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Hierarchical Spin-Polarized Nanosheet Array for Boosting
Ampere-Level Water Oxidation Under Magnetic Field

Haifan Li, Quan Quan, Hongliang Dong, Yuxuan Zhang, Pengshan Xie, Dong Chen,
Di Yin, Chun-Yuen Wong,* and Johnny C. Ho*

The spin-polarization strategy by manipulating magnetic electrocatalysts can
promote the spin-sensitive oxygen evolution reaction (OER) while developing
efficient spin-polarized materials toward ampere-level OER is still challenging.
Herein, a hierarchical inter-doped (Ru-Ni)Ox nanosheet array in situ grown on
nickel foam is designed, which exhibits a distinguished overpotential of
286 mV at 1 A cm−2 under 0.4 T magnetic field and a steady lifespan of 200 h
at the ampere current density (i.e., 1 A cm−2), outperforming most reported
state-of-art spin-selective OER catalysts in alkaline electrolytes Integrating
intrinsic and interfacial spin-polarization on the inter-doped (Ru-Ni)Ox

nanosheet array can significantly boost the catalytic activity for ampere-level
OER under a magnetic field. Specifically, the spin-aligned Ru sites optimize
the rate-determined O─O coupling step to reduce the thermodynamic barrier
of OER. Meanwhile, the charge transfer kinetics is promoted due to the
accelerating spin-selective electron transfer via spin pinning at the
ferromagnetic-antiferromagnetic interface. The design of a hierarchical
spin-polarized structure that integrates intrinsic and interfacial
spin-polarization strategies provides an additional route to developing a
spin-polarized OER catalyst capable of serving ampere current densities.

1. Introduction

Water electrolysis for hydrogen production plays a critical
role in driving the transition to clean energy and achieving
carbon neutrality goals.[1] As the rate-determining pair reac-
tion of water electrolysis, the oxygen evolution reaction (OER)
is spin-sensitive owing to the spin flipping of intermediates
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while generating the spin-triplet oxygen.[2]

In this regard, spin-polarized catalysts can
promote spin-sensitive OER by generat-
ing the ferromagnetic exchange between
intermediates and spin-aligned active
sites.[3–5] Recently, some research based
on intrinsic or interfacial spin-polarization
has been reported, such as high-spin ion
doping,[6] spin state modulation,[7] inter-
facial ferromagnetic-antiferromagnetic
(FM-AFM) coupling,[8] and domain wall
engineering.[9] Nevertheless, developing
room-temperature spin-polarized materi-
als with a coupled ferromagnetism and
metallicity has always been challenging,[10]

not to mention the additional demands on
intrinsic activity and long-term durability
for serving industrial OER. Therefore,
proposing a new route for developing the
material framework to integrate all these
properties to directly break through the
bottleneck of developing ampere-level spin-
polarized electrocatalysts is imperative.

The construction of a hierarchical
structure is a promising solution for

multifunction integration with the optimal electronic and geo-
metric structure for superior OER performance.[11] In contrast,
using a hierarchical strategy for designing spin-polarized cat-
alysts is rare. The chemical composition and the robust cou-
pling effect at the interface are the cores of a highly efficient hi-
erarchical structure, which can be designed by controlling the
in situ growth of inter-doped transitional metal oxides toward
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targeted properties.[12,13] Specifically, the doped oxides them-
selves can regulate the electronic structure of active adsorption
sites with significant activity,[14] long-term stability,[15] and, par-
ticularly, spin-polarization.[16] Additionally, the interface between
the doped oxides provides abundant active sites and promotes
the mass and electronic transfer to improve for enhancing OER
activity at ampere-level current density[17,18] and meanwhile lays
the structural foundation for interfacial spin pinning.[19] Notice-
ably, ruthenium dioxide (RuO2) was discovered to be an itiner-
ant antiferromagnetic material with Neel temperature (TNeel) over
300 K,[20] and this makes it an ideal platform for triggering ferro-
magnetic order via dilute magnetic doping, as been discovered in
Mn-RuO2.[6,21] In contrast, nickel oxide (NiO) has stable antifer-
romagnetism and can, in situ, grow to form a nanosheet array by
using nickel foam as a support and nickel source.[22] Moreover,
considering the positive impact of the Lorentz force and Kelvin
force on O2 bubble release, the magnetic field enhanced OER ef-
ficiency, which is expected to be more significant under higher
current density.[23] Therefore, by employing the inter-doping ef-
fect during the in situ growth of oxides on metallic foam with
distinctive geometry and conductivity, it is feasible to establish
a hierarchical inter-doped structure for industrial OER under a
magnetic field and meanwhile integrate the intrinsic and inter-
facial spin-polarization effect through the doping-induced spin
modulation.

