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Spintronic catalysis remains largely unexplored for the oxygen evolution reaction (OER). Herein, we propose a
novel spin-control strategy by constructing an oriented, 1D core-shell CoOB@Ni(OH), nanochain architecture. The
spin-ordered amorphous ferromagnetic (FM) CoB core effectively induces spin polarization in the antiferro-
magnetic (AFM) Ni(OH); shell via FM@AFM coupling. Combined experimental and theoretical analyses reveal
that an applied magnetic field (MF) induces spin alignment in Ni(OH),. This MF-guided spin alignment triggers
directional Ni orbital splitting, promotes d-charge accumulation at Ni-O sites, and activates a switch to the
highly efficient lattice oxygen mechanism. Consequently, the CoB@Ni(OH), catalyst achieves a low over-
potential of 472 mV at 100 mA cm2 and exhibits stability exceeding 150 h under an MF, markedly outperforming
its non-magnetic operation. This work demonstrates that engineering FM@AFM interfaces enables the trans-
formation from spin disorder to spin alignment, opening a new avenue for spin-regulated electrocatalytic ma-

terial design.

1. Introduction

Water splitting is a cornerstone of sustainable energy conversion [1,
2], wherein the anodic OER presents a critical kinetic bottleneck due to
its complex multi-electron transfer process [3-6]. In recent decades,
noteworthy progress has been documented in OER catalysts through
techniques such as introducing defects, heteroatom doping, alloying,
and crystal facet engineering [7-10]. Fundamentally, O-O bond for-
mation necessitates the cleavage of two O-H bonds, a process driven by
spin-electron transfer from diamagnetic hydroxides to form para-
magnetic oxygen molecules [11,12]. Consequently, manipulating the
spin-state behavior of catalysts can significantly influence the OER
process [13].

Traditionally, strategies for improving catalytic activity have been
primarily guided by Sabatier's principle, focusing on modulating the
binding energy of reaction intermediates. In contrast, approaches
employing external field guidance, including the use of light, stress, and
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magnetic control, are garnering heightened interest for their ability to
enhance electrocatalytic efficiency beyond the limitations of the volcano
plot [14,15]. In particular, an external magnetic field (MF) can induce
spin polarization in catalysts by aligning electron spins, a phenomenon
known as the magnetically controlled spin-selective effect [16,17]. This
effect influences spin-dependent electron transfer at the solid/liquid
interface, thereby potentially altering reaction pathways and enhancing
OER kinetics, which offers a route to transcend activity limits predicted
by volcano plots [18,19].

To facilitate this mechanism, FM OER catalysts, which promote the
spin-selective electron transfer process, have garnered attention within
the electrocatalysis community [20]. For instance, field-assisted syn-
thesis can alter the electronic state of Mo, causing a transition of its
electrons from the 4d ty; to the degenerate 4d ey orbitals. This MF
regulation of the electronic configuration yields high-performance 1T
MoS; [21]. Furthermore, a recent investigation has verified that the spin
polarization of Mn?* ions within Mn-CsPbBrj3 halide perovskite can be
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augmented by the application of an external MF, which subsequently
improves the spin-selective catalytic performance [16]. Recent advances
in spin modulation have demonstrated that aligning the spin states of
active sites can facilitate the generation of ground-state triplet O,
thereby fundamentally lowering the kinetic activation barrier [12,22].
This mechanism strongly supports the newly developed concept of cat-
alytic progressivity in OER, wherein the progressive spin alignment
dynamically optimizes the thermodynamic energy landscape of oxygen
intermediates across consecutive multi-electron transfer steps. However,
it should be noted that an external MF does not universally enhance OER
for all magnetic materials. For instance, isolated superparamagnetic
nanoparticles (e.g., ultrasmall Fe3O4 or Co nanoparticles) fail to main-
tain a stable net magnetic moment at room temperature as thermal
fluctuations easily overcome their magnetic anisotropy and randomize
the electron spins, even under an applied MF [23]. Similarly, intrinsic
antiferromagnetic materials (such as pristine NiO or bare Ni(OH)2) lack
macroscopic magnetic responsiveness due to their robust antiparallel
spin lattice, preventing the external MF from inducing effective net spin
alignment [24]. Consequently, these materials often exhibit a negligible
spintronic enhancement during electrocatalytic processes [25]. How-
ever, most earth-abundant OER catalysts are AFM at room temperature.
Therefore, inducing effective spin polarization in AFM materials is key
to leveraging MF enhancements [26,27].

