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ABSTRACT: Extracting energy from ocean waves for elec-
trolysis, while highly desirable, poses significant challenges,
especially in achieving high current generation for sustainable
water splitting. This work introduces an innovative high-current
ocean wave energy harvesting system, employing a self-floating
magnetoelastic generator (MEG) ball network designed for
autonomous seawater electrolysis and on-site hydrogen (H,)
production. Leveraging the magnetoelastic effect, the MEG ball
network is naturally waterproof and can generate a high current
density of 0.24 mA cm?, paired with a low internal resistance of
9 Q at a wave frequency of 2 Hz. Its spherical design ensures
exceptional mechanical durability, maintaining consistent
electrical output even under extremely humid and harsh
conditions. In practical applications, this MEG ball network system can continuously produce H, at a rate of 0.76 X 107>
mL min~". These results underscore its potential as a viable technology for on-site seawater electrolysis and large-scale H,
production.
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cean wave energy, an abundant and sustainable
energy source, demonstrates greater resilience to
ambient conditions compared to other renewable
energies such as wind and solar. It remains consistently

frequency and amplitude, leading to unstable electrical outputs.
Efficiently transmitting these electrical signals from the ocean
to land poses another grand challenge.' "

A more desirable and efficient alternative could be to
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available regardless of season, time of day, weather, or
temperature variations.' " Approximately 71% of the Earth is
covered by oceans, with ocean waves having the potential to
generate 8000 to 80000 terawatt-hours of electrical energy
annually.”® Despite this substantial potential, wave energy
utilization in the overall world energy consumption is still
largely underexplored.

Currently, the dominant method for harnessing mechanical
kinetic energy from ocean waves centers around electro-
magnetic generators (EMGS).7_11 However, there are
significant challenges in deploying EMGs for ocean wave
energy harvesting. First, due to the use of magnets and metal
coils, the inherent weight and mass density of EMGs impede
their ability to float naturally, necessitating additional support
structures such as floaters or buoy platforms. Second, EMGs
are optimized for capturing energy from flowing streams,
which may not be as efficient for harnessing wave energy in
various directions. Lastly, their need for high-quality materials
could make EMGs cost-inefficient for large-scale applica-
tions.'”'? Moreover, ocean waves are typically irregular in
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convert ocean wave energy directly into electricity and store it
as chemical fuels.'”'” Compared to electrical power trans-
mission and electrochemical energy storage, chemical fuels
offer higher stability, ease of storage, and transportability. In
this context, seawater electrolysis powered by renewable
energy sources has emerged as a sustainable method for
producing green hydrogen (H,).'"™*° However, practical
feasibility is hindered by low current generation and instability
against ambient humidity.

To overcome these challenges, we introduce a self-floating
magnetoelastic generator (MEG) ball network as a novel,
inherently waterproof platform technology for water wave
energy harvesting. The working mechanism of the MEG relies
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Figure 1. Energy harvesting from ocean waves via the MEG ball network for self-powered hydrogen production. (a) Schematic showing the
design of the self-powered seawater-splitting system, including the MEG ball network, electrical energy storage, seawater electrolysis, and
hydrogen storage, converting ocean wave energy to H, fuel. (b) Illustration of the wavy chain model of the MC layer, demonstrating giant
magnetoelasticity. (c) Density of states in the MC layer before (left) and after (right) compression, illustrating the magnetoelastic effect. (d)
Design structure of the self-floating MEG ball network for harvesting ocean wave energy. (e) Photograph of a fabricated MEG ball network
floating on water. Scale bar: 1 cm. (f) Illustration of the MEG ball network’s energy generation mechanism for a single ocean wave cycle. (g)

Photograph of the MEG ball network on the water surface. Scale bar: 5 cm.

