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Abstract

:

In comparison to alternative methods for hydrogen production, water electrolysis stands out as the optimal means for obtaining ultra-pure hydrogen. However, its widespread adoption is significantly hampered by its low energy efficiency. It has been established that the introduction of an external magnetic field can mitigate energy consumption, consequently enhancing electrolysis efficiency. While much of the research has revealed that an electrode–parallel magnetic field plays a crucial role in enhancing the bubble detachment process, there has been limited exploration of the effect of electrode–normal magnetic fields. In this work, we compare the water electrolysis efficiency of a circular electrode subjected to electrode–normal magnetic field resulting in a magnet edge effect and electrode edge effect by varying the sizes of the magnet and electrode. The findings indicate that a rotational flow caused by the Lorentz force facilitates the detachment of the hydrogen from the electrode surface. However, the rotation direction of hydrogen gas bubbles generated by the magnet edge effect is opposite to that of electrode edge effect. Furthermore, the magnet edge effect has more significant influence on the hydrogen bubbles’ locomotion than the electrode edge effect. With an electrode gap of 30 mm, employing the magnet edge effect generated by a single magnet leads to an average of 4.9% increase in current density. On the other hand, the multiple magnet effects created by multiple small magnets under the electrode can further result in an average 6.6% increase in current density. Nevertheless, at an electrode spacing of 50 mm, neither the magnet edge effect nor the electrode edge effect demonstrates a notable enhancement in conductivity. In reality, the electrode edge effect even leads to a reduction in conductivity.
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1. Introduction


Water electrolysis (WE) is widely acknowledged as the best hydrogen production technique that is able to produce hydrogen in high volume with high purity. Numerous investigations into hydrogen production through WE have been carried out, incorporating various process enhancements, including alkaline water electrolysis (AWE) [1], proton exchange membrane (PEM) electrolysis [2], and solid oxide electrolysis cells (SOEC) [3]. Despite being the most straightforward method for obtaining pure hydrogen, the efficiency of WE remains relatively low [4]. The typical efficiency of alkaline WE stands at 70%, while PEM electrolysis achieves 80% [5]. Consequently, there is no WE method with an efficiency exceeding 90%.



Numerous endeavors have been undertaken to enhance WE efficiency, particularly in the field of catalyst design [6]. Considering the challenges associated with electrocatalyst preparation and aging, several alternative efficiency-enhancing approaches that are easy to implement have been developed. These include the use of porous electrodes [7,8,9], the application of external fields [10,11,12,13], an intensified electrode arrangement [14], and ultrasonic vibration [15]. The utilization of an external magnetic field has garnered significant attention from researchers due to its cost-effectiveness, as it can be achieved using readily available permanent magnets without the need for additional energy input.



Magnetic fields have the ability to create a Lorentz force within the electrolyte [16,17]. Lorentz force, also described as a magnetohydrodynamic (MHD) force, augments the possibility of mechanically controlling the electrolysis process through magnetic field exposure [18,19,20]. Additionally, the convective flow assists in the efficient removal of gas bubbles from the electrode surfaces. Notably, the application of magnetic fields oriented perpendicularly to the hydrogen evolution reaction (HER) electrodes has been shown to result in reduced overpotentials [21]. It has been demonstrated that a paramagnetic electrode has a more significant effect on bubble locomotion than a diamagnetic electrode, which results in larger efficiency improvements on water electrolysis [17,22].



These MHD convections are commonly instigated by a magnetic field either parallel or normal to the electrodes. Numerous studies have revealed that magnetic fields parallel to the electrodes play a crucial role in enhancing the bubble detachment process, diminishing the ohmic voltage drop and elevating the overall efficiency of water electrolysis [9,19,20,23,24,25]. Given the prevalence of disk-shaped units in commercial electrolytic cell stacks, it is impractical to position the external magnetic field perpendicular to the electric field; that is, the magnetic field is parallel to the electrode surface. Some studies have demonstrated that even with this electrode–normal magnetic field arrangement, there is a significant disturbance that enhances water electrolysis efficiency [13,26]. This enhancement is attributed to the twisting of the electric field by bubbles and electrode edges, giving rise to the Lorentz force [27,28,29]. On the other hand, the other reports showed that magnetic fields normal to the electrodes in a square electrolyzer can increase liquid hydrodynamics, thus addressing challenges such as the coalescence of bubbles and the uneven distribution of electrolyte composition and temperature in a limited space [22,30]. The azimuthal Lorentz force may be caused by the magnet edge effect, whose mechanism has not been explained well.