Ni-based (oxy)hydroxides represent state-of-the-art alkaline OER
catalysts [28,29], but their AFM nature limits their magnetic respon-
siveness [30]. Recently, Xu's group demonstrated that constructing
FM@AFM core-shell structures (e.g., Coz7sFep 2504/Co(Fe)OxHy and
Fe304@Ni(OH)3) can induce spin polarization at the interface via a
spin-pinning effect, providing a strategy to impart FM character to AFM
materials [31,32]. Despite these conceptual advances, existing
FM@AFM heterostructures are predominantly based on discrete oxide
nanoparticles, which often suffer from discontinuous magnetic domains
and sluggish interfacial electron transfer, limiting their performance
under high current density conditions. Moreover, most reported systems
still follow the conventional adsorbate evolution mechanism (AEM),
leaving the fundamental switch in catalytic pathways largely
unexplored.

Herein, we report a synthetic strategy to construct a uniquely ori-
ented FM@AFM core-shell architecture by controllably coating AFM Ni
(OH), nanosheets onto amorphous FM CoB nanochains. The exact
novelty of this work lies in overcoming the inherent limitation of most
earth-abundant OER catalysts (such as Ni-based hydroxides), which are
intrinsically AFM and lack magnetic responsiveness at room tempera-
ture. By pioneering this integrated FM@AFM interface spin-pinning
strategy, the amorphous FM CoB core effectively forces the active
AFM Ni(OH); shell to become spin-polarized under an external MF. We
demonstrate that this field-guided spin polarization not only triggers
directional splitting of Ni orbitals but also fundamentally bypasses the
scaling relationships of AEM by activating the highly efficient lattice
oxygen mechanism. As a result, the CoOB@Ni(OH), catalyst exhibits a
remarkable performance enhancement, bridging the gap between
fundamental spintronic theory and high-performance water electrolysis.

2. Experimental section
2.1. Materials

The sodium borohydride (NaBHy4, AR), polyvinylpyrrolidone (PVP,
M;. 30000), tetramethylammonium hydroxide solution (C4H;3NO,
TMAOH), cobalt chloride hexahydrate (CoCly-6H0, AR) and nickel
chloride hexahydrate (NiCly-6H20, AR) were all procured from Aladdin
Industrial Co. Ltd., China. All chemical reagents were used as received
without any subsequent purification. For all experimental procedures,
deionized water was utilized.
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2.2. Synthesis of amorphous CoB

To prepare the CoB nanochains, 0.70 mmol of CoCly-6H50 was first
dissolved in 70 mL of Os-free deionized water with continuous me-
chanical stirring. Subsequently, a 70 mL solution of NaBH,4 (0.02 M) was
introduced dropwise into the aforementioned solution at a controlled
rate of approximately 2.0 mL min™! at 4 °C while under a constant MF of
approximately 400 mT. After the reaction was complete, the resulting
CoB product was washed multiple times with ethanol and ultra-pure
water and then subjected to freeze-drying.

2.3. Synthesis of the amorphous-crystalline CoOB@Ni(OH) structure

For the preparation of CoOB@Ni(OH)5, 40 mg of as-prepared CoB was
dispersed in a 40 mL solution of 3 mM NiCl,-6H,0, followed by the
addition of 3 mL of 25% NHs-H>O to the suspension. Concurrently, the
suspension was subjected to mechanical stirring at a rate of 600 rpm for
1 h. Subsequently, the CoB@Ni(OH), was washed with alternating
portions of ethanol and double-distilled water, followed by drying under
vacuum at 40 °C. To investigate the effect of the AFM shell thickness on
the magnetic response, control samples of CoB@Ni(OH), with varying
shell thicknesses were also synthesized by altering the concentration of
the NiCl,-6H,0 solution to 1 mM, 5 mM and 7 mM, while keeping all
other synthetic parameters constant.