on the magnetoelastic effect, an effect recently discovered in
soft materials systems in 2021.°° The magnetoelastic effect
involves changes in the magnetic flux density of materials when
subjected to mechanical stress in the presence of an external
magnetic field. This effect was first observed by the Italian
experimental physicist Emilio Villari in 1865.”” Known as the
Villari effect, the magnetoelastic effect is the inverse magneto-
strictive effect and has been identified in various rigid metals
and metal alloys, such as Fe,_,Co,,”® Tb,Dy,_,Fe, (Terfenol-
D),” and GaFe,_, (Galfenol).”” Not until 2021 was the
magnetoelastic effect discovered in a soft polymer system,
which was coupled with magnetic induction to develop a MEG
as a new working mechanism to revive mechanical energy
conversion.”® It features high current density, low inner
impedance, and intrinsic waterproofness.n_34 The MEG ball
network is designed to convert ocean waves into high-current
electrical signals for self-powered, eco-friendly H, production.
Each MEG device, shaped like a ball, can generate a high
current density of 0.24 mA cm™? at an extremely low resistance
of 9 Q under a wave frequency of 2 Hz. A MEG ball network
can be formed by scaling up these MEG balls and connecting
them electrically. This network demonstrates a charging
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capability that can elevate the potential of a commercial
capacitor to approximately 7 V in about 6 min. Additionally,
the system is integrated into a seawater-splitting cell, enabling
continuous generation of high-energy-density H, fuel at a rate
of 0.76 X 10~ mL per minute.

By bypassing reliance on the existing grid and directly
leveraging abundant ocean energy, this approach minimizes
long-distance current carrying and allows for the use of on-site-
generated H, for heavy-duty transportation, such as in cargo
ships or coastal refinery heavy oil upgrading, eliminating the
need for extensive H, transportation. This strategy presents a
promising pathway toward embracing ocean wave energy and
utilizing it effectively in sustainable energy production and
transportation, contributing significantly to reducing the
energy crisis, achieving net zero emissions, and advancing
carbon neutrality.

Ocean wave energy serves as an abundant and sustainable
source of continuous kinetic energy, enabling seawater
conversion into H, fuel through an energy conversion system.
Figure la depicts our self-floating MEG ball network, which
efficiently transforms ocean wave energy into a H,-based blue
energy fuel. Each MEG unit in the network is constructed from
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Figure 2. Working mechanism of a MEG unit in ocean wave energy conversion. (a) Magnetic field variation in the MC layer under
compressive forces ranging from 0 to 2400 kPa. (b) 2D magnetic flux density mapping of the MC layer in its original state (0 kPa) and under
compression (2220 kPa). Scale bar: 0.2 cm. (c) Stress—strain curve of the MC layer. (d) Variation in central surface magnetic field based on
distance. (e) Illustration explaining the magnetoelastic effect in high-amplitude waves. (f) Illustration explaining the electromagnetic effect
in low-amplitude waves. (g) Simulated magnetic flux density and pressure distributions in the MC layer under pressures of 0, 100, and 200
kPa. (h) Simulated magnetic flux density changes at the surface of the MC layer when the magnetic film approaches and recedes.

lightweight, mechanically durable, and chemically stable plastic strains cause the majority spin band to increase in energy due
materials, designed to float on water surfaces and harvest wave to spin—orbital coupling, while the minority spin band
energy even in harsh oceanic environments. A MEG unit decreases in energy due to structural Changes.35 This
comprises two key components: the magnetomechanical discrepancy in the electronic band for up and down spins is
coupling (MC) layer and the magnetic induction (MI) layer. a result of the magnetic dipole—dipole interaction (MDDI),

which alters the magnetic characteristics of the MC layer.
Collectively, MPPI and MDDI synergically affect the

magnetic flux perceived by the MI layer, leading to

electromotive force (EMF) generation as described by eq 1:

The MC layer, consisting of magnetic particles and a silicon
polymer, forms a wavy structure matrix that is intrinsically
waterproof. The MI layer, embedded within the MC layer,
includes a metal coil. When the MC layer deforms due to

kinetic wave energy, the arrangement of magnetic particles dd
changes, leading to variations in the magnetic properties of the £€=—-N—

