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A B S T R A C T

The effectiveness of different electrolytes in HHO gas production during electrolysis is not well understood, 
which complicates the selection of the most efficient electrolyte. This study aimed to systematically evaluate and 
compare the performance of common electrolytes (KOH, NaOH and NaHCO3) to identify the most efficient one. 
The study evaluated the effectiveness of KOH, NaOH, and NaHCO3 as electrolytes for HHO gas production during 
electrolysis. Using the STWEG-M1 Oxyhydrogen Gas Generator, gas output was measured at concentrations from 
0.0125 M to 0.250 M via water displacement. ANOVA revealed significant differences (p < 0.05), with KOH 
yielding the highest gas volume (245.7 mL at 0.250 M), followed by NaOH (180.6 mL), while NaHCO3 was least 
effective (20.0 mL). Results confirmed that increasing electrolyte concentration enhanced electrolysis efficiency 
by improving ion availability and charge transport, highlighting the importance of electrolyte selection in 
optimising performance.

1. Introduction

The global reliance on hydrocarbon-based fuels, which account for 
approximately 85% of global energy production, underscores their 
critical role in energy generation, industrial production, and trans
portation [1]. However, the combustion of these fossil fuels leads to 
significant environmental degradation, contributing to greenhouse gas 
emissions and air pollution, which in turn cause various health issues 
[2]. In contrast, HHO gas, produced through water electrolysis, offers a 
promising alternative due to its renewable, recyclable, and 
non-polluting properties [3]. This makes it an attractive option for 
mitigating environmental impact while fulfilling energy demands. 

Recent advancements in electrolysis technology have further high
lighted the potential of HHO gas as an efficient and sustainable energy 
source [4].

The optimisation of HHO gas production has garnered significant 
attention due to its potential as a green fuel. Masjuki et al. [3] high
lighted the importance of optimising HHO gas production, citing its 
wide range of applications and environmental advantages. Catalysts are 
crucial in enhancing the efficiency of electrolysis by lowering the acti
vation energy required for the dissociation of water molecules [2]. 
Hydrogen fuel cell technology, which relies on the electrochemical re
action between hydrogen and oxygen to generate electricity, represents 
a promising avenue for sustainable energy production, though it is 
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distinct from the electrolysis process used to generate HHO gas [5]. 
Hydrogen fuel cells have been in use since the nineteenth century and 
offer a cleaner and more efficient alternative to traditional energy 
sources [6,7]. Recent studies by Zhang et al. [8] and Ahmed et al. [9] 
have demonstrated that modifying catalyst composition can signifi
cantly enhance the efficiency of HHO gas production, further justifying 
the need for systematic research in this area. Key to improving the 
electrolysis process for HHO gas production is understanding the role of 
electrolytes and electrode materials, both of which influence the effi
ciency and overall performance of the process [10,11]. Catalysts are 
especially important in improving the rate of water decomposition, thus 
enhancing gas production efficiency [5,12].

Hydroxy gas, or HHO gas, was first developed by Williams A. Rhodes 
as a magnetically bonded combination of 2 mol of hydrogen and 1 mol of 
oxygen, with his multi-cell oxyhydrogen generator patented on July 26, 
1966 [13,14]. This was followed by Yull Brown’s research into using 
HHO gas in internal combustion engines, leading to the coining of the 
term “Brown’s gas” and his patent granted on 29 March 1977 [15,16]. 
Despite initial scepticism surrounding the practical use of HHO gas, 
ongoing research continues to explore its potential. Puha Rich’s study, 
for example, provided valuable insights into the energy required to 
break water molecules and the energy released during the combustion 
reaction [17]. Theories surrounding Brown’s gas suggest unique prop
erties, such as electromagnetic field shifts during its transformation 
[18], while Viktor Schauberger’s work introduced innovative ideas 
regarding energy generation through energy vortexes [19]. Recent 
research by Wang et al. [20], has further supported the potential of HHO 
gas in reducing carbon emissions when used as a supplementary fuel in 
internal combustion engines.