2.4. Material characterization

An X-ray diffractometer (XRD, D/MAX-2500X) was used to acquire
the X-ray diffraction patterns. The sample morphologies were examined
using scanning electron microscopy (SEM, Thermo Fisher Scientific
Apreos). A transmission electron microscope (TEM, JEM-2010F, JEOL)
was employed to obtain high-angle annular dark-field scanning trans-
mission electron microscopic (HAADF-STEM) images and energy
dispersion spectra. X-ray photoelectron spectroscopy (XPS, AXIS
SUPRA) was utilized for chemical valence analysis, and the spectra were
calibrated using the C 1s emission at 284.6 eV as a reference. Raman
spectra were collected on a confocal Raman spectroscopic system
(Renishaw, Germany) using a 532 nm laser. Magnetic hysteresis loops
were measured using a Lakeshore 7404 (Lakeshore, USA) vibrating
sample magnetometer (VSM, Quantum Design). Electrochemical activ-
ity evaluations were conducted using an electrochemical workstation
(CHI 660E, China).

2.5. Electrode preparation

Powder samples with varied magnetic properties (5 mg) were mixed
with a 5 wt% Nafion solution (100 pL), deionized water (500 pL) and
isopropanol (500 pL). The mixture underwent ultrasonication for 30 min
to achieve homogeneity. After sonication, 20 pL of the homogeneous ink
was applied onto a glassy carbon electrode (diameter of 6 mm, surface
area of 0.2826 cm?). The loading mass was 0.26 mg cm™.

2.6. Electrochemical measurements

The electrochemical performance was evaluated using an electro-
chemical workstation. All tests were performed in a 1.0 M KOH aqueous
solution with a three-electrode setup, where a Hg/HgO electrode served
as the reference and a Pt mesh was used as the counter electrode. The
potentials measured against Hg/HgO were converted to the reversible
hydrogen electrode (RHE) scale using the equation: Eryg = Eng/ngo+
0.059 x pH + 0.098 V. Linear sweep voltammetry (LSV) was conducted
ata 5 mV s scan rate, with the resulting curves presented without iR
correction. The double-layer capacitance was determined from cyclic
voltammetry (CV) measurements conducted at various scan rates within
the potential window of 1.224 to 1.324 V vs. RHE. In-situ electro-
chemical impedance spectroscopy (EIS) was performed at various
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applied potentials, ranging from the open circuit potential (OCP) to 1.60
V vs. RHE. The measurements were conducted over a frequency range of
100 kHz to 0.1 Hz with a sinusoidal AC perturbation of 5 mV. MFs (0-
400 mT) were applied using NdFeB permanent magnets. The intensity
was controlled by adjusting the magnet-electrode distance (from 0 to
5.0 cm) and calibrated with a Gauss meter. The MF was applied parallel
to the working electrode surface.

2.7. Calculation method

All spin-polarized density functional theory (DFT) calculations [33,
34] were carried out in the Vienna ab initio simulation package (VASP)
based on the plane-wave basis sets with the projector augmented-wave
method [35,36]. The generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) parametrization was utilized to treat
the exchange-correlation potential [37]. To address the inherent de-
ficiencies of GGA, the GGA + U method was incorporated into our cal-
culations. Following a previous study, the effective Hubbard U value for
Ni was set to 3.0 eV. To simulate the spin-ordered states, initial magnetic
moments were prescribed to Ni atoms to represent both with spin
alignment and without spin alignment configurations for comparison.
The van der Waals correction of Grimme's DFT-D3 model was also
adopted [38]. Ni(OH); was modeled with a 2 x 2 x 1 supercell. To
eliminate spurious interactions between periodic images, a vacuum
layer of 15 A was applied along the z-direction, and dipole corrections
were included. An energy cutoff of 500 eV was applied. A I'-centered
Monkhorst-Pack mesh of 5 x 5 x 6 was employed for Brillouin-zone
integration [39]. The structures underwent full relaxation until the en-
ergy convergence criterion reached 10 eV and the maximum force on
every atom was below 0.02 eV/A.