Our ongoing research reveals that, in comparison to prior studies, the locomotion of hydrogen bubbles under an electrode–normal magnetic field exhibits notable differences and proves to be intriguing. The primary objective of this work is to investigate the distinctive hydrogen bubble behaviors within an electrolytic cell under the influence of the magnet edge effect and electrode edge effect. The underlying mechanisms are analyzed and the comparison of the electrolysis efficiency under the edge effect is discussed as well.




2. Material and Methods


Figure 1 shows the four electrode–normal magnetic field configurations designed to create the magnet edge effect and electrode edge effect near the surface of the electrode and to allow the observation of the movement of hydrogen bubbles. Two circular platinum titanium electrode plates with a diameter of 50 mm faced two parallel N35 magnets whose maximum field strength near the surface was about 0.3 T. The two diameters of the N35 magnet were 50 mm and 100 mm, and were designed for the generation of the magnet edge effect and electrode edge effect, respectively. The two distances between the electrodes, of 50 mm and 30 mm, generated a weaker and stronger field strength, respectively. The adjustable electrical field was generated by a power supply (GWInstek APS-1102) connected to the two circular electrodes, as shown in Figure 2. The initial experiment was conducted by applying voltages of 100 V, 120 V, 150 V, 180 V, and 200 V to the 50 mm spaced electrodes without magnets. The measurements of the current were 0.335 A, 0.4 A, 0.49 A, 0.57 A, and 0.63 A.



The major factor acting on the locomotion behavior of the hydrogen bubble on the electrode surface is mainly the net Lorentz force acting on the bubbles, which involves the MHD force and hydrodynamic drag, so understanding the magnetic, electric, and flow fields is crucial. The governing equations of hydrodynamics with the incorporated Lorentz force in an incompressible Newtonian fluid are expressed as augmented Navier–Stokes equations [18]:


  ρ ∇ ⋅ u = 0  



(1)
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   F L   = J  × B  



(3)




where I, ρ, u, and μ are the unit tensor, fluid density, velocity, and the viscosity coefficient, respectively. FL is the body force density, which represents the density of the Lorentz force, J is the current density, and B is the magnetic flux density. The current density of electrochemical process is [18] as follows:


     J = σ E + j   e   



(4)






   E =  − ∇ φ  



(5)







Here, E is the electric field density, σ is the electrical conductivity, φ is the electric potential, and je is the current density caused by ion migration, which can be neglected here. Assuming that the electrolyte conductivity distribution is uniform, the effect of the non-uniform electrical field can be ignored. The set of equations is numerically solved by COMSOL multiphysics.



Water electrolysis involves the separation of water into its constituent elements, hydrogen and oxygen, through the utilization of electrical energy. In the case of electrolyzing distilled water, the balanced acid-driven half-reactions for the hydrogen evolution reaction (HER) occurring at the cathode and the oxygen evolution reaction (OER) taking place at the anode can be expressed as follows:


2 H+ + 2 e− → H2



(6)






2 H2O → O2 + 4 H+ + 4e−



(7)







The upper electrode and lower electrode plate are set as the anode and cathode, respectively. In this study, the behavior of the bubbles derived from the bottom electrode plate will be discussed.



During water electrolysis, the gas production is proportional to the electric current. This study plots the I–V curves and compares the conductivity of the electrolyte for the magnet edge effect, electrode edge effect, inter-electrode distances, and varying electric voltage.




3. Results and Discussion


3.1. Influence of Magnet Edge and Electrode Edge on the Movement of the Gas Bubbles


From Equation (3), it is evident that to generate the Lorentz force, the electric field and magnetic field must be perpendicular to each other. As observed in the experimental results in Figure 3, even though the permanent magnets and electrode plates are arranged in parallel, a horizontal Lorentz force is generated at the edges of the electrode plates. This results in the phenomenon of bubbles at the edge of the electrode plate rotating either clockwise or counterclockwise. Simultaneously, under the influence of buoyancy, these bubbles induce the formation of a rotational vortex on the electrode plate’s surface, expediting the detachment of the overall bubbles. Figure 3a,b show that the bubbles experience Lorentz forces in opposite directions under the influence of the magnet edge and electrode edge, resulting in reverse vortex rotation. The direction of the Lorentz force caused by the magnet and electrode edge effect can be explained through the magnetic flux density simulation in Figure 4.



