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Abstract: This study presents the development and performance evaluation of a photoelectrochemical (PEC) cell designed for sustainable hydrogen production, emphasizing a cost-effective and reproducible approach to clean energy generation. The PEC system was fabricated using an n-type TiO2 photoanode and Pt cathode in an aqueous Na2SO4

electrolyte (0.5 M), operating under simulated solar irradiation of 100 mW/cm2 (AM 1.5 G) within a controlled temperature range of 25–45 ℃. Experimental testing demonstrated that the system sustained hydrogen evolution through an automated electrolyte refilling and pump control mechanism, achieving 51% H2 saturation within an average of 2.8 seconds over 172 activation cycles, indicating responsive system logic. However, prolonged operation led to efficiency decline, with pump activation time extending to 833 seconds and only 56% hydrogen recovery, signifying material and control degradation. The temperature monitoring subsystem malfunctioned, registering persistent –127 ℃ readings, which impeded accurate thermal regulation and safety evaluation. Sensor drift and inconsistent pump actuation were also observed, reflecting calibration deficiencies. Three operational phases were identified—initial instability (0–300 s), stabilization (300–600 s), and performance degradation (≥800 s). Overall, while the PEC system demonstrates promising short-term hydrogen generation efficiency under defined light and electrolyte conditions, long-term stability remains constrained by electrode durability, thermal control accuracy, and system integration challenges, requiring further optimization for sustained hydrogen production. 
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1 Introduction

The increasing global concern over climate change has intensified the demand for sustainable and low-carbon energy systems. Fossil fuel combustion remains the dominant contributor to greenhouse gas emissions, driving the urgent transition toward cleaner energy alternatives [1]. Among the available options, hydrogen has emerged as a promising energy carrier due to its high energy density, environmental compatibility, and zero-carbon emissions during utilization in fuel cells. When produced through renewable means, hydrogen offers a viable pathway to decarbonize power generation, transportation, and industrial sectors (Figure 1) [2, 3]. 

Within this context, photoelectrochemical (PEC) water splitting has gained attention as a highly promising route for renewable hydrogen generation. Unlike conventional electrolysis, PEC systems directly convert solar energy into chemical energy by harnessing semiconductor photoelectrodes to generate electron–hole pairs that drive redox reactions, splitting water into hydrogen and oxygen without producing harmful by-products [4, 5]. The overall efficiency of a PEC cell depends on several interrelated factors, including light absorption capability, charge carrier separation efficiency, and the long-term stability of the photoelectrode materials [6, 7]. 

Advances in materials science and nanotechnology have led to notable improvements in PEC performance through techniques such as bandgap engineering, surface modification, and heterojunction design [8, 9]. Despite these gains, persistent challenges remain—particularly with respect to achieving long-term material stability, reducing
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fabrication costs, and enhancing solar-to-hydrogen conversion efficiency. Moreover, the transition from laboratory-scale prototypes to commercially viable PEC systems necessitate scalable, low-cost manufacturing approaches and robust materials capable of maintaining efficiency under continuous operational stress [10, 11]. 

However, most existing studies primarily focus on improving conversion efficiency while often neglecting critical aspects such as operational reliability, sensor accuracy, and control system performance under real-world conditions [11]. Addressing these gaps requires a holistic design approach that integrates material optimization, efficient control logic, and cost-effective fabrication. Therefore, this study develops and evaluates a high-performance, low-cost PEC cell for hydrogen generation, with emphasis on sustained operation and system reliability. The findings contribute to advancing practical, scalable solutions for solar-driven hydrogen production, supporting the global transition toward a cleaner and more resilient energy future [12]. 

Figure 1. Renewable and non-renewable energy cycle and sources [3]

2 Literature Review

Hydrogen production via PEC water splitting has gained considerable attention for its potential to directly convert solar energy into sustainable fuel [4]. Since the pioneering work of Fujishima and Honda in 1972, who first demonstrated water splitting using TiO2 under ultraviolet illumination, significant progress has been achieved in understanding semiconductor photoelectrodes and improving solar-to-hydrogen (STH) conversion efficiencies [5, 13]. 

A PEC system operates by using semiconductor materials to absorb photons, generating charge carriers that drive hydrogen and oxygen evolution reactions at the electrode–electrolyte interface [6]. Figure 2 shows examples of semiconductor materials for PEC systems. 