3. Results and discussion

CoB@Ni(OH); structures were synthesized using a facile and reliable
MF-assisted co-assembly approach, as illustrated in Scheme 1. In the
initial stage, cobalt chloride was introduced into an aqueous solution
during the polyvinylpyrrolidone (PVP) sol-gel reaction under contin-
uous mechanical stirring to achieve a homogeneous dispersion of Co?*
ions. Subsequently, amorphous CoB nanochains were prepared via an
MF-assisted wet-chemical reduction process, with PVP serving as the
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soft template. As shown in Fig. 1a and Fig. S1, the CoB nanochains have
a smooth surface and are composed of bead-like particles approximately
200 to 300 nm in size. Due to their high electrical conductivity [40,41],
these CoB nanoparticles can act as an optimal support for electron
transfer throughout the electrochemical process [42]. Following this, Ni
(OH), nanosheets were deposited on CoB by a wet-chemical method.
SEM images (Fig. 1b and Fig. S2) of CoB@Ni(OH), clearly show the
sustained chain morphology with uniformly formed Ni(OH); on the
surface. As shown in the transmission electron microscopy (TEM) im-
ages (Fig. 1¢), the core-shell structure is distinctly observable. These thin
and wrinkled nanosheets of Ni(OH); form an interconnected
two-dimensional structure that provides continuous and uniform
coverage of the entire CoB nanochain surface. As shown in Fig. S3, the
thickness of the shell nanosheets covering the core surface is approxi-
mately 5-60 nm. The core exhibits no lattice structure, whereas the
surface nanosheets exhibit a clear lattice.

High-resolution transmission electron microscopy (HR-TEM) anal-
ysis (enlarged in regions I and II in Fig. 1d) revealed that the core is
amorphous while the shell is crystalline (corresponding to the Ni(OH),
(012) crystal face). The selected area electron diffraction pattern (inset
in Fig. 1d) reveals the coexistence of diffuse halos and distinct diffrac-
tion rings, which can be assigned to the amorphous CoB and crystalline
Ni(OH); phases, respectively. This observation is in excellent agreement
with the XRD results (Fig. 2a) [43]. Furthermore, HAADF-STEM imaging
(Fig. 1e) and corresponding elemental mapping reveal a uniform dis-
tribution of Co, B, Ni and O elements. The core is composed of Co and B,
while the shell is composed of Ni and O. The atomic percentages of Co,
Ni, B and O in CoB@Ni(OH) are approximately 71.48%, 5.16%, 5.28%,
and 18.09%, respectively (Table S1). In summary, these results
comprehensively verify the successful fabrication of the CoB@Ni(OH),
core-shell structure, with Ni(OH); nanosheets grown on CoB
nanochains.

The crystal structures of CoOB@Ni(OH), and CoB were examined by
XRD, as presented in Fig. 2a. A broad peak is observed at 45°, signifying
the amorphous character of the CoB nanochains [44]. After growing Ni
(OH);, layers onto CoB, four additional peaks appeared at approximately
11.2°, 22.5°, 34.2° and 60.5°, corresponding to the (003), (006), (012)
and (110) planes of rhombohedral phase a-Ni(OH); (JCPDS card No.
38-0715). Crucially, a broad peak similar to that in the XRD pattern of
CoB was distinctly observed, suggesting the formation of a
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Scheme 1. Schematic illustration of the preparation of the CoB@Ni(OH); catalyst.
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Fig. 1. (a, b) FE-SEM images of CoB and CoB@Ni(OH),. (c) TEM image of CoB@Ni(OH),. (d) HR-TEM image of CoB@Ni(OH),. (¢) HAADF-STEM images of CoB@Ni

(OH), and corresponding elemental maps of Co, B, Ni and O, respectively.
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Fig. 2. (a) XRD pattern of CoB and CoB@Ni(OH), samples. (b) Raman spectra of CoB and CoB@Ni(OH), samples. (c) Ni 2p, (d) Co 2p and (e) B 1s XPS spectra of CoB
and CoB@Ni(OH),. (f) Hysteresis loops of CoB@Ni(OH), at 300 K and 15 K. (g) Schematic illustration of spin pinning effect in FM@AFM heterostructure.

heterostructure in CoOB@Ni(OH),. Fig. 2b illustrates the Raman spectral
changes during the transition from CoB to CoB@Ni(OH),. The increase
in peak intensity is attributed to the formation of hydroxide. The two
characteristic peaks of Ni(OH),, centered at 455 and 493 cm’l, corre-
spond to the Eg and A;4 vibration modes. E; represents the out-of-plane
vibration of the Ni-OH lattice, while A, signifies the in-plane vibration
of the Ni-O lattice.

