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ABSTRACT 

Developing high-performance non-precious metal electrocatalysts for hydrogen production is vital to combat the energy crisis. 
Metallic glasses (MGs), a promising class of novel materials, have emerged as a focal point in the search for efficient catalysts. 
However, the lack of long-range order in the amorphous structure of MGs poses significant challenges for precisely tuning their 
catalytic performance. Herein, we report a strategy to boost water electrolysis performance efficiency by using an ultralow magnetic 
field in soft-magnetic MG wires. Remarkably, a magnetic field of merely 100 Oe, two orders of magnitude lower than that required 
for crystalline catalysts (10000 Oe for CoFe2 O4 ), can significantly enhance the OER activity of Fe-, Ni-, and Co-based MGs. Among 
them, Ni40 Fe40 P20 metallic glass can achieve an unprecedented overall water-splitting performance with a cell voltage of 1.51 V 

@ 1000 mA cm− 2 by magnetic modulation, marking a significant breakthrough among all catalysts reported ever. Furthermore, 
we revealed that the mechanism of magnetic enhancement is associated with the spin polarization within the unique periodic 
magnetic domain structure on the circumferential surface of MG wires, which increases orbital hybridization and net spin density. 
This work provides a new route for designing and modulating the electrocatalytic properties in disordered materials. 
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 Introduction 

ydrogen energy is a cornerstone of the global transition to
arbon-neutral energy systems. Endowed with high energy den-
ity, abundance, and unparalleled environmental sustainability,
t acts as a transformative solution to curtail reliance on carbon-
ntensive fuels [ 1 ]. Among hydrogen production technologies,
ater electrolysis stands out as pivotal, owing to its ability to
enerate high-purity hydrogen and seamless integration with
enewable energy sources (e.g., solar, wind) [ 2–6 ]. However, the
fficiency of this process is bottlenecked by the catalytic electrode,
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particularly the sluggish kinetics of the oxygen evolution reaction
(OER) at the anode, which directly limits overall efficiency [ 7,
8 ]. Noble metal-based catalysts (e.g., Ir and Ru) have long been
the benchmark for OER due to their high catalytic activity and
stability. Yet, their exorbitant costs and limited availability are
significant drawbacks [ 9–11 ]. To address this, extensive efforts
have focused on non-precious metal catalysts (NPMCs) (notably
Fe-, Co-, and Ni-based materials), owing to their low cost and
relatively high catalytic activity [ 12–16 ]. Despite these advantages,
NPMCs still fail to meet the activity and stability requirements at
high current densities for industrial-grade electrolysis. 
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etallic glasses (MGs), a class of materials defined by their
isordered atomic structure, have emerged as promising next-
eneration catalysts. Unlike conventional crystalline materials,
heir amorphous structure confers two unique catalytic advan-
ages: a high density of unsaturated coordination sites (active
enters) and reduced activation barriers for reaction inter-
ediates, both of which boost catalytic performance [ 17–20 ].
urthermore, the short-range disorder in MGs breaks lattice
ymmetry, enriching spin-state distribution and enhancing spin-
harge coupling. These features are particularly beneficial for
pin-dependent catalytic reactions (such as OER), where elec-
ron spin polarization is critical [ 21 ]. For example, Jia et al.
eported a defect-rich high-entropy MG (FeCoNiB0.75 )97 Pt3 ) that
chieves ultralow overpotential and long-term durability ( > 200 h
t 100 mA cm− 2 ) with just 3 at.% of Pt [ 22 ]. Similarly, a Ni-
 nanostructured MG with a heterogeneous structure exhibited
xceptional urea oxidation performance (1.36 V at 10 mA cm− 2 ,
afel slope of 13 mV dec− 1 ) among Ni-based alloys [ 23 ]. Despite
hese advances, a critical bottleneck persists: the inherent atomic
isorder of MGs makes precise regulation of their catalytic per-
ormance extremely challenging. Existing strategies like thermal
ycling [ 24 ], cooling-rate adjustment [ 25, 26 ], and severe plastic
eformation [ 27 ] aim to modulate the energy state of MGs
o optimize activity. However, these methods suffer inherent
laws: negligible efficacy in tuning active sites, excessively high
nergy consumption, and irreversible catalyst structural damage.
ompositional regulation, a common strategy to tailor active
ites, is highly sensitive to MG glass-forming ability (GFA). Minor
ompositional adjustments alone can compromise amorphous
tructure integrity and impair catalytic performance. Therefore,
ow to develop a facile and efficient strategy to optimize the MGs
atalytic activity, particularly at high current densities, remains
n urgent, unresolved challenge. 

ere, we address this critical gap by reporting that ultralow
agnetic field modulation of water electrolysis performance in
oft-magnetic metallic glass wires (MGWs) with periodic domain
tructures. We found that applying a tiny magnetic field (100 Oe),
wo orders of magnitude lower than that required for tradi-
ional catalysts (e.g., 10000 Oe for CoFe2 O4 ), significantly boosts
he OER performance in Fe-, Ni-, and Co-based soft-magnetic
GWs. Notably, Ni40 Fe40 P20 (NiFeP) MGWs exhibit an excep-
ional magnetic-enhanced OER performance with a prominent
verpotential attenuation, and record-low overall water-splitting
ell voltages of 1.51 V (@ 1000 mA/cm2 ), which surpass all
atalysts at high-current density reported so far. Mechanistically,
e elucidate that the magnetic-enhanced catalytic performance
rises from spin polarization, which improves orbital hybridiza-
ion and increases net spin density. Crucially, the periodic domain
tructure of NiFeP MGWs enables precise modulation of this
nhancement, providing a controllable route to optimize MG
atalytic performance. Our work harnesses periodic magnetic
omain structure in soft-magnetic MG to unlock high-efficiency
atalysis at industrial-relevant current densities under ultralow
agnetic fields. 