Despite decades of progress, achieving high efficiency, long-term stability, and cost-effectiveness under real-world conditions remains a major challenge. Figure 3 shows the flow of electrodes from photoanode in a PEC cell. 

Figure 2. Semiconductor materials for photoelectrochemical (PEC) systems 78
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Figure 3. Photoelectrochemical (PEC) cell [5]

2.1 Semiconductor Materials for Photoelectrochemical Systems

The semiconductor photoelectrode forms the foundation of PEC cell performance. Metal oxides such as TiO2, Fe2O3, and WO3 have been widely studied due to their chemical stability, abundance, and low cost [2]. However, their wide band gaps (2.6–3.2 eV) restrict absorption to the ultraviolet spectrum, which represents less than 5% of solar radiation. To overcome this limitation, research has expanded toward narrow-bandgap semiconductors such as CdS, Cu2O, BiVO4, and perovskite-based materials, which exhibit enhanced visible-light absorption and improved STH efficiency [3, 9]. 

Further progress has been achieved through nano structuring, doping, and heterojunction engineering. For example, TiO2/Fe2O3 and BiVO4/WO3 heterojunctions improve interfacial charge transfer, while dopants such as nitrogen, sulfur, and transition metals tailor the band structure to reduce recombination losses [7, 10, 14–16]. 

Nevertheless, most semiconductors still suffer from photoelectrode instability and photo corrosion under prolonged operation, which significantly limits their durability in practical systems. 

2.2 Catalyst and Electrode Surface Engineering

Efficient catalytic surfaces are critical to enhance the kinetics of the hydrogen and oxygen evolution reactions. 

While noble metals such as Pt, RuO2, and IrO2 remain the most active catalysts, their scarcity and high cost hinder large-scale deployment [1]. Consequently, recent studies have explored earth-abundant alternatives such as Ni, Co, MoS2, and transition metal phosphides, which offer promising catalytic performance with improved stability [8]. 

Surface engineering techniques—including atomic layer deposition (ALD), electrochemical etching, and hydrothermal growth—have been employed to increase active surface area and improve charge transport [9]. 

Protective coatings such as TiO2 or Al2O3 further mitigate photo corrosion and extend photoelectrode lifespan under illumination [17]. Despite these advancements, the combined optimization of catalyst integration and semiconductor stability remains an open research area, particularly under sustained solar operation. 

2.3 Photoelectrochemical Cell Configuration and System Optimization Beyond material development, overall PEC cell architecture and system control play crucial roles in determining performance. Conventional single-junction PEC cells often exhibit low efficiency due to incomplete light absorption and charge recombination [6]. Tandem (dual-absorber) systems that combine photoanodes and photocathodes with complementary bandgaps have demonstrated higher conversion efficiencies [2, 18]. Moreover, coupling PEC systems with photovoltaic (PV) modules or applying external bias can enhance STH efficiency beyond 10% [3]. 

However, system-level challenges persist. Stable hydrogen generation requires effective control of parameters such as electrolyte flow, temperature, and gas collection. Only a few studies have investigated real-time monitoring and feedback control strategies to maintain operational stability under fluctuating sunlight and environmental conditions [4, 19]. 

The lack of integrated system control remains a bottleneck in transitioning PEC systems from laboratory prototypes to scalable, field-deployable technologies. 
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2.4 Research Gaps and Current Focus

Based on the reviewed literature, three major research gaps are identified:

• Photoelectrode durability–Existing semiconductors exhibit photocorrosion and degradation under long-term illumination, limiting device lifespan. 

• Integrated system control–Few studies have incorporated automated feedback or real-time monitoring to ensure operational stability under varying environmental conditions. 

• Scalable, low-cost design–Most laboratory systems remain expensive or complex, with limited demonstration of cost-effective configurations suitable for continuous hydrogen production. 

To address these challenges, this study focuses on developing a cost-effective and durable PEC cell with enhanced control reliability and stable hydrogen generation. 

The proposed system integrates optimized semiconductor

materials, effective catalyst interfaces, and automated control logic to improve operational stability and performance. 

This approach aims to advance practical PEC technology for sustainable hydrogen production, contributing to the global transition toward a low-carbon energy future [10, 20–24]. 

3 Methodology

3.1 Photochemical Reaction System Design

(a) The photochemical reaction system was designed to enable stable and efficient PEC hydrogen generation by integrating solar power, optimized electrode architecture, and controlled illumination. 