Figure 4 illustrates the distribution of magnetic field lines simulated using the COMSOL Multiphysics® 6.1 software for the same electrode plate under the influence of different magnetic field configurations. The inner orange box represents the position of the electrode plate, with the upper and lower being the anode and cathode, respectively. The outer upper and lower black boxes represent the N35 permanent magnets, with a field strength of 0.3 T on the edge surface. The upper and lower sides of the magnet are set as the N-pole and S-pole, respectively. As observed from the simulation results in Figure 4a, in the region near the center of the magnet, magnetic field lines flow from the N-pole to the S-pole, forming a vertically uniform magnetic field. However, in the vicinity of the magnet’s edge, there is a curved distribution of magnetic field lines, resulting in a distortion of the magnetic field. The magnetic field lines at the edge of the magnet are nearly horizontal, intersecting with the vertically oriented electric field and creating a Lorentz force. Under this configuration, the Lorentz force at the edge of the lower electrode plate will be clockwise, as shown in Figure 5a. As the size of the magnet matches that of the electrode plate, this Lorentz force will drive the bubbles at the edge of the lower electrode plate to rotate clockwise, creating a bubble swirl, as shown in Figure 3a.



When the magnet is larger than the electrode plate, the distribution of magnetic field lines, as shown in Figure 4b, indicates that the electrode plate is subjected to a magnet edge effect. The magnetic field direction is from bottom to top, while the current direction is from top to bottom. Since the side of the electrode plate still has conductivity, an inward and horizontal current that intersects with the upward magnetic field would result in a counterclockwise Lorentz force, as illustrated in Figure 5b. This makes the bubbles at the edge of the lower electrode plate rotate counterclockwise, forming a bubble swirl, as shown in Figure 3b. Figure 5c and Figure 5d, respectively, show the simulation results of the electric field distribution for the magnet and electrode edge effect arrangement. It can be seen that the horizontal electric field occurs near the edge of the electrode because of the conductive side edge.




3.2. Effect of Electrode Spacing on the Movement of Gas Bubbles


Based on a previous report, it is known that in the electrolysis process, a shorter electrode plate distance results in higher electrolysis efficiency [22]. In order to understand the influence of different electrode spacing and edge effects on bubble movement, this study investigates the effects of the magnet edge and electrode edge under conditions of electrode plate spacing at 30 mm and 50 mm, respectively.



Figure 3a,b demonstrate the movement of bubbles on the electrode plate surface under the influence of the magnet edge and electrode edge with an electrode plate spacing of 50 mm and a fixed voltage of 100 V. Figure 6 shows the bubble movement when the electrode plate spacing is reduced to 30 mm under the same configurations for magnets and electrode plates. In comparison with Figure 3, it is evident that with a shorter electrode plate spacing, a greater number of bubbles are generated simultaneously, indicating that a shorter electrode plate spacing leads to higher electrolysis efficiency, consistent with the findings in the literature [22].




3.3. Impact of the Magnet and Electrode Edge Effect on the Lorentz Force on the Electrode Surface


To obtain a deeper understanding of the efficiency of the magnet and electrode edge effect in promoting bubble detachment, this study calculates the magnitude and direction of the Lorentz force under the experimental setup depicted in Figure 3. This was carried out to comprehend the benefits of the magnet and electrode edge effect in facilitating bubble detachment from the electrode plate. As shown in the simulation results in Figure 7a, a magnet edge effect generates a clockwise Lorentz force on the lower electrode plate, while Figure 7b illustrates that an electrode edge effect forms a counterclockwise Lorentz force on the lower electrode plate. These results align with the experimental findings shown in Figure 3.



The distribution of the Lorentz force along the central axis of the electrode plate surface is depicted in Figure 8. From Figure 8a,b, it is evident that, whether in with magnet or electrode edge effect, the maximum Lorentz force occurs at the two ends of the electrode, with equal magnitudes and opposite directions. As one moves towards the center of the electrode plate, the Lorentz force rapidly decreases towards zero. Furthermore, with a magnet edge effect (Figure 8a), the maximum Lorentz force density is approximately 0.056 N/m3, significantly greater than the maximum Lorentz force produced with an electrode edge effect (Figure 8b), which is about 0.045 N/m3, representing a difference of 1.2 times.



