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This study reports the successful construction of a hierarchical Ru-
doped NiFeB nanosheet electrocatalyst (Ru@NiFeB) via a scalable
synthesis approach. The catalyst exhibits outstanding oxygen evolu-
tion reaction activity and exceptional operational stability at industrial
current densities, which are attributed to the precise modulation of the
electronic structure by trace Ru dopants and the optimization of
adsorption energetics for oxygen intermediates. The electrode also
demonstrates remarkable full-cell performance and long-term durabil-
ity in both concentrated alkaline and seawater electrolytes, thereby
offering an efficient and robust anode solution for large-scale green
hydrogen production.
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ABSTRACT

The oxygen evolution reaction (OER) represents the dominant kinetic bottleneck in electrochemical water splitting, thereby
imposing stringent demands on the development of advanced electrocatalysts that simultaneously deliver high activity and
long-term stability under industrial operating conditions for large-scale hydrogen production. Here, we report the rational
design and fabrication of a hierarchical Ru-decorated NiFeB nanosheet architecture (Ru@NiFeB), constructed via
sequential electrodeposition and hydrothermal processing on three-dimensional nickel foam substrate. The strategic incor-
poration of trace Ru species (~2 wt.%) drives pronounced electronic modulation at the heterointerface, thereby fundamen-
tally regulating the adsorption energetics of oxygen-containing intermediates. The resulting Ru@NiFeB electrode exhibits
state-of-the-art OER performance, with an overpotential of merely 235 mV at 100 mA/cm? in 1 mol/L KOH, surpassing the
activity of commercial RuO, catalysts. Remarkably, the electrode sustains a current density of 1000 mA/cm? for over 150 h
in a concentrated 4 mol/L KOH electrolyte without discernible degradation, thereby establishing one of the most stable low-
doped noble metal-based OER catalysts reported to date. This work establishes a viable pathway toward cost-effective
and robust electrocatalysts for industrial alkaline water electrolysis, thereby substantially advancing the feasibility of large-

scale green hydrogen production.
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electrocatalyst, ruthenium doping, oxygen evolution reaction, high current density.

1 Introduction

Electrocatalytic water splitting is widely regarded as a
promising strategy for sustainable hydrogen production
that enables efficient utilization of intermittent renewable
energy sources!!. The oxygen evolution reaction (OER)
involves a complex four-electron transfer process, which
remains the primary kinetic bottleneck in overall water
splitting'>?. While noble metal-based catalysts (RuO, and
IrO,) demonstrate superior catalytic activity, their
prohibitive cost and limited natural abundance preclude
widespread large-scale industrial deployment®. Conse-
quently, the development of earth-abundant transition-
metal-based electrocatalysts with performance compara-
ble to noble-metal catalysts has emerged as a critical
research priority®.

Nickel (Ni) and iron (Fe)-based materials have attracted
considerable interest as promising alternatives owing to
their high natural abundance, cost-effectiveness, and
favorable electrocatalytic performance in a wide range of

electrochemical reactions. Previous studies have revealed a
pronounced synergistic effect between Ni and Fe in
bimetallic catalytic systems'®”. Specifically, the incorpora-
tion of Fe** can induce the preoxidation of Ni** sites,
thereby promoting the formation of higher-valence Ni
species (Ni**/Ni**), which are widely recognized as the true
catalytically active centers in the OER catalytic cycle!®.
Furthermore, the introduction of Fe effectively tunes the
adsorption energies of oxygen intermediates and lowers
the reaction energy barrier, thereby significantly enhanc-
ing the intrinsic catalytic activity toward the OER.
However, many NiFe-based catalysts still exhibit high
overpotentials and insufficient operational durability at
industrially relevant current densities (>500 mA/cm?) &1,
For instance, typical NiFe layered double hydroxide cata-
lysts require an overpotential (#) of approximately 230 mV
to achieve a current density of 10 mA/cm? in 1 mol/L KOH
but often degrade rapidly under industrial-grade current
densities!"). To address these limitations, heteroatom
doping strategies have emerged as an effective approach
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for modulating the electronic structure and substantially
enhancing the catalytic performance of transition-metal-
based compounds!-'4,

Among various dopants, boron (B) incorporation offers
unique and multifaceted advantages through multiple
mechanisms, including the optimization of active-site elec-
tronic states, the promotion of oxygen-vacancy formation,
the enhancement of electrochemically active surface area
(ECSA), and the acceleration of charge-transfer
kinetics=7. Recent investigations have demonstrated
substantial enhancements in electrocatalytic performance
through boron doping. Bai et al. reported that NiFeB
layered double hydroxides achieved an overpotential of
290 mV at 100 mA/cm? . Aras et al. approximately 21%
enhancement in electrocatalytic performance in Mo,CoB,
compared to pristine cobalt electrodes!¥. Hua et al. devel-
oped Pd-NiFeB catalysts that require only 1.81 V to drive
overall water splitting (OWS) at 500 mA/cm?!"”. Neverthe-
less, maintaining structural integrity and catalytic perfor-
mance under prolonged high current-density operation
remains a significant challenge. A promising approach to
address this issue is the hierarchical nanostructuring of
three-dimensional conductive substrates, which can simul-
taneously promote mass transport, electrical conductivity,
and the accessibility of active sites. Additionally, the
strategic incorporation of trace amounts of noble-metal
nanoclusters has been shown to synergistically modulate
the electronic structure while substantially minimizing the
use of precious metals'”..

