. The increase in output temperature on the linear
surface is the slowest compared to other

electrode surfaces; the increase is only about 5001 ———— "
11.47% with an applied voltage range of 12 47.54 ©  Linear surface (LS)
. . . A Cross surface (CS)
V-14 V. It seemed that increasing the input G 45.09- - Linearfit (PS) N
. 3-'42 54"~ Linearfit(LS) i
voltage had a lower impact on the output g R Linear fit (CS) )
. 2 40.01 e
temperature at the linear surface compared e J .
. . Kol i - ]
with other surfaces. Increasing the output g IR
1 2350 P
temperature may reduce the possibility of | .1 =7 0
splitting water molecules. However, on the | 2300 .7
. . . o e
other hand, it can increase the reaction of the 27.5] .
electrode surface and the ionic conductivity 25.0 , , : : : :
115 120 125 130 135 140 145 150
of electrolytes (El Kady et al., 2020). In Voltage (V)

addition, the accelerated mobility of ions

Figure 10. Applied voltage variations vs. output
temperature under varying plate surface textures at
reason for the increased output temperature. 30 g/L catalyst concentration

due to increased applied voltage was also a

CONCLUSION

The effect of varying NaOH electrolyte concentration in a range of 10 g/L to 60 g/L and
electrode surface texture on the performance of the HHO generator was investigated.
Several important points can be drawn from the present study as follows:

1. Overall, the output current, HHO gas production, and output temperature increase
with increasing NaOH concentration and are also influenced by different electrode
surface textures.

2. At a NaOH concentration of 60 g/L, the output currents on the linear and cross
surfaces were 7.46 A and 9.95 A, respectively. Meanwhile, the HHO gas production
for the linear and cross surfaces was 219.08 L/min and 305.93 L/min, respectively.
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However, in terms of R2 value, the linear surface is better than the cross surface,
where the R2 value is greater than 0.991 for both the output current and HHO gas
production on the linear surface.

3. Additionally, the output temperature of the linear surface (i.e., 45.12 °C) was
slightly lower than that of the cross surface (i.e., 46.55 °C) ata NaOH concentration
of 60 g/L.

4. Similar to the NaOH concentration increment, the output current, HHO gas
production, and output temperature also increased linearly with increasing applied
voltage at varying electrode surface textures and a constant NaOH concentration
of 30 g/L.

5. The HHO gas production on the linear surface and cross surface increased
drastically at an output voltage of 14 V, to be about 508.74 L/min and 573.82 L/
min, respectively. However, the R? value of the linear surface is higher than that
of the cross surface, which is 0.979 and 0.955, respectively.
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