Hydroxy gas has several unique properties, notably its ability to exist 
in a monoatomic form within a container and exhibit explosive char
acteristics with a higher energy potential than diatomic flames [18]. 
This high specific energy per unit weight positions HHO gas as a 
promising alternative fuel source [21]. The development of HHO gas kits 
has greatly improved the efficiency of gas production [22]. Catalysts 
play a crucial role in accelerating the electrolysis process by lowering 
activation energy, with alkaline or acidic solutions enhancing conduc
tivity but possibly introducing impurities into the system [5,23]. The 
resistance of materials involved in electrolysis affects both electron and 
ion flow, and optimising electrode spacing can improve efficiency by 
reducing resistance [23]. Additionally, temperature influences the rate 
of reaction and energy consumption, with higher temperatures 
increasing ion mobility and improving reaction efficiency [24]. Pres
sure, on the other hand, affects energy usage and the ohmic resistivity of 
the electrolyte, which in turn influences gas bubble behaviour during 
electrolysis [25]. Proper electrode alignment and spacing further 
enhance the efficiency of the electrolytic process [2,26]. Recent findings 
by Patel [27] indicate that microstructural modifications in electrode 
materials can further optimise the efficiency of HHO gas production.

Operating conditions such as temperature, pressure, and current 
have a substantial impact on the performance of HHO gas production. 
Increasing the temperature accelerates ion mobility within the electro
lyte, reducing resistance and allowing for more efficient water dissoci
ation into hydrogen and oxygen gases. However, excessive temperatures 
can damage the electrolyte and other system components, which may 
reduce the overall sustainability and efficiency of the process. Pressure is 
another important operating condition, influencing both the energy 
required for electrolysis and the resistivity of the electrolyte. While 
increased pressure can enhance gas production by improving bubble 
formation and detachment from electrodes, it may also raise energy 
consumption and increase resistivity, making it crucial to optimise 
pressure settings for maximum efficiency. According to a study by Chang 
et al. [28], an optimal balance between pressure and temperature is 
necessary to achieve peak HHO gas production efficiency without 
compromising system durability.

The alignment and spacing of electrodes play a key role in optimising 

HHO gas production. If electrodes are placed too closely together, 
excessive heat may accumulate, leading to inefficiencies and possible 
damage to the system. On the other hand, too much distance between 
electrodes can hinder the flow of current, reducing gas production rates. 
Research has shown that maintaining optimal electrode spacing and 
alignment can greatly improve the electrolysis process, minimising en
ergy losses and promoting uniform gas production, which enhances 
overall system performance. Recently, Gohar and Hassan [29] have 
explored innovative electrode designs that further enhance the effi
ciency of electrolysis systems for HHO gas production.

In addition to these operating conditions, the type of electrolyte used 
has a significant effect on HHO gas production. Electrolytes such as 
potassium hydroxide (KOH), sodium hydroxide (NaOH), and sodium 
bicarbonate (NaHCO3) are commonly used in electrolysis due to their 
distinct properties that affect conductivity. Alkaline electrolytes like 
KOH and NaOH are particularly effective because they offer high ionic 
conductivity, facilitating the flow of electricity and improving the 
electrolysis process. These electrolytes lower the energy barrier for 
water dissociation, thereby enhancing gas production efficiency. So
dium bicarbonate, while less effective, is still used in certain applica
tions due to its lower corrosiveness compared to KOH and NaOH. 
Furthermore, the concentration of the electrolyte is a crucial fac
tor—higher concentrations generally improve conductivity, but exces
sive concentrations can lead to issues such as scaling or contamination, 
which may negatively affect the electrolysis process. Recent experi
mental work by El Kady et al. [30], has identified optimal concentration 
ranges for KOH and NaOH, reducing inefficiencies and improving 
overall gas yield.

