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- . - " 1. Introduction
Electrocatalysis is a crucial approach for achieving clean energy transitions,

requiring highly efficient catalytic materials to expedite this process. However,
overcoming the thermodynamic and kinetic constraints is key to discovering
next-generation materials that are both cost-effective and efficient. The intro-

With the quick consumption of fossil fuel,
the environment and energy crisis trig-
gered the development of clean and sus-
tainable energy sources such as hydrogen,

duction of magnetic fields offers new opportunities for modulating the elec-
tronic structures of catalytic materials, optimizing the adsorption/desorption
behavior of key intermediates, and enhancing catalytic efficiency. This review
starts with the fundamental principles of classical electrocatalytic reactions,

that is advantageous in high energy density
and cleanliness. Currently, commercial hy-
drogen is produced dominantly from fos-
sil fuels, with a relatively small share of

green hydrogen.[!l The process of hydro-
gen production from fossil fuels emits a
large amount of carbon dioxide, which re-
quires a high level of hydrogen purification
and carbon capture.?] Green hydrogen, also
known as “zero-carbon hydrogen,” is hy-
drogen obtained from electrolysis of water
with the electricity coming from renewable
energy sources (e.g., solar, wind, nuclear,
etc.).>* Water electrolysis involves two key
reactions: the hydrogen evolution reaction
(HER) at the cathode and the oxygen evolu-
tion reaction (OER) at the anodel®! Reduc-
ing costs hinges on optimizing the mem-
brane electrode, particularly by lowering the
expense of electrode catalysts.[®] While pre-
cious metals like Pt, RuO,, and IrO, show
excellent catalytic performance, their high cost and scarcity limit
widespread use.l”]

Generally, the electrocatalytic activity of a catalyst can be tai-
lored from two paths, including increasing the exposed num-
ber of active sites and the intrinsic activity of the catalytic active
sites.[®l Adjusting the catalyst morphology can improve the ac-
tive area of the catalyst.[’l The main methods include synthesis of
Tianjin 300130, China self-supporting structg?al electrodgs through the hydrothermal
E-mail: luzunming@hebut.edu.cn method, electrodeposition, dealloying, and other strategies, or
J. Sun synthesis of nanoparticles, clusters, tubes, and other catalysts to
couple porous matrix materials through sol-gel, high-energy ball
milling, laser ablation, etc.!2% To increase the intrinsic activity
of the catalytic site focuses on adjusting the electronic structure of
the catalytic site, through alloying, heteroatom doping, structural
modulation (vacancies, strains, heterostructures, etc.) and other
engineering of the electronic structure of the active site can effec-
tively affect the adsorption and desorption of the intermediates to
enhance the catalytic performance.?'"?’] Increasing the number
of active sites can enhance reaction rates and material utilization
but may lead to uneven activity and reduced stability; improving
site activity significantly boosts efficiency and selectivity, though

and revisits the main mechanisms by which magnetic fields affect magnetic
catalytic materials and electrocatalytic systems, including magneto-thermal
effects, magnetohydrodynamic effects, and spin-selective effects. Focusing

on amorphous materials, topological materials, and metal oxides, the review
highlights the design of magnetic catalytic materials, the control of magnetic
structures, and their response behaviors to external fields. Finally, it discusses
the major bottlenecks facing magnetic catalysis and its potential applications in
other important small molecule catalytic transformations. This review provides
a new perspective for understanding the essence of magnetic field chemistry
and accelerating the development of catalytic materials aimed at applications.

Z. Zhang, G. Li, ). Wang, J. Huo

Key Laboratory of Magnetic Materials and Devices
Ningbo Institute of Materials Technology and Engineering
Chinese Academy of Sciences

Ningbo 315201, China

E-mail: jqwang@nimte.ac.cn; huojuntao@nimte.ac.cn
Z.Zhang, B.Feng,Z. Lu

School of Materials Science and Engineering

Hebei University of Technology

Institute of Advanced Magnetic Materials

College of Materials &. Environmental Engineering
Hangzhou Dianzi University

Hangzhou 310018, China

G. Li,). Wang, ). Huo

Center of Materials Science and Optoelectronics Engineering
University of Chinese Academy of Sciences

Beijing 100049, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202501973

DOI: 10.1002/smll.202501973

Small 2025, 21, e01973 €01973 (1 of 31) © 2025 Wiley-VCH GmbH


http://www.small-journal.com
mailto:jqwang@nimte.ac.cn
mailto:huojuntao@nimte.ac.cn
mailto:luzunming@hebut.edu.cn
https://doi.org/10.1002/smll.202501973
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202501973&domain=pdf&date_stamp=2025-10-03

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

itinvolves complex preparation and higher costs, and the two are
often combined to optimize water electrolysis performance./??!

The aforementioned engineering approaches primarily focus
on the materials themselves, while the introduction of external
fields offers new possibilities for enhancing water electrolysis ef-
ficiency. Magnetic fields not only affect the charge transport, spin
states, and energy levels of catalytic materials but also influence
the macroscopic environment of the electrolysis reaction, includ-
ing solution mass transfer, bubble detachment, and local temper-
ature at the electrodes.[??] As a result, research focus has gradu-
ally shifted toward magnetic field-assisted catalysis. In addition
to magnetic fields, other external fields also influence the water
electrolysis process, including electric fields, strain (stress), light,
temperature, and ultrasonic fields.3*38 Among these, magnetic
field-coupled water electrolysis has shown promising research
progress in energy efficiency, applicability, and sustainability.*!
This approach provides new opportunities to improve catalytic
efficiency and optimize reaction kinetics.

The magnetism of materials mainly comes from the magnetic
moment of electrons (spin and orbital motion).[*?) When exposed
to an external magnetic field, these materials undergo magneti-
zation, and the magnetic moment aligns with the direction of
the magnetic field. In paramagnetic materials, the arrangement
is weak and temporary, while in ferromagnetic and ferrimag-
netic materials, the magnetic domains are redirected, resulting
in strong magnetization and hysteresis effects.*!] In addition,
magnetic fields can affect the energy state and dynamic behav-
ior of magnetic materials, such as enhancing ion transport in
electrolytes or optimizing the adsorption/desorption free energy
of reaction intermediates in catalytic processes.[*?] These interac-
tions enable the magnetic field to significantly regulate the prop-
erties and performance of magnetic materials, thereby affecting
the decomposition process of water.

The effect induced by the magnetic field is complex, and there
exists the phenomenon of synergistic enhancement of multiple
effects.*}] The magnetohydrodynamic effect can accelerate mass
transfer, the magnetothermal effect can realize in-situ heating
of catalytic sites, and the spin-selective effect can realize selec-
tive transfer of electrons.[**] The mutual coupling between mag-
netic field effects increases the difficulty of studying the mech-
anism of magnetic-enhanced catalysis. To better understand the
promoting effect of magnetic fields on electrochemical reactions,
this article introduces the origin and development of material
magnetism, as well as the ways in which magnetic fields affect
water electrolysis. The possible mechanisms by which magnetic
fields affect electrochemical reactions are analyzed, and recent
studies on magnetic field-enhanced electrocatalytic reactions are
reported. Potential catalyst engineering and materials in the di-
rection of magnetic field-enhanced water electrolysis are sum-
marized. Finally, the future challenges of magnetic field-coupled
electrocatalysis are proposed, which is conducive to building ex-
cellent electrocatalysts for sustainable energy conversion.

2. Fundamentals of Catalysis and Magnetic Fields
2.1. The Working Principles of Water Splitting Catalysis Reactions
Water splitting consists of two half-reactions: HER at the cathode

and OER at the anode. The HER process requires two electrons
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to complete the reduction reaction, and the source of protons is
determined by the pH of the electrolyte. In acidic media, HER
proceeds through proton adsorption (Volmer step), followed by
electrochemical desorption (Heyrovsky step) or chemical desorp-
tion (Tafel step).l*>*¢l In alkaline media, water molecules are re-
duced to form hydrogen and hydroxide ions (OH™). J. K. N@rskov
et al. plotted a volcano relationship based on the AG;. of hydro-
gen by different metals, and Pt was located at the top of the vol-
cano plot, suggesting that Pt has the most moderate adsorption
energy for hydrogen.[*’l Thus, the second step under the HER
mechanism for Pt is usually the Tafel step, and for other met-
als, it is usually the Heyrovsky step. OER involves the oxidation
of water molecules (in acidic conditions) or hydroxide ions (in
alkaline conditions) to generate oxygen gas (O,). OER is charac-
terized by multiple intermediate steps, including the formation
of adsorbed hydroxyl (OH*) and oxo (O*) species, which com-
bine to form O, 78501 Due to its high overpotential and slow
kinetics, OER is often the rate-limiting step in water splitting.>!]
Existing studies have suggested that the adsorption/desorption
strength of oxygen-containing intermediates is the key factor af-
fecting the OER mechanism.52] The catalytic mechanism of OER
can be classified into the adsorbed oxygen evolution mechanism
(AEM), the lattice oxygen-mediated mechanism (LOM), and the
oxygen-oxygen coupling mechanism (OPM), based on the differ-
ences in the active sites of the adsorbed intermediates.[>>>°]

2.2. Brief Overview of Magnetic-Related Phenomena

Human understanding of magnetic fields and materials dates
back to around 400 BC with the invention of the sinan, an early
compass (Figure 1). The 18th and 19th centuries saw significant
progress in electricity and magnetism, highlighted by Michael
Faraday’s discovery of electromagnetic induction in 1831, which
linked electricity and magnetism and laid the foundation for their
intersection with electrochemistry.*®) In 1847, William Thom-
son (Lord Kelvin) introduced the “Kelvin force,” a concept central
to magnetohydrodynamics (MHD), derived from his studies on
electromagnetism and fluid mechanics.>’! Subsequent discover-
ies, such as the magnetoresistance effect (1856),1° the Maxwell
stress tensor, the magnetocaloric effect (1881),1°%! and the Lorentz
force equation (1892), further advanced the field.

In the 20th century, people’s understanding of magnetic phe-
nomena became more profound. In 1921, Arthur Compton pro-
posed that electrons might possess a “spin” property to explain
magnetic phenomena, advancing the development of quantum
mechanics and influencing materials science, information tech-
nology, and energy research.¥l In 1942, Hannes Alfvén intro-
duced the concept of magnetohydrodynamic waves, demonstrat-
ing that magnetic fields could influence the motion of conduc-
tive fluids and deriving the fundamental equations of MHD.[¢!]
In the 1960s, T. Z. Fahidy conducted systematic research on the
effects of magnetic fields on fluid flow and mass transfer in
electrolytes, providing critical insights into the coupling of mag-
netic fields with water electrolysis reactions. Over the following
decades, researchers recognized that magnetic fields influence
water electrolysis through multiple complex mechanisms, lead-
ing to diverse studies in this field. These efforts have signifi-
cantly advanced the understanding of magnetic field-enhanced
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Figure 1. The development history of magnetic-related phenomena.

electrochemical processes. It also provides a lot of theoretical sup-
port for our further exploration in this field.

2.3. Types of Magnetic Fields During Catalysis

The application of magnetic fields in water electrolysis can be
categorized and optimized based on their types and parameters
to achieve efficient regulation of the reaction process.[®?) Mag-
netic fields are mainly classified into static magnetic fields, al-
ternating magnetic fields, pulsed magnetic fields, and gradient
magnetic fields.[®®] Static magnetic fields, generated by perma-
nent magnets or DC electromagnets, are suitable for studying the
steady-state effects of magnetic fields on water electrolysis, such
as enhancing ion transport and optimizing electrode surface re-
action kinetics. Alternating magnetic fields, produced by AC elec-
tromagnets, vary in strength and direction over time, making
them ideal for dynamic regulation, such as inducing eddy cur-
rents in the electrolyte and promoting bubble detachment from
the electrode surface. Pulsed magnetic fields, characterized by
high intensity and short duration, are effective for rapidly altering
ion distribution and increasing reaction rates. Gradient magnetic
fields, which exhibit spatial variations in strength, are suitable for
locally optimizing ion transport paths and enhancing reaction ac-
tivity.

Key parameters of magnetic fields include strength (typically
ranging from 0.01 T to over 1 T), direction (parallel, perpendic-
ular, or at an angle to the electrode surface), frequency (from 1
Hz to over 10 kHz), and duration (from seconds to days). Mag-
netic field strength directly influences the magnitude of Lorentz
forces and magnetohydrodynamic effects, while the direction de-
termines the flow patterns of the electrolyte and bubble behavior.
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Frequency and duration affect the dynamic effects of alternating
magnetic fields and the cumulative effects of magnetic fields, re-
spectively. Through experimental design and theoretical model-
ing, these parameters can be optimized to maximize the regula-
tory effects of magnetic fields on water electrolysis. For example,
moderate-strength parallel magnetic fields can significantly en-
hance mass transfer efficiency, while high-frequency alternating
magnetic fields effectively reduce bubble-induced overpotential.
By rationally selecting and optimizing the type and parameters of
magnetic fields, the efficiency and performance of water electrol-
ysis can be significantly improved, providing new research direc-
tions for developing efficient and low-energy hydrogen produc-
tion technologies.

