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The unavoidable catalyst structure disintegration in industrial water
electrolysis can lead to increased overpotential thus lowering
energy efficiency. Most current studies focus on enhancing the
oxygen evolution reaction (OER) rate and catalytic activity by elec-
trodepositing catalysts with various morphologies, while few
address the issue of catalyst bubble release, especially under high
current densities where mass transport becomes critical. This study
presents a novel approach to fabricate hierarchical Romanesco-like
nickel—-iron nano-cone arrays (R-NiFe NCAs) via Lorentz-force-
assisted electrodeposition under an external magnetic field. This
process introduces a high density of line defects to enhance the
stability of the cone structure while enriching the surface with step
edges and directing the crystal phase evolution towards more stable
(111) and (220) facets. The hierarchical nano-cone array exhibits
excellent wettability and efficient bubble release properties.
Experimental results demonstrate that the R-NiFe NCAs achieve an
overpotential of only 199 mV at 10 mA cm~2 and 375 mV at 100 mA
cm™2 for OER. When integrated into an anion exchange membrane
water electrolyzer (AEMWE), the system remains stable for over
600 hours at a current density of 1 A cm~2. Comparative studies of
different nano-cone morphologies further confirm the positive role
of the Romanesco-like nano-cone with richer surface structure in
improving mass transfer, wettability and bubble release.

Introduction

Alkaline water electrolysis is a pivotal pathway for achieving a
hydrogen-based society and has garnered significant attention
from the global scientific and industrial communities."”
However, under high current densities, the catalyst structures
in alkaline water electrolysis tend to degrade, significantly
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impairing their performance and lifespan.® One of the primary
issues is the structural disintegration of catalysts under indus-
trial operating conditions, which leads to increased overpoten-
tials and reduced energy efficiency. Elevated current densities
exacerbate mass transport limitations, resulting in the
accumulation of gas bubbles on electrode surfaces.”
Additionally, these bubbles impede electrolyte diffusion, intro-
duce substantial reaction resistance, and ultimately degrade
the catalytic performance. Effective gas management, there-
fore, is as crucial as developing high-activity catalysts for
achieving high reaction rates at practical operational
voltages.>® Recent advances in biomimetic surfaces have pro-
vided novel insights into addressing gas release challenges in
electrochemical reactions.’®'" In industrial water splitting,
where reactions often occur at high current densities, electrode
surfaces generate abundant gas bubbles. In such cases, if the
electrode strongly adheres to the bubbles, they tend to
accumulate near the surface, impeding electrolyte diffusion
and introducing substantial reaction resistance.'> Ordered
micro- or nanostructured surfaces, inspired by natural
systems, exhibit excellent wettability and have shown promise
in minimizing bubble adhesion and accelerating gas evol-
ution. For instance, nano-array-based super-aerophobic elec-
trodes establish discontinuous solid-liquid-gas triple-phase
contact lines (TPCLs), which significantly reduce bubble
adhesion and enhance mass transfer.>'* Therefore, in the
anion exchange membrane water electrolysis (AEMWE) techno-
logy, which dominates the market, developing electrodes with
excellent wettability, stable mass transport, and efficient hydro-
gen evolution under high current densities is of critical and
urgent research value."™'® However, most existing studies
focus on optimizing catalytic activity or bubble behavior inde-
pendently, often neglecting the synergistic effects of structural
design and external field modulation.