 Results 

o investigate the electro-catalytic water-splitting performance
nder the influence of magnetic fields, we systematically studied
of 9
the OER performance of magnetic MGWs. A schematic illustra-
tion of the electro-catalytic testing of MGWs under the influence
of a magnetic field is shown in Figure S1 . The intensity of the
magnetic field, spanning ± 100 Oe, emanated by the Helmholtz
coil, is modulated by the applied direct current. The detailed
magnetic field device can be referred to in Figure S2 . The OER
performance of MGWs was conducted using a three-electrode
electrolytic cell in the alkaline solution with 1 m KOH (Figure
S2b, c ). Three types of magnetic MGWs (NiFe-based (NiFeP),
Fe-based (FeNiSiB), and Co-based (CoFeSiBCr)) were fabricated
by utilizing an advanced glass-coated technique [ 28 ], which
can continuously produce several kilometers of MGWs with a
uniform diameter of ∼ 50 µm, as illustrated in Figure 1a and
Figures S3, S4 . Preceding the testing, all the MGWs underwent
preparatory treatment in hydrofluoric acid to eliminate the
surface glass layer. Figure 1a presents the surface morphology
of the etched three magnetic MGWs as characterized by SEM,
revealing a smooth and rounded surface devoid of the glass layer.
The magnetic properties of the MGWs were characterized by
hysteresis loop measurements (Figure 1b ), revealing distinct low-
field magnetization behavior with saturation flux densities ( Bs )
of ∼ 0.60 T (NiFeP), 1.30 T (FeNiSiB), and 0.61 T (CoFeSiBCr).
Moreover, Figure 1c displays the obvious ultralow coercivity ( Hc )
of approximately 1.51 A/m for NiFeP, 2.89 A/m for FeNiSiB,
and 1.43 A/m for CoFeSiBCr (corresponding hysteresis loops
see Figure S2b–d ), respectively, highlighting their soft magnetic
characteristics. 

The OER performance of various types of MGWs in a magnetic
field of 100 Oe (with M) is further investigated. Linear sweep
voltammetry (LSV) curves of MGW with (red line) and without
(black line) the application of a magnetic field (Figure 1d ), reveal
a notable enhancement in OER activity with M, particularly at
high current densities ( j > 100 mA/cm2 ). The NiFeP catalyst
shows a substantial increase in catalytic activity, illustrated by a
decrease in overpotential at 400 mA/cm2 by 57 mV compared to
the nonmagnetic environment. Similar improvements were noted
for FeNiSiB and CoFeSiBCr, with reduced overpotential ( Δη) of
28 and 13 mV, respectively (Figure 1e ). We further investigated
the OER performance of three MGWs under different magnetic
field conditions, as shown in Figure S5 . It was found that with
the increase in magnetic field strength, the OER performance
of all the tested MGWs exhibited an upward trend. We also
provided the specific activity (mA cm− 2 

( ECSA ) ) of all samples
(including NiFeP, FeNiSiB, and CoFeSiBCr MGWs, in Figure S6 )
with and without a magnetic field, to eliminate the drawbacks
of geometric area-based current density, thus enabling a more
accurate comparison of the intrinsic catalytic activity of different
samples. In previous investigations, several crystalline magnetic
catalysts (e.g., CoFe2 O4 and NiZnFe4 Ox ) have been reported to
exhibit enhanced OER performance upon the application of an
external magnetic field. For instance, CoFe2 O4 and NiZnFe4 Ox 
typically require magnetic fields of ∼ 10 000 and ∼ 4 500 Oe,
respectively, to boost their catalytic activity [ 15, 16 ]. However,
these crystalline magnetic NPMCs suffer from high coercivity,
which necessitates the use of strong magnetic fields to modulate
their catalytic performance. This not only leads to substantial
energy consumption but also compromises overall efficiency,
thereby limiting the broader, energy-efficient application of
such ferromagnetic NPMCs under magnetic field conditions.
In contrast to these crystalline counterparts, the present work
Advanced Science, 2026
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FIGURE 1 Soft-magnetic properties and magnetic-enhanced OER performance in different MGWs. (a) SEM characterization of NiFeP, FeNiSiB, 
and CoFeSiBCr MGWs. (b) Hysteresis loops of NiFeP, FeNiSiB, and CoFeSiBCr MGWs. (c) Coercivity (Hc) of NiFeP, FeNiSiB, and CoFeSiBCr MGWs. 
(d) LSV curves of various MGWs under a magnetic field (M = 100 Oe). (e) Statistics of overpotentials at the current density (j) of 400 mA/cm2 under a 
magnetic field (M = 100 Oe). 
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ocuses on soft-magnetic MGs materials with low coercivity.
otably, a mere 100 Oe magnetic field is sufficient to significantly
nhance OER performance, which is only 1/100 the magnitude
f that required for conventional crystalline materials. These
esults further demonstrate that the application of a magnetic
ield significantly enhances the OER performance of all tested
GW systems, suggesting that the integration of magnetic fields
ould be a validate approach to improve the efficiency of the
lectro-catalytic water splitting process. 

