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Abstract: In this paper, the effect of rotating magnetic fields on hydrogen generation from water elec-
trolysis is analyzed, aiming to provide a research reference for hydrogen production and improving
hydrogen production efficiency. The electrolytic environment is formed by alkaline solutions and
special electrolytic cells. The two electrolytic cells are connected to each other in the form of several
pipes. The ring magnets are used to surround the pipes and rotate the magnets so that the pipes
move relative to the magnets within the ring magnetic field area. Experimentally, the electrolysis
reaction of an alkaline solution was studied by using a rotating magnetic field, and the effect of
magnetic field rotation speed on the electrolysis reaction was analyzed using detected voltage data.
The experimental phenomenon showed that the faster the rotation speed of the rotating magnetic
field, the faster the production speed of hydrogen gas.
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1. Introduction

With the development of society and the progress of technology, people’s demand
for energy is increasing. Traditional energy resources are no longer enough to support
the development of modern people, so people have started to develop renewable energy
manufacturing technologies. Among them, hydrogen energy is the main object of current
research in renewable energy and is a common focus of scientists from various countries [1].
There are many ways to produce hydrogen, among which water electrolysis to produce
hydrogen is the most widely used. In order to improve the efficiency of water electrolysis
reactions, researchers have come up with a variety of solutions. Electrolytic water tech-
nology is currently available in three main electrolytic cell technologies: alkaline water
electrolysis (AWE), proton exchange membrane electrolysis (PEM), and solid oxide electrol-
ysis (SOEC) [2]. Both AWE and PEM are technologies that have been studied more deeply
under low temperature conditions; however, SOEC technology is still in the development
stage [3]. Compared with the other two technologies, AWE has the advantages of lower
cost and longer lifetime [4-7]. Thus, AWE is the most widely applied technology today.

Dohyung Jang et al. [8] pointed out that the effect of electrode overvoltage could be
controlled by controlling the pressure of alkaline water electrolysis to enhance the efficiency
of alkaline water electrolysis.

Frank Allebrod et al. [9] analyzed the effect of temperature on the rate of hydro-
gen production when performing water electrolysis. As the temperature increases, the
impedance decreases and the current density increases. This results in an increase in the
rate of hydrogen production.

N. A. Burton et al. [10] proposed a method to improve the efficiency of solar water
electrolysis for hydrogen production. Further research on enhanced solar-hydrogen hybrid
coupling technology, the application of magnetic fields, the application of light energy, the
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application of ultrasonic fields, and the application of pulsating electric fields can be used
to improve the efficiency of renewable hydrogen production.

Lin et al. [11] used electrodes with different magnetic properties for electrolytic hy-
drogen production and explored the effect of magnetohydrodynamics on the electrolytic
hydrogen production process. The observed experiments revealed that the direction of
the magnetic force would determine the direction of the Lorentz force, the convection of
the electrolytic solution, the direction of the bubble motion, and thus the efficiency of the
electrolysis of water. In addition, ferromagnetic electrodes are more susceptible to magnetic
influence and exponentially increase the Lorentz effect. The results show that magnetism
does increase the efficiency of water electrolysis and that ferromagnetism is the best choice
of electrode.

Mehmet Fatih Kaya et al. [12] investigated the performance of alkaline water elec-
trolysis with different cost-effective electrodes under a magnetic field and concluded that
graphite was the most suitable choice for the anode and high-carbon steel (HCS) for the
cathode. Moreover, the magnetic field has a positive effect on the anode and cathode, which
can improve production efficiency and reduce production costs.

Liu et al. [13] studied water electrolysis experiments using flat plate electrodes in a
parallel non-uniform magnetic field, and the voltage data obtained in electrolysis showed
that the magnetohydrodynamics (MHD) flow due to the non-uniform Lorentz force posi-
tively influenced the overall electrolysis reaction in the presence of a non-uniform magnetic
field, with an increase in electrolysis efficiency.

According to the above-mentioned research, magnetohydrodynamics (MHD) can have
a positive effect on water electrolysis experiments due to the presence of a magnetic field,
but most of the studies by scholars have been conducted with a fixed magnetic field and
given a certain electrolytic voltage. Therefore, in this paper, a rotating magnetic field is
used to perform experiments on water electrolysis. Firstly, the effect of induced voltage
and magnetic field on the charged ions in solution is used to analyze the variation of
voltage inside the electrolyzer. Then the rotating magnetic field is applied to promote
water electrolysis and find the effect on hydrogen production speed with a constant voltage
provided externally.