Over the past decades, various methods have been
employed for electrocatalyst synthesis, including impreg-
nation, colloidal, microemulsion, and sputtering methods."”
These synthesis methods are typically multi-step processes
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requiring high temperatures, resulting in uncontrolled mor-
phologies and the use of capping agents or surfactants.
Moreover, traditional chemical reduction methods often intro-
duce impurities into the deposits, which can integrate into the
catalysts and reduce their catalytic activity. In this study, elec-
trodeposition has emerged as a promising alternative.
Compared to commercially available plasma-sprayed electrode
technologies, electrodeposited nanostructured electrodes offer
higher surface areas, better uniformity, lower production costs,
and superior interfacial properties.'®° These features endow
electrodeposited nanostructures with potential advantages in
enhancing catalytic efficiency and reducing costs. However,
conventional electrodeposition methods face challenges such
as uneven redeposition, irregular nanoparticle distribution,
and the formation of small-sized nanoparticles, which result
in poor mechanical stability and limited surface area of the
nanostructures.'® For instance, the nickel nano-cones predo-
minantly exposing (220) facets, as prepared by Lei et al,*'
exhibited excellent stability during 6000 hours of operation
but lacked significant activity enhancements. Additionally,
prolonged electrodeposition does not increase the length or
volume of nano-cones but instead causes structural collapse
and tilting.>> Thus, conventional electrodeposition alone
offers limited benefits for industrial applications. If micro-
structures with abundant high-index facets, such as (111) and
(220), and excellent wettability can be developed, performance
improvements would be significant.>®** However, achieving
this requires breaking through the traditional electrodeposi-
tion process window and exploring new experimental
methodologies.

Developing a feasible strategy to construct oxygen evolution
catalysts with larger surface areas and stable performance
under high current densities remains a challenging pursuit.
To address this issue, we propose a Lorentz-force-assisted elec-
trodeposition approach to grow Romanesco-like nickel-iron
nano-cone arrays (R-NiFe NCAs). By applying a magnetic field
perpendicular to the current direction during the plating
process, the Lorentz force, as described by the equation:

F=gvXxB (1)

where ¢ is the charge of the particle, v is its velocity, and B is
the magnetic field strength. Charged particles experience a
Lorentz force perpendicular to their direction of motion and
the magnetic field, altering their trajectories and thereby influ-
encing the growth of the electroplated layer.>>>® Specifically,
the Lorentz force reduces local ion accumulation on the elec-
trode surface, enhancing the uniformity of the deposition
layer.>® By controlling the strength and direction of the mag-
netic field, the microstructure of the electroplated layer, such
as grain size and orientation, can be tailored.>”*° During the
electrodeposition process, the interaction between current and
magnetic field induces magnetohydrodynamic (MHD) effects,
which influence the distribution and migration of ions in the
electrolyte, thereby affecting the morphology and composition
of the deposited layer.’**' While previous studies have

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

explored the fabrication of conical nanostructures for electro-
catalytic applications, the integration of hierarchical nano-
cones with magnetic field-assisted growth remains largely
unexplored. Utilizing the Lorentz force, we successfully fabri-
cated multileve] Romanesco-like NiFe nano-cone arrays with
enriched surface morphology through a one-step electrodepo-
sition process. Experimental results demonstrate that an exter-
nally applied vertical magnetic field altered the deposition
pathways of Ni** and Fe**, introducing secondary NiFe nano-
cones atop the primary NiFe nano-cones (NiFe NCAs). This
strategy not only introduces a high density of line defects to
enhance the stability of the cone structures but also enriches
the surface with step edges and directs the crystal phase evol-
ution toward more stable (111) and (220) facets. The synergis-
tic effects of the magnetic field—combining Lorentz forces
and magnetic gradient forces—enable the growth of secondary
nano-cones, which significantly improve mass transfer, wett-
ability, and bubble release properties. This hierarchical
design, coupled with the magnetic field-driven growth mecha-
nism, represents a significant advancement over conventional
single-level conical structures, offering enhanced performance
and stability for industrial-scale water electrolysis at high
current densities.