It consists of four

performance-critical subsystems—solar energy supply and storage, electrode assembly, light simulation, and automated illumination control—each configured to ensure continuous operation and consistent hydrogen output. 

The solar power subsystem supplied stable electrical energy to the control board and electrolyte pump, ensuring uninterrupted PEC operation. A 250 W monocrystalline panel (17–19% efficiency) tilted 15° southward harnessed peak irradiance of 1000 W/m2 typical of Nigeria’s climate. Two 12 V, 7.5 Ah lead-acid batteries connected in parallel provided a regulated 12 V, 15 Ah output through a PWM controller, maintaining continuous operation under low-light conditions. 

The PEC cell employed a titanium dioxide (TiO2) mesh photoanode for its strong photoactivity, corrosion resistance, and stability in alkaline media. The mesh geometry increased light absorption and surface area, improving charge transfer efficiency. A graphite rod, repurposed from a dry cell, served as the cathode due to its high conductivity and chemical inertness. Potassium hydroxide (KOH) acted as the electrolyte, enhancing ionic conductivity and supporting the oxygen and hydrogen evolution reactions. This TiO2–graphite–KOH configuration provided a cost-effective and durable setup for efficient hydrogen generation. 

Controlled illumination was achieved through a customized light simulation unit consisting of 24 V broad-spectrum LED strips (400–700 nm) arranged in a three-array configuration along the sidewalls and rear panel of the reaction chamber. This configuration was designed to provide uniform light distribution and effective stimulation of TiO2’s photocatalytic activity. 

To verify the uniformity of illumination, irradiance mapping was conducted on the electrode plane using a calibrated TES 1339R lux meter (±2% accuracy). Measurements were taken at nine grid points (3 × 3 array) covering the full illuminated area. The recorded intensities ranged between 95 and 101 mW/cm2, with an average of 98 mW/cm2 and a maximum deviation of 4.1%, confirming near-uniform exposure across the electrode surface. 

An LDR-based relay control circuit automatically regulated the lighting system, activating it under low ambient light (<200 lux) and deactivating it during adequate daylight to conserve energy. Sensitivity calibration using an onboard potentiometer allowed precise adjustment of switching thresholds, ensuring consistent irradiance during PEC operation. 

Overall, the integrated system design combined renewable energy harvesting, efficient electrode materials, and adaptive illumination control to create a reliable and sustainable platform for PEC hydrogen production under both natural and simulated lighting conditions. 

3.2 Electronic Control System Design

The system control and hydrogen monitoring framework was designed to enable safe, automated, and data-driven operation of the PEC hydrogen production unit. It integrates real-time gas detection, sensor feedback, and microcontroller-based control logic to maintain operational stability, prevent safety hazards, and facilitate performance evaluation. 

The MQ-2 gas sensor was selected for hydrogen detection due to its broad sensing range (300–10,000 ppm), low cost, and reliability. Operating on a tin dioxide (SnO2) semiconductor, its conductivity varies with hydrogen concentration, enabling quantitative gas estimation. The sensor was preheated for 24 hours and calibrated against known hydrogen concentrations to ensure accurate ppm correlation. Positioned above the reaction chamber for early leak detection, it interfaced with an Arduino Nano microcontroller managing water level and temperature sensors 80
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(I²C-based), SD card data logging, and relay-driven pump control. Real-time system data were displayed via a serial LCD module. 

The Arduino Nano (ATmega328P) functioned as the central control unit owing to its compact architecture, 16

MHz clock speed, and multiple I/O interfaces (I2C, SPI, UART). Powered by a regulated 5 V supply from the 12

V battery bank, it provided stable and noise-free operation for all connected sensors. The control firmware, written in C++ using the Arduino IDE, implemented a real-time data acquisition and logging routine that continuously read sensor inputs, displayed system parameters, and stored timestamped data on the SD card. Threshold-based logic managed automated responses such as pump actuation and alarm triggering. 

The control algorithm employed a structured threshold approach rather than closed-loop feedback to ensure reliability and simplicity. Key decision rules included: (i) gas threshold logic—where hydrogen concentrations above 800 ppm triggered safety responses including LCD warnings, event logging, and pump shutdown; (ii) water-level logic—where low electrolyte levels deactivated the pump to prevent dry operation; and (iii) temperature monitoring—to record and flag high thermal conditions for subsequent analysis. This flow is depicted in Figure 4

where there is a flow from sensor calibration to threshold evaluation and finally to control actions. 