X-ray photoelectron spectroscopy (XPS) was employed to charac-
terize the chemical and electronic states of the catalysts [44,45]. The
existence of Ni, Co, B and O elements is indicated by the XPS survey scan
spectra (Fig. S4a). The successful coating of Ni(OH), onto the CoB sur-
face, mainly as Ni-O bonds, is confirmed by high-resolution Ni 2p
spectroscopy (Fig. 2c). The high-resolution Co 2p spectra (Fig. 2d)
exhibit peaks at binding energies of 780.9 and 796.8 eV, corresponding
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to the Co 2ps/» and Co 2p; /3 levels of Co?*, which is in agreement with
previous reports [46,47]. The Co 2p peak exhibits a positive shift of
approximately 0.54 eV toward higher binding energy upon the forma-
tion of the Ni(OH), shell. This indicates that the Co atoms in CoB@Ni
(OH); are in an electron-deficient state compared to pristine CoB, sug-
gesting an interfacial charge transfer from CoB to Ni(OH),. This inter-
facial effect is further evidenced in the B 1s spectra (Fig. 2e). The distinct
peaks for elemental B® at 187.5 eV and 191.6 eV in CoB almost
completely vanish in CoOB@Ni(OH),, which is attributed to the effective
coverage and altered electronic environment induced by the chemically
interacting Ni(OH) shell. Furthermore, O 1s spectra identify two
distinct peaks, one at 531.1 eV corresponding to lattice oxygen species
and the other at 532.6 eV associated with adsorbed oxygen species [44,
48]. In contrast, CoB has a weak ability to adsorb oxygen species,
whereas the adsorption capacity of CoB@Ni(OH), is more suitable for
OER, a reaction strongly dependent on oxygen species (Fig. S4b) [49,
50].

Finally, the magnetic properties were characterized using a VSM. At
room temperature, the hysteresis loops confirm that both CoB and
CoB@Ni(OH), exhibit FM behavior with high saturation magnetizations
(M, the maximum induced magnetization), reaching 38.9 and 30.1 emu
g’l, respectively (Fig. S5). In contrast, pure Ni(OH), nanosheets show
AFM ordering, reflected in a negligible M of only 0.2 emu g™* (Fig. S6).
To investigate interfacial coupling, measurements were conducted at 15
K, significantly below the Néel temperature (Ty, critical temperature at
which an antiferromagnetic material transitions into a paramagnetic
state) of Ni(OH) [51], the coercivity (H, the reverse field required to
reduce magnetization to zero) of CoB@Ni(OH), (110.5 Oe) surpasses
that at 300 K (35.3 Oe) (Fig. 2f). This enhancement is a direct signature
of interfacial exchange coupling. Below Ty, the stabilized spin alignment
in the Ni(OH)z shell couples to the FM CoB core, pinning its magneti-
zation and resulting in the observed increase in H, and Mg (Fig. 2g) [52].
This spin-polarized interface is magnetically active, meaning that under
an applied MF, the interfacial coupling can further align the spin mo-
ments. This engineered spin alignment at the interface is anticipated to
facilitate the OER by promoting charge transfer and optimizing the
adsorption of reaction intermediates [53-55].