Herein, a hierarchical spin-polarized inter-doped (Ru-Ni)Ox
nanosheet array on nickel foam (NF) is designed, as confirmed by
crystalline structure analysis and X-ray photoelectron and absorp-
tion spectroscopy. The intrinsic spin-polarization by Ni dopant
into RuO2 and interfacial FM-AFM coupling are investigated by
vibrating sample magnetometer characterization. The designed
(Ru-Ni)Ox@NF has an overpotential of 286 mV at 1 A cm−2 un-
der 0.4 T magnetic field and a steady lifespan of 200 h at 1 A cm−2,
outperforming most reported state-of-art spin-selective OER cat-
alysts in alkaline electrolyte. Integrating intrinsic and interfacial
spin-polarization on the inter-doped (Ru-Ni)Ox nanosheet array
can boost the ampere-level OER catalytic activity under a mag-
netic field. Through in situ measurements and theoretical cal-
culation, we found that controllably manipulating the magnetic
field can not only reduce the thermodynamic barrier of the OER
process by optimizing rate-determined O-O coupling step, but
also promote the charge transfer kinetics via spin pinning at the
ferromagnetic-antiferromagnetic interface. Designing a hierar-
chical structure to integrate intrinsic and interfacial spin polar-
ization provides an additional route to develop spin-selective cat-
alysts serving ampere-level OER.

2. Results and Discussion

2.1. Synthesis and Characterization of (Ru-Ni)Ox@NF

The hierarchical (Ru-Ni)Ox nanosheet array was synthesized by
a two-step method (Figure 1a). In brief, the Ni(OH)2 nanosheet
array was in situ grown on the surface of NF with Ru-containing
precursors absorbed (Figure S1, Supporting Information) by a
mild hydrothermal process. After calcination, the Ru-doped NiO
nanosheet array with embedded Ni-doped RuO2 nanodomains
was fabricated on NF to yield the hierarchical inter-doped (Ru-
Ni)Ox nanosheet array (Figure 1b). The X-ray diffraction (XRD)

analysis was performed to study the phase composition of (Ru-
Ni)Ox@NF (Figure S2, Supporting Information). The diffrac-
tion peaks associated with RuO2, NiO, and NF without impu-
rity phase are observed based on the standard powder diffraction
files (PDF) (i.e., RuO2 PDF#70-2662, NiO PDF#71-1179, Nickle
PDF#04-0850), indicating the successful crystallization of (Ru-
Ni)Ox nanosheet array on NF. Additionally, the diffraction peaks
associated with specific planes of RuO2 and NiO shift toward
larger and smaller 2𝜃 positions compared to their 2𝜃 data in
standard PDF (Table S1, Supporting Information). This is due to
the regulation of their lattice parameters by element doping (i.e.,
Ru-doped NiO and Ni-doped RuO2), which will be further dis-
cussed by crystalline and electronic structure analysis. The scan-
ning electron microscopy (SEM) images of (Ru-Ni)Ox@NF show
that (Ru-Ni)Ox nanosheets grew along the vertical direction of
the NF surface to form a nanosheet array with abundant voids
(Figure 1c; Figure S3, Supporting Information). Noticeably, such
in situ grown nanosheet-array morphology to establish hierarchi-
cal structure can enlarge specific surface area with abundant ac-
tive site exposure and enhance the mass transfer, thereby con-
tributing to the ampere-level OER performance.[24,25]

To further analyze the hierarchical structure of (Ru-
Ni)Ox@NF, the nanosheets were ultrasonically stripped to
conduct transmission electron microscopy (TEM) characteriza-
tion, showcasing plentiful nanocrystals with distinct boundaries
(Figure 1d). The enlarged TEM images reveal that the nanosheet
is composed of Ru-doped NiO nanosheets embedded with
well-dispersed Ni-doped RuO2 nanodomains with an average
diameter (D) of 4.52 nm (inset of Figure 1d; Figure S4, Sup-
porting Information). The representative high-resolution TEM
(HRTEM) image of (Ru-Ni)Ox (Figure 1e) displays clear inter-
faces between doped oxides (Figures S5 and S6, Supporting
Information), and the interplanar distance (d) is calculated as
d = 0.3156 nm for RuO2 (110) and d = 0.2105 nm for NiO (200),
respectively (Figure S7, Supporting Information). Notably, the
d-spacing of RuO2 is reduced. In contrast, the ones of NiO are
increased compared to pristine RuO2 (PDF#70-2662) and NiO
(PDF#71-1179), suggesting the inter-doped feature that the Ru
atoms doped into NiO nanosheets and Ni atoms doped into
RuO2 nanodomains.[12,13,22] Moreover, the interface between
doped RuO2 and NiO can not only provide additional active
sites for enhancing its OER catalytic activity but also establish a
structural foundation for potential spin pinning at the interface
of the inter-doped oxides.[19] The composition of the nanosheets
is also demonstrated by selected area electron diffraction (SAED,
Figure 1f). The first five diffraction rings associated with various
planes of RuO2 and NiO are labeled according to the calculated
interplanar distance (Figure S8, Supporting Information), and
the changes in their d-spacing resulting from the inter-doping
effect are in agreement with the above XRD and HRTEM
analysis. The homogeneous distribution of selected elements
(e.g., Ru-9%, Ni-31%, and O-60%) and the interface between
inter-doped NiO and RuO2 are shown by the energy dispersive
X-ray (EDX) elemental mapping (Figure 1g; Figure S9, Support-
ing Information). All the results above indicate the successful
formation of an inter-doped (Ru-Ni)Ox nanosheet array from the
perspective of crystalline structure analysis.