In summary, the coupling between magnetic fields and water
splitting provides a promising strategy to enhance the efficiency
of HER and OER. By elucidating the underlying mechanisms and
optimizing magnetic field application methods, researchers can
advance sustainable hydrogen production technologies.

2.4. Magnetic Fields and Key Reaction Intermediates

The reaction intermediates play a crucial role in understanding
and designing efficient catalysts for water splitting.[**] From the
basic reaction steps of HER, electron transfer and hydrogen ad-
sorption (H*) play a key role.l*’] In this case, hydrogen atoms
need to undergo complex adsorption and desorption processes
on the catalyst surface, so the binding energy between hydro-
gen atoms and the active site should be neither too weak nor
too strong.[®! In OER, intermediates such as OH*, O*, and ad-
sorbed peroxide (OOH*) determine the reaction pathway and
overpotential.[®®) Due to the linear relationship of the binding
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energy of the intermediates, the difference between AG.y and
AG. of the catalyst was utilized to establish a volcano plot be-
tween AGg. — AGqy. and overpotential #.17) In addition to this,
some other activity descriptors, such as metal site d-band enters,
e, electron filling number, etc. have a typical volcano relationship
with the OER overpotential.[®®%%] These studies suggest that the
moderate bonding strength of the catalytically active centers to
the intermediates facilitates the adsorption and desorption of the
reaction.

Catalytic reactions are closely related to the electronic con-
figuration of the active site and reaction intermediates. In the
field of oxygen electrocatalysis, the ground state of the oxygen
molecule is a triplet state, with the front IT* orbitals occupied
by two parallel-aligned electrons, in contrast to the spin state
of OH~/H,O0, which is a singlet state. From OH~/H,0 to O,
(OER), the participation of O, requires spin-dependent electron
transfer.[””! Due to the significant difference in the thermody-
namic states of singlet and triplet oxygen, the lowest excited state
of O, is a singlet, and the ground state is a triplet, with the ground
state being more than 1 eV lower in energy than the excited
state.[’!] The OER reaction intermediate oxygen exists in a sin-
glet state, and quantum mechanics suggests that electrons do not
jump between two different spin states. So the high overpoten-
tial of OER can be attributed to this; the paramagnetic state of
O, needs to be generated in the antimagnetic excited state and
slowly decay to the ground state through a higher energy pro-
cess, and the catalytic reaction in the spin-conserving magnetic
ground state will greatly improve the catalytic efficiency.l’?!

Magnetic fields significantly influence the behavior of reaction
intermediates, such as H* and oxygen-containing intermediates,
during water splitting. By modulating the spin states of electrons,
magnetic fields can alter the adsorption and desorption kinetics
of these intermediates on the catalyst surface. This spin selectiv-
ity effect optimizes the reaction pathways, reducing the energy
barriers for intermediate formation and conversion. For HER,
the magnetic field can regulate the electronic structure of the cat-
alyst surface, making the adsorption energy of H* closer to the
thermal neutral value. Spin polarization can accelerate the cou-
pling process of H * intermediates and reduce the energy bar-
rier for H, molecule formation.l”} For OER, magnetic fields can
enhance the transition from OH* to O* intermediates, thereby
accelerating the overall reaforon rate. Current research indicates
that the magnetic field affects the spin-polarization kinetics of wa-
ter splitting starting from the first step of electron transfer, and
the ferromagnetic exchange between the ferromagnetic catalyst
and the adsorbed oxygen species occurs under the principle of
the conservation of spin angular momentum.””* The influence
of the magnetic field on the OER tachyon step is confirmed by
analyzing the change of the Tafel slope under the magnetic field.
The stronger 3d-2p hybridization between the catalyst and the ad-
sorbed oxygen species after spin polarization is more conducive
to the transfer of spin-polarized electrons (Figure 2a—c).

2.5. lons Transport and Bubbles Release
The presence of a magnetic field exerts Lorentz forces on charged

species, such as H" and OH™ ions, in the electrolyte. These forces
alter the trajectories of ions, enhancing their mobility and pro-
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moting more efficient mass transport. This effect reduces con-
centration polarization near the electrode surface, ensuring a
steady supply of reactants and removal of products. In HER, for
example, the improved transport of H* ions to the cathode sur-
face under a magnetic field can significantly enhance the reac-
tion rate. Similarly, in OER, the increased mobility of OH™ ions
facilitates their oxidation at the anode, contributing to higher
overall efficiency. Magnetic fields also impact the behavior of
gas molecules, such as H, and O,, generated during water split-
ting. By inducing micro-convection in the electrolyte, magnetic
fields promote the detachment of gas bubbles from the electrode
surface. This minimizes bubble accumulation, which can block
active sites and increase overpotential. For instance, in HER,
the rapid removal of H, bubbles from the cathode surface en-
sures continuous exposure of active sites, enhancing reaction ef-
ficiency. Similarly, in OER, the detachment of O, bubbles from
the anode surface reduces bubble-induced resistance, improving
the overall performance of the electrolysis process. Furthermore,
magnetic fields can influence the nucleation and growth of gas
bubbles, optimizing their size and distribution for more efficient
release.

We conducted a systematic study on the influence of an alter-
nating magnetic field (AMF) on HER using Fe,,C0,yNi,gP5 4By
alloy ribbons as the research subject. The AMF significantly en-
hanced the catalytic efficiency of the HER, with a 27% increase in
current density at 20 mT. This improvement is attributed to the
Lorentz interaction enhancing charge transfer efficiency, while
the contribution of the heating effect is minimal. The high mag-
netic permeability of the Fe—~Co—Ni—P-B electrode and the skin
effect of electromagnetic eddy currents can amplify the Lorentz
effect (Figure 2d,e).l”! In addition, studies have shown that the
coverage of fractional bubbles is strongly delayed in the pres-
ence of an external magnetic field. Therefore, due to the avail-
ability of more active sites for the reduction process, the cur-
rent density has increased. These effects are discussed regard-
ing the Lorentz force-driven convection caused by magnetic fields
(Figure 2fh).7] To further address the influence of magnetic
fields applied in vertical electrode configurations, where the bulk
Lorentz force can be ignored, numerical studies have been con-
ducted. This reveals the improved mechanism of hydrogen bub-
ble desorption from the electrode surface.

3. The Physical Basis for Magnetic Fields Tailored
Electrochemical Reactions

The main existing magnetic enhanced catalytic performance ef-
fects that have been studied mainly include the magnetohydrody-
namic effect, the magnetothermal effect, and the spin-selection
effect, while other magnetic enhancement effects such as the
magnetoresistance effect, the Maxwell stress effect, the Kelvin
force effect, and the Gibbs-free energy effect have been less stud-
ied. In this section, we briefly summarize the mechanism of
these magnetic effects on catalysis.

3.1. Magnetothermal Effect

The magnetothermal (MT) effect is the localized heating phe-
nomenon that occurs when an alternating magnetic field acts on

© 2025 Wiley-VCH GmbH
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Figure 2. a) Ferromagnetic exchange interaction of CoFe,O, promotes spin-polarized electron transfer; b) OER path of spin-polarized electron transfer;
c) OER Gibbs free energy change before and after spin-polarization; Adapted with permission.[74] Copyright 2021, Springer Nature. d) Schematic illus-
tration of the critical role of the AMF in increasing the HER activity. e) At a fixed overpotential, the changes in current density (4;) with or without SAMF
of various intensities (Hq) from 1to 20 mT; Adapted with permission.[”>] Copyright 2022, American Chemical Society. f)Velocity distribution around an
artificial bubble under the superposition of a vertical homogeneous magnetic field. Hydrogen bubbles formed at the electrode surface in the stationary
regime observed without a magnetic field (g) and in the perpendicular to the electrode magnetic field (h). Adapted with permission.l”¢] Copyright 2011,

Elsevier.

magnetic nanoparticles, and it works by using an external high-
frequency alternating magnetic field to achieve localized heating
on magnetic nanoparticles.””] According to the Arrhenius equa-
tion:

k= Ac B/ M

where k is the reaction rate constant, A is the frequency factor;
E, is called the experimental activation energy; R is the molar
gas constant, and T is the thermodynamic temperature.

The reaction rates of electrochemical reactions are signifi-
cantly affected by their kinetic barriers and mass transfer ef-

ficiencies, and since these reactions are extremely sensitive to
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temperature changes, the operating temperature becomes a key
factor in regulating the HER and OER rates. The enhancement
of the catalytic reaction rate by the magneto-thermal effect can
be attributed to the synergistic effect of lowering the resistance
to charge transfer, facilitating bubble removal, and increasing
the charge energy state.l”8] By applying a high-frequency alter-
nating magnetic field to FeC-Ni NPs to achieve in-situ heating
of the catalyst (Figure 3).7”] The results show that the magni-
tude of the enhancement of the reaction kinetics is equivalent
to heating the overall electrolytic cell temperature to 200 °C,
but the electrolytic cell temperature only increases by 5 °C.
The local temperature of magnetothermal nanoparticles is much
higher than that predicted by the diffusion equation, and the
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Figure 3. a) Principle of localized heating enhancement of electrolytic water by the magneto-thermal effect of metal nanoparticles under alternating
magnetic field. b) Effect of alternating magnetic field on potential and current of FeC-Ni OER electrode. Adapted with permission.[”?] Copyright 2018,

Springer Nature.

energy consumed to heat the catalyst in situ is much lower than
that required to heat the entire energy conversion device to the
same temperature, with relatively less damage to the electrode
material.

There are two mechanisms of magnetic heating of ferromag-
netic nanoparticles: Brownian relaxation and Neel relaxation.
Brownian relaxation is the structure of the physical rotation of
ferromagnetic nanoparticles, where the internal magnetic mo-
ment tends to coincide with the external magnetic field; Neel
relaxation is the result of flipping the magnetic moment along
the direction of the external magnetic field.®”) Huang et al. in-
troduced Se vacancies into NiSe, nanoparticles with ultra-small
particle sizes, and the introduction of Se vacancies lowered the
reaction energy barriers and also induced ferromagnetism in
NiSe, nanoparticles, and showed that catalyst nanoparticles pro-
duced Neel relaxation-related localized magnetic heating due to
spin flips of the magnetic domains, and the HER overpotential
was reduced by 40 mV at 10 mA cm~2, and the current den-
sity was increased by 400% at a 180 mV potential increased
the current density by 400% (Figure 4a).8!) Yuan et al. devel-
oped a two-step synthesis process to fabricate NiFe/NiFeOOH
core-shell nanoparticles. Initially, NiFe nanoparticles were de-
posited on a carbon substrate using pulsed laser deposition. Sub-
sequently, these nanoparticles were electrochemically reconfig-
ured to form NiFe/NiFeOOH core-shell structures. By employ-
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ing Néel relaxation-related magnetic heating under an alternat-
ing magnetic field, the researchers achieved a significantly re-
duced oxygen evolution reaction (OER) overpotential of 209 mV.
This innovative approach resulted in a remarkable 133 mV de-
crease in OER overpotential at a current density of 10 mA cm™
(Figure 4b).18%]

In situ heating of the catalyst using a magnetic field can avoid
damage to the electrode material. Liu et al. coordinated organic
ligands and magnetic transition metals to form an organometal-
lic framework material and used organic molecules with low ther-
mal conductivity to construct an insulating layer, thereby confin-
ing magnetic heating to the metal active center (Figure 5a—).!®*]
Under the magnetothermal effect, the crystal field splitting en-
ergy increases, and the energy difference between the e, and t,,
orbitals becomes larger, inhibiting the interorbital electron leaps
to transform the metal into a low-spin state. Using the mag-
netic exchange effect to drive the spin-flip and reconfiguration
of the metal ions, the OER overpotential decreased by 120 mV at
100 mA cm~2 current density after the high-frequency alternat-
ing magnetic field was applied for 20 min. Compared with ther-
mal annealing of the catalysts, this design excludes the thermal
strain perturbation generated by the transformation of the mag-
netic structure and enables long-time stability to be achieved. The
introduction of Ni nanoparticles into amorphous iron hydroxide
nanosheets can act as magnetic heating centers under the AC
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Figure 4. a) Schematic and real pictures of NiSe, NPs and NiSe,_y NPs
with AMF stimulation; Adapted with permission.[®1] Copyright 2023, Else-
vier. b) Schematic diagram of the EC-reconstruction and AMF-based mag-
netic heating effect. Adapted with permission.[82] Copyright 2022, John
Wiley and Sons.

magnetic field. The localized heating around the Ni nanoparti-
cles could improve the rate of the reaction and further facilitate
the adsorption of the reaction intermediates, which can achieve
efficient energy transfer and good durability (Figure 5d).3* The
overpotential of a-NiFe@Ni-CW at 100 mA cm~2 under an AC
magnetic field is 268 mV, which is superior to most reported tran-
sition metal catalysts.