The influence of operating conditions such as temperature, pressure, 
current, and electrode spacing on HHO gas production has been well- 
documented in studies by Sudrajat et al. [5] and Göllei [31]. Santilli’s 
research on oxyhydrogen gas as “magnecules” has further highlighted 
the unique properties and potential environmental benefits of HHO gas 
[18]. Despite the growing interest in HHO gas as a supplementary fuel, 
there remains a gap in the literature concerning the optimisation of the 
production process, particularly in terms of catalyst selection. Sub
ramanian & Ismail [10] identified key parameters for HHO production, 
emphasising the need for optimisation. A recent meta-analysis by Chen 
et al., [32] has consolidated previous findings, highlighting critical gaps 
in current research and the need for improved standardisation in elec
trolysis studies.

The effectiveness of different electrolytes in HHO gas production 
remains inadequately understood, with limited research on their 
optimal selection and concentration. While previous studies have 
examined the effects of operating conditions such as temperature and 
pressure, a systematic comparison of commonly used electro
lytes—KOH, NaOH, and NaHCO3—under controlled conditions is lack
ing. By employing a controlled experimental approach with the STWEG- 
M1 Oxyhydrogen gas generator and rigorous statistical analysis, the 
research establishes the most effective electrolyte. The findings provide 
quantitative evidence to resolve uncertainties in electrolyte selection, 
improving electrolysis efficiency and guide practical applications.

2. Materials and methods

2.1. Materials

The reagents used in this study were of analytical grade, including 
99% sodium bicarbonate (NaHCO3), 97% sodium hydroxide (NaOH), 
and 85% potassium hydroxide (KOH). Various laboratory glasswares 
were utilized to ensure precise measurements, including 100 ml, 250 ml, 
350 ml, and 500 ml glass measuring cylinders, 500 ml and 1 L volu
metric flasks, 200 ml beakers, and 500 ml conical flasks. Additional 
materials included a spatula for handling solid reagents, aluminum foil 
for covering solutions, deionized water as the solvent, 4 L amber bottles 
for storing prepared electrolyte solutions, a wash bottle for controlled 
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dispensing of deionized water, and a dropper for adding small quantities 
of solutions.

2.2. Equipment

The STWEG-M1 Oxyhydrogen Gas Generator (Fig. 1) is a specialised 
electrolysis system designed for efficient HHO gas production. It features 
twelve electrolyser cells in series, which are responsible for splitting 
water molecules into hydrogen and oxygen gases. Each cell receives 
approximately 1.02 V and has an active electrode area of 136.85 cm2, 
while the 13.2 cm diameter plates, made from 316L stainless steel, 
ensure durability and corrosion resistance. The unit is enclosed in a 
sturdy acrylic case, which provides structural stability while allowing 
visual monitoring of the electrolysis process.

To power the system, the STWEG-M1 is equipped with a 460W power 
source and electrical power cables, delivering the necessary energy for 
efficient electrolysis. It includes a self-adaptive adaptor that converts 
110V or 220V electricity into a 12.2V working voltage, ensuring stable 
operation. The generated HHO gas passes through a rubber tube, which 
facilitates the movement of moist HHO gas from the electrolyser. To 
enhance gas purity, the system incorporates an acrylic bubbler, which 
effectively removes impurities before the gas is channelled through a 
rubber tube for the passage of dry HHO gas. Finally, the purified gas is 
directed to a gas torch, which can be used for combustion applications.

To support operational accuracy and stability, additional equipment 
includes an analytical balance for precise electrolyte measurements, a 
water bath with a 20-litre capacity to maintain consistent temperature, a 
stopwatch for precise time control, and a shaker to ensure homogeneity 
in prepared solutions. The dry-cell design of the STWEG-M1 minimises 
heat generation, improving energy efficiency and maintaining stable 
hydrogen production. These features collectively make the STWEG-M1 
an optimal system for controlled and efficient HHO gas generation.

2.3. Experimental methodology for HHO gas production, measurement 
and data analysis

The experiment was conducted using the STWEG-M1 Oxyhydrogen 
Gas Generator to produce HHO gas under controlled conditions. A sys
tematic measurement setup was implemented to quantify the volume of 
gas produced. The setup included a water bath filled with approximately 
18 L of deionized water and a 500 ml glass measuring cylinder, which 
was completely filled with deionized water and inverted. The bubbler of 

the STWEG-M1 apparatus contained 250 ml of deionized water to 
regulate the gas flow, ensuring accurate volume measurement.