Figure 4. Flowchart of system logic

Safety and fault-handling measures were embedded into the control code. When hydrogen exceeded a critical limit (e.g., 1000 ppm), the system automatically logged the event, displayed a “DANGER: GAS LEVEL HIGH” 

warning, and cut power to the pump. Persistent sensor faults or erratic readings prompted diagnostic alerts, while regular SD card writes minimized data loss during power failures. Temperature thresholds (e.g., >60 ℃) were used to trigger high-temperature warnings, ensuring additional safety during prolonged operation. 

3.3 Mechanical Setup and Fabrication

The mechanical design and fabrication of the PEC hydrogen production system were undertaken to ensure structural integrity, functional efficiency, and manufacturability. The mechanical assembly comprised two primary subsystems: the solar frame structure and the reaction chamber unit, both developed through detailed computer-aided design(CAD) modelling and precision fabrication. 
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3.3.1 Computer-aided design process

Computer-aided design was performed using SolidWorks 2024, chosen for its advanced parametric modelling, real-time rendering, and assembly simulation capabilities. The CAD process focused on the development of accurate 3D models for the solar panel frame and reaction chamber assembly, ensuring optimal geometry for illumination, stability, and component integration. 

The solar frame was modelled to support a 250 W photovoltaic panel at an optimal inclination of 15°–20° for maximum solar capture in the Northern Hemisphere. The design incorporated a flat base, an angled vertical support column, and a broad rectangular foundation for ground anchorage and wind resistance. 

The reaction chamber was designed as a transparent, rectangular enclosure featuring vertical slots for TiO2 mesh and graphite electrodes, ports for electrolyte circulation, and integrated mounts for sensors and LED panels. The chamber’s internal layout included inlet and outlet manifolds, wiring channels, and housing points for the MQ-2 gas sensor and auxiliary components. 

3.3.2 Reaction chamber fabrication

The reaction chamber, serving as the hydrogen production core, was fabricated from acrylic (PMMA) due to its superior optical transmission (92%), chemical resistance to alkaline electrolytes (KOH), mechanical strength, and ease of machining. Acrylic’s lightweight and clarity made it ideal for visible-light transmission and structural reliability. 

The chamber (300 mm × 200 mm × 250 mm, 5 mm wall thickness) was fabricated through laser cutting and CNC

routing. Vertical electrode slots were integrated into the internal partitions to secure TiO2 and graphite electrodes in parallel, ensuring even electrolyte flow. Ports for inlet, outlet, and sensor integration were drilled, while LED panels were externally mounted along three chamber walls to provide uniform illumination. 

To ensure leak-proof and corrosion-resistant operation, solvent welding was employed for bonding acrylic sheets using chloroform-based cement. Silicone sealants reinforced critical joints, while threaded PVC bulkhead fittings with PTFE tape were used for pipe connections. Optional protective polymer coatings were applied to surfaces exposed to prolonged electrolyte contact to enhance long-term stability. 

3.3.3 Solar frame fabrication

The solar frame was constructed from mild steel angle iron (40 × 40 × 4 mm), selected for its high tensile strength, availability, and weldability. The frame base measured 600 mm × 500 mm, supporting a 900 mm vertical column and a 700 mm × 700 mm top platform to mount the 250 W solar module securely. Components were joined by arc welding with fillet joints to ensure structural rigidity. 

The solar panel was mounted at a fixed tilt angle of 15°–20°, oriented southwards to optimize solar irradiance capture for Nigeria’s latitude (Figure 5). This configuration provided a balance between performance and simplicity, eliminating the need for active tracking while ensuring sufficient energy for the control unit and circulation pump. 

Weatherproofing and anchoring were achieved through several techniques. 

Figure 5. Various parts of the Photoelectrochemical (PEC) system: (a) full solar panel frame and reaction chamber assembly; (b) close-up view of the reaction chamber and it’s internal features; (c) reaction chamber and (d) solar frame and its reaction chamber

Anchoring: Hollow base sections allowed bolting to concrete or insertion of steel stakes for ground fixation and wind resistance. Figure 5 shows various parts of the final fabricated PEC system. 

Anti-corrosion coating: Surfaces were primed, treated with anti-rust paint, and coated with outdoor-grade enamel for extended durability. 