2. Theories
2.1. Water Electrolysis Theory

Hydrogen production by water electrolysis is the inverse reaction of the oxidation-
reduction reaction of hydrogen and oxygen in a fuel cell. Water electrolysis is a reaction
in which hydrogen is liberated by a reduction reaction at the cathode and oxygen is
liberated by an oxidation reaction at the anode. As shown in Figure 1, the electrode cell
for the electrolysis of an alkaline aqueous solution to produce hydrogen consists of a
pair of electrodes submerged in the electrolyte and a diaphragm between the electrodes
to prevent gas penetration. When the electrodes are applied with a certain voltage of
direct current, the water decomposes, producing hydrogen at the cathode and oxygen
at the anode, respectively. The conductivity of an aqueous solution is the result of the
movement of charged ions in the solution in an electric field, and the magnitude of its
conductivity (the reciprocal of its resistivity) is related to the concentration of ions in the
aqueous solution. Pure water is a very weak electrolyte, and it has a very poor ability to
conduct electricity. Therefore, it is usually necessary to add some strong electrolytes to
increase the conductivity of the solution so that water can be electrolyzed smoothly into
hydrogen and oxygen. Strongly alkaline solutions such as NaOH or KOH are usually used,
and the reactions at the electrodes during the electrolysis of alkaline aqueous solutions are
mainly [2]:

Cathode: 4H,0 + 4e~ — 2H, + 4OH™

Anode: 4OH™ — O, + 2H,0 + 4e~
Total reaction formula: 2H,O — 2H, + O,
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Figure 1. Schematic diagram of electrolysis of alkaline aqueous solution.
Electrolysis of 1 mole of water produces 1 mole of hydrogen and 0.5 mole of oxygen.

2.2. Fleming’s Right-Hand Rule and Faraday’s Law of Electromagnetic Induction

Fleming’s right-hand rule (also known as the generator rule or right-hand rule) is a
rule created by Fleming, a British engineer, to find the direction of current generated by a
conductor moving under a magnetic field. This is peformed by having three fingers of the
right hand perpendicular to each other, with the direction of the thumb being the direction
of wire movement, the direction of the index finger pointing in the direction of the magnetic
field, and the direction of the middle finger pointing in the direction of the current [14].

Faraday’s law of electromagnetic induction states that when the magnetic flux through
a closed conducting loop changes, an induced current is generated in loop [15]. That is, a
part of the conductor of a conducting circuit in a constant magnetic field moves relative to
the magnetic field, causing the charged particles to move due to the Lorentz force to form
an induced current, which in turn generates an induced electric potential.

The relationship between Fleming’s right-hand rule and Faraday’s law of electro-
magnetic induction is very close. Both are theories used to describe the phenomenon
of electromagnetic induction. However, Fleming’s right-hand rule is the theory used to
determine the direction of the induced current, while Faraday’s law of electromagnetic
induction is the theory used to calculate the value of the induced current or induced electric
potential. We usually use both theories for related studies.

3. Experiment
3.1. Experimental Apparatus

The overall front of the experimental setup is shown in Figure 2. The experimental
apparatus consists of electrolytic cells, metal electrodes, a rotary magnet holder (RMH), gas
collection devices (polyester aluminum bags), a driving motor, a voltage detection appara-
tus, and a frame. A high-speed camera is placed on the side of the cathode electrolyzer to
take pictures of the hydrogen production.
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Figure 2. Schematic diagram of the structure of the experimental setup.