The magnetic enhancement effect on the OER of CoB@Ni(OH),
catalyst was evaluated using a custom-built three-electrode electro-
chemical cell placed within a permanent magnet and connected to an
electrochemical workstation (Fig. S7). Cyclic voltammetry (CV) for
these catalysts was performed in alkaline media, both with and without
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the application of a 400 mT constant MF. As shown in Fig. 3a, the OER
performance of CoB@Ni(OH); is significantly enhanced with an MF. In
stark contrast, the performance of pure FM CoB, pure AFM Ni(OH), and
non-magnetic IrO; catalysts shows negligible change with MF (Fig. S8).
A 1.2-fold enhancement in current density is observed for CoB@Ni(OH),
with MF compared to the case without MF. Similarly, at a current den-
sity of 200 mA em’?, the overpotential decreases by 35 mV (19%) in the
presence of the MF compared to its absence, aligning with findings in
other FM@AFM-coupled nanoparticles. Furthermore, the overpotential
at 100 mA cm? decreases from 495 to 472 mV, accompanied by a
decrease in the Tafel slope under the MF, from 130.2 to 117.4 mV dec
(Fig. S9). However, the Tafel slopes of CoB and IrO; remain virtually
unchanged with MF, indicating negligible kinetic enhancement. The
decreased Tafel slope of CoB@Ni(OH); when an MF is introduced in-
dicates that the rate-determining step in the microkinetic analysis is
accelerated during the OER reaction [25,56]. This observation un-
derscores the accelerated reaction kinetics of CoB@Ni(OH), with MF.
As shown in Fig. 3a, the Co atoms in CoB transition to a high-valence
state during the OER process. This oxidation peak disappears after the
growth of Ni(OH), nanosheets, while a new pair of Ni2*/Ni** redox
peaks emerges, indicating that Ni(OH), serves as the new active site in
the FM@AFM structure. Consequently, the FM@AFM coupling, through
a MF-induced spin alignment, alters the electron spin polarization on the
Ni(OH), surface, which in turn impacts the reaction pathway and fa-
cilitates oxygen evolution. The MF intensity was accurately manipulated
within the range of 0-400 mT, enabling dynamic collection of electro-
chemical data for the catalysts under varying MF strengths. As shown in
Fig. 3b and Fig. S10, electrocatalytic performance is notably improved
with increasing MF strength. This enhancement is consistent with
facilitated spin-polarized electron transfer promoting reaction kinetics
along a more efficient pathway. To unravel the effective depth of the
interfacial spin-pinning, we tuned the AFM Ni(OH); shell thickness by
varying the Ni precursor concentration. As shown in Fig. S11, the
magnetic OER enhancement gradually decays with a thicker shell,
leading to higher overpotentials. This highlights that the FM@AFM ex-
change bias possesses a finite penetration depth; an excessively thick
shell distances the surface Ni sites from the FM CoB core, thereby pre-
venting spin polarization. Thus, an optimal ultra-thin shell is strictly
required to maximize this spintronic catalytic effect. As indicated by the
multi-potential step parameter plot for CoB@Ni(OH); at 400 mT
(Fig. 3c), the current density is approximately 2 to 5 times greater than
the value under a zero MF in the potential range of 1.5-1.8 V.
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Meanwhile, CoB@Ni(OH), at 400 mT exhibits high stability, with the
current density decreasing only slightly from 41.5 to 38.7 mA cm™ over
150 h, corresponding to a retention rate of 93.2%. In contrast, the
commercial IrO3 catalyst shows a retention rate of only 34.3% under the
same conditions (Fig. 3e). Post-OER characterizations were conducted to
confirm the structural and compositional stability of CoOB@Ni(OH),. As
shown in Fig. S12, the core-shell nanochain morphology and the
amorphous-crystalline interface were well preserved after long-term
testing without structural reconstruction. Furthermore, post-OER XPS
analysis (Fig. S13) revealed a significant increase in Ni®* active species
[57,58], while the Co signal remained largely unchanged, indicating
that surface Ni serves as the primary active site. ICP-OES analysis of the
electrolyte further verified negligible Co leaching (Fig. S14), confirming
that the robust Ni(OH); shell effectively protects the underlying CoB
core from severe electrochemical corrosion. A comparison of the over-
potential and Tafel slope for CoOB@Ni(OH), with the other reported
non-noble metal-based OER electrocatalysts in alkaline media is pro-
vided in Fig. 3d and Table S2. The exceptional catalytic activity for
water oxidation underscores its substantial potential for practical use in
water splitting.

Given its outstanding OER performance, an overall water splitting
cell was constructed. With MF, the device exhibits a notably enhanced
performance, requiring only 1.72 V to reach 50 mA cm, which is 30 mV
lower than the value recorded without MF (Fig. S15). At 400 mT,
CoB@Ni(OH), exhibits a markedly improved OER performance for
water splitting, exceeding the current density of commercial IrO; across
the broad potential range of 1.5-1.8 V (Fig. S16). Therefore, constructing
an FM@AFM interfacial coupling proves to be an effective design
strategy. It not only creates spin-polarized active sites that are highly
responsive to external MFs for superior activity but also ensures
exceptional structural and operational stability.
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The mechanism investigation of the MF-enhanced OER reveals that
the catalytic efficiency can be improved by facilitating gas/liquid mass
transport during the reaction and increasing intrinsic activity via spin
polarization and spin/magnetic interactions [25,59,60]. To distinguish
between these, we first evaluated whether the MF promotes reactant/-
product transport by analyzing the electrochemical surface area. The Cq;
values were comparable with and without an MF (Fig. 4a and
Fig. S17-18), indicating that the modulation in OER performance is not
due to changes in the electrochemically active area. Further testing
under a gradient MF confirms that an increase in OER performance is
independent of changes in the catalyst's active area (Fig. 4b and
Fig. S19). To rigorously decouple the intrinsic spin-alignment effect
from macroscopic physical factors, control experiments with different
MF orientations were conducted. The Lorentz force (F = J x B) drives
macroscopic mass transport and bubble detachment. While the
perpendicular MF yielded slightly higher performance due to the addi-
tional Lorentz-force-driven bubble detachment, a highly significant OER
enhancement was still unambiguously observed when the MF was
applied parallel to the current, a configuration that eliminates the
macroscopic Lorentz force (Fig. S20). This, combined with the unaltered
in-situ EIS profiles under the parallel MF (Figs. S21-22), proves that this
substantial enhancement originates strictly from intrinsic spin physics
rather than physical mass transfer or altered bulk conductivity. Thus, the
OER enhancement is fundamentally attributed to modifications in the
electronic structure of the active sites.