Figure 9 illustrates the calculation of the Lorentz force when the electrode plate spacing is reduced to 30 mm. The trend is similar to the 50 mm configuration, with the maximum Lorentz force density with the magnet and electrode edge effect being approximately 0.065 N/m3 (Figure 9a) and 0.058 N/m3, respectively, representing a difference of about 1.1 times. These results indicate that reducing the electrode plate spacing enhances the Lorentz force, further promoting bubble detachment. Additionally, the difference in the impact of the magnet and electrode edge effect on the magnitude of the Lorentz force density slightly decreases when the electrode spacing is reduced.




3.4. Comparison of Various Experimental Configurations for Improving Current Density Efficiency


To obtain a practical understanding of the Lorentz forces resulting from edge effects, electrode spacing, and voltage intensity, and their impact on promoting the detachment of bubbles from the electrode surface and enhancing conductivity, this study concludes by comparing the current density measurements across various experimental configurations. This comparison serves to identify the optimal configuration for improving the efficiency of hydrogen production via water electrolysis. Figure 10 shows that the current density and the current exhibited a linear increase with a higher applied voltage for all cases. Notably, when the electrode spacing is reduced to 30 mm, the slope is steeper, indicating higher efficiency at smaller electrode spacings during high-voltage electrolysis. However, for an electrode spacing of 50 mm, both the magnet edge effect and the electrode edge effect show no significant improvement in conductivity. In fact, the electrode edge effect even results in a decrease in conductivity.



Furthermore, regardless of whether a magnet and electrode edge effect is applied, the current density at an electrode spacing of 30 mm is approximately 23% higher than at 50 mm. This observation suggests that reducing the electrode spacing generates greater Lorentz forces, which promote bubble detachment from the electrode surface. At an electrode spacing of 30 mm, the use of a magnet edge effect results in an average of a 4.9% increase in current density compared to the electrode without any effect, i.e., where no electro-parallel magnet is employed. On the other hand, the multiple magnet effects created by multiple small magnets under the electrode can further result in an average of a 6.6% increase in current density. This phenomenon can be illustrated by Figure 11, which shows the top view of the sequential images of the bubbles’ detachment influenced by the multiple small magnets under the electrode. Figure 11 shows that bubbles nucleate more rapidly from the rim of the electrode due to the strongest current intensity at the edge of the electrode plate. Subsequently, influenced by the edge effect generated by numerous small magnets beneath the electrode plate, bubbles rotate in the counter-clockwise direction, forming multiple bubble swirls. Those multiple swirls can make the bubbles detach from the electrode surface more quickly and increase the conductivity. As a result, the edge effect caused by multiple small magnets has a more significant influence than the edge effect formed by a single magnet.



Based on the experimental findings, it is evident that a magnet edge effect generates a larger Lorentz force compared to an electrode edge effect on the edge of the electrode surface. This phenomenon aids in faster bubble detachment. To understand this mechanism further, the magnetic field distribution on the electrode plate surface is analyzed in Figure 12. The green dashed line represents the electrode plate position. It is apparent that under the configuration of a magnet edge effect, the magnetic field intensity is greatest at the edge of the electrode plate, resulting in the highest Lorentz force. In contrast, in the case of an electrode edge effect, the electrode plate is located centrally within the large magnet, and is exposed to a more uniform and lower magnetic field. This leads to a smaller Lorentz force and reduced bubble detachment and electrolysis efficiency compared to the magnet edge effect. According to the experimental results of this study, the addition of a parallel magnet of the same size as the electrode plate can generate a magnet edge effect to accelerate bubble detachment and improve electrolysis efficiency. Furthermore, magnet edge effects generated by multiple small magnets under electrodes can further enhance the current density by creating multiple bubble swirls.