The shape of the electrolytic cell is rectangular with trapezoidal top and bottom ends,
and the material is Plexiglas. The two electrolytic cells are flanged separately to hold the
electrodes. The flanges are set with metal rods in the middle. The long side of the metal
rod is placed and fixed with positive and negative metal electrodes, and the short side
is used with wires to connect the voltage detection instrument (cDAQ-9178 and NI 9206,
National Instruments Corp., Austin, TX, USA). The metal electrodes were made of copper
sheets as positive and negative electrodes. A number of pipes were used to interconnect
the two electrolytic cells. The RMH was divided into an internal RMH and an external
RMH. A motor (9SRDK2-90F2-C 83, DKM Motor Co., Ltd., Incheon, Republic of Korea) was
connected with a belt drive to drive the RHM in a rotary motion around the six pipes. A
gas collection device was connected with a hose above the electrolysis tank, and a hose and
valve were used below to control the injection and discharge of the electrolysis solution.
The electrolysis solution is a 20% NaOH solution.

As shown in Figure 3, RMH is divided into two parts: internal RMH and external RMH.
Neodymium magnets with a diameter of 10 mm and a length of 15 mm are embedded in
the RMH. The average magnetic field strength of the magnets was measured at 4510 Gauss
(approximately equal to 0.45 T), and a total of 240 magnets were used (120 each for the
inner and outer RMH). As shown in Figure 4 set up according to the interval of 15°-15°-30°,
the number of magnets in each row is different and set up according to the way of 7-6-7
number of magnets. The spacing of the magnets is set to produce a fluctuating type of
voltage. Due to the size limitation, type 6 magnets are set in the middle of two rows of type
7 magnets, exactly staggered to avoid interference. It is also possible to verify the effect of
the length of the magnetic field region on the voltage.

Rotation direction

Figure 3. Schematic diagram of RMH structure.
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Figure 4. The way the magnets are arranged in RMH.

3.2. Experimental Methods

First, the metal electrodes were placed into the electrolytic cells, fixed with a flange,
and connected to a voltage detection device to detect the voltage of the electrodes in the
electrolytic cells in real time at a data detection frequency of 3000 Hz. Then, the electrolyzer
was filled with a 20% NaOH solution until it was full. The first program was to turn on
the motor to drive the rotating magnet holder (RMH) without applying voltage, keep the
rotational speed constant, and after a period of time when the rotational speed was stable,
the change in voltage was detected. Then, different rotational speeds were used to observe
the change in electrolysis reaction, which were 0 rpm, 100 rpm, 200 rpm, 300 rpm, and
400 rpm (unit: revolutions per minute). The voltage generated by the magnetic field was
detected at each of the five rotational speeds. The second program then applied an external
constant voltage of 10 V and used the camera to photograph the hydrogen production at
five different rotational speeds.

4. Results and Discussion
4.1. Results

By examining the voltage without external voltage, one was able to obtain the data
shown in Figure 5. When the rotating magnet frame was rotating at a certain speed, the
voltage fluctuated regularly, as shown in Figure 6. The speed was 0 rpm, 100 rpm, 200
rpm, 300 rpm, and 400 rpm, respectively. As shown in Figure 6, the difference between the
maximum and minimum voltage values, i.e., the amplitude of the voltage, became larger
and the fluctuation period became shorter as the rotational speed increased. To verify the
effect of the speed of RMH on the rate of hydrogen production, a constant voltage of 10 V
was added to the experimental setup, and hydrogen production was observed, as shown in
Figure 7. Images were recorded using the Samsung camera SM-G977N at various speeds
with an exposure time of 1/250 s, ISO speed of 400, aperture value of {/1.5, and maximum
aperture of 1.16. Under the action of the rotating magnetic field, hydrogen bubbles were
generated on the surface of the negative electrode. The speed and number of bubbles
generated vary at different rotational speeds, and the number of bubbles increases with the
increase in rotational speed.
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Figure 5. Detection of voltage changes at different speeds.
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Figure 6. Speed vs. voltage drop.
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Figure 7. Hydrogen generation at different rotational speeds.