3.2. Magnetohydrodynamic Effect

The gas precipitation reaction will inevitably produce a large
number of bubbles, due to the net magnetic force, the result-
ing bubbles attached to the electrode surface, the active area
of the electrode will be reduced, affecting the specific area of
the activity of the magnetohydrodynamic effect is caused by
the Lorentz force in the ionic aqueous solution or electrolyte
on the macroscopic or microscopic convection. According to
the left-hand law, the Lorentz force (F),.) can be expressed
as:

F Lore =J X B (2)
where j is the current density and B is the magnetic field. Thus,
the direction of the Lorentz force can be controlled by changing
the angle between the magnetic field and the electric field, and
the magnitude of the Lorentz force can be enhanced by increas-
ing the strength of the magnetic field (B) and the applied potential
(E).

The moving charged particles will be subjected to the Lorentz
force under the magnetic field, which generates convection un-
der the interaction of the magnetic field and the local current,
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accelerating the transport of electroactive substances to the elec-
trode surface.l®! When the magnetic field is parallel to the elec-
trode surface and the Lorentz force is in the same direction
as the buoyancy force, it is favorable for bubble separation.®¢]
Rapid separation of bubbles in the interfacial region refreshes
the active region in time as well as improves the conductiv-
ity of the electrolyte-catalyst interface by reducing the porosity.
The type of magnetic field will directly affect the effect of mag-
netohydrodynamic effect, if it is a constant magnetic field ad-
justing the size and angle of the magnetic field can get a sta-
ble magnetic enhancement, if it is an AC magnetic field, the
direction and size of the magnetic field is constantly chang-
ing, the convective flow velocity gradient is more complex, the
enhancement of the magnetohydrodynamic effect is unstable
(Figure 6a,b).[**] Xiao et al. directly observed bubble acceleration
perturbations due to AC magnetic field-induced magnetohydro-
dynamic convection at the electrode surface, and concluded that
magnetohydrodynamic convection reduces the thickness of the
diffusion boundary layer and accelerates mass transfer, and that,
as the intensity of the AC magnetic field is increased, it gen-
erates larger eddy currents between the electrodes and inhibits
the transport of electroactive material to the electrode surface
(Figure 6¢).1%]

The alloys usually exhibit strong ferromagnetism and are more
sensitive to magnetic field response. Compared with pure metal
catalysts, metal alloys have better electrocatalytic HER activity
due to strain effects and synergistic effects on the modulation
of crystal structure and electronic structure. Metals such as Fe,
Co, and Ni can be alloyed to enhance the intrinsic activity of
the active sites, and the synergistic effect between the metals
can optimize the metal-hydrogen binding energy.®") Hedge et al.
reported the HER properties of NiW alloys due to the mag-
netohydrodynamic effect induced by the Lorentz force, elimi-
nating the bubbles on the electrode surface and reducing the
overpotential.®Y) Magnetohydrodynamic effects are prevalent in
magnetically enhanced OER processes. Peng et al. synthesized
Co,0, on nickel foam (NF) by hydrothermal as well as subse-
quent thermal treatments. The overpotential at 20 mA cm™' was
reduced from 308 to 252 mV under a magnetic field of 125 mT,
and the overpotential decreases with the increase of the mag-
netic field. The decrease in the slope of the Tafel indicates that
the OER charge transfer coefficient is higher and has a lower
activation energy. The magnetic field can induce the MHD ef-
fect near the electrode and promote charge transfer in the cat-
alytic process, and the effect is greatest when the direction of
the electric and magnetic fields are perpendicular to each other
(Figure 6d,e).®8 Fan et al. found that the OER overpotential of
NiFe-layered double hydroxide (LDHs) was reduced by 42 mV ata
magnetic field of 200 mT, attributed to the magnetic field-induced
magnetohydrodynamic effect and electrode/electrolyte charge
transfer.°!]

Oxygen vacancy-modified ZnCo,O, led to the generation of
partially divalent cobalt ions and ferromagnetism because of the
ferromagnetic exchange between Co?*-0-Co** of the catalysts.[*?!
The overpotential of 10 mA cm™ was reduced by 117 mV un-
der an alternating magnetic field of 4.75 mT. Due to the con-
centration gradient distribution of oxygen vacancies in the bulk
phase of the catalyst, a built-in electric field will be formed in-
side the catalyst, and the susceptibility potential generated by
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the applied magnetic field on the surface of the catalyst is su-
perimposed on the built-in field to obtain a higher-intensity
electric field gradient, which is capable of lowering the reac-
tion energy barriers and enhancing the charge transfer rate
(Figure 7a).

Gao et al. synthesized catalysts with a non-homogeneous
NiFe,O,@(Ni, Fe)S/P core-shell structure using spinel NiFe,O,
microspheres as the substrate and sulfide/phosphorization treat-
ments, and the overpotential was reduced by 45.5% under an
alternating magnetic field (Figure 7b).”*) The Faraday induc-
tion potential generated by the alternating magnetic field in-
duces the enrichment of active ions OH™ on the electrode sur-
face; under low current, the catalytic reaction is importantly con-
trolled by the charge transfer process, and the enrichment of
OH™ on the electrode surface undoubtedly accelerates the charge
transfer efficiency; under high current, the catalytic reaction is
mainly affected by the diffusion process, and the enrichment of
OH™ attenuates the diffusion of ions in the electrolyte solution,
and the low diffusion rate leads to the decrease in the catalytic
performance.
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Bidin et al. investigated the Lorentz force on water molecules,
where electrons form eddy currents in the presence of an ap-
plied magnetic field, which generates an induced magnetic field
in the opposite direction of the applied magnetic field, B,.
This opposing magnetic field generates a repulsive force, which
leads to the stretching of water molecules under the repulsive
force, and consequently, to the rupture of hydrogen and cova-
lent bonds (Figure 7c—g). this repulsive force mechanism can
be effectively applied when the strength of the external mag-
netic field reaches 47 mT. Promotes the electrolysis of water
molecules and significantly reduces the reaction energy barrier,
which improves the oxygen precipitation efficiency by about six
times.[%]

3.3. Kelvin Force Effect
Unlike the Lorentz force, which affects convection at differ-

ent length scales, the Kelvin force (Fy) may have a signifi-
cant effect on ferromagnetic microelectrodes and nanostructured
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ferromagnetic arrays, usually acting on magnetic materials or ob-
jects with magnetic moments. The Kelvin force is a force induced
Dby a gradient magnetic field that leads to convection on a surface
with a gradient magnetic field, which can be expressed as:[*®]

1
Fy=—cy, VB 3
K zﬂoc}fm ( )

where p, is the free space permeability; VB is the magnetic field
gradient; y,, is the molar magnetization rate, and c is the volu-
metric concentration of the electrochemically active substance.
In redox processes, the transfer of electrons usually involves
paramagnetic substances such as free radicals, paramagnetic
cations, and molecules with unpaired spins, which can be pro-
pelled by the Kelvin force to regions of higher magnetic density.
Farmani et al. designed a bulk Ni thin-film catalyst with a meso-
porous structure, which can achieve OER performance close to
that of a noble-metal electrode at an applied magnetic field. Their
computational simulations show that the porous structure en-
hances the magnetic field gradient on a microscopic scale, which
can be obtained on a 1077 T m™! scale with an external mag-
netic field of 0.2 T. This high steepness of the gradient mag-
netic field effectively promotes the attraction/repulsion of para-
magnetic ions and bubbles as well as the decomposition of an-
tiferromagnetic water molecules.’®! Li et al. deposited super-
hydrophilic y-Fe,O, layers on different electrode substrates and
analyzed the effect of the magnetic field on oxygen bubble re-
lease. They found through finite element simulations that when
the electrodes were inserted in a uniform magnetic field, the
magnetic field redistribution was severe, relatively weak in the
electrode plate itself and the upper and lower spaces, but strong
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in the left and right spaces, which generated a gradient mag-
netic field around the surface reaction zone, and the Kelvin force
formed forced the paramagnetic O, to move, thus promoting
the release of O, (Figure 8a).°”! In metal-air batteries and fuel
cells, the cathodic reaction usually uses air as the feedstock, while
other components in air and products of liquid water may oc-
cupy the active center, hindering the reduction of O, on the cat-
alyst surface and leading to concentration polarization. The at-
traction of the Kelvin force to paramagnetic oxygen realizes oxy-
gen enrichment on the electrode surface, which avoids the block-
age of antimagnetic N, or H,O on the electrode surface and pro-
vides more channels for oxygen transport to improve the reaction
efficiency.[%]

Due to the directional movement of paramagnetic material un-
der a gradient magnetic field, the thickness of the diffusion layer
changes locally during the electrodeposition of metals, making
the distribution pattern of the deposits show consistency with
the magnetic field distribution. In regions of higher magnetic
field strength, ions with larger magnetization tend to concen-
trate more, leading to an increase in the thickness of the de-
posited layer, while in regions of weaker magnetic fields, the de-
posits may be thinner. The Kelvin force can also significantly af-
fect the convective behavior in the diffusion layer during elec-
trodeposition. While the stability of the diffusion layer is usually
regulated by a combination of diffusion, convection, and depo-
sition reaction rates, the Kelvin force can further modulate the
local convection pattern by interacting with natural convection
and Lorentz forces in solution. This effect is particularly signif-
icant under non-uniform magnetic field conditions, and experi-
ments with hexagonal magnet arrays by Dunne et al. have shown
that the magnetic field gradient can significantly enhance the
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concentration of the deposit in a specific region, leading to the
controllability of the deposit morphology.[*! In addition, the phe-
nomenon of surface remodeling of electrochemically active sub-
stances inevitably occurs during electrochemical reactions, and
the use of gradient magnetic fields for directional manipulation
of paramagnetic substances generated in the process of surface
remodeling can selectively regulate the active substances. Ma
et al. designed a ferromagnetic/nonmagnetic CoFe,O,@CoBDC
core-shell catalyst, where an applied magnetic field could gen-
erate a localized gradient magnetic field in the ferromagnetic
CoFe,0,, and the induced Kelvin force directionally regulated the
CoBDC surface remodeling, leading to the directed aggregation
and relatively regular stacking of paramagnetic Co** on the sur-
face of the CoFe,O,, followed by a first CV cycle whereby some
Co?* ions were irreversibly oxidized to Co*. Finally, Co?* and
Co** undergo a series of redox reactions, and the additional en-
ergy of the magnetic field thermodynamically stabilizes the high-
spin state Co** and prevents the transition from Co?** to Co’*,
leading to a higher proportion of highly reactive Co?* in the de-
rived CoOxHy (Figure 8b). The reconfigured catalysts exhibit sig-
nificantly enhanced OER performance, with overpotentials at a
current density of 10 mA cm~2 decreased by 28 mV.[*"]

3.4. Maxwell Stress Effect

Maxwell stress (Maxwell stress) is the stress that occurs in an elec-
tromagnetic field due to the interaction of the electric and mag-
netic fields. This stress can exert a force on the fluid medium
in a water electrolysis system, which in turn changes the flow
characteristics of the fluid and the reaction environment at the
electrode surface.'%! In a reaction system for the electrolysis of
water, when a magnetic field is applied, the charged particles in
the liquid and the reacting material are subjected to an electro-
magnetic force in the magnetic field. Maxwell’s stress is used to
describe the distribution of this force with the equation:

2 2
Ty =& (EiEk - 5ﬂ<E_> + 1 <Bin - 5ikB_> (4)
2 Ho 2

where E and B are the vectors of the electric and magnetic fields,
respectively, €, and yu, are the dielectric constant and magnetic
constant, respectively, and §;, is the Kronecker § function.