Our work demonstrates that the R-NiFe NCAs achieve an
overpotential of only 199 mV at 10 mA cm > and 375 mV at
100 mA cm? for the oxygen evolution reaction (OER). When
integrated into an AEMWE, the system remains stable for over
600 hours at a current density of 1 A ¢cm™>. Comparative
studies of different nano-cone morphologies further confirm
the positive role of the Romanesco-like nano-cones in improv-
ing mass transfer, wettability, and bubble release. By combin-
ing magnetic field modulation with hierarchical nanostructure
design, this work offers a new perspective on enhancing the
performance and durability of electrocatalysts for industrial
water splitting. The findings not only advance the funda-
mental understanding of Lorentz-force-assisted electrodeposi-
tion but also provide practical insights into the development
of next-generation electrodes for high-current-density
applications.

Results and discussion

The fabrication process of R-NiFe NCAs is illustrated in Fig. 1.
The R-NiFe NCAs were synthesized on commercial nickel foam
via electrodeposition under an externally applied vertical mag-
netic field. Extended electrodeposition times were found to
cause cone collapse during growth (Fig. S1f). By optimizing
pH, temperature, crystal growth modifiers, reagent concen-
trations in the plating solution, electrodeposition time, and
current density, flower-like dense nano-cones with sharp tips
were successfully obtained. For comparison, nickel nano-cone
arrays without Fe doping (denoted as Ni NCAs), as well as
uniform NiFe nano-cone arrays without secondary cone struc-
tures (denoted as NiFe NCAs), were synthesized using identical
procedures but without an applied magnetic field. The three

Nanoscale, 2025, 17, 8466-8475 | 8467


https://doi.org/10.1039/d4nr05174b

Published on 22 1403. Downloaded on 11/12/1404 11:56:07 ..

Communication

——
S
-~ s

H by

’

B Top view ,“ y
— Fet-
Fe A

\
\
*j!l’
’ ! \~

SN 1 e

View Article Online

Nanoscale

PR PN

Magnetic field

-

Seadeo-”

v

Fig. 1 Schematic illustration for the mechanism of nickel-iron nano-cone deposition on nickel foam under the influence of an external magnetic
field. The electrodeposition process and morphology of nickel-iron nano-cones (a) without external magnetic field and (b) under an applied 300 Gs
vertical magnetic field. (c) The role of Lorentz force in the electrodeposition of nickel-iron nano-cones under an applied vertical magnetic field. The

experimental conditions for the electrodeposition were as follows: pH of 4.0, current density of 20 mA cm

specific material ratios and concentrations can be found in the ESI.T

different nano-cone morphologies are shown in Fig. S2.f As
illustrated in Fig. 1b and c, under the influence of the vertical
magnetic field, the deposition paths of Ni** and Fe** were
altered by Lorentz forces. The Lorentz force induces magneto-
hydrodynamic (MHD) convection (Fig. 1c), which redistributes
ions (Ni**/Fe®) near the electrode surface. This reduces con-
centration polarization and enables uniform growth of second-
ary nano-cones. While the primary nano-cone structures were
deposited under the effect of the electric field, the magnetic
field induced the growth of secondary nano-cone structures on
the surface of the primary cones, forming a Romanesco-like
structure. The magnetic field not only induces Lorentz forces
to redistribute ions but also generates magnetic gradient
forces due to the ferromagnetic nature of Ni/Fe. As Ni/Fe are
ferromagnetic, the applied magnetic field creates localized gra-
dients, generating a magnetic gradient force. This force aligns
paramagnetic Ni**/Fe** ions along field lines, promoting verti-
cal growth of primary cones.?” These forces work in tandem to
control the growth direction and morphology of the nano-
cones, resulting in a more uniform and stable structure. This
dual-force mechanism is particularly effective at small scales,

8468 | Nanoscale, 2025, 17, 8466-8475

=2, and a duration of 15 minutes. The

where magnetic gradient forces dominate and enhance the
alignment of paramagnetic ions.*?