4.2. Discussion

Using a pipe filled with NaOH solution as a conductor, the motion of a conducting
fluid in an applied magnetic field is governed by the law of magnetohydrodynamics
(MHD) [16]. When the conductor passes through the magnetic field at a certain speed, the
direction of motion of the conductor is such that it cuts the magnetic induction lines, and
then an induced current is generated inside the conductor [17]. The RMH is manufactured
in the shape of a circle, and the RMH is set into two parts, internal RMH and external
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RMH], in order to ensure that the pipes keep the relative distance between them constant
and the direction of cutting magnetic induction lines constant. When the RMH is rotated,
the pipes are continuously moving relative to the RMH and forcing the ions to migrate,
thus generating an induced current. According to magnetohydrodynamics, the cations
and anions in the solution migrate rapidly to the metal electrodes on both sides under
the action of the RMH. The cations move to the cathode, forcing the water molecules to
absorb electrons from the cathode and electrolyze them into H, and OH™. The generated
OH™ is transported to the anode due to the magnetic field to produce O, and H,O, and the
electrons are absorbed by the anode and transferred to the cathode by an external circuit.
This completes the process of electrolyzing water using DC current to produce hydrogen
gas. In this experiment, the six pipes between the two electrolytic cells are equivalent to
conductors, and the RMH surrounds the pipes in a rotary motion, which can be regarded
as the motion of the RMH not moving while the pipes are cutting magnetic induction lines,
as shown in Figure 8.

Figure 8. The pipes are moving in a magnetic field cutting magnetic induction lines.

Under DC electrolysis conditions, the efficiency of alkaline water electrolysis depends
to a large extent on the current fluctuations [18]. Based on the fluctuating state of the
detection voltage, it can be considered that the induced current (migration of ions) is
influenced by changes in the magnetic field. The detection voltage is strongest when the
pipe moves to 1, 2, and 3. When the pipe moves between 1 and 2 and between 2 and 3,
the magnetic field strength decreases slightly, causing the voltage to decrease only slightly
because the magnets are very close together. When the pipe moves to 4, the magnetic field
strength is the weakest (i.e., the magnetic flux is the least), so the voltage is the smallest.
According to Faraday’s law [19], the voltage obtained from the detection can be considered
the induced voltage, then the detected voltage of this experiment also conforms to the
formula for the induced voltage, so

e = vBlsin6 1

e is the induced voltage, v is the velocity of motion, B is the magnetic flux density, 1 is
the length of the pipe, and 6 is the angle between the direction of motion of the wire and
the direction of the magnetic field [20]. Because the direction of motion of the pipe is the
tangential direction of RMH rotary motion and the magnetic field direction is pointing to
the center of the circle, the angle between the direction of motion and the magnetic field
direction is 90°, that is, sin 6 = 1. Therefore,

e = vBI (2)

Since the values of magnetic flux density B and pipe length [ are constant, the magni-
tude of the value of induced voltage e depends on the velocity v. At this point, since the
rotational speed is known, the velocity v can be calculated from the rotational speed #,

v=2nxRxn 3)
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where 7 is the rotational speed and R is the radius of the circle in which the pipe is located.

It is known from the formula that the magnetic field strength and the speed of motion
are the influencing factors of the induced electric potential. When the speed is constant,
the induced voltage will become smaller as the magnetic field strength becomes smaller;
that is, the fluctuation of the voltage at a certain speed in this experiment is shown in the
pipes in Figure 8 at 4 where the voltage shows the minimum value. When the magnetic
field strength is constant, the faster the speed, the greater the induced voltage. That is,
the strength of the magnetic field at the same location is the same, and when the speed
of the pipes through the magnetic field is greater, the induced voltage is greater. Since
the arrangement of magnets in RMH is in the form of 7-6-7, the fluctuating shape shown
in Figure 5 occurs in the detection of voltage, which is considered a phenomenon. This
phenomenon is caused by the movement of ions in a periodic permanent magnet (PPM)
magnetic field.

The PPM periodically exerts a strong convergence force on the ions, which not only
counteracts the divergence force of the space ions but furthermore gives the ions an on-axis
acceleration, causing them to change from off-axis to on-axis motion [21]. After exiting
this region, the convergence force of the magnetic field is not sufficient to counteract the
divergence force of the space ions [22]. The ions achieves an off-axis radial acceleration,
which gradually decreases the on-axis velocity of the ions from the strong magnetic field
region and finally becomes off-axis motion until they enter the strong magnetic field region
in the next cycle [23]. It is clear that during this process, the ions are moving on-axis and
off-axis at times, i.e., there is pulsation [24]. Therefore, as can be seen in Figure 5, the
experimentally obtained voltage data also show a pulsating waveform. The peaks in the
waveform are formed when the pipes pass through the magnetic field region, where the
highest peaks on both sides are caused by the 7-6-7 in a 7-type arrangement of the magnetic
field region. The middle crest is caused by the magnetic field area of type 6 arrangement in
7-6-7. The wave troughs are all generated when the pipes pass through the magnet gap.

