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The implementation of water electrolysis from lunar water sources facilitates the direct genera-
tion of hydrogen for rocket fuel and oxygen, which is essential for sustaining human life in space.
Given the considerable costs associated with launching equipment into space, water electrolysis
devices that operate in this environment must be smaller and lighter in order to be economically
viable. This study proposes a pumpless water electrolysis device utilizing water-based ferrofluid.
When non-magnetic hydrogen and oxygen bubbles are generated in a water-based magnetic fluid
during water electrolysis under a non-uniform magnetic field, the balance of magnetic body force
is disrupted, causing a driving force to act on the fluid. In this study, the driving force was ex-
perimentally verified using the PEM-type water electrolysis method. The findings have revealed
that the proposed system can effectively function as a pump in removing the generated bubbles
and self-supply water to the electrode.

Introduction.

The Artemis Program, devised in the United States in 2017, is an initiative with
the objective of facilitating lunar exploration and the construction of lunar bases. This
initiative has prompted governments and numerous private companies across the globe
to engage in lunar development initiatives, thereby extending both human habitation
and economic activity to the Moon. One rationale for this is the potential abundance of
water resources on the Moon [1,2]. The feasibility of water electrolysis using lunar water
resources would allow for the production of hydrogen which can be used as rocket fuel,
and oxygen which is essential for human life activities on the Moon. Using the Moon,
where the gravitational pull is approximately one-sixth that of Earth, as a refueling base
for spacecraft would render space exploration to Mars and asteroids more cost-effective
than refueling on Earth [3].

The cost of transporting materials from Earth to the Moon is typically estimated at
approximately 1 million dollars per kilogram. It is, therefore, essential that water elec-
trolysis devices operating on the Moon are both lightweight and compact. Furthermore,
in microgravity environments, such as space, buoyancy from gravitational forces is sig-
nificantly reduced, which can hinder bubble detachment from electrodes and potentially
lower electrolysis efficiency [4, 5]. To address this challenge, a methodology has been pro-
posed wherein the application of magnetic fields induces magnetically driven buoyancy
forces, facilitating the motion, separation, and collection of gas bubbles in microgravity
conditions [6].

This study proposes the development of a pumpless water electrolysis device utilizing
water-based ferrofluid. Fig. 1 provides a simplified schematic of the PEM-type water
electrolysis system [7]. Traditional circulation systems incorporate numerous moving
parts and components, making operations in spaces resource- and personnel-constrained
environment complex, with additional maintenance challenges. In contrast, the proposed
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Fig. 1. Schematic diagram of the low-pressure type electrolyzer.

system eliminates conventional pumps and employs instead the magnetic properties of
ferrofluid to facilitate water supply to the electrodes and bubble discharge aiming to
simplify and miniaturize the system.

A water-based ferrofluid is defined as a fluid in which ferromagnetic nanoparticles
with a diameter of approximately 10 nm are stably dispersed in water [8]. The potential
of ferrofluids as functional materials has been the subject of considerable research, with
the development of self-driving energy conversion systems utilizing gas-liquid two-phase
flow representing a notable area of investigation [9, 10]. In this study, we evaluate
the driving force performance of a system that employs the gas-liquid two-phase flow
generated during water electrolysis using a water-based ferrofluid.

1. Experiment.

1.1. Pumpless PEM water electrolysis device. The operating principle of self-
driven using gas-liquid two-phase flow in a non-uniform magnetic field of ferrofluid is
illustrated in Fig. 2. The void fraction of bubbles in the ferrofluid results in a proportional
decrease in the magnetization, with the magnetic body force expressed by the following
equation:

Fm = M · ∇H = µ0χ (1− α)H · ∇H, (1)

where Fm is the magnetic body force, M is the magnetization, and H is the magnetic
field, µ0 is the permeability, and χ is the magnetic susceptibility, α is the void fraction.
For x< 0, consider the upstream region, where there is a single-phase flow of magnetic
fluid. For x> 0, the downstream region consists of a two-phase flow of magnetic fluid
mixed with bubbles. When a non-uniformmagnetic field gradient is applied, as illustrated
in Fig. 2, a magnetic body force is generated in each region according to Eq. (1). This
difference in magnetic body force due to the gas-babble generation between the upstream
and downstream regions creates a driving force in the positive x-axis direction.

Fig. 3 displays the schematic diagram of the PEM water electrolysis device fabricated
in the present study. In a PEM water electrolysis process, water is supplied from the
anode, hydrogen is produced at the cathode, and oxygen is discharged from the anode
[11]. The chemical reactions occurring at the anode and cathode are represented as
follows.

(+) 2H2O → 4H+ + 4e− +O2, (2)

(−) 2H+ + 2e− → H2. (3)

Fig. 4 illustrates the components of the custom-built PEM-type water electrolysis
device used in this experiment. The main components of the PEM-type device employed
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Fig. 2. Operating principle of self-driven using gas-liquid two-phase flow in a non-uniform
magnetic field of ferrofluid.

Fig. 3. Simplified diagram of a pumpless PEM water electrolysis device.

Fig. 4. Components of the electrolyzer.

in this study include an acrylic plate on the cathode side, two 1mm thick stainless steel
current collectors, a membrane electrode assembly (MEA), and an acrylic plate on the
anode side to form the flow channel. These components are secured using screws and
nuts, completing the assembly of the device. With the gravitational direction oriented
downward, the upper section corresponds to the anode side and the lower section to
the cathode side. The MEA consists of a Nafion polymer electrolyte membrane with
electrode catalysts. Iridium serves as the catalyst on the anode side, while platinum is
applied on the cathode side.
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Fig. 5. External appearance of the device with the magnet.