Electrolyte solutions were prepared at seven different molar con
centrations: 0.0125 M, 0.025 M, 0.05 M, 0.10 M, 0.15 M, 0.20 M, and 
0.25 M. The experimental procedure commenced by rinsing the STWEG- 
M1 unit with 0.0125 M NaHCO3 electrolyte solution and filling the 
generator with 350 ml of the same solution, occupying approximately 
three-quarters of the apparatus. The generator was activated for 30 s to 
initiate HHO gas production before connecting the bubbler outlet to the 
inverted 500 ml measuring cylinder. Gas volume was measured using 
the downward water displacement method over a 10-s period, and seven 
consecutive readings were recorded to ensure precision and repeat
ability [33,34].

Following each measurement, the STWEG-M1 generator and bubbler 
were thoroughly rinsed with deionized water to eliminate any residual 
electrolyte. The process was then repeated for increasing concentrations 
of NaHCO3 electrolyte. After completing the NaHCO3 trials, the exper
iment was replicated with NaOH and KOH electrolytes to facilitate a 
comparative analysis of gas production efficiency.

The STWEG-M1 Oxyhydrogen Gas Generator functions based on the 
principle of water electrolysis, where an electric current dissociates 
water molecules into hydrogen (H2) and oxygen (O2) gases. The half- 
reactions occurring at the electrodes are as follows: 

Cathode half − reaction : 4H+
(aq) + 4e− → 2H2(g)

Anode half − reaction : 4OH−
(aq) → O2(g) + 2H2O(aq) + 4e−

HHO synthesis : 2H2(g)+O2(g) → 2HHO(g)

The data obtained from the gas volume measurements were statis
tically analysed using Genstat V.12 software. A one-way Analysis of 
Variance (ANOVA) was performed to assess the effect of electrolyte type 
and concentration on HHO gas production. Statistical significance was 
determined based on a threshold p-value of less than 0.05. Tukey’s 
Honest Significant Difference (HSD) test was applied for mean separa
tion, facilitating pairwise comparisons between electrolyte concentra
tions to control Type I errors and identify significant differences in gas 
production rates. This approach ensured robust statistical interpretation 
and provided reliable insights into the optimal electrolyte selection and 
concentration for maximising HHO gas output.

Fig. 1. The STWEG-M1 oxyhydrogen gas generator.
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3. Results and discussion

3.1. Analysis of HHO gas production from KOH electrolyte solutions

The results presented in Table 1 illustrate the influence of KOH 
electrolyte concentration on HHO gas production, demonstrating a 
direct correlation between electrolyte molarity and gas yield. At lower 
concentrations of 0.0125 M and 0.025 M, no measurable gas production 
was observed, indicating that these concentrations were below the 
threshold required to initiate significant electrolysis. However, at 0.05 
M, gas production commenced, with a mean HHO gas volume of 62 mL, 
highlighting the minimum concentration necessary to sustain electrol
ysis. As the concentration increased, gas production improved signifi
cantly, reaching 112 mL at 0.1 M, 154 mL at 0.15 M, and 244 mL at 0.25 
M, with each increment showing statistical significance (p < 0.01). 
These findings align with trends reported by Coats and Richardson [34] 
who observed that increasing electrolyte concentration enhances the 
ionic conductivity of the solution, thereby reducing internal resistance 
and improving electrolysis efficiency.

Similarly, the analysis of NaOH electrolytes followed a comparable 
trend of KOH, although with slightly lower gas production at each 
concentration level. At the lowest concentrations of 0.0125 M and 0.025 
M, no gas was produced, mirroring the results for KOH. At 0.05 M, a 
mean gas volume of 30.86 mL was observed (F = 18.00, p < 0.05), while 
at 0.1 M, the mean volume increased to 64.29 mL (F = 42.86, p < 0.01). 
At higher concentrations, the gas production stabilised: at 0.15 M, the 
mean volume was 120 mL (F = 166.00, p < 0.01), and at 0.25 M, the 
mean volume was 180.43 mL (F = 485.00, p < 0.01).