To analyze the surface chemical states of the as-prepared
(Ru-Ni)Ox@NF, X-ray photoelectron spectroscopy (XPS) was
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Figure 1. Synthesis and structural characterization. a) Schematic illustration of preparation of the (Ru-Ni)Ox@NF. b) Crystal structure of the inter-
doped (Ru-Ni)Ox@NF. c) SEM image of the (Ru-Ni)Ox@NF. d) TEM image of the (Ru-Ni)Ox nanosheet. Inset: diameter statistics of RuO2 nanodomains.
e) HRTEM image of the (Ru-Ni)Ox nanosheet and selected FFT patterns of RuO2 and NiO. f) SAED image of the (Ru-Ni)Ox nanosheet. g) HAADF-STEM
and EDX mapping images of the (Ru-Ni)Ox nanosheet.

performed for selected samples with C-1s spectra calibration
(Figure S10, Supporting Information). In particular, to explore
the effect of Ru element in the inter-doped (Ru-Ni)Ox, the
NiO@NF was prepared as the contrast sample (Figure S11, Sup-
porting Information) in the following analysis. The Ni-2p spectra
of NiO@NF and (Ru-Ni)Ox@NF fit with Ni-2p1/2 and Ni-2p3/2
spin-orbital peaks (Figure 2a). The shape resonance at ≈855, 856,
and 862 eV correspond to Ni2+, Ni3+, and their satellite peaks

of Ni-2p3/2, respectively. In contrast, the ones at higher binding
energy are associated with the spin-orbital peaks of Ni-2p1/2.[26]

The Ni-2p peaks of (Ru-Ni)Ox@NF shift 0.58 eV toward higher
binding energy compared to NiO@NF owing to the doping ef-
fect, in which case the oxygen is more likely to receive elec-
trons from Ni rather than Ru owing to the higher electroneg-
ativity of Ru (2.20) than Ni (1.91).[22,27] Noticeably, the success-
ful growth of NiO nanosheet array on NF is also supported by
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Figure 2. Surface state characterization. a) Ni-2p XPS spectra of the NiO@NF and (Ru-Ni)Ox@NF. b) Ru-3p XPS spectrum of the (Ru-Ni)Ox@NF. c) UPS
spectra of the NiO@NF, (Ru-Ni)Ox@NF, and com. RuO2. d,e) (d) Normalized Ni K-edge XANES spectra of the Ni-foil, NiO, Ni2O3, and (Ru-Ni)Ox@NF.
(e) Normalized Ru K-edge XANES spectra of the Ru-foil, RuO2, and (Ru-Ni)Ox@NF. Inset: enlarged absorption edges image. f,g) Corresponding Fourier-
transform spectra. h,i) Corresponding wavelet transforms for the k3-weighted EXAFS signals.

comparing the Ni-2p and O-1s spectra of (Ru-Ni)Ox@NF, NiO
powder and NiO@NF (Figure S12, Supporting Information). The
corresponding Ru-3p spectra of (Ru-Ni)Ox@NF fit with Ru-3p1/2
and Ru-3p3/2 spin-orbital peaks. The shape resonance at ≈ 463
and 465 eV are marked as Ru4+ and its satellite peaks (Figure 2b),
respectively.[13,28] The Ru4+ is attributed to the existence of RuO2
nanodomains embedded in NiO nanosheet array, as further in-
dicated by the comparison of Ru-3p, Ru-3d, and O-1s spectra be-

tween commercial RuO2 and (Ru-Ni)Ox@NF (Figure S12, Sup-
porting Information).

To investigate the evolution of electron transport capacity for
hierarchical inter-doped (Ru-Ni)Ox nanosheets, ultraviolet pho-
toelectron spectroscopy (UPS) was applied to measure the work
function (WF) (Figure 2c). The work function of (Ru-Ni)Ox@NF
is calculated to be 3.7 eV, between the 4.4 eV of commer-
cial RuO2 and the 3.4 eV of NiO@NF, indicating the electron
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redistribution within inter-doped (Ru-Ni)Ox nanosheets because
of the doping effect.[29,30] Moreover, the lower WF of (Ru-
Ni)Ox@NF compared to RuO2 suggests an improved carrier
transport of the inter-doped nanosheets for OER. Notably, the
UPS results of NiO powder and NiO@NF are analyzed to ex-
clude the impact on WF from the NF support and preparation
process (Figure S13, Supporting Information), indicating that the
construction of inter-doped nanosheets with the introduction of
Ru significantly optimizes the electron transport capacity of (Ru-
Ni)Ox@NF toward highly efficient electrocatalyst.

To further probe the electronic state and coordination environ-
ment of Ni and Ru atoms within the inter-doped nanosheets, the
synchrotron radiation X-ray absorption fine structure (XAS) was
performed for (Ru-Ni)Ox@NF. The X-ray absorption near edge
structure (XANES) spectra for Ni-K Ru-K edges are shown to an-
alyze the valence states for Ni and Ru, respectively (Figures 2d,e).
The absorption edge of (Ru-Ni)Ox@NF is between NiO (Ni2+)
and Ni2O3 (Ni3+), and the average valence state of Ni is calculated
as + 2.29, while the ones of Ru is + 4.35 (inset of Figures 2d,e;
Figure S14, Supporting Information), in agreement with their re-
spective shift of binding energy shown above via XPS analysis.