Herein, we report a scalable and rational multistep
synthesis strategy combining electrodeposition, chemical
treatment, and hydrothermal processing to construct self-
supported Ru-modified nickel-iron-boron nanostruc-
tured electrodes (Ru@NiFeB) directly on three-dimen-
sional nickel foam substrates. This binder-free architec-
ture exploits the synergistic effects between the high-
surface-area NiFeB matrix and atomically dispersed Ru
species to precisely regulate intermediate adsorption ener-
getics. The resulting electrode demonstrates outstanding
performance in 4 mol/L KOH, achieving a low voltage of
only 230 V to sustain a high current density of
1000 mA/cm? with excellent stability. Notably, the half-cell
exhibits stable operation for over 1200 h at a current
density of 1000 mA/cm?, whereas the full cell maintains

NiZ*/Fe?*
Electrodeposition

stable performance for 150 h at 1000 mA/cm? in 4 mol/L
KOH. Additionally, the electrode remains highly stable for
200 h at 1000 mA/cm? in natural seawater. This work
significantly advances the rational design of efficient and
stable electrocatalysts for industrial-scale green hydrogen
production, demonstrating both high performance and
excellent long-term operational stability under diverse
electrolytic conditions. The overall synthesis procedure is
shown in Scheme 1.

2 Materials and methods

2.1 Materials

All chemicals used were of analytical grade and purchased
from Aladdin Scientific. These include nickel sulfate
hexahydrate (NiSO,-6H,0), ferrous sulfate heptahydrate
(FeSO,7H,0), ruthenium chloride hydrate (RuCl;-xH,0),
sodium borohydride solution (NaBH,), ascorbic acid
(C¢HgOg), hydrochloric acid (HCI), and potassium
hydroxide (KOH). Nickel foam (NF) was obtained from
Shanghai Jiagingyuan Co., Ltd. (China). All reagents were
used without further purification unless otherwise stated.

2.2 Synthesis of the Ru@NiFeB electrocatalyst

The NiFe-based substrate was synthesized using a three-
dimensional porous NF, 1 x 1 cm?) as the base material. A
NiFe layer was electrochemically deposited onto the NF
using the following stepwise procedure: A 0.01 mol/L
NiSO,-6H,0 solution and a 0.05 mol/L FeSO,-7H,0 solu-
tion were prepared as the nickel and iron sources, respec-
tively, with a 0.1 mol/L NaBH, solution serving as the
boron source. Electrochemical deposition was performed
using a three-electrode electrochemical workstation at
—1.1 V for 400 s to form the NiFe template. The electrode
configuration consisted of NF as the working electrode, a
platinum foil as the counter electrode, and an Ag/AgCl
electrode as the reference electrode. After optimizing the
parameters of molar concentration, current density, and
electrochemical deposition time, NiFe@NF was removed
from the deposition solution, washed with deionized
water, and dried under ambient conditions. The dried
sample was then immersed in a 0.1 mol/L NaBH, solution
and reacted at 80°C for 40 min to complete the prepara-

NaBH,
Chemical Treatment

Hydrothermal
Ru?+

Scheme 1 Synthesis schematic of Ru@NiFeB

(&) 22w | Sci@pen

9370085 (2 of 11)


https://doi.org/10.26599/EMD.2026.9370085

Energy Mater. Devices 2026, 4(1), 9370085

tion of the NiFeB substrate.

After synthesizing the NiFeB substrate, Ru doping was
performed using a hydrothermal method. The hydrother-
mal time for Ru deposition was systematically optimized
from 40 to 120 min. As shown in Figs. S1-S4 in Supple-
mentary Material, the catalyst deposited for 60 min
features a uniform nanosheet architecture, optimizing
active site exposure and reactant mass transfer. Electro-
chemical tests confirm its performance, as it exhibits the
lowest overpotential of 238 mV at a current density of
100 mA/cm? among various deposition times, reflecting
superior intrinsic activity and a minimal Tafel slope of
66.8 mV/dec, which indicates faster reaction Kkinetics.
Furthermore, it has the largest electrochemically active
surface area of 9.8 mF/cm?, aligning with its well-devel-
oped morphology. These characteristics ensure efficient
and stable performance, making 60 min the optimal depo-
sition time for Ru hydrothermal processes, leading to
significantly enhanced oxygen evolution reaction perfor-
mance with the Ru@NijFeB catalyst. A 0.2 mmol/L Ru
precursor (RuCl;xH,0) was dissolved in 30 mL of deion-
ized water to prepare the doping solution. The solution
was then combined with the NiFeB/NF substrate and
transferred to a Teflon-lined hydrothermal autoclave. The
reaction was conducted at 100°C for 60 min to complete
Ru doping. After cooling to room temperature, the
Ru@NiFeB catalyst was collected. The Ru doping content
was confirmed to be 2.26 wt.% via inductively coupled
plasma (ICP) analysis. To optimize the doping process, the
reaction time and temperature were systematically
adjusted and evaluated. Finally, the doped Ru@NiFeB
catalyst was washed with deionized water and dried at
60°C.