The observed trends for both electrolytes suggest that increasing the 
concentration of the electrolyte solution enhances the efficiency of HHO 
gas production. At higher concentrations (0.15 M and above), the gas 
production stabilised, with minimal fluctuation between individual 
measurements. This stability indicates that, at these concentrations, the 
system reaches an optimal operational range where the electrolysis 
process operates at maximum efficiency, and further increases in con
centration result in diminishing returns in terms of additional gas pro
duction. Notably, this trend is consistent with previous findings that 
higher electrolyte concentrations generally lead to more efficient elec
trolysis by increasing ion availability, which in turn enhances the rate of 
HHO gas production [35,36].

3.2. Analysis of HHO gas production from NaOH electrolyte solutions

The analysis of HHO gas production from NaHCO3 (sodium bicar
bonate) electrolyte solutions reveals a markedly different trend 
compared to KOH and NaOH electrolytes. Table 3 presents gas pro
duction at varying NaHCO3 concentrations, from 0.0125 M to 0.25 M. At 
the lowest concentrations of 0.0125 M, 0.025 M, as well as 0.050 M and 
0.100 M, the mean gas production was 0 mL, with F = 0.00 and p = 1.00. 
This indicates that these concentrations are insufficient to support the 
electrolysis process, likely due to NaHCO3’s lower ion conductivity 
compared to stronger electrolytes like KOH and NaOH. The lack of 
measurable gas production highlights the inefficacy of NaHCO3 at these 

lower concentrations. At 0.150 M, HHO gas production begins, though 
at a minimal level. The mean gas volume at this concentration was 4.7 
mL, with individual values ranging from 3 mL to 5 mL (F = 4.29, p =
0.08). While this represents a slight increase in gas production compared 
to the zero-production levels at lower concentrations, the rise is not 
statistically significant at the 0.05 level, suggesting that NaHCO3 begins 
to influence the electrolysis process at this concentration, but its impact 
remains limited. At 0.200 M, the mean gas volume increased slightly to 
5.0 mL, with values ranging from 3 mL to 6 mL (F = 7.00, p = 0.05). This 
modest increase in gas production indicates some improvement in the 
electrolysis process, though the variation across trials suggests that the 
benefits of using NaHCO3 at this concentration remain statistically 
weak. The highest concentration of 0.250 M achieved a mean gas vol
ume of 20.0 mL, with values ranging from 18 mL to 26 mL (F = 51.67, p 
< 0.01). This significant increase in gas production demonstrates that 
NaHCO3 becomes notably more effective at higher concentrations. 
However, even at this highest level, NaHCO3 remains less efficient than 
KOH or NaOH at equivalent concentrations.

3.3. Analysis of HHO gas production from NaHCO3 electrolyte solutions

The relatively low gas production from NaHCO3 at concentrations 
below 0.250 M indicates that it is less efficient as an electrolyte for HHO 
gas generation compared to NaOH and KOH. NaHCO3’s lower ion con
ductivity likely reduces its ability to facilitate the electrolysis process, 
resulting in reduced gas production and lower energy efficiency. Even at 
0.250 M, where the mean gas volume reached 20.0 mL, the volume 
remains significantly lower than that produced by KOH and NaOH at the 
same concentration.

It was further observed that KOH was a more effective electrolyte 
than NaOH and NaHCO3 yielding higher gas production at equivalent 
molarities due to its superior ionic mobility. In terms of energy density of 
KOH, NaOH and NaHCO3, KOH had more energy density than NaOH 
and NaHCO3 because the increased ion availability leads to more 
effective dissociation of water molecules into hydrogen and oxygen, 
thereby maximising the output gas volume for the same amount of input 
energy.

A comparison between NaHCO3, KOH, and NaOH shows stark dif
ferences in gas production and efficiency. KOH and NaOH consistently 
produced significantly more HHO gas at all tested concentrations, 
particularly from 0.100 M and above, where NaHCO3 produced little to 

Table 1 
KOH electrolyte.

