The Effect of Electrode Distance and KOH Solution Concentration on Hydrogen Production from Alkaline Electrolysis
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Abstract.  Alkaline electrolysis is a well-established and energy-efficient method for hydrogen production. This study investigates the impact of electrode distance and electrolyte concentration on hydrogen yield in alkaline electrolysis using a KOH solution. The experimental results demonstrate that a 40% KOH concentration at an electrode distance of 3 cm produces the highest hydrogen output, with measured values of 149, 150, and 156 ppm, averaging 155.67 ppm. In comparison, a 50% concentration under the same electrode spacing yielded hydrogen levels of 120, 130, and 134 ppm, with an average of 128 ppm. At a greater electrode distance of 7 cm, the hydrogen production decreased further, with a 60% concentration resulting in values of 87, 90, and 95 ppm, averaging 90.67 ppm. The superior performance observed with the 40% concentration is attributed to the optimal balance between ionic mobility and electrical resistance within the electrolyte, which facilitates efficient electrochemical reactions. These findings underscore the importance of optimizing both electrolyte concentration and electrode spacing to enhance hydrogen production efficiency in alkaline electrolysis.
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INTRODUCTION
The global demand for hydrogen continues to grow, driven by its critical role as an energy carrier in both industrial and healthcare sectors [1]. Hydrogen (H), the lightest and most abundant element in the universe, is a colorless, odorless, and highly flammable gas, widely recognized for its potential in sustainable energy storage and distribution [2-3]. Its versatility extends to numerous applications, including ammonia and methanol production, as well as petroleum refining [4-5].
To meet the increasing demand for hydrogen, various production methods have been developed, each with distinct advantages and challenges. These include biological fermentation, photolysis, hydrocarbon reforming, hydrogen extraction from natural gas, and electrolysis [6-10]. Among these, electrolysis stands out due to its ability to produce clean, pollutant-free hydrogen without the need for extensive infrastructure, making it a preferred choice for sustainable hydrogen production [11].
Electrolysis, the process of splitting water (H2O) into hydrogen (H2) and oxygen (O2) using an electric current, can be classified into high-temperature steam electrolysis (HTSE) and conventional electrolysis [12]. While HTSE operates at elevated temperatures of 800-1000°C, conventional electrolysis, particularly membrane-free methods such as Alkaline Electrolysis (AEL), offers a more cost-effective and manageable approach [13]. AEL, which uses a simple setup with carbon electrodes and an alkaline solution, provides better control over the electrical voltage, enhancing the efficiency of hydrogen production [14-15].
Previous research has extensively explored various electrolysis methods, particularly focusing on factors that influence hydrogen yield. Studies have shown that electrode distance and solution concentration are critical variables. For instance, research utilizing AEM and BPM with carbon steel electrodes in a NaOH solution demonstrated that variations in these parameters significantly affect hydrogen production efficiency, yielding up to 4.66 L/d [16]. Another study using AEL with graphite and stainless steel electrodes in a KOH solution produced 3.7 L/d of hydrogen, emphasizing the importance of optimizing these variables [17]. Additionally, studies using Microbial Electrolysis Cells (MEC) and other configurations have shown varying hydrogen yields depending on the electrode distance and solution concentration [18-24].
Despite these advances, challenges remain, particularly in optimizing electrode distance and solution concentration to maximize hydrogen production efficiency. Excessive electrode spacing can reduce production efficiency, while overly concentrated solutions may lead to rapid contamination, further impacting yield. This study aims to address these challenges by optimizing these critical parameters in a membrane-free AEL system using carbon electrodes and a KOH solution. The objective is to enhance hydrogen production efficiency at a minimal cost, contributing to the development of environmentally friendly alternative fuels and reducing greenhouse gas emissions.
METHODS
The experimental study was designed to evaluate the effects of electrode distance and KOH solution concentration on hydrogen production in an alkaline electrolysis system. The system setup, data acquisition, and analysis methods are detailed as follows: 
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FIGURE 1. Experimental Apparatus