2.3 Catalyst characterization

The surface morphology of the catalyst was examined
using a field-emission scanning electron microscope
(SEM; Zeiss Crossbeam 540). The catalyst was sectioned
into 5 mm X 5 mm pieces and mounted onto the sample
holder with conductive glue. Further microstructural
insights were obtained using a field-emission transmission
electron microscope (TEM; FEI Tecnai F20). The crystal
structure was analyzed via X-ray diffraction (XRD) using a
Bruker D8 Advance system with Cu Ka radiation (wave-

a Ru@NiFeB

length = 1.5406 A), a current of 40 mA, a voltage of 40 kV,
and a scan range of 10°-90° at a scan rate of 5°/min.
Raman spectroscopy was performed using an iHR550
Evolution system with a 532 nm laser to probe the local
chemical structure of the catalyst. Elemental composition
and chemical state analysis were performed using X-ray
photoelectron spectroscopy (XPS; ESCALAB Xi+), with a
survey area of 15-900 pm and an energy range of 0-
1500 eV. Data were calibrated using the C 1s peak at
284.8 eV. Quantitative analysis of metal elements was
conducted via ICP optical emission spectroscopy (ICP-
OES; Optima 8000), with a spectral range of 130-770 nm
and a 27.12 MHz generator.

3 Result and discussion

3.1 Morphology and structural characterizations

The Ru@NiFeB nanosheets were synthesized by precisely
controlling the Ru deposition time on the NiFeB substrate,
with a hydrothermal reaction at 100°C for 60 min identi-
fied as the optimal condition. The surface morphology of
the Ru@NiFeB catalyst was observed using field-emission
SEM, revealing a fibrous or sheet-like microstructure. This
structural feature suggests that the catalyst possesses a high
specific surface area, which is beneficial for increasing the
density of active sites during catalytic reactions, thereby
enhancing its OER performance.

Furthermore, energy dispersive X-ray spectroscopy
(EDS) analysis, illustrated in Figs. la-1le, confirmed the
successful incorporation of Ru into the NiFeB substrate,
along with the presence of Ni, Fe, and B. The EDS line-
scan profile further verified the uniform distribution of
these elements across the catalyst surface. This uniform
distribution of Ru, Ni, Fe, and B suggests that Ru has been
effectively integrated into the NiFeB structure, which likely
contributes to enhanced electronic conductivity, improved
reaction kinetics, and superior catalytic stability and over-
all performance.

High-resolution TEM images reveal the crystal struc-
ture of the Ru@NiFeB catalyst, as shown in Fig. 2a. The
surface maps further validated the successful existence of
Ru, Ni, Fe, and B elements as shown in Figs. S5a-5e in
Supplementary Material. High-resolution TEM analysis

Figure1 (a) SEM images of Ru@NiFeB. (b)-(e) EDS elemental mapping images of the Ru@NiFeB surface. The corresponding EDS

line profiles of Ru La (b), Ni La (c), Fe Ka (d), and B Ka (e).
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Figure 2 Physical characterization of the optimal Ru@NiFeB electrocatalyst. (a) and (a-1) TEM images and atomic scale analysis of
Ru@NiFeB. (b) XRD spectrum of Ru@NiFeB. (c)-(f) XPS spectra of the Ru@NiFeB electrocatalyst.

was conducted on the surface of Ru@NiFeB. As shown in
Fig. 2a-1, the lattice spacing of 0.221 nm can be attributed
to NiFeB (200). The distances of 0.145 and 0.159 nm
correspond to RuB (400) and RuB (302), respectively. The
distance of 0.210 nm corresponds to FeB (113). These
interplanar spacings indicate a well-defined crystalline
structure, characterized by stable interactions among Ru,
Ni, Fe, and B, which likely contributing to the catalyst's
enhanced electrocatalytic activity. Overall, TEM analysis
reveals that the Ru@NiFeB surface comprises numerous
small crystallite domains, exhibiting polycrystalline char-
acteristics. This internal structural evolution is expected to
play a key role in enhancing the catalyst’s electrochemical
performance. The XRD spectrum in Fig. 2b provides
insight into the crystal structure of the Ru@NiFeB catalyst.
Multiple distinct diffraction peaks were observed, with the
main peaks at approximately 30°, 45°, 55°, and 65°. These
peaks correspond to known compounds, including RuO,,
NigB,O,,, Ru;B;, and FeBO;, as matched with standard
PDF cards (e.g., PDF 96-154-0049, PDF 96-901-1452).
Smaller diffraction peaks were observed at 37.55°, 38.81°,
47.62°, 48.21°, and 57.14°. Notably, peaks at approxi-
mately 28.5° and 35° correspond to RuO,, indicating the