The information on chemical bonds and coordination can
be obtained from Fourier transform extended X-ray absorption
fine structure spectroscopy (FT-EXAFS). It is observed that the
two peaks at 1.90 and 2.50 Å can be attributed to Ni─O and
Ni-Ni bonds (Figure 2f; Figures S15 and Table S2, Supporting
Information),[31] respectively, while the peaks at 1.50, 3.10, and
2.50 Å are associated with Ru-O and Ru-Ru bonds, accordingly
(Figure 2g; Figure S16 and Table S3, Supporting Information).[32]

Notably, the average bond length of Ni-O in (Ru-Ni)Ox@NF is
slightly longer than in reference NiO, while Ru─O’s bond length
is shorter than those of reference RuO2. The bond length mod-
ulation is due to the respective Ni and Ru doped into RuO2 and
NiO, which regulates the coordination environment of Ru and
Ni atoms.[27] Specifically, the higher electronegativity of Ru (2.20)
than Ni (1.91) will lead to a higher affinity with oxygen and in-
creasing charge density around Ru atoms, thereby modulating
the respective bond length of Ni-O and Ru─O within the doped
oxides in (Ru-Ni)Ox nanosheets, leading to the extension of Ni─O
and the contraction of Ru-O.[12] Additionally, the increasing elec-
tron density near Ru sites suggests the weakened covalency of
Ru─O, and the soluble RuO4 will be limited to production to keep
the Ru elemental stable during the oxidation process, which will
be discussed later.[33] The wavelet transform-EXAFS plots further
visualized chemical bond information and coordination informa-
tion to support our Ni─O and Ru─O bonds analysis in the (Ru-
Ni)Ox@NF sample (Figures 2h,i).

2.2. OER Performance and Magnetic Characterization

To demonstrate the potential of our designed hierarchical struc-
ture as an efficient spin-sensitive OER catalyst, a tailored elec-
trochemical cell was built by polymethyl methacrylate (PMMA)
with the switchable magnetic field applied by two magnets
(Figure 3a; Figures S17 and S18, Supporting Information). The
(Ru-Ni)Ox@NF prepared at 0.01 m RuCl3 precursor solution is
representative owing to its best catalytic activity among samples
with varying Ru concentrations (Figure S19, Supporting Infor-

mation). Considering the impact on O2 releasing from Lorentz
and Kelvin forces, the intersection angle between the applying
magnetic and electric fields is 90° for all the testing samples.[23]

Apart from the (Ru-Ni)Ox@NF, the NiO@NF and pure NF were
also tested as references at identical conditions to discuss the
mechanism of spin-polarization enhanced OER.

The linear voltammetry scanning (LSV) of the (Ru-Ni)Ox@NF,
NiO@NF, and NF were tested in case of the presence and ab-
sence of a magnetic field (Figure 3b). As previously reported, a
higher OER activity of the ferromagnetic NF support with the
magnetic field is expected owing to the spin-aligned Ni sites.[34]

However, the NiO@NF and (Ru-Ni)Ox@NF show a larger en-
hancement of catalytic activity under a magnetic field, indicating
their higher sensitivity to the magnetic field-induced spin align-
ment of active sites, which will be discussed by their intrinsic ac-
tivity later. This finding is further supported by their specific over-
potentials (𝜂) at 100, 500, and 1000 mA cm−2 (Figure S20, Sup-
porting Information). The overpotential at 1000 mA cm−2 with
magnetic field is 286 mV for (Ru-Ni)Ox@NF, 749 for NiO@NF,
and 1101 mV for NF, lower than the ones without magnetic
field as 353 mV for (Ru-Ni)Ox@NF, 805 mV for NiO@NF, and
1154 mV for NF. Additionally, the decrease of 𝜂 at 1000 mA cm−2

via applying a magnetic field is the largest for (Ru-Ni)Ox@NF (Δ𝜂
= 67 mV), followed by NiO@NF (Δ𝜂 = 56 mV) and pure NF (Δ𝜂
= 53 mV), and this trend can also be observed at 100 and 500 mA
cm−2. The Tafel plots (Figure S21, Supporting Information) also
agree with the above discussion. With the assistance of a mag-
netic field, all three samples show faster reaction kinetics. In par-
ticular, the (Ru─Ni)Ox@NF exhibits a Tafel slope value of 31 mV
dec−1, indicating its capability to be a highly efficient electrocat-
alyst for ampere-level OER. The influence from the direction of
applying magnetic field was excluded by the LSV results under
two opposite magnetic fields (Figure S22, Supporting Informa-
tion).

To describe the enhancement of intrinsic OER activity for our
samples with magnetic field assistance, the electrochemical ac-
tive area (ECSA) tests were performed to calculate the double-
layer capacitance (Cdl) and turnover frequency (TOF) (Table 1;
Figure S23, Supporting Information). The ECSA of the (Ru-
Ni)Ox@NF is significantly increased as compared to NiO@NF
and NF, indicating the establishment of the hierarchical inter-
doped nanosheet array can increase the specific surface area to
expose a larger number of active sites (Figure S24, Supporting
Information). The calculated TOF with magnetic field assistance
is 3.150 s−1 for (Ru-Ni)Ox@NF, 0.248 s−1 for NiO@NF, and
0.071 s−1 for NF, higher than the ones without magnetic field as
0.482 s−1 for (Ru-Ni)Ox@NF, 0.039 s−1 for NiO@NF, and 0.022
s−1 for NF, respectively (Figure 3c). This observation can be ex-
plained from two aspects. On the one hand, the calculating TOF
result without a magnetic field indicates that our designed (Ru-
Ni)Ox@NF can not only provide more active sites owing to the
larger specific surface area but also optimize the intrinsic activity
of these exposed active sites, as compared to NiO@NF and NF.
On the other hand, all three samples show the higher intrinsic ac-
tivity by applying a magnetic field, and the changes of TOF follow
the order as NF < NiO@NF < (Ru-Ni)Ox@NF. Their different
sensitivity to the applying magnetic field for promoting OER can
be attributed to the varying spin-polarization effect within mate-
rials, which will be discussed later.