4. Conclusions


This study determines the effects of magnet edge and electrode edge on the water electrolysis efficiency by using various electrode–normal magnetic field configurations. When the magnets and electrode plates are parallel, the electrode edges experience a horizontal Lorentz force, leading to the rotation of bubbles at the electrode plate’s edge, either clockwise or counterclockwise. These bubbles also induce the formation of a rotational vortex on the electrode plate’s surface, aiding bubble detachment. The experimental results indicate that employing a magnet edge effect results in a greater Lorentz force, which accelerates bubble detachment from the electrode surface more significantly. Furthermore, it is observed that reducing the electrode spacing leads to a faster bubble detachment. The study concludes with a comparison of various experimental configurations, demonstrating that reducing the electrode spacing and applying a magnet edge effect lead to increased current density and enhanced electrolysis efficiency. This work offers valuable insights into optimizing the efficiency of hydrogen production through water electrolysis by edge effect and controlling electrode spacing and voltage intensity, ultimately contributing to the development of sustainable and cost-effectiveness hydrogen production methods, as these can be achieved using readily available permanent magnets without the need for additional energy input.
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Figure 1. Schematic diagram for experimental setup. The diameters of the magnet and electrode (denoted as dm and de, respectively) and the distance between the parallel electrodes (denoted as h) gives different MHD effects for the following four cases: (a) dm = 50 mm, de = 50 mm, h = 50 mm: a weaker magnet edge effect; (b) dm = 100 mm, de = 50 mm, h = 50 mm: a weaker electrode edge effect; (c) dm = 50 mm, de = 50 mm, h = 30 mm: a stronger magnet edge effect; (d) dm = 100 mm, de = 50 mm, h = 50 mm: a stronger electrode edge effect. 
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Figure 2. The adjustable current is provided by a power supply which connects to the two parallel platinum electrodes. The blue and red line respectively connect the cathode and anode of the electrode plates. The lower and upper electrodes are the cathode and anode which, respectively, generate hydrogen and oxygen. 
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Figure 3. Sequential images of hydrogen gas bubbles rotating at the surface of the electrode plates at 100 V voltage and 50 mm electrode plate spacing: (a) under the influence of magnet edge, the bubbles rotate clockwise; (b) under the influence of electrode edge, hydrogen gas bubbles rotate counterclockwise. The arrow indicates the rotating direction of the bubbles. 
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Figure 4. Simulation of magnetic flux density. (a) When both the magnet and electrode plate have a diameter of 50 mm, the electrode plate is subjected to the magnet edge effect, with magnetic field lines oriented horizontally at the edge. (b) With a 50 mm diameter electrode plate and a 100 mm diameter magnet, a uniform magnetic field is present on the surface of the electrode plate in a vertical orientation. 
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Figure 5. The direction of the Lorentz Force and electric field direction on the electrode edge. (a) A clockwise Lorentz force is generated at the edge of the electrode plate when a horizontal magnetic field and a vertical electric field intersect. (b) A counterclockwise Lorentz force is produced at the edge of the electrode when a horizontal electric field and a uniform vertical magnetic field intersect. (c) The electric field distribution and current density for the magnet edge effect arrangement. (d) The electric field distribution and current density for the electrode edge effect arrangement. 
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Figure 6. Sequential images of hydrogen gas bubbles rotating at the surface of the electrode plates at 100 V voltage and a 30 mm electrode plate spacing. (a) Under the influence of magnet edge, the bubbles rotate clockwise. (b) Under the influence of electrode edge, hydrogen gas bubbles rotate counterclockwise. The arrow indicates the rotating direction of the bubbles. 
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Figure 7. Simulation of the Lorentz force density on the lower electrode plate surface of the experimental configuration depicted in Figure 3. (a) When both the magnet and electrode plate have a diameter of 50 mm, the resulting Lorentz force is clockwise. (b) With a magnet diameter of 100 mm and an electrode plate diameter of 50 mm, the resulting Lorentz force is counterclockwise. 
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Figure 8. The magnitude of the Lorentz force density for electrodes with a distance of 50 mm. The orange dashed line represents the central axis on the electrode plate surface. (a) The Lorentz force density generated by the magnet edge effect at the electrode’s edge exhibits a maximum value of approximately 0.056 N/m3. (b) The Lorentz force density generated by the electrode edge effect at the electrode’s edge exhibits a maximum value of approximately 0.045 N/m3. 
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Figure 9. The magnitude of the Lorentz force density for electrodes with a distance of 30 mm. The orange dashed line represents the central axis on the electrode plate surface. (a) The Lorentz force density generated by the magnet edge effect at the electrode’s edge exhibits a maximum value of approximately 0.065 N/m3. (b) The Lorentz force density generated by the electrode edge effect at the electrode’s edge exhibits a maximum value of approximately 0.058 N/m3. 
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Figure 10. (a) Current density vs. charging voltage and (b) current vs. charging voltage for the various experimental layouts. 
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Figure 11. Top view of the sequential images of the bubbles’ detachment for the electrode influenced by multiple small magnets under the electrode. The extra plot shows the arrangement for the multiple small magnets under the electrode. 
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Figure 12. The magnetic field intensity distribution on the electrode surface under the influence of magnets with different sizes. The green dashed line represents the electrode plate position. The orange and blue lines denote the range affected by magnets with diameters of 50 mm and 100 mm, respectively. 
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