Maxwell stress affects the stability and ion mass transfer effi-
ciency of the double electronic layer by altering the electric field
distribution and also modulates the motion and distribution of
electrons on the electrode surface, which ultimately improves the
rate and efficiency of electrochemical reactions. When an applied
magnetic field is applied to an electrolyte solution, the stress due
to the magnetic field changes the potential gradient in the vicin-
ity of the electrode, which leads to a readjustment of the charge
distribution within the bilayer.['!) Changes in the electric field
distribution can affect the speed and direction of ion movement,
thus regulating the thickness and structure of the bilayer.['%?] The
electrochemical double-layer capacitance is an important param-
eter for the evaluation of electrocatalytic reactions, and changes
in the electrochemical double-layer capacitance lead to different
electrochemically active surface areas, which affect the electro-
chemical reaction.[1%%]
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Paramagnetic droplets can be stretched transversely or longi-
tudinally under a magnetic field, and Maxwell stresses can act on
paramagnetic radicals in solution close to the electrodes, lead-
ing to positional migration of the outer Helmholtz surface and
thus affecting the electrochemical double layer.'%! The hydrody-
namic changes induced by Maxwell stress can also accelerate the
local flow of the electrolyte solution and promote the exchange
of ions in the bilayer region. This acceleration reduces the reten-
tion time of ions on the electrode surface and improves the trans-
fer efficiency of ions to the active sites of the electrode, which in
turn increases the electrochemical reaction rate.!%] On the other
hand, the electromagnetic force induced by Maxwell stress on the
electrode surface can affect the movement path of electrons and
induce the redistribution of electrons on the electrode surface.
This effect can effectively reduce the electron accumulation re-
gion and optimize the electron supply to the active region of the
electrode.

3.5. Magnetoresistive Effect

The magnetoresistive effect (MR Effect) is a condition in which
the resistance of a conducting material changes in response to
an applied magnetic field.'%] When an applied magnetic field
is applied to an electrode material, the magnetic field changes
the path of motion of the electrons within the material, result-
ing in a change in resistance. This mechanism of change is cate-
gorized into the following types: 1) Normal magnetoresistive ef-
fect: the resistance increases with increasing magnetic field. The
reason for this is that the applied magnetic field deflects the tra-
jectory of the electrons in the conductor, creating a helical mo-
tion, which increases the effective path length of the electrons,
thus increasing the resistance.['”] 2) Giant magnetoresistive ef-
fect (GMR): In multilayer membrane structures, the resistance
decreases significantly with the direction of the applied magnetic
field. This effect is commonly used to study composite or nanos-
tructured materials.['%] 3) Negative magnetoresistance effect: In
some cases, the application of a magnetic field leads to a decrease
in resistance, which is related to the spin correlation states of elec-
trons and their interactions.[*"]

This effect has an important influence on the electron trans-
port properties and electrocatalytic performance in water elec-
trolysis systems. During water electrolysis, the current passes
through the electrodes to initiate redox reactions, and the elec-
tron transport behavior directly affects the rate and efficiency of
the reactions. By adjusting the strength and direction of the ap-
plied magnetic field, the current distribution of the electrode can
be optimized, the electron transfer path can be improved, and
the catalytic performance of the electrode can be enhanced.!'!?!
Modulation of electron transport behavior in water electrolysis
reactions can be achieved by using magnetically responsive elec-
trode materials or by applying an external magnetic field.'!!]
The magnetoresistive effect can change the conductivity of the
electrode material and optimize the charge distribution on the
electrode surface, making the electrochemical reaction more ef-
ficient. The study on the relationship between the magnetic re-
sistance and overpotential of Ni(OH),, NiO, and Ni in constant
magnetic fields of different sizes indicated that the decrease of
overpotential showed a consistent change with the change of
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orbital structure of O, H,0 OH™. Adapted with permission.[>*] Copyright 2020, John Wiley and Sons. e) Spin density distribution of LiCoVO4. Adapted

with permission.['"] Copyright 2020, John Wiley and Sons.

magnetoresistance. MR effect changed the electrical conductiv-
ity of the material itself and promoted the transfer of interfacial
charge, which might be the dominant factor in the magnetic field-
assisted OER process, and that the magnetically induced OER
enhancement was most obvious in the negative MR effect of the
catalysts is most obvious, and the overpotential at a current den-
sity of 10 mA ¢cm~2 can be reduced by 20 mV under an applied
magnetic field of 1.4 T.[?! In addition, ] Jayeeta et al. achieved
a current density and overpotential enhancement of 650% and
20%, respectively, after applying an external magnetic field of
300 mT to nanostructured floral carbon particles (NCFs) deco-
rated with iron-paramagnetic nanoparticles (Co;0,, Co, and Ni-
Co). A 22% decrease in magnetoresistance and 84.8% decrease
in charge transfer resistance when a 100 mT magnetic field was
applied resulted in a 2.5-fold increase in the hydrogen genera-
tion volume, and this enhancement originated from the mag-
netic field-induced decrease in magnetoresistance of the ferro-
paramagnetic catalysts, as well as from the dynamic size expan-
sion of the NCF-loaded catalysts.[!!2]

3.6. Electron Spin Selection

In addition to the magnetic enhancement effect mentioned
above, the mechanism of the magnetic field’s influence on the
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electronic structure of the active site is being studied more and
more intensively. Jose Gracia et al. reveal a link between catalytic
reactions and the catalyst’s intrinsic ferromagnetism; antiferro-
magnetic quantum spin exchange interaction enhances inter-
atomic electron Coulomb repulsion and localization, ferromag-
netic quantum spin exchange attenuates electron repulsion and
localization, and catalysts with ferromagnetism ordering can cre-
ate a spin channel for the rapid transfer of spin-polarized elec-
trons (Figure 9a,b).[113]

Bowl-mounted ferromagnetic MoS, synthesized by Wang et al.
by designing nanostructures using gas-phase chemical depo-
sition, improves electron-transfer efficiency under a magnetic
field."%] Compared with the layered MoS,, the bowl-shaped
MoS, has a narrower forbidden bandwidth because the symme-
try of the upper and lower spins is broken, the unpaired spins
are mainly concentrated on the edge Mo end faces, and the un-
saturated coordination of the edge atoms leads to a certain mag-
netic moment of the bowl-mounted MoS,. The bowl-mounted
MoS, ferromagnetism leads to a greater sensitivity to external
magnetic fields, and the electrons of MoS, have relatively high
energies under the magnetic field, which makes it easier to jump
to the active site and improves the efficiency of electron jumping.
Chen et al. prepared NiMnln alloy thin films by pulsed laser de-
position, and the overpotential decreased by 8 mV under a mag-
netic field of 8000 Oe, suggesting that the magnetic field can

© 2025 Wiley-VCH GmbH

95U8017 SUOIWIOD aA11e81D) 3[eol|dde auy Aq peusenol a1e sajolie YO 9Sn J0 Sa|nJ 10} Aeiq1T 8UlUO 8|1 UO (SUONIPUOD-PUE-SWLBIALIO A3 | 1M Ale.d 1[Bu UO//SIL) SUONIPUOD pUe SWS | L) 88S *[520z/TT/9z] Uo AkiqiTauliuo A8|Im ‘SeLeRIN JO imiisul 0gbuIN Aq £26T0SZ021IWS/Z00T 0T/I0PW00" A8 1M ARIq Ul juo//SANy Woj pepeo|umod ‘vt ‘G202 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

accelerate the transfer of electrons to the active site and the gen-
eration of intermediates under the effect of spin selection.!'”]
Cheng et al. established a simple Curie/Niel temperature as a
new OER activity descriptor based on the inference that both cat-
alyst magnetism and OER originate from electron exchange in-
teractions, and the OER parameter is in high agreement with
the electronic structure parameter and Curie-Niel temperature
(Figure 9¢)."4

Catalytic reactions are closely related to the electronic con-
figuration of the active site and reaction intermediates. In the
field of oxygen electrocatalysis, the ground state of the oxygen
molecule is a triplet state, with the front IT* orbitals occupied
by two parallel-aligned electrons, in contrast to the spin state
of OH~/H,0, which is a singlet state (Figure 9d).°* In the
absence of an applied magnetic field, efforts have been made
to modulate the spin state of the metal sites of the catalyst to
achieve spin polarization and promote the generation of triplet
oxygen molecules.['®] Xu et al. studied LiCoVO, with a layered
antiferromagnetic anti-spinel structure, where the octahedral
Co?* has a spin-polarized channel, and the positive and neg-
ative magnetic moments of Co?* ions in the oxide are ar-
ranged alternately with the layering so that the Co—O bonds
along the magnetically polarized channel have a certain spin
property, which can help to realize the catalytic pathway of
the spin-polarization. Studies on antiferromagnetic LiCoVO,
demonstrate that spin polarization can be achieved in antifer-
romagnetic catalysts in the absence of an external magnetic
field. Ferromagnetism is a prerequisite for the realization of
the spin-polarization effect of the magnetic field (Figure 9e).
OER Some conventional descriptors, such as e,-electron, AG,-
AGgy, d-band centers, and charge-transfer energies, etc., are
reasonable descriptors that can give a volcano-type relation-
ship between the catalytic activity and the descriptors, which
can help to find a highly active catalyst based on the volcano
diagram.

José Ramén Galan-Mascards et al. reported the improvement
of OER efficiency under a magnetic field for a series of oxides
with different magnetic properties and found that the magnetic
enhancement tends to correlate positively with the magnetiza-
tion intensity and that the magnetic field contributes to the par-
allel arrangement of oxygen radicals in the formation of O—O
bonds under alkaline conditions (Figure 10a).[''°) In the presence
of a magnetic field, the spin alignment of the catalyst metal ac-
tive site selectively transfers electrons in the reaction intermedi-
ates whose spin orientation is different from that of the active
site, facilitating the generation of triplet O, with lower poten-
tial barriers. The activity of OER is proportional to the degree
of interatomic ferromagnetic coupling, suggesting that the spin-
selective charge mobility is directly correlated with the reactivity.
The ordering of ferromagnetic orbitals in magnetic oxides helps
to regulate the binding energy of reactants through quantum
spin-exchange interactions. Zhang et al. altered the ratio of metal
atoms of Co,Ni,  Fe, O, to change the crystal structure and intrin-
sic magnetism of the catalysts, which affects the super-exchange
between ions and the spin polarization under a magnetic field.
It was demonstrated that the catalysts with different magneti-
zation rates had different degrees of OER activity enhancement
under the same magnetic field, and the OER activity enhance-
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ment of the samples increased with the increase of intrinsic
magnetism.[120]

After the easily spin-polarized ferromagnetic exchange, the ad-
sorbed O species will fix the spin direction, and the subsequent
electron transfer according to Hand’s rule and Pauling’s incom-
patibility principle will be spontaneous spin-polarized, which ul-
timately leads to the generation of the triplet state O, "* Addi-
tionally, according to the study of LaSrMnO;, the magnetic field
increases electron occupancy in the vicinity of the Fermi energy
level, elevates the d-band center of Mn, and strengthens the ad-
sorption of the reaction intermediates(Figure 10b—f)."2!] This is
consistent with previous studies that spin-polarized surfaces, due
to increased electron occupation of the M-O bonding orbitals, ex-
hibit stronger adsorption than non-spin-polarized surfaces.[1?#]

The changes in the structure of magnetic domains can be used
to explain the improved activities under magnetic fields.['*] Mag-
netization leads to the evolution of the magnetic domain struc-
ture of the catalyst from a multi-domain to a single-domain struc-
ture, and the optimized path of OER spin promotion occurs on
the surface where the domain junctions disappear (Figure 10g).
It is found that single-domain catalysts exhibit similar OER in-
crements as multi-domain catalysts in the absence of an external
magnetic field, the intrinsic activity of single-domain catalysts is
higher than that of multi-domain catalysts, and the magnetiza-
tion effect promotes the approach of multi-domains to single-
domains.['2] After the catalyst size is reduced to a single-domain
structure, the spins are already aligned and spin polarization has
theoretically already occurred; thus, single-domain catalysts do
not require an external magnetic field to achieve spin-polarized
performance. An external magnetic field is not necessary to im-
prove the catalytic efficiency of the catalyst, and spin-polarization
enhancement occurs as long as the ferromagnetic catalyst has a
single domain structure.

However, Xu et al.’s study of single-domain CoFe,O, showed
that single-domain catalysts with high coercivity also assist in
OER performance enhancement under the magnetic field. The
size of single-domain particles, the ordering of magnetic per-
meability, and susceptibility to the magnetization direction of
each magnetic domain particle (Figure 10h).['?)] Xu et al. pro-
posed that compared with the CoFe,O, nanoparticles with low
coercivity and high coercivity, the number of magnetic domains
with different directions of easy magnetization distributed per
unit volume is higher, and the orientation of the magnetic mo-
ments inside the material is relatively random; the magnetic do-
mains of the material with high coercivity are relatively fewer,
and the directions of easy magnetization tend to be parallel.
For catalysts with single domains, the magnetization process
involves only the rotation of the magnetic moments, and the
spin-polarized state with higher coercivity facilitates the fer-
romagnetic ordering and can accelerate the electron transfer
process.