Adv. Funct. Mater. 2025, 2420810 © 2025 Wiley-VCH GmbH2420810 (5 of 11)

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202420810 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [15/02/2025]. 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

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 3. OER performance and magnetic characterization. a) Schematic illustration of a three-electrode system with an external magnetic field. The
magnetic field at the working electrode was measured to be 398.2 mT. b) LSV curves of the (Ru-Ni)Ox@NF, NiO@NF, and NF in 1.0 m KOH and c) cor-
responding TOF with and without magnetic field. d) Magnetization hysteresis loops of the (Ru-Ni)Ox@NF, NiO@NF, NF, RuO2, NiO, RuO2 (Ni-1.3%),
NiO (Ru-1.1%) at room temperature. Inset: I) Low-field region in M-H loops of the (Ru-Ni)Ox@NF, NiO@NF, and NF, II) schematic illustration of the
FM-AFM coupling, and III) ferromagnetic exchange between Ru4+/Rux+ and Ni2+/Ni3+. e) Changes in 𝜂 at j = 1 and j = 2 A cm−2 of the (Ru-Ni)Ox@NF,
NiO@NF, and NF. f) Increment in j at 1.6 V versus RHE under various pH conditions of the (Ru-Ni)Ox@NF, NiO@NF, and NF. g) Comparison of
𝜂 at j = 100 A cm−2 between the (Ru-Ni)Ox@NF and the reported state-of-art spin selective OER catalysts. h) Chronopotentiometry tests (i–t) of the
(Ru-Ni)Ox@NF at j = 1 A cm−2.

To disclose the different spin-polarization effects among NF,
NiO@NF, and (Ru-Ni)Ox@NF, the vibrating sample magne-
tometer (VSM) measurement was performed to study their mag-
netism (Figure 3d). The magnetic hysteresis (M─H) loop of the
(Ru-Ni)Ox@NF, NiO@NF, and NF are shown in the top half.
It is observed that the saturation moment gradually reduces in
the order: (Ru-Ni)Ox@NF < NiO@NF < NF. The decrease in
the saturation moment of the NiO@NF and (Ru-Ni)Ox@NF can
be attributed to the in situ growth of antiferromagnetic NiO
nanosheets on the ferromagnetic NF, sacrificing the overall fer-
romagnetism since NF is the only Ni source. In addition, the
density of the grown nanosheets of (Ru-Ni)Ox@NF is greater
than NiO@NF, further exacerbating the overall decline in ferro-
magnetism. However, the variation of coercivity is in contrast to
the trend of saturation moment, and the (Ru-Ni)Ox@NF shows

the largest coercivity, followed by NiO@NF and NF (Inset I of
Figure 3d). For the NiO@NF, its larger coercivity than pure NF

Table 1. The calculated Cdl., ECSA, and TOF of t(Ru-Ni)Ox@NF, NiO@NF,
and NF (detailed in Supporting Information).

Sample Cdl . [mF cm−2] ECSA [cm2] TOF [s−1]

(Ru-Ni)Ox@NF-with M 27.12 678 3.150

(Ru-Ni)Ox@NF 23.53 588 0.482

NiO@NF-with M 5.48 137 0.248

NiO@NF 4.76 119 0.039

NF-with M 5.31 133 0.071

NF 4.46 111 0.022
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can be attributed to the spin pinning function at the FM-AFM
interface between the NiO nanosheet and the NF support.[8] For
the (Ru-Ni)Ox@NF, the further increasing coercivity compared
to NiO@NF can be discussed from two perspectives. On the one
hand, this can be attributed to the higher density of nanosheet
arrays on the NF support that provides more imitate FM-AFM in-
terfaces, as discussed above by their SEM images (Figures S3 and
S9, Supporting Information). On the other hand, the additional
interface between doped NiO and RuO2 within (Ru-Ni)Ox also
lays the structural foundation for spin pinning to elevate coerciv-
ity. Whether there is magnetic coupling at the interface of doped
oxides needs further discussion by studying the magnetism of
the doped NiO and RuO2.

To address this question, we first ultrasonically peeled the
grown (Ru-Ni)Ox nanosheets from the NF support to conduct
VSM measurement, and the (Ru-Ni)Ox nanosheets showed dis-
tinct ferromagnetic behaviors (Figure S25, Supporting Informa-
tion). The influence from the potential debris of NF support dur-
ing the ultrasonic process was excluded by the M─H loop of the
NiO nanosheets peeled from NiO@NF. To further explore the
source of ferromagnetism within (Ru-Ni)Ox nanosheets, a se-
ries of Ni-doped RuO2 and Ru-doped NiO powder samples were
prepared at different doping ratios with their XRD patterns and
M─H loops systematically characterized (Figure S26, Supporting
Information). The shift of their XRD diffraction peaks indicates
the successful doping of Ru and Ni into NiO and RuO2, respec-
tively. Additionally, the doping level of the powder samples cov-
ers the ones of inter-doped (Ru-Ni)Ox nanosheets, as evidenced
by comparing their diffraction peaks shifting, allowing us to ex-
plore the source of ferromagnetism within (Ru-Ni)Ox nanosheets
via studying separate powder samples.