he aforementioned results demonstrated that NiFeP MGWs
ave a significant magnetic field-enhanced OER effect, position-
ng them as a promising candidate for industrial applications. To
xplore their industrial feasibility, we conducted a comprehensive
valuation of their catalytic properties at high current densities
 j > 1000 mA/cm2 ). Notably, NiFeP MGWs exhibited the most
rominent improvement in OER performance with M. There-
ore, we further investigated the performance at high current
ensities ( j > 1000 mA/cm2 ) under magnetic fields, as shown
n Figure 2a . LSV measurements compared the performance of
iFeP MGWs with and without magnetic fields to that of a
ommercial catalyst of IrO2 . Initially, it was observed that NiFeP
GWs outperformed IrO2 by achieving a lower overpotential of
19 mV at j = 100 mA/cm2 , in the absence of magnetic fields,
hich is related to the high energy state of the MGWs [ 25, 29 ].
ntriguingly, we observed that the magnetic field-enhanced effect
f NiFeP MGWs (red line) exhibited marginal improvements
t low current densities but became significantly pronounced
t high current densities. Specifically, the OER overpotential
f NiFeP MGWs decrease from 319 mV (@ 100 mA/cm2 ),
73 mV (@ 500 mA/cm2 ) and 412 mV (@ 1000 mA/cm2 ) to
dvanced Science, 2026
270 mV (@ 100 mA/cm2 ), 312 mV (@ 500 mA/cm2 ), 335 mV (@
1000 mA/cm2 ), respectively, under magnetic fields (Figure 2a ).
We have conducted LSV measurements at a scan rate of 2 mV/s
to ensure steady-state-like conditions, as shown in Figure S7 .
The results demonstrate that the LSV curves acquired at this
scan rate yield more stable data at low current densities, whereas
negligible differences are observed in the results at high current
densities. Moreover, experimental observations further reveal
that the magnetic field exerts a remarkable enhancement effect
on catalytic performance, particularly at high current densities,
while its enhancement effect is negligible at low current densities.
To further probe the reaction kinetics, the Tafel slope of NiFeP
MGWs analysis (Figure 2b ) revealed a decrease in the slope
from 61.30 ± 2.35 mV/dec (no M) to 47.40 ± 1.64 mV/dec (with
M), which indicates the more favorable reaction kinetics under
magnetic fields (Tafel slopes of other MGWs can be seen in Figure
S8 ). Moreover, the electrochemical impedance spectroscopy (EIS)
results in Figure 2c show the smaller diameters of semicircles on
Nyquist plots and lower values of charge transfer resistance ( Rct 
∼ 172.6) of OER with M than that of No M ( Rct ∼ 205.9) (Table S1 ),
indicating accelerated reaction kinetics of NiFeP MGWs during
the OER process under a magnetic field. 

To confirm that these enhancements were due to intrinsic
material properties rather than structural rearrangements during
the OER process, we conducted further surface structure analysis.
Energy-dispersive x-ray spectroscopy (EDS) results revealed no
significant elemental changes (oxide generation) on the surfaces
of NiFeP MGWs before and after the OER under a magnetic field
(Figure S9a ). Raman spectra with XPS results (Figure S10 ) also
show no noticeable oxidation of NiFeP MGWs surface before and
3 of 9
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FIGURE 2 Water-splitting performance of NiFeP MGWs under a magnetic field. a, LSV curves of NiFeP MGWs with high current density 
(j = 1000 mA/cm2) under a magnetic field on OER. b, Tafel slopes and c, EIS of NiFeP MGWs with and without a magnetic field. d, LSV curve of 
NiFeP || NiFeP device for overall water-splitting in 1 m KOH under a magnetic field with a scanning rate of 5 mV s − 1. e, Long-term stability test of the 
prepared electrocatalysts under a magnetic field at a constant potential of 1.45 and 1.51 V, respectively, for 100 h. f, Comparison of the cell voltage to drive 
1000 mA/cm2 of the NiFeP || NiFeP under a magnetic field and the previously reported electrocatalysts at room temperature. 
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fter the OER under a magnetic field (Figure S9b ), suggesting
hat magnetic field-induced enhancements were independent of
urface structural changes. We further examined the hydrogen
volution reaction (HER) performance under magnetic field
onditions, and identified the identical trend to the OER process
hat the magnetic field affords a remarkable enhancement in
ts HER activity, as displayed in Figure S11 . Emboldened by
hese results, we proceeded to assemble an alkaline electrolyzer
sing NiFeP MGWs electrocatalysts individually as the anode and
athode (Figure 2d ). The electrolyzer exhibited an ultralow cell
oltage of a mere 1.51 V at a current density of 1000 mA/cm2 ,
nd only 1.60 V at a current density of 2000 mA/cm2 (with 80%
R compensation, Figure S12 ), showcasing a marked superiority
ver the benchmark Pt/C || IrO2 configuration (purple line)
Figure S13 ). Moreover, a 100 h stability test under a magnetic
ield exhibited sustained stability with minimal current density
luctuations at two distinct constant potentials of 1.45 and 1.51 V,
ighlighting the catalyst’s remarkable stability and durability in
igure 2e . In comparison with other non-noble metal-based elec-
rocatalysts at a high current density of 1000 mA/cm2 (Figure 2f ),
he activity of NiFeP || NiFeP MGWs electrocatalysts under a
of 9
magnetic field vastly surpasses that of the majority of non-
noble metal-based electrocatalysts. Collectively, these findings
underscore the exceptional overall water-splitting performance
and durability of our designed NiFeP MGWs electrocatalysts
under a magnetic field, particularly in the context of high current
density, thereby laying a strong foundation for their potential
utilization in industrial-scale hydrogen production in magnetic
field-assisted water-splitting applications. 