The dissociation of the O-H bond during the OER process is
affected by the external magnetic field.1?! The nucleophilic at-
tack of H,0 on Fe = Od was demonstrated to be a step in the
weakly basic OER reaction using phosphate modification of the
Fe, O, surface. Replacement of H,O with D,O confirms that the
magnetic field-promoted spin-flip promotes O—H bond break-
ing under neutral or weakly alkaline PH conditions, acting in
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Figure 10. a) Spin antiparallel and spin polarization mechanisms of OER before and after the application of the magnetic field. Adapted with
permission.l"® Copyright 2019, Springer Nature. b) The projected density of states (PDOS) of CoFe, O, without and with spin alignment; c) Ferro-
magnetic exchange interaction of CoFe,O4 promotes spin-polarized electron transfer; d) OER path of spin-polarized electron transfer. Adapted with
permission.!”4] Copyright 2021, Springer Nature. e,f) Effect of spin polarization on d-band centers and Gibbs free energy. Adapted with permission.[12]
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concert with the triplet state O-O bond, and that the magnetic
current induced by the applied magnetic field is 20 times higher
under weakly alkaline conditions (PH = 9, oxidation of the H,0
molecule) than the current under strongly alkaline environments
(PH = 14, oxidation of OH). Previous studies on triplet O—O
bonding have been applied only to O, generation, and the mod-
ulation of O—H or other bonds by magnetic fields extends the
application of spin-catalytic strategies (Figure 11a).

Xue et al. showed that the alternating magnetic field can re-
alize the transition from low to high spin state of octahedrally
coordinated Fe in Fe;O,, and the OER overpotential is reduced
by 66 mV at 10 mA cm~2. The magnetic field can accelerate the
transfer of unpaired electrons from the d orbitals as well as the
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reconstruction of FeOOH on the surface, and the generation en-
ergy of FeOOH in the high spin state (—62.596 eV) is less than
that of the low spin state (—35.796 V) (Figure 11b).'”] Ding
et al. proposed a strategy to enhance the catalytic performance of
bifunctional magnetocatalytic nanocages (MCNs) using a mag-
netic field. N, F, and B co-doped C nanofibers (PCNFs) loaded
with Co nanodots with an average size of around 10 nm were ob-
tained after electrostatic spinning and high-temperature pyroly-
sis. The interconnected nanocages in MCN have a limiting effect
on the magnetic field, and the macropores in the material can
act as electrostatic shielding, forming vortices to accelerate the
electron leaps, promoting the transition of Co from low to high
spin, generating more unpaired electrons in the 3d orbitals, and
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Figure 11. a) Spin-polarization mechanism of O—O bond coupling and O—H bond breaking during OER. Adapted with permission.['26] Copyright 2023,
John Wiley and Sons. b) The magnetron regulation strategy enhances the hydrogen and oxygen evolution activity of Fe;O,@CNTs heterostructure.
Adapted with permission.['?7] Copyright 2024, Elsevier. ¢) Schematic of magnetically enhanced OER and ORR. Electron jump of Co from low to high
spin. Adapted with permission.[2%] Copyright 2020, John Wiley and Sons. d) PDOS of Cu?*-doped NiFe-LDHs. Adapted with permission.!'?°] Copyright
2022, American Chemical Society. ) Co content modulates the phase transition of Fe,O3; f) magnetic moment distribution of different phases of Fe,O;.
g) Schematic illustration of spin-selective electron transfer into the ferromagnetic substrate (y-Fe,0;). Adapted with permission.['3%] Copyright 2024,
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efficiently enhancing the adsorption of oxygen intermediates
and the four-electron transfer process of ORR and OER
(Figure 11¢).['28)

The above studies are directed at ferromagnetic catalysts, and
some catalysts with excellent properties (sulfides, hydroxides,
single atoms, etc.) tend to exhibit paramagnetism or antiferro-
magnetism and are insensitive to magnetic field response. Lay-
ered bimetallic hydroxides due to antiferromagnetic interactions
between M-OH-M,[*!l LDHs are usually low-temperature ferro-
magnets, based on the paramagnetism of NiFe-LDHs, the intro-
duction of heteroatoms into LDHs can regulate the spin state
of metal ions through electronic coupling effects, Sun et al. syn-
thesized Cu?*-doped NiFe-LDHs nanosheets, the introduction of
Cu?* led to the mismatch of the original metal ion ligand poly-
hedra, which altered the proximity charge distributions and the
electronic spin states, and the calculations showed that the Cu?*-
induced Jahn-Teller effect promotes the splitting of the spin state
of Fe** and realizes the transition of NiFe-LDHs to ferromag-
netism, which has a positive effect on the formation of O-0O
bonds and the magnetic field accelerates the generation of para-
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magnetic oxygen molecules from antiferromagnetic substances
(Figure 11d).'?°! @-Fe, 0, usually exhibits antiferromagnetism.
Song et al. used Co to modulate the phase transition from a-
Fe,O, to p-Fe,O; to achieve the transition to ferromagnetism,
and the CFO-0.2 overpotential was reduced by 10 mV under a
magnetic field of 200 mT and a current density of 100 mA cm™2.
The O atoms in f-Fe,O; have an effective magnetic moment of
0.27 uB due to the spin-polarized spillover of the metal cations.
has an effective magnetic moment of 0.27 uB, and the same spin
configuration of the metal and oxygen atoms provides a spin con-
duction channel for the transfer of spin electrons during the OER
process (Figure 11e-g).!*3]

Lu et al. designed Ni@MoS, with a high-density atomic dis-
persion with short-range quantum spin-exchange interactions
and long-range ferromagnetically ordered active centers, the high
metal doping density reduces the average spacing between adja-
cent magnetically doped sites, leading to the transformation of
the interatomic magnetic exchange interactions into ferromag-
netism ordering, and the fact that Ni and MoS, are a twisted
tetragonal structure promotes ferromagnetism between Ni and

© 2025 Wiley-VCH GmbH

95U8017 SUOIWIOD aA11e81D) 3[eol|dde auy Aq peusenol a1e sajolie YO 9Sn J0 Sa|nJ 10} Aeiq1T 8UlUO 8|1 UO (SUONIPUOD-PUE-SWLBIALIO A3 | 1M Ale.d 1[Bu UO//SIL) SUONIPUOD pUe SWS | L) 88S *[520z/TT/9z] Uo AkiqiTauliuo A8|Im ‘SeLeRIN JO imiisul 0gbuIN Aq £26T0SZ021IWS/Z00T 0T/I0PW00" A8 1M ARIq Ul juo//SANy Woj pepeo|umod ‘vt ‘G202 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

a Fu - ‘_”,
o] ——, RN e 10N
vvy o9y
_ ) vy A Ak A
i vy vyl ot vy [y
8 AR S AR R ek a4 vy miting step
g vy e L Detele Cote’y
2 ey LAk 2
vo'y 2 o BEL I % SO R =
06 . 1 < ‘ %

08
om0 o o 00N

Reaction coordinate

Mn2+ Mn3+

;—eg

eg._'_‘_"‘_l .

eg‘_’l_'_. -

04 -—
b | , =)
02 03s0ev| i v e
“Jorwsev i D & @ ¢
< 004 eV B Yoy
S ; I
: ‘ g TYY| i3
goz{ [y \aaal YYY] WAy
§ vy e vl i XY 7Y Lottt ¥
§-04 Yy YYY] & v"Yv' !
£ ) ity I ¥
wl LYY Yryy i ‘1 ~ -2
A AR A A yYywl e vl ; ‘\romznv :

.—&I ,,,,,,,,,,,,,,,,,,
= i AG=0.688 eV
1.0

*+H:0 “OH 0 *OOH i 0r

Reaction coordinate

Rus* d

e
o

°
8

—e—Wn-RuO, NFs |
—e—RUO, r

°
8

s
8

Magnetization (emu g')

4
@

t29 aves meen orem Do S e tzg tzg ars onpn oxhn Snas oebs SmEs tzg 60000 30000 O 30000 60000
v Magnetic field (Oe)
e 70 Colr NCs f 0.32 Without magnetic field g 0.0¢
604 Colr NCs/M <0.30/ Magnetic field :;
Mnir NCs (et i
&501-— MnirNCs/M = 0.28] 2 0021
- e Y O
540_— - Nilr NCs = 2 ]
< 501 — Nilr NCs/M g 0264 = = S 000
§,20 £:0.24- §
= q>,) I qC’ -0.02 1
10- O 0.221 o
= ——300K
% 14 15 16 T o . P, —
- 4 . : W Ao W ¢ W -08 -04 00 04 08
Potential (V vs RHE) G2 e W Magnetic Field (T)
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Copyright 2024, American Chemical Society.

the adjacent S coupling, leading to room temperature ferromag-
netism. The magnetic field enhancement is attributed to the
magnetic field-induced hybridization of the p-d orbitals of S-
Ni, which in turn induces the optimization of the spin align-
ment of the S site and the spin density of the S active cen-
ter. The intermediates adsorbed on the S sites in the ferro-
magnetic configuration show a spin-parallel arrangement, and
an antiparalle] arrangement in the antiferromagnetic configu-
ration, with the parallel arrangement favoring OOH desorption
(Figure 12a,b).[132]

Currently, commercially available catalysts are dominated by
RuO, and IrO,, which have high activity in acidic media. How-
ever, they usually exhibit antiferromagnetism and do not have the
possibility of magnetic field enhancement. Shao et al. addressed
the magnetic as well as OER properties of noble metal catalysts by
introducing Mn, which has a pronounced Jahn-Teller effect, into
RuO,, and the super-exchange interaction between the localized
spin state of Mn and the antiferromagnetic RuO, led to ferromag-
netism and the reduction of the OER overpotential at 10 mA cm—2
by 57 mV under a magnetic field of 330 mT (Figure 12¢,d)."*¥ Ir
is a non-magnetic metal, the same as RuO, also impossible to
use for magnetic field enhancement OER.["** Shao et al. used

Small 2025, 21, 01973

€01973 (16 of 31)

the exchange interaction between 3d metal (Co/Mn/Ni) and 5d
metal atoms (Ir) to convert it into a ferromagnetically ordered
metal, Colr alloy has the highest spin-polarization strength, and
the overpotential decreases by 40 mV under a magnetic field
(Figure 12e-g).

3.7. Spin Pinning Effect

Spin pinning effect refers to the phenomenon where the
spin direction of electrons is fixed at certain interfaces or de-
fects, making it difficult to change. This phenomenon usu-
ally occurs at ferromagnetic/non-magnetic interfaces or fer-
romagnetic/antiferromagnetic interfaces. Modulation of cata-
lyst magnetism by doping, structural phase modulation, or
construction of ferromagnetic/paramagnetic and ferromag-
netic/antiferromagnetic interfaces and heterojunctions is an-
other strategy to achieve magnetic field enhancement. During
the OER process, most of the catalyst surfaces undergo remodel-
ing to generate a more active hydroxyl oxide catalytic layer, but
the hydroxyl oxides usually exhibit nonferromagnetism.[13513¢]
Cr,Te, through proximity to antiferromagnetic (AFM) CrOOH,
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Adapted with permission.['*?] Copyright 2021, John Wiley and Sons.

which results in long-range ferromagnetic ordering, realizing
room-temperature ferromagnetism due to the presence of mag-
netic proximity effects at the PM/AFM interface, and spin-related
OER dynamics are present at the interface.l¥”] The spin-nailing
effect is achieved at the MO/MOOH interface by precisely reg-
ulating the surface remodeling of ferromagnetic oxides, which
is attributed to the strong magnetic anisotropy field induced
by robust chemical bonding at the interface between ferromag-
netic and paramagnetic materials (Figure 13a,b).l'%) The FM-
AFM Fe,; O, @Ni(OH), core-shell catalysts designed by Xu et al.
resulted in the selective removal of spin-polarized electrons due
to the interfacial coupling under the magnetic field, and the in-
terfacial coupling effect can be efficiently maintained when the
thickness of the catalyst’s shell layer is small. The strong cou-
pling effect can lead to a spin-polarized surface. Moreover, the
core magnetic domain structure was regulated by controlling
the particle size, and the magnetic field had a greater effect on
the catalytic activity when the core was a multi-domain struc-
ture(Figure 13c¢,d)."*! Under the influence of the spin-pinning
effect, the paramagnetic hydroxyl oxide on the surface carries out
the transfer of spin-polarized electrons in the catalytic reaction
and improves the efficiency of the catalytic reaction (Figure 13e).