Four representative M─H loops of the selected samples (i.e.,
RuO2, RuO2 (Ni-1.3%), NiO (Ru-1.1%), NiO) are shown in the
bottom half (Figure 3d). The Ni-doped RuO2 shows a magnetic
saturation platform while the magnetism of Ru-doped NiO re-
mains unchanged (e.g., antiferromagnetic) compared to pure
NiO powder. This can be attributed to the difference in anti-
ferromagnetism of the pristine NiO and RuO2. A recent study
pointed out that RuO2 has destructible itinerant antiferromag-
netism. At the same time, the antiferromagnetic order within
NiO is more stable,[20] which can also be supported by the much
higher Neel temperature (TNeel) of NiO (e.g., 523 K) than RuO2
(e.g., TNeel ≧ 300 K). Although it is possible to induce novel fer-
romagnetism within NiO by defects and lattice distortion as dis-
covered in previous research,[35–37] the Ru dopant was unlikely to
induce distinct ferromagnetism within NiO at the low doping ra-
tio of our samples.[38] Therefore, the doping of Ni into RuO2 is
more likely to induce the magnetism modulation than the case
of Ru into NiO in the herein doping level of the powder samples
and (Ru-Ni)Ox nanosheets. The exchange interaction between Ru
and Ni ions is illustrated by the inset based on the Goodenough-
Kanamori rule (Inset III of Figure 3d).[39,40] In brief, Ni has half-
filled spin-up eg orbitals, while Ru has empty eg orbitals; in this
case, the virtual electron can be transferred from “half-filled to
empty” so that ferromagnetism can be induced through the su-
per exchange of FM.

Based on the above discussion, the most sensitive (Ru-
Ni)Ox@NF to the spin-polarization effect for promoting OER
can be attributed to the successful integration of the intrin-

sic and interfacial spin-polarization strategy. On the one hand,
the intrinsic spin-polarization within RuO2 domains induced
by Ni doping can provide spin-aligned Ru active sites, the in-
trinsic activity of which can be improved under a magnetic
field. On the other hand, the more abundant interface within
inter-doped nanosheets as compared to NiO@NF further am-
plifies the effect of FM-AFM coupling assisting spin electron
transfer.

To further present the superiority of integrating intrinsic and
interfacial spin-polarization for the hierarchical spin-polarized
(Ru-Ni)Ox@NF toward ampere-level current density, the selected
samples were tested at 1 and 2 A cm−2 with the circulation
of the external magnetic field between 0 T and 0.4 T (Figure
S27, Supporting Information). The variation of overpotential
(Δ𝜂) was counted by the statistical method, and the Δ𝜂 in-
creases in the order: NF, NiO@NF, (Ru-Ni)Ox@NF (Figure 3e).
For the NiO@NF, the interface between antiferromagnetic NiO
nanosheets and ferromagnetic NF enlarged the specific surface
area to provide more efficient active sites and generate FM-
AFM coupling to accelerate spin-selective electron transfer.[19]

Therefore, although the active sites on antiferromagnetic NiO
nanosheets are not spin-polarized, the NiO@NF still exhibits the
larger Δ𝜂 as compared to NF, which is also in agreement with the
results of TOF that the NiO@NF exhibits higher enhancement
in intrinsic activity than NF. For the (Ru-Ni)Ox@NF, in addition
to the considerable specific surface area and several exposed ac-
tive sites owing to the growth of high-density nanosheet arrays,
the spin-polarization effect within Ni-doped RuO2 provides not
only efficient active sites to be spin aligned in the presence of the
magnetic field, but also generate abundant FM-AFM interfaces
between the doped NiO and the RuO2 to assist spin-selective elec-
tron transfer. Therefore, integrating intrinsic and interfacial spin-
polarization results in its most significant enhancement in intrin-
sic activity under a magnetic field compared to the NiO@NF and
pure NF support.

Our claim can be further verified by the LSV results in KOH
electrolytes with pH ranging from 12.0 to 14.0 (Figure S28, Sup-
porting Information), and the increase in current density is com-
pared (Figure 3f). It has been pointed out that the absorption of
oxygen radical (O) on the spin-aligned active sites is the precon-
dition for magnetic field enhanced OER,[2] so the larger pH value
will increase the concentration of O in the electrolyte; thus, give
rise to the more significant increase of current density at the pres-
ence of magnetic field. Through this method, the degree of sensi-
tivity of materials to spin-polarization can be described well.[41,42]