Fig. 5 shows the external appearance of the device with a magnet. The water
electrolysis device fabricated in this study has a flow channel with dimensions of 10mm
in width, 120mm in length, and 3mm in height. The flow path is formed by connecting
a 4mm inner diameter Teflon tube at both the inlet and outlet. The 10× 10mm2 MEA,
situated at the center of the flow channel, discharges oxygen bubbles. With applying
a magnetic field, the ferrofluid self-drives based on the operating principle mentioned
above.

1.2. Experimental conditions. Fig. 6 illustrates an overview of the experimental
apparatus used in this study. The experimental apparatus consists of an inlet tank with
dimensions 50× 50× 80mm3, a flow meter SLI-2000 (Sensirion AG), and a PEM device,
all connected with 4-mm inner diameter Teflon tubes. The length of the Teflon tube
from the inlet tank to the PEM device is 35mm, and the length of the Teflon tube from
the PEM device to the end of the outlet side Teflon tube is 300mm. The end of the
outlet side Teflon tube is fixed at a position sufficiently higher than the flow path of the
PEM device. Since the flow meter used in this experiment cannot measure gas-liquid
two-phase flow, we set a sufficiently long Teflon tube on the outlet side to prevent bubbles
from reaching the flow meter during the measurement period.

Fig. 6. Overview of the experimental system.
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Table 1. Physical properties of Ferri1003S.

Density ρ, [kg/m3] 1.39× 103

Viscosity µ, [Pa·s] more less 5× 10−2

Saturated magnetization Ms, [mT] 20

Due to the equilibrium of atmospheric pressure, the fluid level in the inlet tank
matches the fluid level at the end of the outlet Teflon tube. When electrolysis begins in
the PEM device, a driving force acts, causing the fluid to overflow from the fluid level at
the end of the outlet Teflon tube. The flowrate of the overflowing fluid is measured by
the flow meter placed at the outlet side, which is used to evaluate the driving force.

In this experiment, the test fluid is a water-based ferrofluid, Ferri1003S (ICHINEN
CHEMICALS Co., Ltd.), and a constant current of 30mA is applied to the water electro-
lysis device using a potentiostat HZ 7000 (Hokuto Denko Corporation) for 400 seconds.
Table 1 shows the physical properties of Ferri1003S.

The magnet, as shown in Fig. 7a, consists of two neodymium magnets and a yoke
material. The magnetic field intensity distribution in the x-direction is as shown in
Fig. 7b. As illustrated in Fig. 7c, the magnet is installed on the device, and the distance
between the center axis of the magnet and the center axis of the bubble generation region
is set to X mm. In this experiment, the driving force is evaluated under four conditions:
without magnet, and with distances of X =0, 2, and 4mm.

Fig. 7. (a) Structure of the magnet, (b) distribution of the magnetic field, (c) magnetic field
conditions relative to the bubble generation region.
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2. Results and discussion.

Fig. 8 shows a typical flowrate profile for each condition. In the absence of an ap-
plied magnetic field, the flowrate remained negligible and scarcely measurable; however,
upon initiating water electrolysis with the application of a magnetic field, an immediate
increase in flowrate was observed. This indicates that the proposed system is capable of
effectively driving the ferrofluid through a magnetic body force, without the necessity for
mechanical components such as pumps. It can be noted that the flowrate displays fluc-
tuations due to the presence of bubbles. In this system, a bubble removal device has not
been installed due to the risk of pressure loss in the self-driven mechanism. As a result,
bubbles accumulate at the outlet of the flow channel and gradually merge. It is inferred
that the vibrations generated during this merging process are reflected in fluctuations in
the flowrate.

Fig. 9 presents a bar graph comparing the average flowrate under each condition.
Three tests were conducted for each condition, and the graph includes the standard devi-
ation. In the absence of the magnet, the flowrate was not observed. Under the magnetic
field condition of X =0mm, the average flowrate was 95.9µl/min; for X =2mm, the av-
erage flowrate was 93.3µl/min; and for X =4mm, the average flowrate was 34.1µl/min.

(a) (b)

(c) (c)

Fig. 8. Flowrate behavior at (a) non-magnet, (b) X =0mm, (c) X =2mm and (d) X =4mm.

Fig. 9. Average flowrates with varying the distance X.
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In the absence of the magnets, the flow rate was found to be negligible. However,
under conditions with a magnetic field, it was confirmed that as the distance X between
the magnet and the anode (the bubble generation region) increased, the magnetic field
gradient acting on the bubble generation region decreased, resulting in a smaller flowrate.
The mean flowrate under the magnetic field condition of X =0mm was 95.9µl/min,
with the total volume of flow over 400 seconds it was calculated to be 6.4× 10−4 L.
The theoretical volume of oxygen produced under the aforementioned conditions, with
the effects of Faraday efficiency, intermolecular forces, and water pressure excluded, was
6.9× 10−4 L. Upon comparing this value to the total flowrate, it was determined that the
two are almost equivalent. It can, therefore, be concluded that, in this experiment, under
the condition of X =0mm, the most of the total flowrate measured by the flowmeter
consists of the volume of oxygen bubbles. This result provides evidence that the control
of oxygen bubble discharge on the outlet side was successful.

Conclusion.

The objective of this study was to develop a pumpless water electrolysis system
utilizing a water-based ferrofluid. The findings have revealed that the proposed system
can effectively operate as a pump in removing the generated bubbles and self-supply the
water to the electrode.
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