To elucidate the altered OER mechanism, we examined the pH
dependence of the activity [61,62]. As shown in Fig. 4c, a strong
dependence of OER performance on pH value was observed on the
CoB@Ni(OH); electrode with MF, while a relatively small dependence
was observed without MF. Subsequently, we probed for the involvement
of the lattice oxygen oxidation mechanism (LOM) by detecting
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negatively charged oxygenated species (e.g., peroxo-like O3 or
superoxo-like 0%). When 1.0 M tetramethylammonium hydroxide
(TMAOH) was added in the electrolyte as a chemical probe, the OER
activity with MF decreased significantly, and no obvious activity
degradation was observed without MF (Fig. 4d and e). With MF, the
strong binding of TMA™ to generated negatively charged oxygen species
suggests a stronger LOM contribution to the OER.

Direct evidence for the LOM was obtained through in situ electro-
chemical Raman spectroscopy. The spectra confirmed the presence of
07 species, evidenced by two major peaks at 400-600 cm™ (Fig. 4f and
g) corresponding to the (M — O) (Eg bending) and v(M — O) (A
stretching) vibrations. With an MF, a broad Raman peak assigned to the
0-0 stretch (v(*O-0%*)) of O%’ emerges at 1081 cm! when the potential
reaches 1.35 V vs. RHE. In contrast, without an MF, this characteristic
0% peak does not appear until a higher potential of 1.40 V vs. RHE and
exhibits lower intensity (Fig. 4h and i). The intensity of these O3 peaks
increases markedly with potential, signifying substantial O3 generation
and confirming the involvement of LOM during OER. These results
collectively suggest that the Ni-O site within Ni(OH); is responsible for
initiating the LOM pathway for an efficient alkaline OER. Moreover, the
application of an MF promotes the involvement of lattice oxygen,
thereby enhancing the energy associated with oxygen participation [63,
64]. The robustness of this field-guided spin polarization is further
evidenced by a notable effect. The CoB@Ni(OH), catalyst retained its
enhanced OER performance even immediately upon removal of the
external MF (Fig. 523). This sustained enhancement originates from the
FM@AFM interfacial exchange bias, where the FM core successfully pins
and maintains the spin alignment of the AFM shell. Crucially, this
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memory effect was subsequently erased by thermal demagnetization,
causing the performance to revert to its initial and unmagnetized state.
These results provide strong evidence for the robust FM@AFM interfa-
cial spin-pinning mechanism in stabilizing the LOM pathway.

To achieve a deep understanding of the electron transfer mechanisms
involved in MF-guided lattice oxygen oxidation, density functional
theory (DFT) simulations were performed. In line with the experimental
observation of spin alignment, DFT can provide an atomic-level under-
standing of the origin of this phenomenon in Ni(OH), and its contribu-
tion to the enhanced OER performance under an MF. The LOM pathway
follows a non-concerted proton-electron transfer process, involving
sequential steps of OH™ adsorption, O-O coupling, and O release
(Fig. 5a). As demonstrated by the DFT calculations, an unpaired Ni 3d
electron on the Ni atom induces spin polarization in adjacent O atoms,
producing a net spin of approximately 1.60 pg for the Ni and its sur-
rounding O atoms (Fig. 5f). The charge density difference reveals elec-
tron localization around the O atom along the Ni-O-Ni bond, facilitating
charge transfer ability.