From Figure 6, it is known that the voltage fluctuation increases gradually as the
speed of RMH increases. This means that the ions in the solution migrate faster or the
current density increases, making the concentration of anions and cations in the two
electrolyzers increase and thus speeding up the electrolysis and producing H2 faster.
From the observation of hydrogen generation in Figure 7, it can be seen that the faster
the rotational speed is after the reaction is stabilized, the more bubbles of hydrogen are
produced.

During the electrolysis of alkaline aqueous solutions, the current density has a very
important effect on the electrolysis reaction, and a proper increase in current density
will increase the electrolysis rate [25]. According to the relevant conducting theories and
experiments, for mostly conducting media, the current density, which is related to the
electric field strength, can be expressed as [26]:

] =0E 4)

In the formula, ] is the current density, ¢ is the conductivity of the conducting medium,
and E is the electric field strength. If one wants to calculate the current density, one needs
to know the electrical conductivity and the electric field strength. The electric field strength
is an important physical quantity used to describe the characteristics of the electric field
and can be calculated according to Coulomb’s law as [27]:

E:E (5)

The U in the formula is the voltage, and d is the distance between the two points. So,
by combining the two formulas, one obtains:

J=— (6)
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The voltage data in the equation have been obtained by measurement, and the distance
between the two electrodes can also be measured, and the conductivity of a 20% concen-
tration NaOH solution at room temperature is 0.414 S/cm [2,28]. So, the data on current
density can be obtained by calculation. Since the experimentally obtained voltage data are
fluctuating, the formed current density is also fluctuating in shape, so the curve fitting was
performed using the fluctuation difference of the voltage and the fluctuation difference of
the current density, as shown in Figure 9. Within a certain range, the current density is one
of the main factors affecting the electrolysis reaction, and the higher the current density, the
faster the reaction rate [29,30]. As the voltage fluctuates more, the current density increases.
When the power supply has significant ripple, simple voltage smoothing can improve the
efficiency of the electrolyzer. The enhancement rate depends on the unit configuration
and the parameters of the output signal (frequency, amplitude, and DC bias values) [18].
And the main variable tested in this experiment is the fluctuation amplitude (fluctuation
difference). That is, the increase in the rotation speed of the magnetic field makes the rate of
the electrolysis reaction faster and faster, increasing the efficiency of hydrogen production.

25 T T T T T T

Voltage fluctuation difference / mV

L —
246 8 10 12

Current density fluctuation difference / A m?

Figure 9. Relationship between voltage fluctuation difference and current density difference.

In the context of the current large-scale research on hydrogen production, alkaline
water electrolysis is more mature. However, on a theoretical basis, a sufficiently high voltage
is needed to obtain a sufficient current density to accomplish the conditions required for the
water electrolysis reaction. The research in this paper can provide a new way of thinking
about research for achieving low voltage and high current density conditions.

5. Conclusions

The experimental results and experimental phenomena obtained through a series of
water electrolysis experiments show that the induced electric potential generated by using
a rotating magnetic field can promote the water electrolysis reaction and thus increase the
speed of hydrogen production.

1.  The rotating magnetic field is used to make the cations and anions in the solution
move toward the metal electrode and induce the water electrolysis reaction on the
electrode surface.

2. The special arrangement of the magnetic field (7-6-7, 15°-15°-30°) is used to form the
PPM, which causes the ions to move on-axis and off-axis when passing through the
RMH, resulting in fluctuating voltage data. At the same time, the migration rate of
ions increases, which increases the concentration of ions around the electrode and
promotes the electrolysis reaction.

3. By analyzing the relationship between the voltage fluctuation and the current density
fluctuation, i.e., the increase in voltage fluctuation means the fluctuation of current
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density is also increasing, and based on the observation of the bubble generation
phenomenon, it is found that the electrolysis rate of water also increases.

These phenomena demonstrated that the water electrolysis reaction can be promoted
more rapidly in a certain range by using a rotating magnetic field, thus achieving an
increase in the speed of hydrogen production.
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