The scheme for producing hydrogen from the FIGURE 1. Energy from the battery (1) with 12 Volt power flows to the battery jumper cable (2) with a cable voltage of 12 Volts, and the energy received from the battery flows to the carbon electrode (9) and reacts with the KO2+O2 solution (10) which produces a reaction at the cathode (-) the reaction 2KO2+2e = K2+O2 occurs which produces H2 gas, and at the anode (+) the reaction 2H2O→O2+4H+4O occurs which produces O2 gas, with the gas overflowing to the top it will be detected by the MQ8 sensor (3) and connected by the Arduino Uno (4) to the laptop (8) which displays the amount of H2 produced.
Experimental Setup:
Electrolysis System: The electrolysis system was constructed using a 12V DC power supply, carbon electrodes, and a KOH electrolyte solution. The choice of a 12V battery was based on its ability to provide a stable and consistent voltage, which is critical for maintaining controlled electrolysis conditions. Carbon electrodes were selected for their chemical stability and cost-effectiveness, making them suitable for prolonged electrolysis operations without significant degradation. The KOH solution, known for its high conductivity and effectiveness in promoting hydrogen production, was used as the electrolyte.
Electrode Configuration: The electrodes were arranged within the electrolysis cell at varying distances of 3 cm, 5 cm, and 7 cm to investigate the influence of electrode spacing on hydrogen production. The distance between electrodes was measured precisely using a digital caliper to ensure accuracy.
Solution Concentration: The concentration of the KOH solution was varied among 40%, 50%, and 60% to assess its impact on hydrogen yield. The solutions were prepared using analytical-grade KOH and deionized water, ensuring consistent concentration levels across experiments.
Data Collection:
Hydrogen Measurement: Hydrogen production was monitored in real time using an MQ-8 gas sensor, which is sensitive to hydrogen concentrations. The sensor was calibrated before each experiment using a standard hydrogen gas mixture to ensure accurate readings. The sensor was interfaced with an Arduino Uno microcontroller, which processed the sensor signals and transmitted the data to a laptop for recording.
Data Acquisition System: The Arduino Uno was programmed to collect hydrogen concentration data at regular intervals. The collected data were logged using a custom software application on the laptop, which allowed for real-time visualization and storage of the results.
Experimental Conditions:
Control of Environmental Variables: The experiments were conducted under controlled laboratory conditions to minimize the impact of external factors. The ambient temperature was maintained at 25 ± 2°C using a thermostatically controlled environment, and the atmospheric pressure was recorded during each experiment to ensure consistency. The electrolysis cell was sealed to prevent contamination from atmospheric gases.
Repetition and Replication: Each experimental condition, defined by a specific electrode distance and KOH concentration, was tested in triplicate to ensure the reliability and reproducibility of the results. This approach allowed for statistical analysis of the data to assess the significance of the observed effects.
The experimental approach involved setting up an alkaline electrolysis system with carbon electrodes and a KOH solution. The electrode distance and solution concentration were varied to measure their impact on hydrogen production. The system was assembled with a power source, sensors, and data acquisition devices to monitor hydrogen output.
[bookmark: _Hlk174423599]RESULTS AND DISCUSSION
The study investigates the production of hydrogen through alkaline electrolysis under varying concentrations of solution and different distances between electrodes. The results are analyzed using statistical tests to determine the significance of differences in hydrogen output across different experimental conditions.

EFFECT OF ELECTRODE DISTANCE AND SOLUTION CONCENTRATION ON HYDROGEN PRODUCTION
This experiment was conducted to assess the amount of hydrogen produced with a distance of 3 cm, 5cm, and 7 cm between the electrodes and solution concentrations of 40%, 50%, and 60% (see TABLE 1). The goal was to understand the influence of these variables on hydrogen production to optimize the electrolysis process.