A detailed analysis of the electronic structure provides direct evi-
dence for spin alignment. The spin-resolved density of states for the Ni
region shows an unequal distribution of spin-up and spin-down electron
densities near the Fermi level (Eg). As revealed by the partial density of
states (PDOS) in Fig. 5b and Fig. S24, the spin-polarized states in
proximity to Eg are derived primarily from the 3dZ and 3d2,9,,/X orbitals of
Ni, as well as the 3py and 3py orbitals of the neighboring O atoms.
Analysis of the electron localization function for Ni(OH), indicates that
the Ni enhances electron delocalization through a significant charge
transfer to the surrounding O atoms. According to Hund's rules, the half-
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filled px/py orbitals of the O atoms will be populated by two electrons
with parallel spins. To enable the transfer of spin-polarized electrons
from Ni to O, the spin polarization of O must be opposite to that of the
electrons being transferred from Ni. Consequently, the magnetic
moment within the adjacent Ni-O-Ni region tends to align with the Ni
atoms. These observations suggest that the MF promotes the excitation
of electrons in Ni from a low-spin state (3d tg) to a high-spin state (3d
eg). An increased interleaving is observed between the O 2p and the
high-spin-state Ni 3d eg energy levels (Fig. 5b, Fig. 525-26). This sug-
gests that electrons promoted to the high-spin configuration by the MF
can more hybridize with the O 2p band. Critically, as shown by the PDOS
in Fig. 5c, the non-bonding orbital of oxygen (Onp) appears near Ep,
enabling the oxidation of lattice oxygen atoms [65,66].

Further analysis of the band structure reveals modified bonding
characteristics. Under spin polarization, the energy gap between the Ni
3d and O 2p band centers is reduced (Fig. 5d), indicating a stronger
covalency of the Ni-O bonds in Ni(OH),. The O 2p band shifts up toward
the Ep compared to the non-spin-polarized case, indicating that the
lattice oxygen is more easily oxidized. This shift strongly correlates with
our experimental finding that the OER process favors the LOM, a kinetic
pathway that is further accelerated by the spin polarization induced in
Ni(OH); under an applied MF (Fig. 5e).

Mechanistic insights into the transfer of polarized electrons from Ni
to O reveal how this process significantly enhances the OER perfor-
mance of Ni(OH), with MF. To examine this phenomenon, two distinct
types of O atoms situated in the vicinity of individual Ni sites were
designated as O1 and O2 (Fig. 5f). PDOS calculations for two adjacent O
atoms at Ni sites, both with and without spin alignment, were performed
to simulate this case. Spin polarization enhances the binding affinity
between high-spin Ni site electrons and the O 2p orbital, thereby
significantly increasing the occupied spin density of O 2p states at the
Fermi energy (Fig. 5g). In summary, the enhanced kinetics in the
FM@AFM heterostructure can be attributed to the optimized spin den-
sity at the Ni-O active sites, achieved through spin alignment in an MF,
which results in more favorable adsorption energies for radical in-
termediates and significantly reduces the reaction barrier.

4. Conclusions

In summary, oriented amorphous FM CoB nanochains were synthe-
sized via a wet-chemical method and utilized as a magnetic substrate to
anchor antiferromagnetic (AFM) Ni(OH); nanosheets. The resulting
CoB@Ni(OH), FM@AFM core-shell catalyst demonstrates significantly
enhanced OER performance under an external MF, achieving an ultra-
low overpotential of 472 mV at 100 mA cm2. This enhancement was
unique to the integrated core-shell architecture, as negligible improve-
ment was observed for bare FM CoB under the same field. Magnetic
characterization confirms that the core-shell structure exhibits room-
temperature ferromagnetism, attributed to interfacial FM@AFM
coupling. The enhancement of CoB@Ni(OH); OER performance by an
MF is attributed to the ferromagnetically induced spin polarization of
the surface-active material Ni(OH), and the optimized spin density of
the Ni active site. The field-regulated Ni-O electronic hybridization
fundamentally activates the highly efficient lattice oxygen mechanism.
By utilizing the FM@AFM coupling effect and an external MF, magnetic
domains are arranged to improve the reaction kinetics, bypassing the
traditional scaling relationships. This work offers new insights into the
interplay between magnetic spintronic behavior and electrocatalysis,
advancing and refining the field of electrocatalytic spintronics.
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