Electrolyte Mean Volume of HHO Gas (mL) Mean

Conc. (M) V1 V2 V3 V4 V5 V6 V7 (mL)

0.0125 0 0 0 0 0 0 0 0
0.025 0 0 0 0 0 0 0 0
0.05 62 62 64 62 64 64 58 62
0.1 112 112 113 112 113 120 104 112
0.15 150 152 152 158 154 150 160 154
0.2 172 172 172 164 160 172 172 169
0.25 250 250 260 260 210 250 230 244

Table 2 
NaOH electrolyte.

Electrolyte Mean Volume of HHO Gas (mL) Mean

Conc. (M) V1 V2 V3 V4 V5 V6 V7 (mL)

0.0125 0 0 0 0 0 0 0 0
0.025 0 0 0 0 0 0 0 0
0.05 32 32 31 32 24 24 28 30.86
0.1 62 60 60 62 68 70 72 64.29
0.15 120 120 121 124 121 118 116 120
0.2 141 139 140 141 140 128 132 137.14
0.25 181 182 182 174 182 178 174 180.43

Table 3 
NaHCO3 electrolyte.

Electrolyte Mean Volume of HHO Gas (mL) Mean

Conc. (M) V1 V2 V3 V4 V5 V6 V7 (mL)

0.025 0 0 0 0 0 0 0 0
0.05 0 0 0 0 0 0 0 0
0.1 0 0 0 0 0 0 0 0
0.15 5 5 3 5 5 3 5 4.86
0.2 5 5 6 5 3 6 3 4.86
0.25 18 20 20 26 18 20 24 20.86
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no measurable gas. This discrepancy is likely due to the superior ion 
conductivity of KOH and NaOH, which supports a more effective elec
trolysis process. At 0.250 M, NaHCO3 produced a mean gas volume of 
20.0 mL, still far below the volumes generated by KOH and NaOH at the 
same concentration. This result highlights the relative inefficiency of 
NaHCO3 as an electrolyte, demonstrating that while it can be used for 
HHO gas production, it is not as energy-efficient or effective as KOH and 
NaOH.

The comparative analysis of HHO gas production across different 
electrolytes—KOH, NaOH, and NaHCO3—demonstrates significant dif
ferences in their effectiveness at various concentrations (Table 4). KOH 
proved to be the most efficient electrolyte for HHO gas production at all 
tested concentrations. The gas production began to increase notably at 
0.05 M, where the mean volume recorded was 62.4 ± 2.3 mL. Statistical 
analysis yielded a highly significant F-statistic of 75, with a p-value of 
less than 0.01, indicating that KOH significantly enhances the water 
splitting activity at this concentration. At 0.1 M, gas production rose to 
113.0 ± 4.9 mL, and the highest volume observed was at 0.25 M, with a 
mean volume of 245.7 ± 17.6 mL (F = 1034, p < 0.01). These ]findings 
confirm that KOH is an exceptionally efficient electrolyte, significantly 
improving gas production with increasing concentration. The observed 
correlation between electrolyte concentration and enhanced gas pro
duction suggests that KOH increases ion conductivity and energy con
version efficiency in the electrolysis process [34].

NaOH, while following a similar trend to KOH, showed slightly lower 
gas production at comparable concentrations. At 0.05 M, the mean gas 
volume was 29.0 ± 3.1 mL (F = 18, p < 0.05), significantly lower than 
that of KOH at the same concentration. However, gas production 
increased progressively with concentration, reaching 65.7 ± 4.7 mL at 
0.1 M and 180.6 ± 4.3 mL at 0.25 M (F = 485, p < 0.01). Although 
NaOH is still an effective electrolyte, its performance is not as strong as 
KOH, particularly in terms of overall gas production. This indicates that 
while NaOH’s efficiency is considerable, its energy density and ion 
conductivity are slightly inferior to those of KOH, rendering it a less 
potent electrolyte for the water splitting activity as corroborated by 
Ref. [35].