> ‘ : . dt Q)
MC layer, which is called the magnetic particle—particle
interaction (MPPI) (Figure 1b). The magnetic flux density where € represents the induced EMF, N is the turn count of
variation further influences the change in the electronic density the coil, @ is the magnetic flux, and ¢ denotes time. Further
of states within the micromagnets (Figure 1c). Micromagnetic theoretical studies and investigations will delve into the
particles, being strong ferromagnetic materials, become physical origins of MEG to fully understand the giant
magnetized and exhibit an anisotropic band structure. External magnetoelastic effects.
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Figure 3. Output performance characterization of a MEG unit under different wave conditions. (a) V,, (b) I, and (c) dependence of V, and
I, on various wave energies. The error bars represent the standard deviation of the eight peak points of the measured data. (d) V,, (e) I,
and (f) dependence of V, and I, on different wave frequencies from 0.25 to 5 Hz. The error bars represent the standard deviation of the
eight peak points of the measured data. (g) I, measurements before and after water exposure. (h) Cyclic testing of a MEG unit over 7000
cycles, with enlarged data from 1000 to 1005 cycles and 7000 to 7005 cycles.

Based on the working mechanism, the MEG ball network is
engineered to float vertically relative to the water surface,
enhancing the ocean wave energy conversion efficiency. The
ball-shaped floating devices readily float on water without
concerns about sinking and exhibit a symmetric shape that
minimizes damage risk while enabling uniform energy
conversion. This MEG ball network design, including an
outer protective shell, is illustrated in Figure 1d. The network
comprises three fixed MEG units and four spring-assisted
weights, each fitted with a magnetic film. These components
are arranged in a stacked formation, enabling the device to self-
float owing to the weight affixed at the bottom of the MEG
ball, thereby lowering its center of gravity (Figure le). Wave-
induced weight movements cause sequential deformation of
the MEG units throughout a wave cycle (Figure 1f). At this
point, the weight is designed to be anchored in four directions
with identical springs, allowing only vertical movement (Figure
S1). Eight precisely engineered MEG ball networks are linked
in series to boost the current output, serving as a sustainable
power source for H, fuel production. This configuration
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creates a high aspect ratio network on the water surface,
thereby increasing the power output (Figure 1g).

To comprehend the power generation capabilities of the
MEG ball network, we assessed the magnetic and mechanical
properties of the MC layer. Subjected to external kinetic forces,
the MC layer shows variations in surface magnetic flux density.
Figure 2a displays these variations in response to compressive
forces ranging from 0 to 2400 kPa. The magnetic flux density
of the MC layer experiences an exponential decrease of
approximately 85%, falling from 31.6 mT (0 kPa) to 4.9 mT
(2400 kPa), with a maximum magnetomechanical coupling
factor of 2.41 X 10™® T Pa™". The decrease in magnetic flux
density is attributed to MPPI and MDD], resulting from
changes in magnetic dipoles and the interdistance between
magnetic particles when vertical pressure is applied (Figure
S2). The magnetic changes of the MC layer are further evident
in the 2D magnetic flux mapping. A scanning electron
microscope (SEM) image (Figure S3) shows a uniform,
dense distribution of magnetic particles in a wavy chain
structure corresponding to the initial magnetic flux density
state (Figure 2b). At O kPa, the magnetic flux remains
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Figure 4. Performance output characterization of MEG ball networks. (a) Circuit diagram of MEG units connected in parallel within a
network. (b) Dependence of V,. and I, on the number of parallel-connected MEG units. The error bars represent the standard deviation of
the eight peak points of the measured data. (c) Calculated output power corresponding to V,, and I, with varying numbers of MEG units.
(d) Ilustration of the power management circuit setup for a wave energy harvesting system. (e) Transformed and rectified output current
and (f) transferred charge on different wave frequencies from 0.5 to 5 Hz. (g) Circuit diagram for charging a commercial capacitor using the
MEG ball network. (h) Voltage increases in the commercial capacitor at different wave frequencies from 0.5 to S Hz. (i) Charging
characteristics of commercial capacitors with varying capacitance at a 2 Hz wave frequency.

consistent between 28 to 33 mT. However, at a vertical
pressure of 2220 kPa, a significant reduction is shown in
intensity, dropping to a maximum of 3.4 mT. It is crucial to
quantify a device’s deformation accurately under external
conditions. The stress—strain curve of the MC layer, depicted
in Figure 2¢, demonstrates its impressive elastic stretchability,
with up to 781% deformation and a relatively low Young’s
modulus of 680.4 kPa. This highlights the durability of the
MEG device in maintaining efficient operation for wave energy
harvesting.