Scanning electron microscopy (SEM) images reveal that the
dense Romanesco-like NiFe nano-cones are uniformly de-
posited on nickel foam (Fig. 2a and b and Fig. S3t). The
primary nano-cones (Fig. 2c) and secondary nano-cones
(Fig. 2g) were separated via ultrasonication and analyzed using
transmission electron microscopy (TEM). The primary nano-
cones have a length and base diameter of approximately
600 nm and 300 nm, respectively, while the secondary nano-
cones measure about 200 nm in length and 50 nm in base dia-
meter. High-resolution TEM (HRTEM) images and selected
area electron diffraction (SAED) patterns indicate that the
lattice parameters of both types of NiFe nano-cones are close
to those of nickel (JPCDS no. 04-0850) (Fig. 2d-f and h-j).
However, the primary NiFe nano-cones are predominantly
oriented along the (111) crystal plane, whereas the secondary
NiFe nano-cones favor the (220) crystal plane.

Energy-dispersive X-ray spectroscopy (EDX) results from
TEM confirm that Ni and Fe are uniformly distributed on the
surfaces of both types of NiFe nano-cones (Fig. 2f and j).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) and (b) SEM images of R-NiFe nano-cone arrays. (c) TEM image of the primary R-NiFe nano-cones. (d) SAED pattern of the primary
R-NiFe nano-cones. (e) Lattice fringes of the primary nano-cones. (f) EDX mapping images of Ni, Fe, and O elements in the primary nano-cones. (g)
HRTEM image of the secondary nano-cones. (h) SAED pattern of the secondary nano-cones. (i) Magnified view of the selected area in (g). (j) EDX

mapping images of Ni, Fe, and O elements in the secondary nano-cones.

Combined with the XRD spectra (Fig. 3b), these findings
suggest that both types of NiFe cones are nickel-based NiFe
solid-solution alloys. Additionally, the EDX spectra reveal a
strong oxygen signal, attributed to the surface NiFe oxide/
hydroxide layer (Fig. 2f and j).

Due to the difficulty in distinguishing signals from the
nickel foam substrate (NF) and the deposited NiFe layer,
R-NiFe NCAs prepared under an applied vertical magnetic field
and NiFe NCAs prepared without a magnetic field were further
deposited onto nickel plates. The deposited layers were then
ultrasonically separated for XRD characterization. As shown in
Fig. 3a, the main diffraction peaks of both materials appear at
the (111), (200), and (220) crystal planes, with minimal differ-
ences in lattice parameters between R-NiFe NCAs and NiFe
NCAs. However, the diffraction peak intensity of R-NiFe NCAs
is significantly lower than that of NiFe NCAs, indicating
reduced crystallinity in R-NiFe NCAs. This reduction correlates

This journal is © The Royal Society of Chemistry 2025

with the smaller cone size and higher density of lattice defects
in R-NiFe NCAs.* During the electrodeposition process under
an applied magnetic field, more active sites, such as grain
boundaries and defects, are introduced, which are more favor-
able for electrocatalytic performance.®

To clarify the chemical composition and oxidation states of
R-NiFe NCAs, X-ray photoelectron spectroscopy (XPS) and
depth profiling analysis were conducted. Specifically, the wide-
scan XPS spectrum of the R-NiFe NCAs sample revealed the
coexistence of Ni, Fe, and O elements on the surface of the
nano-cones (Fig. 3b), with the surface XPS spectral fitting
details (Fig. S41). A comparison of the high-resolution Ni 2p
spectra between the activated R-NiFe NCAs and NiFe NCAs
(Fig. 3c) shows two main peaks corresponding to oxidized Ni
and two satellite peaks (denoted as “sat.”), which can be attrib-
uted to NiO or Ni(OH),.*> For R-NiFe NCAs, the two main
peaks of oxidized Ni are located at 855.6 eV (Ni 2p;.,) and

Nanoscale, 2025, 17, 8466-8475 | 8469


https://doi.org/10.1039/d4nr05174b

Published on 22 1403. Downloaded on 11/12/1404 11:56:07 ..