TABLE 1. Effect of Electrode Distance and Solution Concentration on Hydrogen Production
	Distance (cm)
	Concentration

	
	40%
	50%
	60%

	3
	506 ppm
	488 ppm
	452 ppm

	5
	504 ppm
	478 ppm
	456 ppm

	7
	503 ppm
	469 ppm
	468 ppm

	
	Hydrogen Production
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FIGURE 2. Effect of Electrode Distance and Solution Concentration on Hydrogen Production

The amount of hydrogen produced decreases as the concentration increases. The data show in FIGURE 2 that as the concentration of the solution increases, the amount of hydrogen produced decreases. This trend suggests that higher concentrations may hinder the electrochemical reaction, possibly due to increased resistance or reduced mobility of ions. However, the overall yield is higher due to the longer reaction time. This further supports the observation that while higher concentrations might reduce efficiency, extended reaction times can compensate for this to some extent. The results showed significant variations in hydrogen production based on electrode distance and solution concentration. At a 3 cm distance, a 40% concentration produced the highest hydrogen output (average 155.67 ppm), followed by 50% (128 ppm) and 60% (90.67 ppm). Increasing the distance to 7 cm reduced the hydrogen output for all concentrations.

Experiment 2: EFFECT OF SOLUTION CONCENTRATION AT THE same DISTANCE ON HYDROGEN PRODUCTION

The second experiment was conducted at the same distance (3 cm) with 40%, 50%, and 60% for 15 minutes to observe the effect of the concentration variations on hydrogen production (see TABLE 2) 

TABLE 2. Effect of solution concentration at the same distance on hydrogen production
	Concentration (%)
	Hydrogen Production (ppm)

	
	Trial 1 
	Trial 2 
	Trial 3 

	40
	476
	500
	499

	50
	457
	488
	454

	60
	441
	438
	438
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FIGURE 3. Hydrogen production at different concentrations

FIGURE 3 indicates that higher concentrations result in a decreased production of hydrogen. This reduction occurs because, as the solution becomes more concentrated, the ionic mobility within the electrolyte decreases, which impedes the flow of electrical current between the anode and cathode. A more concentrated solution increases the resistance within the electrolyte, leading to less efficient energy transfer and, consequently, lower hydrogen output. Additionally, higher viscosity in more concentrated solutions can further hinder ion movement, exacerbating the reduction in hydrogen production. Therefore, optimizing the concentration of the solution is crucial to maximizing the efficiency of hydrogen generation in electrolysis processes.

TABLE 3. Previous Research
	Anode
	Cathode
	Solution
	Method
	Distance
	Hydrogen Production (L/d)
	Ref

	Carbon Cloth
	Carbon Cloth
	Glucose
	Microba Electrolysis Cell
	-
	5.04
	[24]

	Graphite Felt
	Stainless Steel 304 Mesh sheet + Graphite Felt
	Acetic Acid
	Microba Electrolysis Cell
	1
	1.52
	[25]

	Graphite Felt
	Stainless Steel 316 Mesh sheet
	Acetic Acid
	Microba Electrolysis Cell
	1
	0.90
	[26]

	[bookmark: _Hlk131145216]Carbon Felt
	Stainless Steel Wire Wool
	Phosphate Buffer
	Microba Electrolysis Cell
	-
	2.25
	[23]

	Graphite Brush
	Stainless Steel 304 Mesh sheet
	Buffer
	Microba Electrolysis Cell
	1
	2.60
	[27]

	Carbon Felt
	Alga+ Graphite
	NaOH
	Hybrid Water Electrolysis
	5
	3.20
	[28]

	Carbon Steel
	Carbon Steel
	NaOH
	Anion Excange Membrane
	3
	3.36
	[20]

	Graphite
	Stainless steel
	KOH
	Alkaline Electrolysis
	-
	1.70
	[21]

	Graphite
	Graphite
	NaOH
	Alkaline Electrolysis
	-
	1.13
	[22]

	Carbon
	Carbon
	KOH
	Alkaline Electrolysis
	3
	1.24
	Recent study

	
	
	
	
	5
	1.05
	

	
	
	
	