NaHCO3, in contrast, exhibited the lowest efficiency in HHO gas 
production across all concentrations tested. No measurable gas was 
produced at concentrations below 0.15 M, and at 0.15 M, the mean gas 
volume was only 4.4 ± 0.8 mL (F = 4.29, p = 0.08), indicating minimal 

gas production. A slight increase was observed at 0.2 M, with a mean gas 
volume of 4.7 ± 1.3 mL (F = 7, p = 0.05), but this remained negligible 
when compared to KOH and NaOH. Only at 0.25 M did NaHCO3 show a 
more substantial increase in gas production, achieving a mean volume of 
21.0 ± 3.5 mL (F = 51.67, p < 0.01). However, even at this concen
tration, NaHCO3 produced significantly less gas than KOH or NaOH at 
comparable concentrations. These results suggest that NaHCO3 is far less 
effective as an electrolyte for HHO gas production, likely due to its 
reduced ion conductivity. Even at higher concentrations, NaHCO3’s 
energy density and overall efficiency in facilitating the water splitting 
activity remain inferior to those of KOH and NaOH as supported by 
Ref. [27].

3.4. Comparative analysis of HHO gas production from KOH, NaOH, and 
NaHCO3 electrolytes

The variations in the performance of KOH, NaOH, and NaHCO3 can 
be ascribed to their distinct chemical properties, particularly their ion 
conductivity. Among these electrolytes, KOH exhibited the highest ion 
conductivity, resulting in superior efficiency and the greatest HHO gas 
production, even at lower concentrations. NaOH, while still effective, 
generated comparatively lower volumes of gas and exhibited a reduced 
energy density, indicating a slightly lower ion conductivity than KOH. 
Conversely, NaHCO3 displayed poor performance across all concentra
tions, which can be attributed to its limited ion dissociation and lower 
conductivity, thereby impeding its ability to enhance water splitting 
activity. The statistical analysis further supports these observations, 
with KOH demonstrating highly significant results at concentrations 
exceeding 0.05 M, while NaOH exhibited strong significance at 0.25 M. 
In contrast, NaHCO3 achieved only marginal significance at 0.25 M, 
reinforcing its limited efficacy as an electrolyte for HHO gas production 
[36,37].

Energy density, which refers to the efficiency of converting electrical 
energy into chemical energy stored in the produced gas, was found to be 
highest for KOH and lowest for NaHCO3. The greater gas yields obtained 
with KOH and NaOH at each concentration level suggest a more effec
tive electrolysis process, ensuring enhanced energy conversion. By 
contrast, the lower gas volumes observed with NaHCO3 indicate a less 
efficient process, likely stemming from its reduced ion mobility and 
conductivity. This renders NaHCO3 unsuitable for applications requiring 
high energy efficiency. These findings highlight the critical role of 
electrolyte selection in optimising electrolysis performance, with KOH 
and NaOH emerging as the more effective choices for facilitating water 
splitting activity [38,39].

A general increase in electrolyte concentration enhances gas pro
duction during electrolysis by improving ion availability, increasing 
conductivity, and raising the energy density of the output gas. Electro
lytes such as KOH, NaOH, and NaHCO3 exhibit greater ion dissociation 
at elevated concentrations, thereby promoting efficient electrolysis 
through the reduction of charge transfer resistance [36]. An increase in 
the number of charge carriers at higher concentrations enhances con
ductivity while simultaneously lowering the voltage required to sustain 
water splitting activity [28]. Although excessive concentrations may 
reduce ion mobility due to intensified ion-ion interactions, the overall 
increase in available ions compensates for this effect, thereby sustaining 
effective charge transport [38]. Enhanced conductivity facilitates more 
efficient electron transfer, reducing energy losses and accelerating the 
evolution of hydrogen and oxygen gases [37]. This increase in gas 
production directly impacts the energy density of the output gas, as 
higher hydrogen and oxygen yields at a given energy input result in 
greater stored energy per unit volume [39].