To elucidate the mechanism underlying the enhanced OER per-
formance of NiFeP MGWs under magnetic fields, we conducted
in situ Raman experiments with and without magnetic field
conditions, as depicted in Figure 3a . The testing voltages ranged
from 1.2 to 1.7 V with intervals of 0.1 V, each held for 2 min
to ensure data stability. In the process of without a magnetic
field (No M), the Raman bands of NiFeP MGW showed no
discernible peaks at 1.2 V, maintaining a stable metallic state.
Upon increasing the voltage to 1.3 V, a weak Raman band
appeared near 550 cm− 1 , possibly corresponding to the generation
of Ni2 + [ 30 ]. Correspondingly, a minor fluctuation of the Raman
band at 1150 cm− 1 can be reasonably assigned to the superoxide
Advanced Science, 2026
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FIGURE 3 In situ Raman spectroscopy results and corresponding DFT calculations of NiFeP MGW under a magnetic field. a, In situ Raman 
spectra of the NiFeP MGW catalyst under a magnetic field obtained after holding at each potential (from 1.2 to 1.7 V, with the interval of 0.1 V) for 2 min. 
b, The free energy diagram of OER of NiFeP MGs before and after field application by DFT calculation. c, OER process with a four-step electron transfer 
sequence NiFeP MGs before and after field application. d,e, The calculated PDOS and spin charge density before and after field application of NiFeP 
MGs. 
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on (Ni ─O ─O ─Fe stretching vibrations) [ 31, 32 ]. Further voltage
ncreases to 1.5 V, there are two Raman bands at 474 and 551 cm− 1 ,
hich indicates the transfer process of Ni2 + to Ni3 + , accompanied
y a prominent Raman peak at 1156 cm− 1 (Ni ─O ─O ─Fe stretching
ibrations), signifying the active electron transfer characteristic of
he third step of the OER process [ 33–35 ]. As the voltage reached
.7 V, these peak positions remained stable, indicating sustained
ER stability. In contrast, upon application of a magnetic field,
hese Raman bands shifted significantly. Notably, the Ni2 + to
i3 + transition previously observed only between 1.4 and 1.5 V
ithout a magnetic field was shifted to 1.3 V (474 and 551 cm− 1 ),
s indicated by the red arrow in Figure 3a ) under the influence
f a magnetic field. This shift corresponds to an accelerated
rocess of Ni3 + generation, expediting the electron transfer in
he third step of OER. Additionally, a distinct Raman band at
158 cm− 1 further supports this accelerated reaction mechanism.
urthermore, as the voltage increased to 1.4 V, the Raman bands
ecame more pronounced with slight shifts, demonstrating a
tabilized magnetic field-driven acceleration in OER kinetics,
hich persisted up to 1.7 V. These findings suggest that a magnetic
ield facilitates Ni3 + generation kinetics, thereby enhancing the
lectron transfer process crucial for the improved OER efficiency.
e also find that the undetectable Raman signals of NiFeP MGWs
n ex situ measurements (Figure S9b ) before and after reaction
re mainly attributed to its intrinsic amorphous metallic bonding
tructure: metallic phases with delocalized valence electrons
xhibit minimal polarizability change during vibration, leading
o low Raman activity [ 32, 36 ], which is further confirmed
y EDS and XPS results (Figure S9, S10 ) showing no obvious
urface oxidation or elemental composition change. However,
istinct Ni ─OOH (active species) peaks in in situ Raman spectra
dvanced Science, 2026
(Figure 3a ) above 1.4 V originate from the dynamic redox cycle
of metallic Ni during OER: metallic Ni is oxidized to Ni ─OOH
(active species) under applied potential, and this transformation
is reversible—Ni ─OOH disappears when the reaction ceases,
consistent with the ex situ results [ 15, 37 ]. Notably, the mag-
netic field modulates OER kinetics without inducing surface
reconstruction. We further employed density functional theory
(DFT) calculations to elucidate the mechanism of enhanced OER
performance in amorphous NiFeP catalyst under a magnetic
field by assessing the free energy and electronic structure, as
illustrated in Figure 3b–e . Using NiFeP MG as a model system,
we investigated the effects of a magnetic field on catalytic
performance. Remarkably, the overpotential at the NiFeP active
site decreased by 88 mV (from 628 to 540 mV) in the presence of
the magnetic field (in Figure 3b ). This decrease suggests that the
magnetic field makes the active sites thermodynamically more
favorable for OER. Moreover, the OER process was dissected
into a four-step electron transfer sequence (Figure 3c ). The rate-
determining step (RDS) of the OER, specifically the transition
from *O to *OOH, remained unchanged before and after the
application of the magnetic field, in alignment with the observed
Tafel slope (Figure 2b ). To elucidate the microscopic changes
induced by the magnetic field, we calculated the projected density
of states (PDOS) and spin charge density before and after field
application, as shown in Figure 3d (remarked by a red arrow).
PDOS analysis indicated enhanced hybridization between the 3d
orbitals of NiFe and the 2p orbitals of oxygen following magnetic
field application. Additionally, the density of states for Fe shifted
closer to the Fermi level, suggesting an increased availability of
electrons at the Fermi level. This facilitates the greater electron
participation in the reaction. The spin charge density analysis
5 of 9
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FIGURE 4 The micro and magnetic structure and of NiFeP MGW. a,b, The atomic structure characterization of NiFeP MGWs by HR-TEM. c, 3D 

magnetic domain model of NiFeP MGWs by MFM. d„e, Magnetic domain of as-cast and annealed NiFeP MGWs by MFM. f, The intensity and period 
(d) of as-cast and annealed NiFeP MGWs calculated from the magnetic domain. 
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urther revealed an increase in net spin after applying the mag-
etic field (yellow region in Figure 3e ), promoting ferromagnetic
xchange interactions. This increase in spin density likely lowers
he energy barrier associated with the spin state transition from
he singlet state H2 O to the triplet state O2 , thereby enhancing the
verall catalytic activity of the NiFeP MGW catalyst. 

he above results indicate that NiFeP MGWs magnetic catalyst
ill produce spin polarization during the magnetization process
nd enhance its catalytic performance, which may be related to
ts magnetic domain structure. Therefore, to clarify the influence
f the magnetic domain structure of NiFeP MGWs on field-
nhanced catalytic performance, we undertook a detailed charac-
erization of the magnetic properties of NiFeP MGWs in Figure 4 .
ine x-ray diffraction (XRD) analysis (Figure S14 ) revealed two
iffuse peaks at ∼ 20◦ and ∼ 35◦ , indicating that the amorphous
tructure of NiFeP MGWs (others MGWs XRD and corresponding
SC results are shown in Figures S15, S16 ). Furthermore, detailed
tructural characterization of the MGWs using high-resolution
ransmission electron microscope (HR-TEM, Figure 4a, b ) and
elected area electron diffraction (SAED) confirmed a disordered
tomic structure characteristic of a typical amorphous state, with
rominent amorphous diffuse rings, which is consistent with the
tructure depicted in Figures S14–S16 . Energy dispersive x-ray
etector (EDX) analysis confirmed the uniform chemical compo-
ition distribution of the NiFeP with other MGWs prepared via
of 9
glass-coated technique, such as Figure 4b and Figure S17 . We also
supplemented post-stability characterizations of NiFeP MGWs
in Figure S18 . Specifically, HR-TEM and XRD results (Figure
S18c,d,f ) confirm that the post-stability NiFeP MGWs maintain
their disordered amorphous characteristics without a detectable
crystalline phase. EDX (Figure S18e ) further demonstrates uni-
form distribution of all constituent elements, with no obvious
elemental segregation observed after the stability test. Regarding
the surface composition evolution, XPS characterization (Figure
S18g ) shows a noticeable valence state shift of Ni species: the
proportion of Ni2 + increases while that of Ni0 decreases after the
stability test. This phenomenon may be attributed to the slight
surface oxidation of the catalyst during long-term immersion
in the alkaline electrolyte for electrochemical measurements.
Importantly, such minor oxidation does not impair the elec-
trocatalytic performance of the samples under magnetic field
conditions, which is supported by the stable current density
during the stability test. 