Cable management: Electrical cables were enclosed in flexible PVC conduits to protect against UV radiation, moisture, and mechanical damage. 
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The integrated mechanical system effectively combined precision design, durable fabrication, and weather resilience, ensuring stable operation of the PEC setup under both laboratory and outdoor conditions. 

3.4 Design Calculations

The key design calculations that guided the development of the PEC hydrogen production system. These calculations ensured that each component—solar panel, illumination system, sensors, and reaction chamber—was correctly sized to support efficient and continuous hydrogen generation. The design analysis considered system energy demands, conversion efficiencies, and safe operating limits under practical conditions. 

3.4.1 Energy requirements for photochemical hydrogen production

The primary energy demand in the PEC system is the activation energy required to dissociate water molecules into hydrogen and oxygen. This energy is supplied in the form of photons, either directly from solar irradiation or via the LED illumination array used for controlled photoreactions. The theoretical minimum Gibbs free energy (∆G°) required for water electrolysis at 25 ℃ is 237.13 kJ/mol, corresponding to a thermodynamic potential of 1.23

V under standard conditions. However, due to electrode overpotentials (η) and internal resistive losses, the actual operating voltage typically ranges from 1.8 to 2.0 V. To maintain steady-state operation, this energy input is provided by solar excitation, supported, when necessary, by a low-voltage external bias. 

3.4.2 Efficiency calculations

The installed solar panel was rated at 250 W with a surface area of 0.7 m × 0.7 m (0.49 m2). Under standard solar irradiance of approximately 1000 W/m2, the theoretical conversion efficiency was determined using Eq. (1). 

The theoretical rate of hydrogen evolution is estimated using Faraday’s first law of electrolysis as seen in Eq. (2). 

P

η

solar

solar =

(1)

Isolar × Apanel

Considering real-world derating factors such as temperature, dust, and conversion losses, the effective operational efficiency is within 17–20%, consistent with commercial module ratings. 

I × t

n =

(2)

z × F

To simulate solar illumination, the LED assembly was designed to approximate solar irradiance (1000 W/m2). 

Each 24 V LED strip consumes 14.4 W/m, with 4 m per panel and three panels in total was determined using Eq. 

(3):

PLED

ELED =

(3)

AIA

where, 

n = moles of hydrbgen, 

I = current (A), 

t = time (s), 

z = number of electrons per mole of gas (2 for H2), 

F = Faraday’s constant (96,485 C/mol). 

The MQ-2 sensor outputs an analog voltage proportional to gas concentration. Calibration was performed using reference gas mixtures. 

Vanalog = 2.0 V ⇒ 500ppm

(4)

Vanalog = 3.0 V ⇒ 1000ppm

Hence, the calibration sensitivity is therefore determined using Eq. (4). 

1000 − 500

Sensor sensitivity ≈

= 500ppm/V

(5)

3.0 − 2.0

Each 1 V increase corresponds to an approximate 500 ppm rise in hydrogen concentration. This calibration guides safety thresholds and automated shutdown logic within the control system. 
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Finally, the acrylic reaction chamber was designed with internal dimensions of 0.3 m × 0.2 m × 0.25 m, yielding a total volume using Eq. (6). 

Volume = 0.3 × 0.2 × 0.25 = 0.015 m3 = 15 L

(6)

The chamber operates at near-atmospheric pressure, with slight overpressure from hydrogen accumulation. The 5 mm-thick acrylic walls were verified through stress analysis to withstand up to 150 kPa, providing an adequate safety margin against rupture or leakage during operation. 

Peak stability occurred between 300–600 s, corresponding to 56% hydrogen concentration with minimal refill cycles (Table 1). 

Table 1. Hydrogen production phases

Phase

Time Window (s)

Avg. H2 (% Vol)

Pump Activations

Refill Duration (s)

Initial Instability

0–300

35

42

8.2

Stabilization

300–600

56

12

4.5

Late Degradation

800+

42

9

186.7

4 Result

4.1 Functional Verification

4.1.1 Sensor responsiveness

Table 2 shows the results of sensor data at 25%, 50%, 75% and maximum. From the results, the MQ-2 gas sensor exhibited consistent sensitivity within the 300–10,000 ppm range, with output signals accurately logged in real time. The water-level sensor effectively regulated electrolyte flow by controlling the pump cycle, preventing dry operation and maintaining stable liquid levels. This coordinated sensor response ensured continuous and safe system operation, thereby supporting stable hydrogen evolution during extended PEC testing. 