The MEG device exhibits variations in its magnetic
characteristics when subjected to deformation within the MC
layer or when the magnetic film approaches the proximity of
the MC layer. The alteration in magnetic flux density on the
central surface of the MC layer, concerning different distances,
was measured in response to changes in external magnetic
fields (Figures 2d and S4). As the distance between the MC
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layer and the magnetic film increases, both components
experience a decrease in magnetic flux, particularly the
magnetic film, which saturates from 30 to 0 mT when the
distance reaches 2.5 mm. Conversely, when the MC layer and
the magnetic film come closer, the magnetic field initially
reduces slightly, followed by a substantial decrease starting at
approximately 1 mm (Figure S4c). Magnetic films exhibit
alternative dipole distributions, resulting in minimal variations
even with reduced distances from the MC layer, showing the
significant changes occurring only at the center. These
observations of magnetic field variation help elucidate the
operational mechanism of the MEG ball network, confirming
the combined influence of magnetoelastic and electromagnetic
effects on the energy transmitted through wave energy (Figure
2e,f). To investigate the magnetoelastic and electromagnetic
effects in the MEG unit, we used COMSOL Multiphysics
software to simulate the magnetic flux density of the MC layer.
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Figure 5. Self-powered seawater-splitting system powered by the MEG ball network. (a) Schematic diagram of the MEG ball network with
MEG balls connected in series for wave energy harvesting. (b) Dependence of V,. and I, on the number of MEG balls. The error bars
represent the standard deviation of the eight peak points of the measured data. (c) Calculated peak power of the MEG ball network
corresponding to V,_ and I,.. (d) Voltage curves of a commercial capacitor charged by the MEG ball network with varying numbers of MEG
balls (from 1 to 8). (e) Illustration of the self-powered seawater-splitting system driven by the MEG ball network. (f) Schematic
representation of seawater-splitting in a two-electrode system. (g) Optical image of Pt(C)/Pt(A) two-electrode seawater-splitting in a 3.5 wt
% NaCl aqueous solution. Scale bar: 5 cm. (h) Optical images showing H, collection in a syringe over 20 min. (i) Graph depicting H,

production volume as a function of time.

Figure 2g shows the magnetic flux distribution when
mechanical stresses of 0, 100, and 200 kPa are applied to the
MC layer by moving the magnetic film vertically. The
simulation results, which align with experimental data, show
a notable decrease in intensity (Figure SS), elucidating the
giant magnetoelastic effect. Additionally, we simulated the
magnetic flux variation on the surface of the MC layer when
the magnetic film oscillates without deforming the MC layer
(Figure 2h). The magnetic film, displaying a periodic
arrangement of the north and south poles, yields an intensity
value of about 30 mT (Figure S6). As the magnetic film
approaches the MC layer, changes in the surface magnetic flux
distribution occur, demonstrating an electromagnetic effect
with intensity variations around 4 mT. Therefore, the MEG
ball network can operate in both contact and noncontact
modes due to the magnetic film’s movement. The simulta-
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neous magnetoelastic and electromagnetic effects lead to
electricity generation, facilitating energy conversion.
Understanding the performance of the MEG ball network in
relation to various wave energies is crucial. Optimal electrical
outputs under different conditions were measured, including
the open-circuit voltage (V,.) and short-circuit current () for
different wave energies (Figure 3a—c and Table S1). For wave
energies up to a 0.5 cm amplitude, noncontact electromagnetic
interaction resulted in a maximum output of 11.3 mV and 0.36
mA, while contact-induced hybrid interaction yielded 91.6 mV
and 2.98 mA for amplitudes exceeding 1.2 cm. Moreover, the
MEG unit showed increasing electrical output trends with an
amplitude of 3.6 cm at frequencies from 0.25 to S Hz (Figure
3d—f and Table S2). Notably, at 5 Hz, the MEG unit achieved
a peak output with V,_ of 142.3 mV and I, of 4.31 mA. These
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results demonstrate the effectiveness of MEG devices in wave
energy conversion, even in harsh ocean environments.