When comparing NaOH with KOH, it was evident that NaOH yielded 
marginally lower volumes of HHO gas at equivalent concentrations. This 
discrepancy can be attributed to the intrinsic chemical differences be
tween NaOH and KOH, particularly their ion conductivity. Nonetheless, 
the positive correlation between electrolyte concentration and gas 

Table 4 
Overall means of HHO gas produced for KOH, NaOH and NaHCO3 electrolytes.

Electrolyte Concentration 
(M)

Overall Mean Volume 
(mL)

F- 
Statistic

p- 
Value

of HHO Gas Produced 
After 10 s

KOH 0.0125 0.0 ± 0.0 0 1
0.025 0.0 ± 0.0 0 1
0.05 62.4 ± 2.3 75 <0.01
0.1 113.0 ± 4.9 210 <0.01
0.15 154.6 ± 3.8 392 <0.01
0.2 168.0 ± 5.2 526 <0.01
0.25 245.7 ± 17.6 1034 <0.01

NaOH 0.0125 0.0 ± 0.0 0 1
0.025 0.0 ± 0.0 0 1
0.05 29.0 ± 3.1 18 <0.05
0.1 65.7 ± 4.7 42.86 <0.01
0.15 119.7 ± 2.1 166 <0.01
0.2 140.0 ± 4.4 225 <0.01
0.25 180.6 ± 4.3 485 <0.01

NaHCO3 0.0125 0.0 ± 0.0 0 1
0.025 0.0 ± 0.0 0 1
0.05 0.0 ± 0.0 0 1
0.1 0.0 ± 0.0 0 1
0.15 4.4 ± 0.8 4.29 0.08
0.2 4.7 ± 1.3 7 0.05
0.25 21.0 ± 3.5 51.67 <0.01
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production efficiency remained consistent for both electrolytes, rein
forcing the conclusion that increased concentration enhances electrol
ysis efficiency and energy density. Although KOH consistently produced 
higher gas volumes at all concentration levels, the trend of improved 
performance with increasing concentrations was observed in both 
electrolytes. The statistical evaluation of HHO gas production using 
NaOH, summarised in Table 2, confirmed the significance of these 
findings. The F-statistics and p-values provided compelling evidence 
that higher electrolyte concentrations significantly improve gas output, 
with values of F = 18.00 (p < 0.05) at 0.050 M, F = 42.86 (p < 0.01) at 
0.100 M, F = 166.00 (p < 0.01) at 0.150 M, F = 225.00 (p < 0.01) at 
0.200 M, and F = 485.00 (p < 0.01) at 0.250 M. These results underscore 
the substantial impact of increased electrolyte concentrations on elec
trolysis efficiency.

The findings of this study are in accordance with theoretical pre
dictions and existing literature, which suggest that higher electrolyte 
concentrations improve electrolysis efficiency and gas production [27,
40]. Further validation is provided by studies emphasising the necessity 
of optimising electrolyte concentrations to maximise electrolysis per
formance [41]. The experimental data confirm that NaOH is an effective 
electrolyte for electrolysis enhancement, with concentrations exceeding 
0.150 M yielding the highest efficiency. Future research should focus on 
determining the precise optimal concentration levels for NaOH while 
investigating the underlying mechanisms responsible for these im
provements in gas production.

4. Conclusion

KOH was the most efficient electrolyte for HHO gas production at the 
same volume and concentration, delivering the highest gas volumes due 
to its superior ionic conductivity and energy density. It consistently 
outperformed NaOH and NaHCO3 across all concentrations, particularly 
from 0.100 M and above. At 0.250 M, KOH produced the highest gas 
yield (245.7 mL), while NaOH generated a slightly lower volume (180.6 
mL). In contrast, NaHCO3 exhibited poor performance, producing only 
21.0 mL at 0.250 M and no measurable gas below 0.15 M due to its lower 
ion conductivity. Statistical analysis confirmed that increasing electro
lyte concentration significantly improved electrolysis efficiency by 
enhancing ion availability and charge transport. Although higher con
centrations slightly reduced ion mobility, the overall increase in charge 
carriers maintained effective conductivity and energy conversion, 
reinforcing the role of electrolyte selection in optimising electrolysis 
performance.
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