Under the magnetoresistance effect and the penetration ef-
fect of the ferromagnetic exchange field, the spin-polarized elec-
tron transport across the grain boundaries has a great influence
on the material resistance, and the alignment of adjacent grain
boundaries improves the degree of electron tunneling across
the boundaries and reduces the electrical resistance, and due
to the penetration effect of the ferromagnetic exchange field,
the non-ferromagnetic Mo- NiS, exhibits magnetic activity and
thus spin polarization, so the magnetic field improves the per-
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formance of HER and OER.['*] The application of Mo-NiS, /NF
to construct a water electrolyzer achieved a low voltage of 1.594
V, providing a new way to realize the spin-polarization effect in
non-ferromagnetic catalysts. The Fermi energy level difference
of the P-N junction causes the redistribution of electrons at the
non-homogeneous interfaces, and the transfer of spin-polarized
electrons is accelerated due to the exchange bias effect between
the magnetic substrate (NF) and the surface active material,
the spin-polarization due to the ferromagnetic-antiferromagnetic
coupling between the interfaces and the magneto-resistive effect
induced by the parallel arrangement of the magnetic moments of
the atoms. The study on NiFe-LDHs/Co; O, /NF indicated that the
combined effect of electronic modulation and magnetic field is an
effective method for designing efficient magnetized catalysts.['*!]

3.8. Magnetic Field Induced Structural Reconstruction

In addition to magnetic field modulation of electron spin, Huang
and Kan et al. found that the tetrahedral and octahedral units
of spinel oxides can be modulated by a magnetic field.**?] 1t is
shown that mixed spinel NiFe,O, is forced to migrate Ni** from
octahedral to tetrahedral sites under the influence of a large mag-
netic field, leading to an increase in the number of tetrahedral
sites exposed to the surface, and DFT calculations show that the
catalytic activity of Ni** located in the tetrahedral sites of the sur-
face is superior to that of the octahedral sites, which when cou-
pled with the magnetohydrodynamic effect of the magnetic field
as well as the spin-selectivity, results in the realization of an ex-
cellent OER activity. Huang et al. explain that the magnetic field
induces the transfer of Ni?* from the octahedral to the tetrahedral
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position; however, the magnetic field may not directly lead to the
migration of the ionic coordination position. A recent study by
Wong et al. revealed that Cr** in CrO, octahedra is oxidized to
Cr" to become tetrahedrally coordinated,'*] perhaps possibly
due to the effect of the magnetic field on the magnetic structure
of the oxide, leading to a change in the oxidation state of Ni, ul-
timately leading to a change in the coordination environment. A
recent study by Wong et al. revealed that Cr** in CrO;4 octahedra
is oxidized to Cr®*, changing to tetrahedral coordination, perhaps
possibly due to the effect of the magnetic field on the magnetic
structure of the oxide, leading to a change in the oxidation state
of Ni, ultimately leading to a change in the coordination environ-
ment.

The strain induced by magnetostriction can also lead to
changes in water electrolysis behavior. To investigate the influ-
ence of magnetic fields on oxygen evolution reactions in FeCo
alloys with different phase structures, Liu et al. synthesized al-
loy catalysts with bec, fcc, and bee+cee phase structures by ad-
justing the ratio of Fe and Co elements.’”] Under the influence
of a magnetic field, magnetostriction occurs in the FeCo alloys,
generating strain within the material. This strain modifies the d-
band center of the metals, thereby promoting the adsorption of
reaction intermediates. Alloys with different phase structures ex-
hibit varying magnetostrictive properties, and the study reveals
that the magnetic field enhancement effect is proportional to the
magnetostrictive performance.

4. Magnetic Fields Sensitive Materials

In current research progress, a majority of electrocatalytic materi-
als for water splitting are transition metals and their compounds,
primarily including alloys, metal oxides, metal hydroxides, metal
sulfides, and metal phosphides. These catalytic materials exhibit
diverse magnetic properties, which can be categorized into fer-
romagnetic, antiferromagnetic, paramagnetic, and superparam-
agnetic materials, as well as topological magnetic materials and
composite magnetic materials. This chapter focuses on several
materials with unique magnetic and catalytic properties, which
are expected to demonstrate excellent performance and stability
in the process of magnetic field-coupled water electrolysis. These
findings also provide valuable references for the design of mag-
netically sensitive materials.

4.1. Amorphous Alloy Materials

In recent years, amorphous transition metal compounds have
demonstrated excellent electrocatalytic performance due to their
abundant active sites, high surface energy, and superior corro-
sion resistance.!*1401 At the atomic level, these materials ex-
hibit long-range disorder and short-range ordered atomic clus-
ter structures, which result in numerous dangling bonds or coor-
dinatively unsaturated atoms on the surface, providing a higher
density of active sites for catalytic reactions.'*”] This unique
atomic structure also induces significant local internal stress,
leading to higher free energy and metastable states compared
to crystalline materials.['*] These characteristics influence the
electronic structure of catalytic active sites, thereby modulat-
ing the adsorption/desorption behavior of molecules and pri-
mary reaction intermediates, offering greater possibilities for
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tuning catalytic activity.'*"] The absence of grain boundaries in
amorphous alloys enhances their corrosion resistance and re-
duces pinning effects during magnetic domain movement, re-
sulting in exceptional soft magnetic properties, including high
saturation magnetization, low coercivity, high magnetic perme-
ability, and low hysteresis loss.['>1>3] These characteristics, par-
ticularly the excellent soft magnetic properties, make amor-
phous materials more susceptible to external magnetic fields,
thereby facilitating spin polarization. This also renders amor-
phous materials an ideal choice for magnetic field-enhanced
catalysts.

Crystallization and relaxation are inherent characteristics of
the metastable state of amorphous alloys.['>*1 However, the in-
teraction between these two processes is not yet fully under-
stood. Song et al. discovered that amorphous materials at differ-
ent enthalpy levels exhibit significantly different resistances to
crystallization.['®] These findings provide new evidence for the
heredity between glasses and liquids, suggesting that modulat-
ing the glassy state is a new way to control the crystallization ki-
netics of supercooled liquids. Additionally, high-precision nano-
calorimetry revealed exponential relaxation events during the re-
laxation process, applicable to both metallic and organic glasses.
The relaxation peaks can be well-fitted by an exponential Debye
function with a single activation energy, covering a broad range
from a-relaxation to f-relaxation and even rapid y/f’-relaxation.
These results provide a reliable theoretical foundation for pre-
cisely modulating the energy state and electronic structure of
amorphous alloys.

Dealloying of amorphous alloys can form active porous struc-
tures/magnetic matrix self-supported catalysts. Amorphous al-
loys, due to their extremely high specific strength, elastic strain,
and fracture toughness, are very suitable precursor alloys, provid-
ing an excellent foundation for the subsequent processing and
application of dealloyed catalyst materials. We successfully pre-
pared self-supported catalysts integrated with active nanoporous
platinum/iron-based amorphous alloy matrix through dealloy-
ing, showing very high activity for hydrogen evolution, requiring
only 102 mV overpotential at 1000 mA cm~2, with Faradaic ef-
ficiency close to 100%.15¢) This allows the current density to be
increased to 500 mA cm~2 during stability testing without corro-
sion and degradation (Figure 14a—c).

Component tuning of amorphous alloys is one of the im-
portant means to influence catalytic activity, especially for
multi-component alloys, mainly by modulating the electronic
structure of active sites through the synergistic action of different
elements to affect intrinsic activity. However, due to the multitude
of element types and the difficulty in enumerating their propor-
tions, determining the best composition of catalysts is challeng-
ing both computationally and experimentally. We proposed a scal-
able high-throughput bubble screening method to identify multi-
component alloys with the highest catalytic performance.!’’]
As proof, this method identified the optimal composition in
ternary Ni-Co-Ti and Ni—Fe—Au alloys with superior intrinsic
catalytic activity. Single electrochemical tests further confirmed
the advanced catalytic performance of the best Nis s Co,;Tig 5 al-
loy band, with an overpotential of about 425 mV at 500 mA cm—2
and a Tafel slope of about 82 mV dec™!. This is attributed to low
atomic packing density and low electronic binding energy. The
scalable high-throughput strategy introduced is not only limited
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Figure 14. a—c) Structural characterization of Pt/MG catalysts; Adapted with permission.[">¢] Copyright 2024, Royal Society of Chemistry. d,e) Schematic
of high-throughput screening for HER by monitoring bubbles using a camera. Adapted with permission.l'>”] Copyright 2022, American Chemical Society.

to ternary catalysts for HER but also shows potential for exploring
catalysts in higher component alloy systems (Figure 14d—e).

The design of crystalline/amorphous heterostructures has
emerged as a groundbreaking strategy to optimize electrocat-
alytic performance, particularly for OER. By utilizing the unique
advantages of amorphous alloys, such as disordered atomic ar-
rangement, flexibility, and suppressed atomic migration, it is
possible to construct heterogeneous interfaces in a controllable
manner.['*8] In the study by Li et al., FeNi-based alloy fibers with
tailored N/A interfaces were synthesized via a melt-extraction
method, where the cooling rate precisely controlled nanocrystal
size within an amorphous matrix.!'*"! Key to this innovation is
the introduction of nanocrystals (3—40 nm) into the amorphous
framework, creating interfaces with “stepped surfaces” rich in
high-energy atoms and unsaturated coordination sites. These
interfaces significantly reduced the Gibbs free energy barrier
for the rate-determining step (AG,,,, & 0.047 eV), outperform-
ing pure crystalline or amorphous phases. Experimental results
demonstrated exceptional OER performance: a low overpotential
of 227 mV @10 mA cm~2, a Tafel slope of 35 mV dec™?, and un-
precedented stability at industrial current densities (1000 h @
500 mA cm™?).

The preparation of amorphous alloy catalyst materials usu-
ally requires rapid cooling from the melt and deposition from
the vapor phase, such as evaporation, ion sputtering, and glow
discharge. Liquid-phase laser ablation can also provide condi-
tions for preparing amorphous catalysts.'] We successfully
prepared amorphous iron-cobalt-nickel-based multimetal oxide
(FCNMA)O, using liquid-phase laser ablation as a catalyst. Un-
der an alternating magnetic field at 100 mA cm~2 current density,
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the overpotential decreased from 332 to 288 mV, mainly due to
electron transfer between nickel and aluminum elements caused
by the magnetic field, thereby increasing the ability of nickel ele-
ments as active sites to adsorb oxygen intermediates.

4.2. Topological Materials

Topological materials, due to their unique physical proper-
ties, are used to explore the interplay between surface states,
electron transport, and surface catalytic reactions.'*!] Topo-
logical semimetals, such as Weyl semimetals and topologi-
cal nodal-line semimetals, provide a solid foundation for be-
ing potential high-efficiency catalytic platforms due to their
ultra-high electron mobility, unique topologically protected sur-
face states, robustness, and high electron state density.[162-164]
Certain magnetic Weyl semimetals exhibit special magnetic
properties such as the anomalous Hall effect, nonlinear mag-
netic transport phenomena, topological surface state Fermi arcs,
and chiral anomaly negative magnetoresistance, and due to
the breaking of time-reversal symmetry, they are easily ma-
nipulated and modulated by temperature or magnetic fields,
making topological semimetal catalysts show significant po-
tential and advantage in the field of magnetic field-enhanced
electrocatalysis.['%]

Topologically protected surface states (TSS), arising from
bulk band inversion, are non-trivial electronic states localized at
material surfaces. These states exhibit robustness against sur-
face modifications and defects, making them resistant to lo-
cal perturbations. For example, Co,Sn,S, single crystals, which
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e) Illustration of the role of OSSs
Sons.

possess a topological semimetal band structure, demonstrate
exceptional OER catalytic performance due to cobalt-derived
surface states near the Fermi level, despite having a much
smaller surface area compared to cobalt-based nanostructured
catalysts. Experimental and theoretical calculations reveal that

Small 2025, 21, 01973

in OAls for reduction and oxidation catalytic reactions. Adapted with permission.l"8’l Copyright 2022, John Wiley and

the partially filled e, orbitals of surface Co atoms in Co;Sn,S,
facilitate electron transfer and enhance the binding between
adsorbates and catalytic sites (Figure 15a,b).'°® This find-
ing offers a novel strategy for designing highly efficient OER
electrocatalysts.
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Many of the most advanced catalysts (such as Pt, Pd, IrO,,
and RuO,) are theoretically or experimentally considered to have
topologically derived surface states. These states are mainly com-
posed of highly delocalized s, orbitals (noble metals) or d or-
bitals with strong spin-orbit coupling (noble metal oxides). The
identification of obstructed atomic insulators (OAls) featuring
crystal symmetry-protected metallic surface states enables the
precise determination of catalytically active sites within inor-
ganic crystalline materials.['”) The obstructed Wannier charge
centers (OWCCs) in these OAls are symmetry-fixed at certain
empty Wyckoff positions, thus ensuring that surfaces accommo-
dating these sites have metal obstructed surface states (OSSs).
Our studies have shown that OSSs are the origin of catalytic ac-
tivity in crystal materials. The consistency between OSSs and
catalytic active sites has been theoretically verified in materi-
als such as 2H-MoTe,, 1T’-MoTe,, and NiPS,. In addition, the
study successfully identified several efficient catalysts by con-
sidering the number and symmetry of OWCCs. By applying
real-space invariant theory to a database of 34,013 topologi-
cally trivial insulators, 1,788 unique OAIs were identified, of
which 465 may be high-performance catalysts (Figure 15c—e).
This new method will promote and accelerate the discovery
of new catalysts for a wide range of heterogeneous redox
reactions.