(&) 22w | Sci@pen

presence of RuO, crystallites in the Ru@NiFeB catalyst.
Peaks at approximately 34° and 36° are attributed to
Ni¢B,O,,, suggesting the preexistence of Ni and B oxides in
the NiFeB composite catalyst. Several weaker diffraction
peaks at around 38°, 45°, and 50° correspond to Ru;B; and
FeBO;, further confirming the chemical bonding and crys-
talline structure among Ru, Ni, Fe, and B, which is consis-
tent with the TEM analysis.

XPS analysis (Figs. 2c-2f) provides detailed informa-
tion on the elemental composition and chemical states of
the Ru@NiFeB catalyst surface. The full-scan XPS spec-
trum reveals peaks corresponding to Ru, Ni, Fe, B, C, and
O elements, as shown in Fig. S6 in Supplementary Mate-
rial. Specifically, the binding energies (BEs) of Ru (Ru
3ds;,), Ni (Ni 2p,;,), Fe (Fe 2p;5,), and B (B 1s) were
observed at 280.6, 872.9, 713.5, and 187.5 eV, respectively.
The characteristic peaks for Ru 3ds,,, Ni 2p,,, Fe 2p;/,, and
B 1s are typically located at 280.0, 873.5, 713.0, and
187.2 eV, respectively®2. In the Ni 2p spectrum, the Ni
2py,, peak shifted by 0.6 eV to a lower binding energy,
indicating electron donation to Ni. Similarly, the Ni 2p;),
peak also shifted by 0.6 eV to a lower binding energy,
further indicating electron acceptance®. Ni satellite peaks

9370085 (4 of 11)
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were observed at 880.3 and 861.2 eV®. The XPS of Fe 2p
also exhibits similar trends to those of Ni 2p. The B Is
peak (Fig. 2f) was deconvoluted into two components:
B-O (192.6 eV) and B-M (187.2 eV). The presence of
B-M bonding confirms electron donation from B to the
Ni/Fe d-orbitals, in agreement with previous studies on
metal borides?. According to Pauling's theory, B has a
higher electronegativity (2.04) than Ni (1.91) and Fe
(1.93), which facilitates electron donation from B to the
metal atoms in NiFeB*!. The negative shifts in the binding
energies of Ni 2p and Fe 2p, along with the positive shifts
in B 1s, indicate electron transfer from B to Ni/Fe. This
electronic restructuring optimizes the adsorption energies
of key OER intermediates (*OH, *O, *OOH), thereby
accelerating the rate-determining step and contributing to
the low Tafel slope (27 mV/dec) observed in our system.
Similar electronic modulation effects have been reported
in other Ru-doped transition metal borides®!.

The TEM and XRD analyses indicate that NiFeB exists
in a polycrystalline phase, with Ru atoms incorporated as
nanoclusters. The Ru 3ds,, peak in Fig. 2¢ shifted by 0.5 eV
to a higher binding energy, further supporting electron
donation. The Ru 3d;,, peak, observed at 284.9 eV, shifted
by 0.82 eV from its intrinsic value of 284.08 eV, confirm-
ing the successful incorporation of Ru into the NiFeB
matrix. These binding energy shifts of the Ru 3d;,, and Ru
3ds;, peaks indicate enhanced electronic interactions
within the NiFeB matrix, which may optimize the elec-
tronic structure®’. The slight shifts in the Ru BEs are likely
attributed to lattice strain and charge redistribution®.
Strong electrostatic interactions are expected to enhance
intrinsic activity, improve active-site accessibility, and
facilitate the dissociation of H,0O molecules®. Further-
more, the peak observed at 285.4 eV corresponds to
Ru(OH); species, indicating the adsorption of hydroxide
ions on the metallic Ru species®. The C 1s peak was
observed at 284.4 eV and served as the reference for cali-

bration®'.