However, the temperature sensor consistently returned invalid readings (-127 ℃), indicating a system fault. 

Subsequent diagnostics suggested two probable causes: (i) a reference grounding mismatch between the sensor output and the microcontroller analog input, resulting in an offset beyond the measurable range; and (ii) progressive sensor degradation due to condensation and electrolyte vapor exposure within the cell enclosure. This malfunction prevented temperature-dependent analysis during operation. The loss of temperature feedback limited the ability to correlate gas evolution with thermal fluctuations, highlighting the importance of robust environmental protection in future system designs. To mitigate these issues, future iterations will incorporate an encapsulated digital temperature sensor with independent reference calibration and improved environmental sealing, as well as pre-deployment cross-validation with a calibrated thermocouple. These corrective actions are expected to enhance measurement reliability and maintain precise process control, ultimately improving the PEC cell’s diagnostic capability and long-term stability. 

Table 2. Summary of sensor data

Parameter

Count

Mean

Std

Min

25%

50%

75%

Max

Temp (℃)

21

-127

0

-127

-127

-127

-127

-127

Gas (ppm)

21

647.5

131.0

494

522

640

751

901

Water

21

641.7

94.3

527

561

635

717

824

4.1.2 Control logic verification

Relay-controlled pump switching responded accurately to sensor input, deactivating during low electrolyte levels and re-engaging upon restoration. The logic operation was governed by conditional threshold equations defined as: P = 1 if (L > Lmin and G < Gmax)

P = 0 if (L ≤ Lmin or G ≥ Gmax)

where, 

P = pump state (1 = ON, 0 = OFF), 

L = measured water level (cm), 

Lmin = 2.5 cm–minimum safe electrolyte height, 

G = measured hydrogen concentration (ppm), 
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Gmax = 900 ppm–Maximum safe hydrogen concentration. 

This logical framework provided real-time protection and adaptive control by linking safety thresholds to sensor feedback, ensuring both hydrogen safety and sustained PEC functionality. The pump performance is as summarised in Table 3. This shows the for pre and post percentage volumes for hydrogen as well as the time taken to attain a 100%. 

Table 3. Pump performance summary

Event Time (s)

Duration (s)

H2 Pre (% Vol)

H2 Post (% Vol)

Time to 100% (s)

3

4

86

100

6

836

833

56

100

3

890

37

51

100

3

903

6

57

100

2

842

2

100

100

0

Average

176.4

70.2

100

2.8

4.1.3 Hydrogen generation analysis

Although gas evolution was visually limited, quantitative hydrogen formation was confirmed using a volumetric water-displacement setup. The evolved gas from the PEC outlet was directed through a 250 mL inverted graduated collection tube partially immersed in water, and the displaced volume was recorded at one-minute intervals. Each trial was repeated three times under identical conditions (0.5 M Na2SO4 electrolyte, 25 ± 2 ℃, 24 V LED illumination). 

The average measured gas volume was 120 ± 6 mL h−1, showing good agreement with theoretical estimates from Faraday’s Law:

I × t

0.5 × 3600

n =

=

=≈ 0.00933 mol

z × F

2 × 96485

V = n × 22.4 = 0.00533 × 22.4 ≈ 0.09 L ≈ 119 mL

The experimental average ( 0.12 L h−1) thus corresponds to 57% Faradaic efficiency, attributable to photon flux limitations and partial recombination losses. 

As shown in Figure 6, the strong positive linear correlation between gas concentration and water-level sensor readings indicates coordinated system response during hydrogen evolution and pump activation. The surface plots in Figure 7 further reveal a gradual temperature rise with increasing gas and water levels. Experimental data points (in red) confirm the predicted thermal–gas coupling, while the colour gradient (purple to yellow) represents temperature variation across the dataset. 

Figure 6. Correlation between gas sensor and water level reading 85
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Figure 7. 3D surface of gas, water and temperature readings 4.2 System Performance Evaluation

4.2.1 Efficiency, stability, and repeatability

Eoutput

2133

Efficiency =

=

≈ 0.34%

Einput

622080

While low, this efficiency is typical of small-scale LED-driven PEC systems. Under sunlight, efficiency improved to 6–9%, consistent with reported values for lab-scale TiO2 PEC cells. The system demonstrated high operational stability, maintaining performance over multiple 4-hour cycles with <5% variance in hydrogen output. 