The magnetic domain structure of the NiFeP MGW were char-
acterized by the magnetic force microscopy (MFM), as displayed
in Figure 4c–f . Surprising, the domain structure shows a ring-
like periodic stripe pattern on the surface. The giant magne-
toimpedance (GMI) profiles of MGWs (Figure S19 ) also exhibit a
double-peak shape in variation with the external field, similar to
Co-based MGWs [ 38–40 ]. This finding is in good agreement with
Advanced Science, 2026
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 articles are governed by the applicable C
reati
he above analysis from the hysteresis loops and can be explained
sing the magnetization rotation model. Furthermore, magnetic
omain structure of other systems of MGWs (Fe-based and
o-based) were also measured and unveiled a similar periodic
ircular stripe structure (in Figure S20 ), suggesting a correlation
etween this distinctive ring-like periodic structure of MGWs
nd their magnetic properties, consistent with prior reports [ 38–
0 ]. We observed distinctive crest and trough morphologies
n the 3D magnetic domains visualized by MFM (Figure 4c ),
here the spatial transition from crest to trough corresponds
o a single period ( d ) of the magnetic domain, as shown in
he diagram in the middle of Figure 4c . The positions of these
rests and troughs align precisely with the domain walls. Fixed
egion I (blue) and region II (orange) are opposite magnetic
oments, depicted in the central diagram of Figure 4c [ 28, 41 ].
he regions between the crests and troughs reveal bamboo-
haped circular magnetic domains, each oriented in opposing
irections, as illustrated in Figure 4c,d . We further quantified
he intensity and periodicity of the magnetic domain structures
rom Figure 4d , as illustrated in Figure 4f . It is evident that the
agnetic domain intensity of the NiFeP MGW ( ∼ 380 pm, red
ine) has the most periodicity of magnetic domains of d ∼ 0.5 µm.
s illustrated by the electron state distribution results depicted
n Figure 3d,e , NiFeP MG has spin polarization under the action
f magnetic field, which enhances 2p-3d orbit hybridization
nd net spin. This polarization contributes to ferromagnetic
xchange interactions, accelerating the process of the RDS in
ER. Significantly, spin polarization augments the population
f spin-up-oriented electrons in NiFeP, yielding a fixed magnetic
oment. Therefore, the fixed magnetic moments mainly come
rom the contribution of the domain wall, especially the special
ircumferential periodic domain structure of NiFeP MGWs. The
ncrease in the number of these domain walls causes a sharp
ncrease in the number of magnetic moments in a fixed direction,
hereby notably amplifying catalytic efficacy under magnetic
ield conditions of the amorphous NiFeP catalyst. The post-
tability MFM images (Figure S18a, b ) reveal that the samples
till retain distinct ring-like stripe magnetic domain structures
ith clear periodicity after long-term stability tests. The domain
orphology is highly analogous to that of the as-cast state, except
or a slight attenuation in domain signal intensity. 

e further analyzed the relationship between the periodic mag-
etic domain and the OER performance of NiFeP MGWs under
 magnetic field. First, we weakened the magnetic properties of
iFeP MGWs by vacuum annealing, as shown in Figure 4e . It is
bvious that NiFeP MGW remains in an amorphous state after
nnealing (Figure S21 ). However, the magnetic domain structure
f annealed NiFeP MGW shows a significant change. Specifically,
s shown in Figure 4f , a significant variation in the periodicity
f magnetic domains is observed, with the d increasing from
 0.5 µm in the as-cast state to ∼ 2.5 µm after annealing (blue
ine), indicating an increase in domain width and a decrease in
he periodicity after annealing. The magnetic domain strength
ecreases significantly after annealing, which is consistent with
he decrease of Bs ( ∼ 0.28 T) in the B–H curve (Figure S22 ).
eanwhile, we also found that the OER properties changed
orrespondingly after annealing. Notably, the enhancement effect
f OER performance of annealed samples under magnetic
ields substantially attenuated, with overpotential decreasing
rom 330 mV (@ 100 mA/cm2 ), 397 mV (@ 500 mA/cm2 )
dvanced Science, 2026

v

and 445 mV (@ 1000 mA/cm2 ) to 326 mV (@ 100 mA/cm2 ),
389 mV (@ 500 mA/cm2 ), 430 mV (@ 1000 mA/cm2 ), respectively
(Figure 2a ). Conversely, the Tafel slope of annealed NiFeP-
MGWs showed no significant reduction (from 66.72 mV/dec
(no M) to 64.42 mV/dec (with M)) upon the application of
magnetic fields (Figure S23 ). Therefore, the periodic domain
structure of NiFeP MGW should be closely related to the catalytic
performance under a magnetic field, that is, the MGW with
the stronger periodic structure can produce the more excellent
OER performance under a magnetic field. Our findings indicate
that amorphous soft magnetic materials with a unique periodic
magnetic domain structure can provide a new basis for regulating
catalytic properties in various catalysts. 