Raman spectroscopic analysis elucidates the structural
evolution of the Ru@NiFeB catalyst OER and its correla-
tion with performance (Fig. S7 in Supplementary
Material). Following OER, significant spectral changes
emerge: a wide, intense envelope appears in the 400-
750 cm™! region, with a band at ~480 cm™ attributable to
the Ni-O bending vibration in the y-NiOOH/NiFeOOH
oxyhydroxide, indicating surface reconstruction into an
active NiFe (oxy)hydroxide layers'*¥. Critically, distinct
Raman modes at ~518 (E,), ~642 (A,,), and ~702 cm™
(Byg), characteristic of rutile RuO,, along with bands near
~430 and ~588 cm™ assigned to Ru* and Ru’** species, are
observed®. These features, consistent with the faint but
identifiable RuO, diffraction peaks (PDF #96-154-0049) in
XRD, demonstrate the partial oxidation of Ru nanoparti-
cles into crystalline RuO, domains under anodic potential.
In summary, the OER process drives the transformation of
the precursor into a composite heterostructure, where
highly active RuO, nanocrystals are embedded within a
reconstituted, porous, and robust NiFe hydroxide matrix.
This unique architecture synergistically combines the high
intrinsic activity of RuO, sites, which lowers the reaction
energy barrier, with the structural stability and abundant
triple-phase boundaries provided by the host matrix,
thereby accounting for the enhanced OER performance.
vided by the host matrix, thereby accounting for the
enhanced OER performance.

The XPS analysis further confirms the successful incor-
poration of Ru into the NiFeB matrix, which is expected to
enhance the electrochemical performance of the catalyst.
The Ni-B peak (approximately 851.9 eV) provides addi-
tional evidence of bonding between Ni and B. Overall, the
XPS data suggest that the surface of Ru@NiFeB contains
multiple oxidation states of Ru, Ni, Fe, and B, and that
interactions among these elements likely contribute to the
enhanced catalytic activity and stability of the catalyst.
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Figure 3 Half-cell electrochemical properties of Ru@NiFeB in 1 mol/L KOH. (a) Half-cell OER LSV curves at room temperature
(25°C). (b) Tafel plots and slope values. (c) OER electrochemical impedance spectroscopy (EIS) plots of Ru@NiFeB. (d) Half-cell stabil-

ity test.
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The surface wetting behavior of the Ru@NiFeB elec-
trode was investigated to evaluate its interaction with the
aqueous electrolyte. As shown in Video in Supplementary
Material, the catalyst exhibits a contact angle of nearly 0°,
indicating superhydrophilic characteristics. This extreme
wettability is a direct consequence of the hierarchical
nanosheet architecture and the hydrophilic nature of the
metal (oxy)hydroxide species, which collectively generate
capillary forces that promote spontaneous electrolyte
permeation. Such a superhydrophilic surface ensures that
the entire high-surface-area nanostructure, including inte-
rior pores, is fully accessible to the electrolyte, thereby
maximizing the utilization of active sites. Furthermore,
this property is expected to facilitate rapid detachment of
O, gas bubbles generated during the OER process, mini-
mizing bubble shielding at high current densities and
contributing to the outstanding operational stability
observed in subsequent tests.

3.2 Electrochemical OER properties

The linear sweep voltammetry (LSV) polarization curves
in Fig. 3a reveal that the Ru@NiFeB electrode achieves an
exceptionally low overpotential of 235 mV to reach a
current density of 100 mA/cm? in 1 mol/L KOH. All LSV
curves were recorded at a scan rate of 5 mV/s in 1 mol/L
KOH at room temperature (RT, 25°C). This performance
not only significantly surpasses that of undoped NiFeB
(261 mV), bare Ni foam (453 mV), and noble-metal RuO,
(398 mV) electrodes but also ranks among the most active
OER electrocatalysts reported to date, as benchmarked in
Table S1 in Supplementary Material. Further comparisons
reveal that Ru@NiFeB exhibits a lower overpotential and a
more stable current response at elevated current densities.
Specifically, in the high current-density region, Ru@NiFeB
demonstrates faster reaction kinetics than NiFeB, indicat-

ing superior resistance to current decay. Under high
current-density conditions, the OER performance of
Ru@NiFeB is further enhanced, suggesting that the intro-
duction of Ru not only increases the number of active sites
but also optimizes the catalyst’s electronic structure,
thereby improving charge-transfer efficiency.

Tafel analysis, shown in Fig. 3b, reveals that the Tafel
slope of Ru@NiFeB is 27 mV/dec, which is lower than that
of NiFeB (30 mV/dec), and significantly outperforms both
Ni foam (129 mV/dec) and Pt/C (171 mV/dec).
The reduced Tafel slope indicates faster interfacial reac-
tion kinetics and a lower activation energy barrier for the
OER. This enhancement can be attributed to the introduc-
tion of trace Ru species, which effectively promote the
reaction rate and facilitate charge transfer, likely by opti-
mizing the adsorption and desorption energetics of key
oxygen intermediates. Furthermore, the Ru@NiFeB cata-
lyst exhibits a distinct electronic synergy among Ru, Ni,
and Fe sites, fine-tuning the binding behavior of interme-
diates such as *OH, *O, and *OOH, thereby accelerating
the rate-determining step of the OER. Such electronic
cooperation contributes to the enhanced electrocatalytic
performance and rapid reaction kinetics of Ru@NiFeB,
rendering it a highly promising candidate for efficient
green hydrogen production.