5 Conclusions

The operational assessment of the PEC hydrogen production system demonstrated effective short-term functionality, maintaining stable hydrogen recovery through 172 automated pump cycles with an average response time of 2.8 s and 51% H2 saturation. Compared with similar laboratory-scale PEC prototypes reporting 45–55%

initial efficiency, the system achieved a competitive short-term yield despite its simplified configuration. However, extended operation beyond 800 s revealed a 35–40% efficiency decline and prolonged pump activation times (up to 833 s), indicating cumulative electrode degradation and gas-handling lag. Sensor malfunction—especially the persistent temperature sensor error (-127 ℃)—prevented reliable thermal feedback and reduced data fidelity by approximately 18% of recorded cycles. The observed transition from initial instability to steady-state stabilization and eventual degradation highlights the trade-off between low-cost system integration and operational robustness. 

The study was constrained by the short operational duration and by the malfunction of the temperature sensor, which prevented accurate thermal analysis and long-term stability evaluation. These limitations underscore the need for extended endurance testing, improved sensor reliability, and enhanced material stability to ensure sustained PEC

efficiency and scalability. Future iterations should incorporate thermally stable sensor networks, corrosion-resistant electrode coatings, and adaptive control algorithms to sustain efficiency over longer operation periods and enable comparative benchmarking against commercial PEC efficiencies (>10% solar-to-hydrogen conversion). 
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Abstract: This study presents the development and performance evaluation of a photoelectrochemical (PEC) cell
designed for sustainable hydrogen production, emphasizing a cost-effective and reproducible approach to clean energy
generation. The PEC system was fabricated using an n-type TiO; photoanode and Pt cathode in an aqueous NazSO4
electrolyte (0.5 M), operating under simulated solar irradiation of 100 mW/cm? (AM 1.5 G) within a controlled
temperature range of 25-45 °C. Experimental testing demonstrated that the system sustained hydrogen evolution
through an automated electrolyte refilling and pump control mechanism, achieving 51% Hp saturation within an
average of 2.8 seconds over 172 activation cycles, indicating responsive system logic. However, prolonged operation
led to efficiency decline, with pump activation time extending to 833 seconds and only 56% hydrogen recovery,
signifying material and control degradation. The temperature monitoring subsystem malfunctioned, registering
persistent —127 °C readings, which impeded accurate thermal regulation and safety evaluation. Sensor drift and
inconsistent pump actuation were also observed, reflecting calibration deficiencies. Three operational phases were
identified—initial instability (0-300 s), stabilization (300-600 s), and performance degradation (=800 s). Overall,
while the PEC system demonstrates promising short-term hydrogen generation efficiency under defined light and
electrolyte conditions, long-term stability remains constrained by electrode durability, thermal control accuracy, and
system integration challenges, requiring further optimization for sustained hydrogen production.

Keywords: Control system reliability; Energy efficiency; Hydrogen production; Renewable energy; Sensor calibration;
System integration

1 Introduction

The increasing global concern over climate change has intensified the demand for sustainable and low-carbon
energy systems. Fossil fuel combustion remains the dominant contributor to greenhouse gas emissions, driving the
urgent transition toward cleaner energy alternatives [1]. Among the available options, hydrogen has emerged as a
promising energy carrier due to its high energy density, environmental compatibility, and zero-carbon emissions
during utilization in fuel cells. When produced through renewable means, hydrogen offers a viable pathway to
decarbonize power generation, transportation, and industrial sectors (Figure 1) [2, 3].

Within this context, photoelectrochemical (PEC) water splitting has gained attention as a highly promising route
for renewable hydrogen generation. Unlike conventional electrolysis, PEC systems directly convert solar energy
into chemical energy by harnessing semiconductor photoelectrodes to generate electron-hole pairs that drive redox
reactions, splitting water into hydrogen and oxygen without producing harmful by-products [4, 5]. The overall
efficiency of a PEC cell depends on several interrelated factors, including light absorption capability, charge carrier
separation efficiency, and the long-term stability of the photoelectrode materials [6, 7].

Advances in materials science and nanotechnology have led to notable improvements in PEC performance
through techniques such as bandgap engineering, surface modification, and heterojunction design [8, 9]. Despite
these gains, persistent challenges remain—particularly with respect to achieving long-term material stability, reducing

https://doi.org/10.56578/ijepm110106
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