The enhancement of current density is the largest for the (Ru-
Ni)Ox@NF, followed by NiO@NF and NF, indicating its superi-
ority by simultaneously realizing intrinsic and interfacial spin po-
larization in a hierarchical spin-polarized framework, which am-
plifies the effect of magnetic field assistance. The OER catalytic
activity of the (Ru-Ni)Ox@NF is further compared with other
reported state-of-art spin selective OER catalysts[7,34,43–47] by the
overpotential at 100 mA cm−2 (Figure 3g; Table S4, Supporting
Information). The (Ru-Ni)Ox@NF outperforms the selected cat-
alysts when applying a magnetic field of 0.4 T. Moreover, the long-
term stability of the (Ru-Ni)Ox@NF is also demonstrated by the
chronopotentiometry (i-t) test at 1 A cm−2 for 200 h (Figure 3h),
and the catalyst maintained robust structure in case of the pres-
ence or absence of magnetic field. The catalyst was also tested by

Adv. Funct. Mater. 2025, 2420810 © 2025 Wiley-VCH GmbH2420810 (7 of 11)
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Figure 4. Operando electrochemical characterization and DFT calculation. a) Operando bode-phase plots of the (Ru-Ni)Ox@NF with and without
external magnetic field. Inset: corresponding operando Nyquist plots. b) Correlation of the charge transfer resistance (Rct) and applied potentials of
the (Ru-Ni)Ox@NF in case of the absence and presence of the external magnetic field. Inset: electrical equivalent circuit model used for fitting Rct. c,d)
Contour plots of the operando Raman spectra for (c) (Ru-Ni)Ox@NF and (d) NiO@NF. e,f) Schematic illustration of (e) catalytic mechanism and (f)
OER reaction pathways for (Ru-Ni)Ox@NF under magnetic field. g) The Gibbs free energy plots for Ni-doped RuO2 and inter-doped (Ru-Ni)Ox in case
of the absence and presence of the magnetic field.

anion exchange membrane water electrolysis (AEMWE) at 500
mA cm−2 to demonstrate its potential under industrial conditions
(Figure S29; Note S1, Supporting Information).

2.3. Operando Electrochemical Characterization and DFT
Calculation

To verify the electron transfer assisted by magnetic field dur-
ing OER, the operando electrochemical impedance spectroscopy
(EIS) was tested for (Ru-Ni)Ox@NF (Figure 4a; Figure S30, Sup-
porting Information). The high-frequency (HF) region is associ-
ated with the oxidation of the electrode interior (e.g., the appear-
ance of NiOOH and Run+, n > 4). In contrast, the low-frequency
(LF) region is related to the OER process.[48] No fluctuation in the

HF region can be observed for (Ru-Ni)Ox@NF owing to the sta-
bilization of Ni and Ru atoms by forming a robust interface. A
standard equivalent circuit for in situ grown hierarchical nanos-
tructure was adapted to fit the EIS data where R1 represents the
oxidation resistance of the HF region, Rct represents the charge
transfer resistance of the LF region during OER, and Rs repre-
sents the solution resistance (Figure 4b).[49] By fitting the Rct as
a function of applied potential, the electron transfer process is
demonstrated to be more efficient by applying a magnetic field
supported by the smaller Rct and larger slope. As mentioned
above, the FM-AFM coupling interface can help electron transfer
via accelerating spin-selective electron removal on the absorption
sites to lower the energy barrier of OER.[19] In comparison, the
operando EIS was also performed for NiO@NF and pure NF, re-
spectively (Figures S31 and S32, Supporting Information). It is

Adv. Funct. Mater. 2025, 2420810 © 2025 Wiley-VCH GmbH2420810 (8 of 11)
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observed that the FM-AFM coupling at the interface between NiO
nanosheets and NF support within NiO@NF can also help accel-
erate spin-selective electron transfer, as revealed by the reduced
Rct and the increased slope while applying the magnetic field. In
contrast, the impact of spin-polarization on the charge transfer of
NF is limited, and only a slight reduction of Rct can be observed,
indicating the necessity of the FM-AFM interface for magnetic
field enhanced charge transfer process. Additionally, the differ-
ence in the slopes of Rct for (Ru-Ni)Ox@NF is also larger than
NiO@NF, indicating the necessity of the FM-AFM coupling to
the accelerating spin electron transfer under a magnetic field.

To disclose the catalytic active sites of our samples, the in
situ Raman technique was employed for (Ru-Ni)Ox@NF and
NiO@NF, respectively. For (Ru-Ni)Ox@NF, the shape resonance
at 518 cm−1 (Eg), 642 cm−1 (A1 g), and 702 cm−1 (B2 g) are corre-
sponding to the characteristic peaks of RuO2 while the ones at
571 cm−1 (LO) and 1110 cm−1 (2LO) are related to NiO (Figure
S33, Supporting Information), respectively.[33,50] It can be seen
that no obvious signal related to Run+ (n > 4) at ≈820 cm−1 and
NiOOH can be observed owing to the stabilization of Ni and
Ru atoms under the inter-doped feature (Figure 4c).[51] In con-
trast to the (Ru-Ni)Ox@NF, the signal associated with NiOOH
(e.g., 476 and 555 cm−1) appeared at 1.20 V versus RHE in
NiO@NF. It became more significant with the increasing po-
tential (Figure 4d), indicating the NiOOH and Ru4+ as the real
active sites of NiO@NF and (Ru-Ni)Ox@NF, respectively. This
understanding can also be supported by the XPS after the OER
performance test that the content of Ni3+ increases significantly
in NiO@NF while remaining unchanged in (Ru-Ni)Ox@NF
(Figure S34, Supporting Information), and the signal from Ru4+

is slightly reduced owing to the inevitable oxidation of Ru4+.
Based on the above discussion, the OER mechanism of the (Ru-
Ni)Ox@NF under a magnetic field is illustrated for subsequent
calculation (Figure 4e). The spin-aligned Ru4+ sites in Ni-doped
RuO2 nanodomains act as the active sites for spin-selective elec-
tron removal to avoid additional energy consumption for spin
flipping while generating triplet oxygen to lower the energy bar-
rier of the OER process. At the same time, the FM-AFM cou-
pling at the interface between antiferromagnetic Ru-doped NiO
and ferromagnetic Ni-doped RuO2 nanodomains can further pro-
mote OER activity via accelerating the spin electron transfer, as
proved by EIS analysis.