	7
	0.75
	



The results of this study demonstrate that both electrode distance and KOH solution concentration significantly influence hydrogen production in alkaline electrolysis. A comparative analysis with previous research highlights important distinctions and similarities, offering insights into the efficiency of different electrolysis methods and their potential applications.
In the current study as shown in TABLE 3, the Alkaline Electrolysis (AEL) method using carbon electrodes with a KOH solution produced hydrogen within the range of 0.582-1.247 L/d. This performance can be contextualized by comparing it to other electrolysis methods. For instance, the Microbial Electrolysis Cell (MEC) method, which typically employs graphite and stainless steel electrodes with solutions such as glucose, acetic acid, and phosphate buffer, has demonstrated hydrogen production ranging from 0.9 to 5.041 L/d. The higher yield observed in MEC methods can be attributed to the bio-catalytic processes involved, which enhance the electrochemical reactions. However, MEC systems are often more complex and cost-intensive compared to the relatively straightforward and scalable AEL process.
Furthermore, the Anion Exchange Membrane (AEM) method, which utilizes carbon steel electrodes with a NaOH solution, reported hydrogen production of approximately 3.36 L/d. While the AEM method shows superior hydrogen yields, it is important to note that the initial costs associated with membrane technology and the ongoing maintenance required may limit its practicality for large-scale applications. In contrast, the AEL method, despite its lower hydrogen production, offers a more cost-effective and easier-to-maintain alternative, especially when carbon electrodes and simple electrolyte solutions like KOH are used.
The comparison with the Hybrid Water Electrolysis method, which integrates algae with graphite and carbon felt electrodes in a NaOH solution, indicates a hydrogen production of around 1.02 L/d. This method combines biological and electrochemical processes to enhance efficiency, but it also involves more complex operational requirements. The AEL method’s simplicity, along with its ability to achieve comparable hydrogen production rates, suggests that it remains a viable option for applications where ease of operation and lower costs are prioritized.
When examining the use of graphite and stainless steel electrodes in conventional alkaline electrolysis systems with NaOH or KOH solutions, previous studies have reported hydrogen production ranging from 1.13 to 1.7 L/d. The slightly higher yields in these studies compared to the present findings may be due to the use of more conductive electrode materials, which enhance the efficiency of the electrochemical reactions. However, the carbon electrodes used in this study offer a balance between cost and performance, making them an attractive option for scaling up the AEL process.
The findings from this study have significant implications for the practical application of alkaline electrolysis in industrial hydrogen production. The optimization of electrode distance and electrolyte concentration can lead to more efficient hydrogen generation, which is crucial for reducing operational costs and improving the overall feasibility of hydrogen as a clean energy source. Specifically, the results suggest that a 40% KOH solution with a 3 cm electrode distance is optimal for maximizing hydrogen yield while maintaining a cost-effective setup.
In an industrial context, the ability to produce hydrogen efficiently with relatively inexpensive materials, such as carbon electrodes, and without the need for complex membrane systems, positions AEL as a competitive technology. The scalability of this method, combined with its lower initial and maintenance costs, makes it particularly suitable for decentralized hydrogen production systems or applications where budget constraints are a concern.
Overall, while other methods may offer higher hydrogen yields, the balance of efficiency, cost, and simplicity provided by the AEL method using carbon electrodes and a KOH solution presents a compelling case for its use in various industrial applications, particularly in scenarios where cost-effectiveness and ease of operation are prioritized over maximum yield.
CONCLUSIONS
In conclusion, this study demonstrates that both the distance between electrodes and the concentration of the electrolyte significantly influence hydrogen production in electrolysis. Shorter electrode distances result in higher hydrogen yields, with the 3 cm distance consistently outperforming longer distances across all concentration levels. Among the concentrations tested, 40% proved to be the most effective, producing the highest hydrogen output compared to 50% and 60% concentrations, making it the optimal choice for maximizing efficiency in electrolysis processes. Additionally, the duration of the electrolysis process plays a crucial role in hydrogen production, with longer durations leading to substantially increased yields. These findings suggest that optimizing electrode distance, electrolyte concentration, and electrolysis duration are key factors in enhancing hydrogen generation efficiency.
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