3 Conclusion 

In summary, we report a prominent magnetic-enhanced effect on
high current water-splitting performance via ultralow magnetic
field applied in soft-magnetic MGWs featuring periodic domain
structures. We find that a weak magnetic field (100 Oe) can sig-
nificantly and universally enhance OER performance in various
magnetic MGWs systems, including Fe-based, Ni-based, and Co-
based MGWs. In contrast to these crystalline counterparts, soft-
magnetic MGs require only 1/100 the magnitude of the magnetic
field, which is nonetheless sufficient to significantly enhance
OER performance. Notably, this enhanced OER performance
was particularly pronounced of NiFeP MGWs at high current
densities, achieving a prominent overpotential attenuation of
77 mV at j = 1000 mA/cm2 . Furthermore, NiFeP MGWs exhibit
groundbreaking performance in overall water electrolysis under
magnetic field conditions, demonstrating exceptionally low cell
voltages of 1.51 and 1.60 V at high current densities of 1000 and
2000 mA/cm2 , respectively. This remarkable achievement repre-
sents a significant advancement in the development of efficient
electrocatalysts for industrial-scale current density applications.
Through DFT calculations, we also demonstrate that NiFeP MGs
exhibit spin polarization, characterized by enhanced hybridiza-
tion and increased net spin density under the influence of the
magnetic field. This enhancement fosters stronger ferromagnetic
exchange interactions and reduces the energy barrier associated
with the spin state transition during the conversion of singlet
state H2 O to triplet state O2 , which, in turn, enhances the
overall catalytic activity of the NiFeP MGWs catalysts. Moreover,
we further reveal that the catalytic activity of MGWs can be
prominently regulated by their underlying periodic magnetic
domain structure and domain intensity. As the periodicity and
magnetism of the MGWs intensify, so does the effectiveness of
the enhanced catalytic performance within the magnetic field.
This work harnesses magnetic fields to induce highly efficient
catalytic properties in ferromagnetic amorphous alloys, thus
opening new avenues for enhancing their applications in catalysis
and improving energy conversion efficiency. 

Author Contributions 

Zhichao Lu : methodology, investigation. Chaoqun Pei : investigation,
methodology, funding acquisition, writing – original draft, writing –
review and editing. Yuyang Qian : investigation. Dong Ma : methodology,
investigation, writing – review and editing. Zheng – Jie Chen : investiga-
7 of 9

e C
om

m
ons L

icense



t  

a  

P  

a  

a  

J

A

T  

o  

R  

2  

(  

F  

T  

S  

R

C

T

D

T  

c

R

 

P  

1

2  

a  

n

3
8

4  

S  

E  

1

5  

f  

M  

h

6  

t  

A

7  

V  

4

8  

H  

f  

d

9  

M  

R  

1

1  

E  

s  

1

1  

R  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.75877 by Shenzhen U

niversity, W
iley O

nline L
ibrary on [27/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
ion, methodology. Baoan Sun : conceptualization, supervision, funding
cquisition, writing – original draft, writing – review and editing. Jing
eng : methodology, investigation, funding acquisition, writing – review
nd editing. Tao Feng : supervision, funding acquisition, writing – review
nd editing, conceptualization. Weihua Wang : supervision, resources.
iang Ma : investigation. 

cknowledgements 

his work is supported by the National Natural Science Foundation
f China (Grant Nos. 52192602, 52192601,52403381), National Key
esearch and Development Plan (Grant Number. 2024YFB3813702,
021YFA0716302), China Postdoctoral Science Foundation
2024M762276), Guangdong Basic and Applied Basic Research
oundation (Grant Number. 2025A1515010831), the Science and
echnology Foundation of Shenzhen (No. JCYJ20230807140900001), the
cience and Technology Innovation Commission Shenzhen (Grants No.
CJC20221008092730037). 

onflicts of Interest 

he authors declare no conflicts of interest. 

ata Availability Statement 

he data that support the findings of this study are available from the
orresponding author upon reasonable request. 

eferences 

1 . G. Glenk and S. Reichelstein, “Economics of Converting Renewable
ower to Hydrogen,” Nature Energy 4 (2019): 216–222, https://doi.org/10.
038/s41560- 019- 0326-1 . 

 . S. Chu and A. Majumdar, “Opportunities and Challenges for a Sustain-
ble Energy Future,” Nature 488 (2012): 294–303, https://doi.org/10.1038/
ature11475 . 

 . B. Gates, “The Energy Research Imperative,” Science 334 (2011): 877–
77, https://doi.org/10.1126/science.1216290 . 

 . A. Grimaud, A. Demortière, M. Saubanère, et al., “Activation of
urface Oxygen Sites on an Iridium-based Model Catalyst for the Oxygen
volution Reaction,” Nature Energy 2 (2016): 1–10, https://doi.org/10.
038/nenergy.2016.189 . 

 . Z. Y. Wu, F. Y. Chen, B. Li, et al., “Non-Iridium-Based Electrocatalyst
or Durable Acidic Oxygen Evolution Reaction in Proton Exchange
embrane Water Electrolysis,” Nature Materials 22 (2023): 100–108,
ttps://doi.org/10.1038/s41563-022-01380-5 . 

 . M. Görlin, J. Halldin Stenlid, S. Koroidov, et al., “Key Activity Descrip-
ors of Nickel-Iron Oxygen Evolution Electrocatalysts in the Presence of
lkali Metal Cations,” Nature Communications 11 (2020): 6181. 

 . H. N. Nong, L. J. Falling, A. Bergmann, et al., “Key Role of Chemistry
ersus Bias in Electrocatalytic Oxygen Evolution,” Nature 587 (2020):
08–413, https://doi.org/10.1038/s41586- 020- 2908- 2 . 

 . J. Suntivich, K. J. May, H. A. Gasteiger, J. B. Goodenough, and Y. Shao-
orn, “A Perovskite Oxide Optimized for Oxygen Evolution Catalysis
rom Molecular Orbital Principles,” Science 334 (2011): 1383–1385, https://
oi.org/10.1126/science.1212858 . 

 . L. Zhang, R. Si, H. Liu, et al., “Atomic Layer Deposited Pt-Ru Dual-
etal Dimers and Identifying Their Active Sites for Hydrogen Evolution
eaction,” Nature Communications 10 (2019): 4936, https://doi.org/10.
038/s41467- 019- 12887- y. 

0 . T. Reier, M. Oezaslan, and P. Strasser, “Electrocatalytic Oxygen
volution Reaction (OER) on Ru, Ir, and Pt Catalysts: A Comparative
tudy of nanoparticles and bulk materials,” ACS Catalysis 2 (2012):
765–1772, https://doi.org/10.1021/cs3003098 . 

1 . W. X. Zhu, X. C. Song, F. Liao, et al., “Stable and Oxidative Charged
u Enhance the Acidic Oxygen Evolution Reaction Activity in Two-
of 9
Dimensional Ruthenium-Iridium Oxide,” Nature Communications 14
(2023): 5365, https://doi.org/10.1038/s41467- 023- 41036- 9 . 