To theoretically verify the OER mechanism of our hierar-
chical spin-polarized electrocatalyst, the Ni-doped RuO2 and
inter-doped (Ru-Ni)Ox models were established for calculation
(Figures S35-S37, Supporting Information). The optimal adsorp-
tion site was discussed by comparing the Gibbs free energy re-
sults with the intermediate adsorbed on different positions (Table
S5, Supporting Information). The four-step method has been ap-
plied to explain the magnetic field-assisted water splitting by set-
ting the spin-polarized direction (Figure 4f).[6,52,53] Briefly, the
spin directions of the removal electrons in the first two steps
(i.e., steps ① and ②) are opposite as they come from the same
p-orbit of O, as shown in Figure 4e. However, if the two removal
electrons in steps ③ and ④ are spin-unaligned, additional energy
consumption will be needed to perform spin flipping to generate
triplet oxygen (↑O = O↑), which can be promoted by using spin-
polarized materials with spin-selective functionality. The Gibbs
free energy plot of OER is shown by steps (Figure 4g) follow-

ing the traditional four adsorption states marked as *, *OH, *O,
*OOH (* represents the absorption site). Comparing the situa-
tion without spin-polarization, the formation of an interface be-
tween the inter-doped oxides promotes the absorption of O at
the Ru site as compared to Ni-doped RuO2 without interfacial
effect, in which case the absorbate evolution can be more effi-
cient under the limitation of linear relationship for the adsor-
bate evolution mechanism: G*OOH – G*OH = 3.2 eV.[1] This un-
derstanding can also be supported by the density of states anal-
ysis that the inter-doped heterostructure leads to a more cen-
tralized hybridization between Ru─d and O─p orbitals near the
Fermi level, which can lower the activation barriers for OER by
increasing the total spin density to enhance the spin interaction
between active sites and intermediates (Figure S38, Supporting
Information).[6,54] Further comparison of the rate-limiting step
barriers of Ni-doped RuO2 and inter-doped (Ru-Ni)Ox are shown
in the absence and presence of the magnetic field. The lower
variation of Gibbs free energy (ΔG) of the rate-determined step
(*O to *OOH) for both (Ru-Ni)Ox and Ni-doped RuO2 under a
magnetic field can be clearly observed, indicating the optimized
O-O coupling on spin-polarized active sites that lower the ther-
modynamic barrier of OER.[52] Additionally, the decreasing of
ΔG with spin-polarization is more significant for (Ru-Ni)Ox than
Ni-doped RuO2 owing to the existence of the FM-AFM inter-
face, as revealed by the above EIS analysis. The calculation re-
sult agrees with the experimental analysis that the hierarchical
spin-polarized structure can serve as an efficient spin-sensitive
OER catalyst by applying a magnetic field. Our hierarchical inter-
doped (Ru-Ni)Ox@NF nanosheet arrays provide an additional
route to developing a spin-selective OER catalyst capable of serv-
ing at ampere current densities.

3. Conclusion

In summary, a hierarchical spin-polarized (Ru-Ni)Ox nanosheet
array on nickel foam is designed toward ampere-level OER un-
der a magnetic field with the integration of intrinsic and interfa-
cial spin-polarization. The successful growth of inter-doped (Ru-
Ni)Ox nanosheets is verified through morphology and crystalline
structure analysis and further substantiated by the chemical state
alteration resulting from doping effects, as evidenced by XPS
and XAS analyses. The intrinsic spin-polarization by Ni dopant
into RuO2 and interfacial FM-AFM coupling are proven by vibrat-
ing sample magnetometer characterization. The as-prepared (Ru-
Ni)Ox@NF outperforms most reported state-of-art spin-selective
OER catalysts in alkaline electrolytes; in particular, it has an over-
potential of 286 mV at 1 A cm−2 with 0.4 T magnetic field and
a steady lifespan of 200 h at 1 A cm−2. Integrating intrinsic
and interfacial spin-polarization on the inter-doped (Ru-Ni)Ox
nanosheet array can boost the ampere-level OER activity under
a magnetic field. Specifically, the thermodynamic barrier of OER
is reduced under a magnetic field because the spin-aligned Ru
active sites optimize the rate-determined O─O coupling step, as
demonstrated by in situ experiments and theoretical calculation.
Meanwhile, the charge transfer kinetics is promoted due to the
spin pinning at the ferromagnetic-antiferromagnetic interface, as
revealed by operando EIS analysis. The design of a hierarchical
structure to integrate intrinsic and interfacial spin polarization
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provides an additional route to developing a spin-polarized OER
catalyst capable of serving ampere current densities.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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