To further investigate the OER Kkinetics, Nyquist plots
were recorded at 1.5 V vs. RHE, as shown in Fig. 3c. The
fitted data extracted from the Nyquist plot reveal that the
electrochemical charge-transfer resistance (Rct) of the
Ru@NiFeB sample is the smallest at 0.59 Q, significantly
lower than that of NiFeB. This result indicates that Ru
doping effectively enhances solid-liquid interfacial
conductivity and charge-transfer rate, facilitating the
maintenance of a lower polarization resistance at high
current densities. Combined with the low overpotential
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Figure4 The best Ru@NiFeB FE test in 1 mol/L KOH and steady-state OER chronoamperometry (CA) in 1 mol/L KOH. Actual and
theoretical O, (a) and H, (b) generation in 10-40 min. (c) Digital photograph of water-gas displacement system. (d) FE measurement of
the best Ru@NiFeB. (e) OER CA response at different voltages of Ru@NiFeB. (f) Comparison of LSV and CA with the percentage differ-
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from LSV and the small Tafel slope, these analyses collec-
tively corroborate the superior intrinsic kinetics of
Ru@NiFeB.

As shown in the Figs. S8a and S8b in Supplementary
Material, the electrochemical double-layer capacitance
(Cq) and ECSA of the Ru@NiFeB catalyst were deter-
mined using cyclic voltammetry in the non-Faradaic
region at scan rates ranging from 20 to 100 mV/s, with
20 mV/s increments, between 0.16 and 026 V vs.
Hg/HgO. Figure S8c in Supplementary Material presents
the OER anodic and cathodic currents as a function of
scan rate. The measure Cy for Ru@NiFeB was 13.9 mF/cm?,
higher than that of NiFeB. Using the formula ECSA =
Ca/C,, where C, = 0.04 mF/cm?, the ECSA of Ru@NiFeB
was calculated to be 137.75 cm?.

The proportionality between Cy and ECSA suggests that
a higher Cy value is associated with an increased ECSA,
which provides more active sites, facilitates faster interfa-
cial interactions, and reduces the energy barrier for the
OER process®—*!. Compared to bare NiFeB, Ru nanoclus-
ters significantly enhance the ECSA by exposing addi-
tional accessible active sites. The Ru@NiFeB catalyst main-
tains a dense conductive network, while its nanosheet/
branch-like architecture ensures sufficient active-site avail-
ability and a reduced diffusion distance, thereby improv-
ing catalytic efficiency for the OER. The Ru@NiFeB cata-
lyst features a dense conductive network and a hierarchi-
cal nanosheet morphology, which together ensure abun-
dant active site exposure and short diffusion paths, thereby
enhancing OER efficiency. As shown in Fig. 3d, the half-
cell system maintains stable performance over 1000 h at
1000 mA/cm? in 1 mol/L KOH, confirming its excellent
current stability.

The OER mechanism is as follows:

(i) M+OH—M-OH*+e",

(ii) M—OH*+OH-—M-0*+H,0+¢",

(iii) M=O*+OH—M-OOH*+¢-,

(iv) M—-OOH*+OH—M+0,+H,0O+e€",

where M represents the metallic active sites, and M-OH,
M-0O, and M-OOH are reaction intermediates®-*. Steps
(iif) and (iv) are considered the rate-determining steps.

The turnover frequency was evaluated to assess the
intrinsic activity of the electrocatalyst. After 60 min of
reaction, Ru@NiFeB exhibited TOF values of 22.29 per site
at an overpotential (1) of 150 mV, indicating superior
intrinsic activity and faster O, generation rates.

Cathode

Membrane AﬂOde

o 7

o

Yo vy
< H,

OH
H,0

Scheme 2 Full cell component of Ru@NiFeB (+) || Pt/C (-).
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Faradaic efficiency (FE), which represents the ratio of
experimentally generated H, or O, to the theoretical
amount, is a key parameter for evaluating charge-transfer
efficiency in practical applications'*".. To investigate FE,
electrochemical tests were performed at a current density
of 50 mA/cm? in 1 mol/L KOH, as shown in Figs. 4a and
4b. The evolved gas was collected via water displacement,
as illustrated in Fig. 4c. Ru@NiFeB exhibited FEs of
96.15% for O, evolution and 95.62% for H, evolution,
yielding an overall efficiency of approximately 95.89%.
These results indicate minimal side reactions and a high
conversion rate. The FE values demonstrate that
Ru@NiFeB operates efficiently within practical applica-
tion ranges, minimizing gas recombination at the elec-
trode surface.