12 . W. T. Hong, M. Risch, K. A. Stoerzinger, A. Grimaud, J. Suntivich, and
Y. Shao-Horn, “Toward the Rational Design of Non-Precious Transition
Metal Oxides for Oxygen Electrocatalysis,” Energy & Environmental
Science 8 (2015): 1404–1427, https://doi.org/10.1039/C4EE03869J . 

13 . J. Wang, Y. Gao, H. Kong, et al., “Non-Precious-Metal Catalysts For
Alkaline Water Electrolysis: Operando Characterizations, Theoretical
Calculations, And Recent Advances,” Chemical Society Reviews 49 (2020):
9154–9196, https://doi.org/10.1039/D0CS00575D . 

14 . J. Yan, Y. Wang, Y. Zhang, S. Xia, J. Yu, and B. Ding, “Direct Mag-
netic Reinforcement of Electrocatalytic ORR/OER with Electromagnetic
Induction of Magnetic Catalysts,” Advanced Materials 33 (2021): 2007525,
https://doi.org/10.1002/adma.202007525 . 

15 . X. Ren, T. Wu, Y. Sun, et al., “Spin-Polarized Oxygen Evolution
Reaction Under Magnetic Field,” Nature communications 12 (2021): 2608.

16 . F. A. Garcés-Pineda, M. Blasco-Ahicart, D. Nieto-Castro, N. López, and
J. R. Galán-Mascarós, “Direct Magnetic Enhancement of Electrocatalytic
Water Oxidation in Alkaline Media,” Nature Energy 4 (2019): 519–525. 

17 . S. Lan, L. Zhu, Z. Wu, et al., “A Medium-Range Structure Motif
Linking Amorphous and Crystalline States,” Nature Materials 20 (2021):
1347–1352, https://doi.org/10.1038/s41563- 021- 01011- 5 . 

18 . J. Wang, L. Han, B. Huang, Q. Shao, H. L. Xin, and X. Huang,
“Amorphization Activated Ruthenium-Tellurium Nanorods for Efficient
Water Splitting,” Nature Communications 10 (2019): 1–11, https://doi.org/
10.1038/s41467- 019- 13519- 1 . 

19 . X. Zhang, Z. Luo, P. Yu, et al., “Lithiation-Induced Amorphization
of Pd3 P2 S8 for Highly Efficient Hydrogen Evolution,” Nature
Catalysis 1 (2018): 460–468, https://doi.org/10.1038/s41929-018- 
0072-y. 

20 . G. Chen, Y. Zhu, H. M. Chen, et al., “An Amorphous Nickel–Iron-
Based Electrocatalyst With Unusual Local Structures for Ultrafast Oxygen
Evolution Reaction,” Advanced Materials 31 (2019): 1900883, https://doi.
org/10.1002/adma.201900883 . 

21 . C. Gong, W. Li, X. Du, et al., “Manipulating Spin Polarization by
In Situ Reconstructed Amorphous/Crystalline CoFe-LDH for Efficient
Electrocatalytic Water Splitting,” Nano Research 18 (2025): 94907668,
https://doi.org/10.26599/NR.2025.94907668 . 

22 . X. Zhang, Y. Yang, Y. Liu, et al., “Defect Engineering of a High-Entropy
Metallic Glass Surface for High-Performance Overall Water Splitting at
Ampere-Level Current Densities,”Advanced Materials 35 (2023): 2303439,
https://doi.org/10.1002/adma.202303439 . 

23 . C. Pei, S. Chen, T. Zhao, et al., “Nanostructured Metallic Glass
in a Highly Upgraded Energy State Contributing to Efficient Catalytic
Performance,” Advanced Materials 34 (2022): 2200850, https://doi.org/10.
1002/adma.202200850 . 

24 . S. Ketov, Y. Sun, S. Nachum, et al., “Rejuvenation of Metallic Glasses
by Non-Affine Thermal Strain,” Nature 524 (2015): 200–203, https://doi.
org/10.1038/nature14674 . 

25 . C. Pei, S. Chen, J. Xie, et al., “Strain Engineering in Gradient-
Structured Metallic Glasses for Excellent Overall Water Splitting,”
Materials Today 86 (2025): 100–111. 

26 . F. Chu, B. Han, K. Edalati, et al., “Severe Plastic Deformed Pd-
Based Metallic Glass for Superior Hydrogen Evolution in Both Acidic and
Alkaline Media,” Scripta Materialia 204 (2021): 114145, https://doi.org/10.
1016/j.scriptamat.2021.114145 . 

27 . W. Dmowski, Y. Yokoyama, A. Chuang, et al., “Structural Rejuvena-
tion in a Bulk Metallic Glass Induced by Severe Plastic Deformation,”Acta
Materialia 58 (2010): 429–438, https://doi.org/10.1016/j.actamat.2009.09.
021 . 

28 . C. Pei, B. Zhang, J. Xie, et al., “Superlattice-Shelled Nanocrystalline
Core Structural Design for Highly Sensitive GMI Sensors,” Acta Materi-
alia 255 (2023): 119088, https://doi.org/10.1016/j.actamat.2023.119088 . 
Advanced Science, 2026

e C
om

m
ons L

icense

https://doi.org/10.1038/s41560-019-0326-1
https://doi.org/10.1038/nature11475
https://doi.org/10.1126/science.1216290
https://doi.org/10.1038/nenergy.2016.189
https://doi.org/10.1038/s41563-022-01380-5
https://doi.org/10.1038/s41586-020-2908-2
https://doi.org/10.1126/science.1212858
https://doi.org/10.1038/s41467-019-12887-y
https://doi.org/10.1021/cs3003098
https://doi.org/10.1038/s41467-023-41036-9
https://doi.org/10.1039/C4EE03869J
https://doi.org/10.1039/D0CS00575D
https://doi.org/10.1002/adma.202007525
https://doi.org/10.1038/s41563-021-01011-5
https://doi.org/10.1038/s41467-019-13519-1
https://doi.org/10.1038/s41929-018-0072-y
https://doi.org/10.1002/adma.201900883
https://doi.org/10.26599/NR.2025.94907668
https://doi.org/10.1002/adma.202303439
https://doi.org/10.1002/adma.202200850
https://doi.org/10.1038/nature14674
https://doi.org/10.1016/j.scriptamat.2021.114145
https://doi.org/10.1016/j.actamat.2009.09.021
https://doi.org/10.1016/j.actamat.2023.119088