The capability of the MEG ball network to generate
electricity sustainably from wave energy on the water surface
is further strengthened by its intrinsic waterproofness. Figure
3g shows that the generated current remains stable when
exposed to water. Even after being soaked in salty water (3.5
wt % NaCl aqueous solution) similar to seawater for 24 h, the
MEG unit maintains its initial output performance, affirming
its intrinsic waterproofness (Figure S7). The device also
exhibited stable electrical output over 7000 mechanical cycles
(Figure 3h), with the current generation maintaining a
consistent waveform over time, highlighting the MEG’s
durability.

Next, we optimized the output performance of the MEG ball
network for ocean wave energy harvesting. All MEG units are
composed of a magnetized MC layer in the same direction and
copper coils with identical structures, which help to prevent
electrical output cancellation (Figures 4a and S8). Three MEG
units connected in parallel formed the MEG ball network, and
the output performance was measured based on the number of
MEG units. According to Ohm’s law, the parallel-connected
MEGs maintained V,_ values from 135 to 142 mV, while the I
increased linearly with more MEG units. For example, with
one, two, and three units connected in parallel, I,. values were
4.06, 7.68, and 11.91 mA, respectively (Figures 4b and S9 and
Table S3). The output powers with different numbers of units
were compared, and V. and I were measured under various
resistive loads from 1 to 10 000 €. The peak power increased
linearly from 0.17, 0.31, and 0.55 mW with more MEG units
but showed an opposite trend in I, where resistance decreased
to 35, 15, and 9 Q as the number of units increased (Figures 4c
and S10). The electrical output with MEG units connected in
series was also measured (Figures S11—S13 and Table S4). As
the number of MEG units increased, V,, linearly increased to
142.1, 287.2, and 407.0 mV, while I, remained between 4.06
and 4.21 mA. The calculated power output increased to 0.17,
0.29, and 0.50 mW, according to V,. However, the resistance
increased up to 100 Q when using three MEG units in series.
For efficient energy harvesting, the MEG ball network should
have a low inner impedance to maximize energy conversion
and minimize electrical loss. Thus, the parallel connection of
MEG units is more effective, increasing the total current
density and charge transfer per unit of time.

The ocean wave energy harvesting system was emulated by
using a shaker to generate mechanical vibration. The
alternating current (AC) output from each MEG ball network
was transformed and rectified into direct current (DC) power
through a management circuit (Figure 4d). The transformed
voltage increased to 2.22 V with a current of 0.66 mA, yielding
an efficiency of approximately 90% (Figure S14). The
transformed and rectified output characteristics at different
water wave frequencies from 0.5 to S Hz were measured
(Figures 4e and S15), showing increased peak current and
voltage values at higher frequencies. At 5 Hz, peak values
reached 1.32 mA and 4.14 V, respectively. Within a single
cycle, transferred charges of 5.94, 6.87, 8.27, and 10.78 uC
were achieved for waves with frequencies of 0.5, 1, 2, and S Hz
(Figure 4f). The transferred charge of a MEG ball network
reached 0.2 mC within 3.6 s at S Hz. Commercial capacitors
charged under different wave conditions demonstrated the
MEG’s charging capability, with voltage saturation achieved
within 300 s at various frequencies (Figure 4g). In Figure 4h,
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the voltage initially increased rapidly and then saturated to a
constant value. For instance, at frequencies of 0.5, 1, 2, and §
Hz, the saturated voltage values were 0.39, 0.68, 0.97, and 1.48
V within 300 s. Furthermore, capacitors with larger
capacitances require more time to reach the same charging
voltage, and the voltage across the capacitor saturates
exponentially over time after passing through the initial linear
charging phase (Figures 4i and S16 and Table SS). The
charging of a capacitor utilizing the MEG ball network can be
observed to follow the equation as follows:

V=

ale

)

V(t) = V(1 — e /R) (3)
where V represents capacitor voltage, V; is the external voltage,
Q is charge, R is resistance, C is capacitance, and t denotes
time. On the contrary, comparing the series connection of
three MEG units reveals a trade-off between voltage and
current due to the increased internal resistance. While different
output values result in a higher potential for the charged
capacitor, a lower output current extends the time to reach
saturation as the capacitance increases (Figures S17 and S18).

MEG balls were connected in series to form a network for
water wave energy harvesting, as shown in Figure 5a. Each
network included a transformer and a bridge rectifier to
increase the output voltage. The network, comprising one to
eight interconnected MEG balls, demonstrated a linear
increase in V,, to a maximum of 21.17 V with eight MEG
balls, while the output current ranged from 0.60 to 0.66 mA
(Figures Sb and S19, and Table S6). Each MEG ball network
provided about 1.87 mW, with a maximum output of around
13.78 mW for an eight-MEG configuration (Figure Sc). The
network also showed fast voltage charging characteristics,
raising the voltage of a commercial capacitor to 7 V within 350
s (Figure 5d).

The MEG ball network is linked to a self-powered
electrochemical energy conversion system driven by wave
energy serving as the primary power source (Figure Se). This
system, employing a Pt(cathode)/Pt(anode) symmetric cell,
facilitates seawater-splitting, producing hydrogen (H,) at the
cathode and oxygen (O,) at the anode, driven by the potential
applied to both electrodes (Figure 5f). The chemical reactions
are as follows:*

2H,0 — 2H, + O, (Overall) (4)
4H"* + 4e” — 2H, (Cathode) (3)
2H,0 — O, + 4H" + 4e™ (Anode) (6)

Electrochemical water-splitting theoretically requires a voltage
of 1.23 V. However, the complexity of the oxygen evolution
reaction (OER) raises the threshold overpotential for water
decomposition, especially in seawater. Challenges include high-
energy barriers from the chlorine evolution reaction (CIER) at
the anode, reduced electrolysis efficiency due to suspended
particles, and seawater’s low conductivity.’”® To determine the
onset voltage of our seawater-splitting system, we measured the
linear sweep voltammetry (LSV) curve at a scan rate of 10 mV
s' in a 3.5 wt % NaCl aqueous solution. The current sharply
increased after approximately 2.4 V (Figure $20). This
confirms that the onset voltage of the MEG ball network is
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sufficient for directly driving seawater-splitting, as H, and O,
are produced at the cathode and anode, respectively.

We also measured the H, fuel generated by the MEG ball
network. A Pt rod was positioned upside down inside a syringe
with one side open to seawater. Both the cathode and anode
were connected to the MEG ball network (Figure Sg). The
produced H, gas accumulated inside the syringe, and its
volume was calculated based on water level changes over time.
Figure Sh displays the variation in accumulated H, during 20
min of operation, and the corresponding data is presented in
Figure 5i. The H, production rate was 0.76 X 10~ mL min ™",
yielding 0.16 mJ s™" of blue energy.

In conclusion, the MEG ball network represents a novel and
efficient platform for harvesting ocean wave energy and
powering self-sustained seawater-splitting. Exhibiting a high
current density (0.24 mA cm™?) and low resistance (9 Q) at a
2 Hz frequency, this self-floating network combines magne-
toelastic and electromagnetic effects to generate electricity. Its
robustness, waterproof nature, and high durability make it
suitable for varied ocean conditions. By connecting eight MEG
balls in series, we successfully increased the electric output,
facilitating sustainable H, fuel production at a rate of 0.76 X
107 mL min~". This MEG ball network-based system is a
significant advancement in harnessing renewable ocean wave
energy for on-site electricity generation and H, production,
marking a substantial contribution to the global energy supply
and environmental conservation.
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