View Article Online

Communication Nanoscale
R-NiFe NCAs a ——R-NiFe NCAs b
NiFe NCAs NiFe NCAs
A11) L
OKLL 4 JN
% | (200) ;//”'w“”k |LMFI\2 N e
Al ,!g J (2_20) & L \ A Ni LMM
e o e s c
2 : ; : c e iy Ni 3p
L i : } 2 Ni 2p et
= i : ! =| ok Ni LMM
| i ! Fe2p O1s
; ; 5 N Cis Ni 3p
40 50 60 70 80 1000 800 600 400 200 0
206 (degree) Binding energy (eV)
Ni 2p R-NiFe NCAs A c Fe 2p R-NiFe NCAs d
Inside “;‘"\\ '"fide B \
A A e ey ,
S B |\ § - — ‘ " Ny
- Sa; / J - <l N|D 2ps, ,_.\Wes 2py, Fe°'2p1ﬂ.2 ’7/:‘ \;\‘ ™
S N2 B0 NP 2 Sat .ot sl B Ni LMM F&™" 2R3 b o'5 s
p 1" 2P12 NI" 2y, Ni2* 2ps, . Par
S Surface g Surface
‘B : NiFe NCAs A @ NiFe NCAs
c| Inside [\ =]
9 N Q| Inside
= o~ _—~N = o
[ = e | YN 2pg, e SIS — %
sat. . A ' N oeia| e
Ni?* 2p, NI 2Py, Sat. N2+ 5 Sat. Fe** 2p,,_ o NiLM = SN
Surface fe 2pu3 Fe. 2Pw
Surface Fe® 2p,,

885 880 875 870 865 860 855 850 845
Binding energy (eV)

730 725 720 715 710 705 700
Binding energy (eV)

Fig. 3 Phase and composition characterization. (a) XRD patterns of the prepared NiFe and R-NiFe nano-cone arrays grown on a Ni plate substrate.
(b—d) XPS analysis of NiFe and R-NiFe nano-cone arrays. (b) XPS survey spectra (surface). (c) Ni 2p, (d) Fe 2p XPS depth profiling analysis with sputter-

ing depths of 0, 30, and 50 nm.

873.6 eV (Ni 2p;,,) spin-orbit doublets. Strong metallic Ni
signals (852.3 and 869.7 eV) emerge after 30 nm argon ion
sputtering, while the high-valence state signals become weaker
(Fig. 3c). In contrast, the main peaks of oxidized Ni in NiFe
NCAs appear at 855.0 eV (Ni 2p3/,) and 873.1 eV (Ni 2p;,), with
metallic Ni signals at 852.1 and 869.3 eV. As the sputtering
depth increases, the Ni** signals gradually weaken and even-
tually disappear, leaving only the metallic Ni signals (Fig. 3c).
The Fe 2p distribution (Fig. 3d) exhibits a similar trend, where
signals of Fe** (presumably from Fe-doped Ni(OH),, abbre-
viated as NiFe(OH),)*® gradually weaken, while metallic Fe
signals in R-NiFe NCAs (peaks at 705.7 and 719.4 eV) and NiFe
NCAs (peaks at 703.1 and 719.1 eV) increase from the activated
surface to the interior.>® The broad peak near 711.5 eV can be
attributed to the Auger Ni LMM peak.*’

The prepared electrodes were directly employed as working
electrodes for OER electrocatalysis in 1 M KOH using a stan-
dard three-electrode cell. Prior to recording electrochemical
data, all samples were pre-activated via 40 repeated CV scans
to stabilize the surface (in situ oxidation). Polarization curves
were recorded at a scan rate of 5 mV s~ from high to low
initial potentials to avoid signal overlap between Ni**/Ni** oxi-
dation processes (details in ESIT). Catalysts such as NiFe NCAs