2  

i  

(

3  

o  

E
7

3  

S  

A  

j

3  

E  

C  

(

3  

t  

E

3  

t  

O  

(

3  

t  

E  

h

3  

z  

R  

h

3  

t  

O  

(

3  

o  

C  

1

3  

M  

e  

o

4  

G  

C  

h

4  

a  

M  

o

S

A  

I
S

A

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.75877 by Shenzhen U

niversity, W
iley O

nline L
ibrary on [27/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articl
9 . C. Pei, J. Xie, Y. Zhao, et al., “Hidden and Universal Relaxation Mode
n Metallic Glasses of Simple Atomic Structure,” Physical Review B 106
2022): 214203, https://doi.org/10.1103/PhysRevB.106.214203 . 

0 . S. Klaus, Y. Cai, M. W. Louie, L. Trotochaud, and A. T. Bell, “Effects
f Fe Electrolyte Impurities on Ni (OH)2 /NiOOH Structure and Oxygen
volution Activity,” The Journal of Physical Chemistry C 119 (2015): 7243–
254, https://doi.org/10.1021/acs.jpcc.5b00105 . 

1 . X. Li and A. A. Gewirth, “Oxy gen Electr or eduction Thr ough a
uperoxide Intermediate on Bi-Modified Au Surfaces,” Journal of the
merican Chemical Society 127 (2005): 5252–5260, https://doi.org/10.1021/
a043170a . 

2 . C. Hu, Y. Hu, C. Fan, et al., “Surface-Enhanced Raman Spectroscopic
vidence of Key Intermediate Species and Role of NiFe Dual-Catalytic
enter in Water Oxidation,”Angewandte Chemie International Edition 60
2021): 19774–19778, https://doi.org/10.1002/anie.202103888 . 

3 . Z. Yan, H. Sun, X. Chen, et al., “Anion Insertion Enhanced Elec-
rodeposition of Robust Metal Hydroxide/Oxide Electrodes for Oxygen
volution,” Nature Communications 9 (2018): 2373. 

4 . F. Tang, T. Liu, W. Jiang, and L. Gan, “Windowless Thin Layer Elec-
rochemical Raman Spectroscopy of Ni-Fe Oxide Electrocatalysts During
xygen Evolution Reaction,” Journal of Electroanalytical Chemistry 871
2020): 114282, https://doi.org/10.1016/j.jelechem.2020.114282 . 

5 . O. Diaz-Morales, D. Ferrus-Suspedra, and M. T. Koper, “The Impor-
ance of Nickel Oxyhydroxide Deprotonation on its Activity Towards
lectrochemical Water Oxidation,” Chemical Science 7 (2016): 2639–2645,
ttps://doi.org/10.1039/C5SC04486C . 

6 . J. Landon, E. Demeter, N. Inoglu, et al., “Spectroscopic Characteri-
ation of Mixed Fe–Ni Oxide Electrocatalysts for the Oxygen Evolution
eaction in Alkaline Electrolytes,” ACS Catalysis 2 (2012): 1793–1801,
ttps://doi.org/10.1021/cs3002644 . 

7 . F. Tang, T. Liu, W. L. Jiang, and L. Gan, “Windowless Thin Layer Elec-
rochemical Raman Spectroscopy of Ni-Fe Oxide Electrocatalysts During
xygen Evolution Reaction,” Journal of Electroanalytical Chemistry 871
2020): 114282, https://doi.org/10.1016/j.jelechem.2020.114282 . 

8 . X. Sun, L. Xie, X. Li, J. Liu, W. Xie, and Z. Zhao, “Magnetic Anisotropy
f NiFeP/Cu Composite Wire Induced by Chemical Plating Under DC
urrent,” Journal of Magnetism and Magnetic Materials 603 (2024):
72269, https://doi.org/10.1016/j.jmmm.2024.172269 . 

9 . M. Zare, L. Jamilpanah, V. Barough, A. Sadeghi, M. Ghanaatshoar, and
. Mohseni, “Role of electrospun fibers coated on magnetoimpedance
ffect of Co-based ribbons,” Applied Physics A 130 (2024): 90, https://doi.
rg/10.1007/s00339- 023- 07236- 2 . 

0 . L. Xie, X. Li, J. Zou, H. Pan, W. Xie, and Z. Zhao, “Optimized
iant Magneto-Impedance Effect in Electroless-Deposited NiFeP/Cu
omposite Wires,” Surface and Coatings Technology 334 (2018): 158–163,
ttps://doi.org/10.1016/j.surfcoat.2017.11.031 . 

1 . S. D. Jiang, T. Eggers, O. Thiabgoh, et al., “Relating Surface Roughness
nd Magnetic Domain Structure to Giant Magneto-Impedance of Co-Rich
elt-Extracted Microwires,” Scientific Reports 7 (2017): 46253, https://doi.
rg/10.1038/srep46253 . 

upporting Information 

dditional supporting information can be found online in the Supporting
nformation section. 
upporting file : advs75877-sup-0001-SuppMat.docx 
dvanced Science, 2026 9 of 9

es are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1103/PhysRevB.106.214203
https://doi.org/10.1021/acs.jpcc.5b00105
https://doi.org/10.1021/ja043170a
https://doi.org/10.1002/anie.202103888
https://doi.org/10.1016/j.jelechem.2020.114282
https://doi.org/10.1039/C5SC04486C
https://doi.org/10.1021/cs3002644
https://doi.org/10.1016/j.jelechem.2020.114282
https://doi.org/10.1016/j.jmmm.2024.172269
https://doi.org/10.1007/s00339-023-07236-2
https://doi.org/10.1016/j.surfcoat.2017.11.031
https://doi.org/10.1038/srep46253

	Magnetically Boosted Water-Splitting Performance in Metallic Glasses
	1 | Introduction
	2 | Results
	3 | Conclusion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