Dirac node arc semimetals have Dirac nodes in their elec-
tronic band structure that connect the conduction and valence
bands, as well as Dirac node arcs formed between these nodes,
with linear dispersion relationships and high electron mobility.
PtSn4 has excellent electrical conductivity, carrier mobility, and
appropriate Gibbs free energy, which makes it perform well in
HER. Studies found that the turnover frequency (TOF) of PtSn,
is 1.54 H,s™!, setting a new benchmark among Pt-based no-
ble metals and earth-abundant metal catalysts.['®] The surface
states of PtSn, are stable and can effectively transfer electrons to
adsorbed hydrogen atoms, thereby improving catalytic efficiency.
In addition, PtSn, shows excellent chemical and electrochemi-
cal stability after long-term exposure to air and during prolonged
HER stability tests. Fu et al. found that PtSn, shows strong lon-
gitudinal and transverse thermoelectric responses under a mag-
netic field. At about 15K, a large power factor and Nernst power
factor of about 80-100 uW cm~! K=2 were obtained, leading to a
thermoelectric merit that is more than 30 times enhanced com-
pared to no magnetic field. Through magnetic field modulation,
PtSn, shows a significant enhancement in thermoelectric perfor-
mance.

4.3. Ferrites and Metal Oxides

Ferrites, also known as ferrimagnetic or ferrite magnetic mate-
rials, are a class of ceramic materials with ferromagnetism, pri-
marily composed of iron ions and other metal ions along with
oxygen ions.[1%! These materials typically possess specific crystal
structures, such as spinel (MgFe,O, e.g.,) and garnet structures
(Y;Fe;0,, e.g.,). These structures consist of cubic close-packed
or hexagonal close-packed frameworks formed by oxygen ions,
with metal ions filling the interstices.['”%! The flexible positions
and valence variability of metal cations endow spinel ferrites with
diverse physicochemical properties, such as abundant surface ac-
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tive sites, high catalytic activity, and ease of modification through
doping, surface modification, and structural control.'’!] Addi-
tionally, the unpaired electrons of metal ions in ferrites provide
the magnetic moments required for ferromagnetism, which of-
fers potential for further study on the enhancement of ferrite cat-
alytic materials under magnetic fields.

Doping is an effective method to alter the properties of ma-
terials by introducing other elements into ferrite materials, sig-
nificantly affecting their physicochemical properties and opti-
mizing their performance. Hassan et al.'7?! successfully syn-
thesized selenium-doped nickel ferrite (NiFe,O,, abbreviated as
NFO) nanoparticles using pulsed laser ablation in liquid (PLAL).
The results showed that all samples presented a single-phase
structure, and the incorporation of selenium confirmed its pres-
ence in the spinel structure. Magnetic studies indicated that all
selenium-doped NFO samples exhibited superparamagnetic at
room temperature and ferromagnetism at 10K. Notably, when
the selenium content reached 2%, the sample’s magnetization
significantly increased by about 20%. In terms of electrocatalytic,
NFO+2%Se nanoparticles demonstrated excellent performance,
with an HER overpotential 86 mV lower than that of undoped
NFO. The performance enhancement was attributed to improved
electrical conductivity and the nanosheet structure introduced by
selenium doping, providing more active sites and surface area for
catalytic water splitting.

Designing defects in the lattice, such as oxygen vacancies, can
optimize the electronic structure and surface properties of ma-
terials, enhancing their electrochemical performance. Debnath
et al.'”3] synthesized oxygen-deficient cobalt ferrite (CoFe,O,)
nanoparticles with rich oxygen defects through a co-precipitation
method, controlling the quantity of oxygen defects by varying par-
ticle sizes, which in turn altered the catalyst’s electronic struc-
ture and improved the adsorption-desorption kinetics of reaction
intermediates. Among them, 20 nm (CoF-2) and 50 nm (CoF-
3) served as excellent catalysts for HER and OER, respectively,
with CoF-2 showing low overpotentials across different pH val-
ues, and CoF-3 requiring only 253 mV overpotential to achieve
10 mA cm™2 current density. In overall water splitting, the com-
bination of CoF-3 and CoF-2 only needed a cell voltage of 1.63 V
to reach 10 mA cm™2, demonstrating good stability. By regulat-
ing oxygen defects, the electrocatalytic performance of spinel cat-
alysts can be effectively improved, offering new insights for the
development of efficient, low-cost water electrolysis catalysts.

Doping can also alter the particle size of ferrite cata-
lysts, thereby affecting their magnetic properties and domain
structure.['4! We synthesized NZFO, catalysts with varying zinc
doping levels through a hydrothermal process. Changes in zinc
doping levels led to variations in the strength of M-O-M super
exchange interactions, affecting the spin directions of metal ions
in octahedral and tetrahedral coordination, ultimately manifest-
ing as changes in macroscopic magnetization. Zinc doping in-
creased the formation energy of the system, reduced catalyst par-
ticle size, and transformed the structure from multi-domain to
single domain. The change in catalytic performance under a mag-
netic field was consistent with the trends in magnetic domain
structure and magnetic properties. Due to the evolution of mag-
netic domain structure under a magnetic field, multi-domain
NFO exhibited the most significant changes under a magnetic
field, with the alignment of domain walls under a magnetic field
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being the main reason for the enhancement of catalytic perfor-
mance. The single-domain structure experienced a slight energy
state enhancement of catalytic active sites under a magnetic field,
leading to improved catalytic activity, and the change amplitude
gradually increased with the enhancement of magnetism.

4.4. Layered Double Hydroxide

The layered structure of LDH materials consists of positively
charged metal hydroxide layers and intercalated anions and
water molecules, endowing LDH with high tunability and
customizability.'”*] This structure not only endows LDH with
excellent electrochemical activity and good conductivity but also
provides abundant active sites and rapid charge transfer path-
ways during catalysis.['’®! For instance, NiFe-LDH, containing
magnetic metal ions, may alter its electronic structure and charge
distribution under the influence of a magnetic field, thereby en-
hancing its adsorption capacity and catalytic activity towards wa-
ter molecules.

Doping can introduce microstructures such as dislocations
and stacking faults, optimizing the electronic states of LDH and
increasing active sites, thereby enhancing its catalytic activity.
Ye et al.l'’7] synthesized cobalt-doped nickel-iron layered dou-
ble hydroxides as electrocatalysts for efficient overall water split-
ting. Co, y;-NiFe,,, LDH demonstrated excellent electrocatalytic
performance with overpotentials of only 170 mV (10 mA cm~2)
for HER and 280 mV (50 mA cm™?) for OER in alkaline solu-
tions. Under industrial conditions, the electrocatalytic activity of
Coy ¢;-NiFe,,; LDH was superior to commercial Raney nickel
and Pt/C||IrO,. The study improved the activity of overall wa-
ter splitting catalysts by introducing microstructures. We regu-
lated the d-orbital hybridization of Ni in NiFe LDH by introduc-
ing heteroatoms Al, thereby adjusting p-d orbital coupling and
significantly altering the electronic structure and geometric con-
figuration of the material. This change was beneficial for adjust-
ing the electron distribution on the e, and t,, orbitals of active
atomic centers. At a current density of 50 mA cm~2, the overpo-
tential of NiFeAl LDH-M decreased by 28 mV when a 600 mT
magnetic field was applied compared to when no magnetic field
was applied. According to molecular orbital theory, the spin-Ni
atoms adsorbing OOH* have empty or half-filled d orbitals, lead-
ing to a higher bond order and thus enhanced adsorption capacity
for oxygen intermediates, improving OER performance.

Constructing heterointerfaces is a strategy that can effectively
modulate the electronic structure and optimize the surface prop-
erties of electrode materials.['”8] Wang et al.['”%] synthesized a het-
erostructure of CuNi alloy and CoFe LDH in situ on nickel foam
through a two-step electrodeposition process, serving as an effi-
cient bifunctional electrocatalyst for overall water splitting. The
synergy between the CuNi alloy and CoFe LDH optimized the
interfacial electron distribution, significantly enhancing the in-
trinsic activity of the HER and OER. The optimal CuNi/CoFe
LDH@NF bifunctional catalyst exhibited extremely low overpo-
tentials in alkaline electrolyte, with 56 mV for HER (10 mA cm™?)
and 268 mV for OER (50 mA cm™2), and only required a low cell
voltage of 1.49 V to achieve 10 mA cm™2 in overall water split-
ting. Density functional theory calculations indicated that con-
structing heterojunction interfaces promoted the redistribution
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of interface electrons and optimized the free energy of adsorbed
intermediates, thereby reducing the energy barrier of the rate-
determining step (Figure 16a,b). Overall, the influence of mag-
netic fields on LDH material performance is complex and re-
quires detailed analysis through experimental studies and theo-
retical simulations, offering new possibilities for improving elec-
trolysis efficiency and reducing energy consumption.

4.5. Single-Atom Materials

Single-atom catalytic (SAC) materials refer to catalysts formed by
highly dispersed isolated metal atoms on the surface of a support
(such as carbon-based materials, metal oxides).['®] Their core fea-
tures include atomic-level dispersion (close to 100% atomic uti-
lization), uniform coordination environment (such as M-N,, M-
0,), and strong metal support interactions. Compared to tradi-
tional nanoparticle catalysts, SACs significantly enhance catalytic
activity and selectivity by precisely regulating the electronic struc-
ture of active sites.['81] Since the electronic magnetic moment of
a single atom is jointly controlled by the coordination number,
coordination atom type, symmetry, and carrier properties of the
coordination environment, precise adjustment of the magnetic
moment can be achieved by designing coordination structures,
thereby optimizing its performance in magnetic field-enhanced
catalysis.['] For example, regulating the N coordination number
of Fe SACs can balance the spin state and reaction activity, pro-
viding a theoretical basis for the design of magnetic water elec-
trolysis catalysts.

Single-atom catalysts exhibit high catalytic performance due to
high atom utilization, but are usually not magnetic at room tem-
perature. Current research on single-atom catalysts focuses on
increasing the loading of single atoms and enhancing the syner-
gistic effect between atoms.['8318 Coupling single-atom catalysts
by an applied magnetic field can significantly improve their cat-
alytic performance. Gd single-atom catalysts fixed on MoS, va-
cancies can be synthesized through laser molecular beam epi-
taxy. Due to the strong orbital hybridization between Gd-Mo-S
atoms, Gd exhibits a magnetic moment of 0.829 uB. The alter-
nating magnetic field can induce the spin direction of Gd to be
flipped with the direction of the magnetic field, and localized
heating is achieved at the active site. The localized heating of
the active sites was achieved, the HER overpotential was reduced
by 103 mV and the magnetothermal current was increased by
nearly 924% under the effect of an alternating magnetic field of
3.9 mT (Figure 17a).®%] Gong et al. synthesized Co single-atom
catalysts anchored in MoS, by laser molecular beam epitaxy, and
the catalysts exhibited room-temperature ferromagnetism, and
the OER overpotential was reduced by 67 mV at a current den-
sity of 10 mA cm~2 in an alternating magnetic field of 4.55 mT
(Figure 17D).[186]

4.6. High-Entropy Alloys and Compounds
High-entropy alloys (HEAs) and compounds (HECs), composed
of five or more principal elements in nearly equimolar ratios,

form stable single-phase structures through entropy-driven sup-
pression of phase separation.!'¥”] Their compositional diversity,
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Figure 16. a) The charge density distribution of CuNi/CoFe LDH. b) The DOS of CuNi/CoFe LDH and CuNi. c) The free energy diagram for the OER
on CuNi/CoFe LDH and CuNi; Adapted with permission.['7°] Copyright 2024, Royal Society of Chemistry. d—f) Cr-Cu/CoOx nanosheet arrays morphol-
ogy, electronic structure, and electrolytic water performance; Adapted with permission.[26] Copyright 2023, American Chemical Society. g—i) Mo-Ni;S,
nanorods morphology, electronic structure, and HER catalytic performance. Adapted with permission.['8] Copyright 2022, American Chemical Society.

lattice distortion, and sluggish diffusion kinetics endow them
with exceptional mechanical strength, corrosion resistance, and
catalytic activity.['®8 In the context of water electrolysis, the syn-
ergistic effects of multiple metals (e.g., Co/Ni/Fe-based oxides)
reduce reaction energy barriers by optimizing the adsorption en-
ergy of intermediates, while lattice distortion-induced electron re-
distribution and intrinsic corrosion resistance further enhance
catalytic stability.[*8]

The soft magnetic properties of HEAs, arising from multi-
principal component synergy—such as high saturation mag-
netization, low coercivity, and high resistivity—effectively mit-
igate eddy current losses and enhance magnetic responsive-
ness. For instance, the Al, ;Co,Fe,Cr high-entropy alloy main-
tains high magnetic stability at elevated temperatures due to
its coherent precipitation structure of BCC nanomagnetic par-
ticles within a B2 matrix, providing a robust foundation for
efficient charge transfer under magnetic field modulation.[**"]
Moreover, the incorporation of magnetic elements (e.g., Fe,
Co) in HEAs not only optimizes spin polarization properties
but also fine-tunes the local electronic structure through short-
range ordering (SRO) phenomena. This improves the efficiency
of electron orbital hybridization and promotes the formation
of spin-polarized current under magnetic field.['!! This accel-
erates the formation of O—O bonds in the OER process and
promotes the reduction of H in HER. These unique magnetic
properties, combined with the inherent structural and catalytic
advantages of HEAs, position them as promising candidates
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for magnetic field-enhanced water electrolysis, offering path-
ways to improved efficiency and stability in green hydrogen
production.