8470 | Nanoscale, 2025, 17, 8466-8475

and Ni NCAs loaded on nickel foam were also tested as con-
trols. As shown in Fig. 4a, the R-NiFe NCAs exhibited signifi-
cantly enhanced catalytic activity compared to the control elec-
trodes, especially demonstrating excellent OER performance at
high current densities (above 250 mA cm™?), with ultralow
overpotentials of 264 and 274 mV at current densities of 500
and 1000 mA cm >, respectively. And the polarization curves
for OER without iR compensation is shown in Fig. S5.f The
Romanesco-like structure of the R-NiFe NCAs leads to a high
density of step-edge sites and surface defects, which are
crucial for enhancing the adsorption and desorption of reac-
tion intermediates during the OER process.’” The (111) and
(220) facets exposed on the hierarchical nano-cone structure
provide ideal sites for OER,* facilitating the transition from
Ni** to Ni** oxidation states and the formation of a stable NiFe
oxide/hydroxide layer that is known to be active in OER.*®*°
Moreover, the NiFe oxide/hydroxide layer formed during the
electrochemical process acts as an additional active site for the
OER, promoting the oxygen-oxygen bond formation that is
critical in OER.*® After the OER process, the nano-cones of
R-NiFe NCAs retained their original morphology, showing
good stability (Fig. S6t). Additionally, the R-NiFe NCAs
achieved a low Tafel slope of 34 mV dec™" over a wide range,

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Comparison of OER electrocatalytic performance of R-NiFe NCAs, NiFe NCAs, and Ni NCAs electrodes in 1 mol L™ KOH solution. (a)
Polarization curves based on geometric area, (b) Tafel plot, (c) EIS Nyquist plot at 300 mV OER overpotential, (d) comparison of overpotentials
required to reach current densities of 10 mA cm™2 and 250 mA cm™2, (e) polarization curves based on ECSA, (f) overpotentials required to achieve
the ECSA normalized current density of 10 mA cm~2. The SEM images of the catalysts described in the figure are shown in Fig. $2.1

indicating rapid OER kinetics even at high current densities
(Fig. 4b). The R-NiFe NCAs exhibit a hierarchical structure that
increases the electrochemically active surface area (ECSA) and
facilitates more efficient charge transfer pathways. The step-
rich surfaces and exposed (111) and (220) facets promote
enhanced electronic conductivity and optimized adsorption/
desorption of reaction intermediates, reducing charge transfer
resistance. Electrochemical impedance spectroscopy (EIS)
measurements further revealed that R-NiFe NCAs had the
lowest charge transfer resistance (R.) among the three nano-
cone samples, confirming their high catalytic activity (Fig. 4c).
The improved conductivity can be attributed to the high
density of linear defects and the presence of multiple electron
conduction pathways within the hierarchical nano-cone
network. At the same overpotential, the current densities for
NiFe NCAs and Ni NCAs were 350 and 660 mA cm™2, and 24
and 46 mA cm™>, respectively. Notably, the R-NiFe NCAs cata-
lyst exhibited ultralow overpotentials of 199 mV and 256 mV at
current densities of 10 mA cm™ and 250 mA cm™?, respect-
ively, which are significantly lower than those of the other two
Ni-based nano-cone OER catalysts under the same current den-
sities (Fig. 4d). Meanwhile, the richer surface morphology and
larger surface area of R-NiFe NCAs also effectively enhance the
HER catalytic activity of NiFe nanocone (Fig. S7t). The active
sites of R-NiFe NCAs are primarily located at the step-edge
sites and defects on the surface of the nano-cones. These sites
enhance the adsorption of H' ions and facilitate their

This journal is © The Royal Society of Chemistry 2025

reduction to hydrogen molecules. The Ni component in the
NiFe alloy contributes significantly to the hydrogen adsorption
and desorption processes, while the Fe atoms help in stabiliz-
ing the intermediate H* species, leading to enhanced catalytic
efficiency.