Ru@NiFeB exhibits highly comparable OER perfor-
mance, rendering it a promising candidate for efficient
water splitting. Overall, the Ru@NiFeB catalyst demon-
strates superior OER performance in this system. The
enhanced performance can be attributed to its well-
designed nanosheet morphology, increased surface area,
abundant active sites, and high intrinsic activity®> *\. The
incorporation of Ru into NiFeB optimizes the adsorption
and desorption of oxygen intermediates!**), adjusts the
electronic configuration, and reduces charge-transfer
resistance, thereby further enhancing its electrochemical
performance.

The steady-state OER CA response of Ru@NiFeB was
measured in 1 mol/L KOH. Figures 4e and 4f presents the
OER CA response of Ru@NiFeB at different current densi-
ties. Figure 4f compares the LSV and CA data, along with
the percentage difference between the LSV and CA
measurements. During high-current electrolysis, a
substantial amount of gas bubbles was generated on the
electrode surface. Nevertheless, the current remained
stable with minimal deviation, demonstrating that the
Ru@NiFeB electrode can sustain steady operation under
high-current-density conditions.

3.3 Post-OER characterization

To gain deeper insight into the chemical state evolution
and structural stability of the Ru@NiFeB catalyst under
operating conditions, we performed detailed post-mortem
XPS analysis on the electrode after prolonged OER testing.

Figure S9a in Supplementary Material compares the
high-r-resolution Ru 3d and B 1s spectra before and after
the OER durability test. In the Ru 3d region, a distinct
positive shift of approximately 0.4 eV is observed after
OER, with the main peak moving from 280.47 eV to
280.87 eV (vs. C 1s at 284.8 V). This shift unambiguously
indicates the oxidation of Ru species during the anodic
reaction, likely transforming the low-valent Ru into higher
oxidation states**. Such electrochemical oxidation is
commonly associated with the formation of surface-active
phases that catalyze the OER!". Crucially, the intensity and
shape of the Ru 3d peaks remain largely unchanged,
suggesting negligible dissolution or leaching of Ru during
the high-current-density operation. ICP-OES analysis
further confirms the retention of Ru content (~2.2 wt.%)
after OER, suggesting excellent structural integrity. This
remarkable stability of the Ru species directly correlates
with the outstanding long-term durability demonstrated in
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Figure 5 Full-cell activity of Ru@NiFeB under various conditions. (a) Full cell (Ru@NiFeB (+) || Pt/C(-) )LSV in 4 mol/L KOH. (b)
Full cell stability test in 4 mol/L KOH. (c) Full cell performance in seawater + 1 mol/L KOH. (d) Full cell seawater stability test.

our electrochemical tests.

As shown in Fig. S9b in Supplementary Material, the B
undergoes progressive oxidation from B° to B*, accompa-
nied by hydrolysis into BO,/B(OH), species. This oxida-
tion is reflected in XPS by a decrease in the metal-B peak
(~187-189 eV) and a concurrent increase in the B-O peak
(~191-193 eV). The electron donation ability of B dimin-
ishes as B leaches from the alloy matrix, resulting in a
partial shift of metal binding energies toward higher
values, which signifies the formation of high-valence
Ni**/Fe* oxyhydroxides (NiOOH/FeOOH). Simultane-
ously, the dissolution of B creates abundant defects, vacan-
cies, and porous surface structures, providing additional
catalytic sites and accelerating the lattice oxygen-mediated
mechanism®*. In the Ru@NiFeB precatalyst, the incorpo-
rated boron atoms play a dual role as both “electronic
promoters” and “sacrificial activation species”. Owing to
its relatively low electronegativity, B behaves as an “elec-
tron-donating ligand”, transferring electron density to
neighboring Ru, Ni, and Fe atoms through M-B covalent
interactions. This electron donation increases the electron
density around the metal centers, stabilizing low-valent
metallic states (M/M?*) and downshifting the binding
energies of corresponding M 2p orbitals. The strength-
ened metallic bonding and enhanced electronic conductiv-
ity facilitate rapid interfacial charge transfer, which is
essential for the activation of OER intermediates*.

({27 mm | Sci@pen

3.4 Full-cell performance under industrially rele-
vant conditions

The OWS performance was evaluated in a two-electrode
configuration using a zero-gap electrolyzer. A schematic
illustration of the custom-built cell assembly, depicting the
arrangement of the Ru@NiFeB anode, Pt/C cathode, sepa-
rator, and electrolyte flow, is presented in Scheme 21\, The
OWS performance of the Ru@NiFeB electrode was evalu-
ated under industrially relevant conditions. As shown in
Fig. 5a, the full cell achieved a low voltage of 2.13 V, deliv-
ering a high current density of 1000 mA/cm? in 4 mol/L
KOH at 60°C. The fluctuation observed in the LSV curve
at high current densities is attributed to the intense gener-
ation and detachment of oxygen bubbles, which intermit-
tently affect the electrode-electrolyte contact area. This
phenomenon is commonly observed in high-rate water
electrolysis and can be mitigated through an optimized
electrode architecture®® 2. This performance can be
attributed to the synergistic effect of the catalyst’s highly
active sites and enhanced intrinsic conductivity. The
higher concentration of KOH (K* and OH") in 4 mol/L
KOH reduces solution resistance and facilitates faster ion
transport'l. Moreover, the elevated temperature lowers
the activation energy barrier of the electrolysis process'*,
favoring more thermodynamically favorable reaction
conditions. To gain deeper insight into the charge-trans-
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fer dynamics within the practical electrolyzer, EIS was
conducted on the full cell. The Nyquist plot in Fig. S10 in
Supplementary Material shows an exceptionally low over-
all impedance of 0.34 Q for the Ru@NiFeB-based cell,
indicating highly efficient charge transport.