HEOs can optimize their magnetic and catalytic activity by
controlling different heat treatment processes. Gao et al. syn-
thesized (FeCoNiCrMn);0, spinel-structured HEO through elec-
trospinning combined with quenching technology and explored
the regulatory mechanism of quenching conditions (liquid ni-
trogen, ice water mixture, etc.) on its magnetic and catalytic
properties.?] The quenching process suppresses element segre-
gation through rapid cooling, forms a single-phase cubic spinel
structure, and significantly improves the saturation magnetiza-
tion strength (the Ms of HEO-LN quenched in liquid nitrogen
reaches 13.0 emug™!, which is 78% higher than that of the nat-
urally cooled sample). Its high magnetic responsiveness is due
to the coherent precipitation and magnetic domain rearrange-
ment of BCC nano magnetic particles and B2 matrix. After intro-
ducing an external magnetic field of 130 mT, HEO-LN was used
as a spin polarizer to enhance electron spin polarization and re-
duce the energy barrier for O—O bond formation through quan-
tum spin exchange interaction (QSEI). The OER overpotential de-
creased by 39.4 mV at 10 mA cm™, and the Tafel slope decreased
from 80.43 to 71.38 mV dec™!. This study provides new ideas for
the design of magnetic high entropy materials and the magnetic
field spin synergistic catalytic mechanism, promoting the devel-
opment of efficient and low-energy green hydrogen preparation
technology.
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Figure 17. a) Schematic illustrating the AMF-assisted electrochemical HER process for SY@MoS, and Gd@MoS,; Adapted with permission.[®%] Copy-
right 2022, John Wiley and Sons. b) Schematic diagram of the AMF-boosted Co@MoS, OER process by exploiting the magnetic heating generated from
the spin polarization flip of the ferromagnetic SACs. Adapted with permission.['] Copyright 2022, American Chemical Society.

4.7. Self-Supported Materials

Powdered catalysts are the most frequently reported type of cata-
lysts; however, they require the addition of polymer binders (such
as Nafion, polytetrafluoroethylene, etc.) to be loaded onto elec-
trode substrates. This can lead to the coverage of some catalytic
active sites and a reduction in electronic conductivity. To signif-
icantly increase the electrode’s conductivity, conductive materi-
als like carbon-based nanomaterials are typically added. How-
ever, carbon materials are susceptible to corrosion during electro-
chemical reactions, which can decrease the performance and sta-
bility of the electrode.l'3] Self-supported electrodes exhibit a high
specific surface area, exposing a greater number of active sites
and stronger intrinsic activity. The strong binding between the
catalyst and the substrate in self-supported electrodes can miti-
gate the detachment of the catalyst during the catalytic process.
Mu et al.[?6] successfully fabricated self-supported Cr-Cu/CoO,
nanosheet arrays using electro-deposition and thermal anneal-
ing methods. The introduction of Cr promotes the generation of
higher-valence Cu and Co, enhancing the d-band center of active
sites and facilitating the dissociation of water molecules and the
transformation of oxygen-containing intermediates. This results
in overall water splitting performance superior to the Pt/C//Ru0O,
system (Figure 16d-f). Wang et al.[*®! introduced Mo into Ni,$S,
through a hydrothermal method, promoting electron transfer
from Ni to S, allowing Ni to act as a water dissociation and ad-
sorption site, while S can serve as a hydrogen adsorption and
desorption site. By adjusting the catalyst with NH4OH to form
a nanorod structure, high-index crystal facets of the catalyst are

Small 2025, 21, 01973

€01973 (24 of 31)

exposed; the unique S atom coordination environment on these
high-index facets more readily adsorbs intermediates, enhancing
catalytic performance. Selecting ferromagnetic substrate materi-
als and constructing self-supported electrodes that utilize spin
polarization and spin pinning effects hold promise for achiev-
ing efficient and stable magnetic field-enhanced electrolytic wa-
ter splitting (Figure 16g—i).

Traditional co-deposition methods face challenges in precisely
controlling elemental ratios, primarily due to the preferential pre-
cipitation of certain elements that inhibit subsequent element
deposition.[' To address this issue, magnetic fields, as a non-
invasive control method, offer new insights for optimizing cata-
lyst composition through magnetohydrodynamic (MHD) effects
and local microenvironment regulation. Hao et al.l'*! success-
fully achieved precise control of the Ni/Fe ratio using magnetic
field-assisted electrodeposition, constructing a self-supporting
Ni-FeOOH/Ni(OH), catalyst. Experimental results demonstrated
that, compared to the non-magnetic field deposition system,
the magnetic field significantly enhanced the deposition rate
of Ni and suppressed the formation of heterostructures dur-
ing FeOOH crystallization through microenvironment regula-
tion and electronic structure optimization. This strategy reduced
the overpotential of the catalyst by 34 mV at a current density
of 20 mA cm~?, providing an innovative solution for optimizing
catalyst composition and enhancing performance.

The aforementioned various types of materials possess vary-
ing degrees of potential in the structure and performance of
magnetic field-enhanced electrolytic water catalysts, providing
broader ideas for the selection and design of future magnetic
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Table 1. Overview of current magnetic field-enhanced electrochemical water splitting catalysts.

Catalyst Pristine overpotential Magnetic field effects Enhancement Electrolyte Refs.
NiFe/NiFeOOH 1o = 342 mV (OER) MT Ao =133 mV 1M KOH 182]
CoggMng,-MOF 100 = 310 mV (OER) MT Anqgo = 120 mV 1M KOH [83]
a-NiFe@Ni-CW fl100 = 312 mV (OER) MT Anjygo = 44 mV 1M KOH [84]
NiSe,, 1o = 151 mV (HER) MT Anyp = 40 mV 1M KOH 181]
NiCoFe-MOF 1o = 273 mV (OER) MHD Anyp =59 mV 1M KOH 187]
Co,0, 1o = 308 mV (OER) MHD Anyg = 56 mV 1M KOH 88]
NiFe LDH 70 =251 mV (OER) MHD Anqg =42 mV 1M KOH [97]
ZnCo,0, 170 = 406 mV (OER) MHD Anyg =117 mV 1M KOH [92]
NiFe,0,@ (Ni, Fe)P 1o = 323 mV (OER) MHD Anyg = 147 mV 1M KOH [93]
CoFe,0,@CoBD 1o = 341 mV (OER) Fy Anyp =28 mV 1M KOH [99]
Fe;5C056NijePs.9Bg 1o = 385 mV (HER) FL Anyg =35 mV 1M KOH [75]
Ni 1o = 388 mV (OER) MR Aryg =20 mV 1M KOH [29]
NCF-Co;0, 10 = 547 mV (HER) MR Anqg =70 mV 1M KOH [112]
MosS, Mo = 132 mV (HER) ss Ano =19 mV 1M KOH [116]
Co,Ni_,Fe,0, 1o = 222 mV (OER) ss Ao =21mV 1M KOH [120]
CoFe,0, 1o = 418 mV (OER) ss Anyp =68 mV 1M KOH [123]
Fe;0,@CNTs 1o = 89 mV (HER) SS Aryg = 67 mV (HER) 1M KOH [127]
M00 = 243 mV (OER) Anqo = 64 mV (OER)
Cu,—NigFe,~LDH 770 = 210 mV (OER) SS Anyg =30 mV 1M KOH [129]
CoFe, 0, 700 = 440 mV (OER) SS Anqyg =10 mV 1M KOH [130]
CoFe,0,/Co(Fe)O,H, 770 = 300 mV (OER) SP Anqg =10 mV 1M KOH [138]
LDH/Co;0,/NF 50 = 274 mV (OER) MR Ansg =25 mV 1M KOH [147]
Gd@MosS, 110 = 160 mV (HER) MT Anqyg =103 mV 1M KOH [185]
(FeCoNiCrMn);0, 110 = 359.7 mV (OER) SS Anqg =39.4 mV 1M KOH [192]

field-enhanced catalysts. However, they are not entirely indepen-
dent; appropriate material design strategies can prepare compos-
ite structure catalysts. These could help us achieve the design
of efficient, low-cost magnetic catalysts and may further reveal
the mechanisms by which magnetic fields affect electrolytic wa-
ter splitting.

The summary of recent magnetic field-enhanced electrolytic
water catalysts is shown in Table 1, where MT refers to magne-
tothermal, MHD is magnetohydrodynamics, MR refers to mag-
netoresistive, FK refers to Kelvin force, FL refers to Lorentz force,
SS refers to spin selectivity, and SP refers to spin pinning.

5. Summary and Prospects

Magnetic field-coupled water electrolysis technology holds poten-
tial in enhancing reaction kinetics, optimizing catalyst perfor-
mance, and improving device efficiency. However, several chal-
lenges remain to be addressed, such as the dissociation of mag-
netic field effects, the design of magnetic field devices, and the re-
lationship between magnetic field strength and catalytic effects.
To achieve widespread application, it is essential to conduct in-
depth research into the specific mechanisms of magnetic field
effects, develop adaptable and cost-effective magnetic materials,
and optimize device structures. These efforts will provide more
effective technical support for the transition to sustainable en-
ergy.

Firstly, the mechanisms through which magnetic fields in-
fluence reactions are not fully understood. While studies have
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explored the magneto-thermal effect, magnetohydrodynamic ef-
fect, and spin-polarization effect, other potential influencing
mechanisms, such as the Kelvin force effect and Maxwell stress
effect, require further research to fully exploit magnetic field-
enhanced catalysis. Additionally, the research on how magnetic
fields affect catalytic processes like HER and OER has not ade-
quately differentiated between various catalytic mechanisms. The
intrinsic relationship between catalytic mechanisms and cata-
lyst magnetism remains unclear. For instance, in OER, various
reaction mechanisms involve different active sites and interme-
diates that the magnetic field may influence differently. Identify-
ing the actual active sites and understanding the catalytic mech-
anisms in magnetically-assisted processes are vital for designing
highly sensitive magnetically responsive catalytic materials.

Moreover, the effect of magnetic fields on small molecule-
coupled water electrolysis is not well-documented. Studying the
influence of magnetic fields on alternative anodic oxidation pro-
cesses, such as the Urea oxidation reaction, the methanol oxida-
tion reaction, and the hydrazine oxidation reaction, could lead to
more efficient and low-energy hydrogen production.

In terms of device implementation, while magnetic fields can
enhance mass transfer at the catalyst-electrolyte interface and
reduce ionic conduction resistance, their impact at higher cur-
rent densities remains uncertain. Additionally, excessive mag-
netic fields might negatively affect other components of the elec-
trolysis device, such as wires and control circuits. The challenge
lies in designing magnetic field strengths and distributions that
optimize device performance without increasing complexity and
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This requires a balanced approach to developing magneti-

cally regulated water electrolysis systems, potentially integrated
with other energy sources like solar and wind to enhance effi-
ciency and stability.
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