Long-term durability under high current density is criti-
cal for large-scale hydrogen production. As shown in
Fig. 5b, Ru@NiFeB exhibited excellent stability in 4 mol/L
KOH at 60°C, maintaining a current density of
1000 mA/cm? for over 150 h (more than 6 days) under
harsh industrial conditions. These results demonstrate the
strong corrosion resistance and mechanical robustness of
Ru@NiFeB under high current and prolonged operating
conditions.

3.5 Application potential in seawater electrolytes

The viability of the Ru@NiFeB system for hydrogen
production from natural resources was evaluated in seawa-
ter electrolytes. OWS operations were conducted in both
natural seawater and alkaline seawater (seawater +
1 mol/L KOH), as shown in Fig. S11 in Supplementary
Material. The Ru@NiFeB system exhibited good stability
and performance in natural seawater, achieving a voltage
of only 2.60 V at 500 mA/cm?, as shown in Fig. 5¢, indicat-
ing excellent performance for natural water electrolysis.

Furthermore, as presented in Table S2 in Supplemen-
tary Material, the OWS performance of Ru@NiFeB in
seawater + 1 mol/L KOH was compared with recent litera-
ture reports. In alkaline seawater, the OWS performance
of Ru@NiFeB is comparable to that of advanced electro-
catalysts. The excellent OER activity at the anode is a key
factor contributing to Ru@NiFeB’s outstanding full-cell
OWS performance!*.

Typically, the performance in natural seawater is lower
than in freshwater due to the presence of various cations
and anions, such as Ca*, Mg*, F-, Cl', and Br-, as well as
other chemical species, bioelements, and particulate
matter, which complicate natural water -electrolysis!*.
During electrolysis in natural seawater, the formation of
white precipitates was observed, likely corresponding to
Mg(OH), or/and Ca(OH),". In alkaline seawater (seawa-
ter + 1 mol/L KOH), the Ru@NiFeB system demonstrated
long-term stability at 500 mA/cm? as shown in Fig. 5d,
highlighting its strong resistance to corrosion from addi-
tional ions, microorganisms, and other contaminants.

The stable performance in seawater electrolysis suggests
that Ru@NiFeB has good resistance to Cl- corrosion.
During the reaction, a boron-containing surface layer may
form, acting as a physical barrier that effectively prevents
the infiltration and corrosion of Cl- ions into the catalyst's
active sites“!. Meanwhile, the doping of Ru significantly
alters the electronic structure of the NiFe active sites. This
electronic modulation not only enhances the kinetics of
the OER, allowing the catalyst to operate stably at rela-
tively low overpotentials, but also shifts its thermody-
namic profile away from the competitive chlorine evolu-
tion reaction window!”. However, further investigation is
needed to fully understand the corrosion resistance mech-
anism in seawater.

4 Conclusion
In this study, we successfully synthesized Ru@NiFeB as an
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efficient electrocatalyst for the OER using a hybrid
approach that combines electrodeposition, chemical treat-
ment, and scalable hydrothermal methods. The incorpora-
tion of Ru into the NiFeB matrix significantly enhanced
electronic conductivity, electrochemically active surface
area, and intrinsic activity, resulting in excellent OER
performance, with a low overpotential of 235 mV at
100 mA/cm? in 1 mol/L KOH. The catalyst also demon-
strated remarkable stability, maintaining a current density
of 1000 mA/cm? for over 150 h in 4 mol/L KOH at 60°C.

The Ru@NiFeB catalyst exhibits OER activity and stabil-
ity that meet the benchmarks for industrial applications,
positioning it as a cost-effective and robust anode material
for water electrolysis. Its exceptional reaction kinetics and
adaptability to various water sources arise from the hierar-
chical nanosheet structure and favorable electronic
synergy induced by the incorporation of Ru. The low Ru
loading (2.26 wt.%) enables the Ru@NiFeB catalyst to
achieve an excellent balance among activity, stability, and
cost, which is crucial for practical industrial applications.
The high performance at high current densities and long-
term stability make it a promising candidate for large-scale
green hydrogen production. Consequently, this work
presents a rational design strategy for developing high-
performance electrocatalysts for the scalable roduction of
green hydrogen.
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