The intrinsic catalytic activity of the catalysts was evaluated
by normalizing the linear sweep voltammetry (LSV) curves to
the electrochemically active surface area (ECSA). The ECSA
values were estimated using the electrochemical capacitance
method (Fig. S8t). The normalized polarization curves also
demonstrated the excellent intrinsic OER catalytic activity of
the R-NiFe NCAs (Fig. 4e). Specifically, the R-NiFe NCAs
required an overpotential of only 246 mV to achieve a current
density of 10 mA cm™ (ECSA), which is lower than the 265 mV
for NiFe NCAs and 371 mV for Ni NCAs (Fig. 4f).

The contact angle measurements of the R-NiFe NCAs and
NiFe NCAs nano-cone electrodes (Fig. 5a and b) revealed that
the contact angle of R-NiFe NCAs was only 21° (Fig. S97),
demonstrating significantly better wettability compared to
NiFe NCAs. This difference is attributed to the capillary effect
of the surface structure, where the capillary force generated in
the flower-like nano-cone array structure adsorbs the liquid
droplet onto the electrode surface. Bubble detachment was
observed using a micro-camera during the OER reaction at
current densities of 100 mA cm™ and 250 mA cm™> (Fig. 5¢
and d), and the statistical distribution of oxygen bubble dia-
meters during the OER process at different current densities

Nanoscale, 2025, 17, 8466-8475 | 8471
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Fig. 5 Comparison of wettability and bubble release between R-NiFe NCAs and NiFe NCAs. (a) Contact angle test comparison of NiFe NCAs and (b)
R-NiFe NCAs and (c) bubble imaging of NiFe NCAs and (d) R-NiFe NCAs at current densities of 100 mA cm~2 and 250 mA cm™2, (e) schematic
diagram of bubble adhesion on the surface of the two nanostructured electrode arrays, (f) schematic diagram of how the R-NiFe NCAs nano-

structure promotes wettability and bubble detachment mechanisms.

was shown in Fig. S10.f The oxygen bubble detachment dia-
meter on the R-NiFe NCAs surface was significantly smaller
than that on NiFe NCAs, highlighting the excellent bubble
detachment behavior of the flower-like nano-cone structure.
This is crucial for water electrolysis catalysts at high current
densities.’® A wetting behavior comparison scheme (Fig. 5e)
was established based on the experimental phenomena of the
contact angle for two different nanoarray electrode structures.
As illustrated in Fig. 5e, the multi-level nano-cone structure
creates a highly rough surface, allowing the electrolyte to fully
penetrate the grooves between the primary and secondary
cones. This results in a discontinuous solid-liquid-gas triple-
phase contact line (TPCL), where gas bubbles are fragmented
into smaller sizes and detached more rapidly compared to
smoother surfaces. In contrast, conventional conical electrodes
often exhibit a Cassie-to-Wenzel transition, where incomplete
wetting leads to gas entrapment and larger bubble adhesion.*!
Moreover, the presence of a secondary nano-cone array results
in a discontinuous state for the solid-liquid—gas three-phase
contact line, reducing the adhesion and separation size of gas
bubbles formed on the catalyst surface.'® The Wenzel state on
R-NiFe NCAs is further supported by the extremely low contact
angle of 21°, indicating strong hydrophilicity. This superwet-
ting behavior is attributed to the capillary forces generated by

8472 | Nanoscale, 2025, 17, 8466-8475

the hierarchical nano-cone array, which draws the electrolyte
into the micro/nano-scale grooves. As a result, bubbles nucle-
ate and grow within the confined spaces of the secondary
cones, leading to smaller bubble sizes (<50 um at 250 mA
em™? Fig. 5d). This mechanism not only prevents bubble
coalescence but also ensures continuous exposure of active
sites, optimizing mass transfer and reaction kinetics at high
current densities. By illustrating the bubble detachment
mechanisms for the two nano-cone array structures (Fig. 5f),
we can clearly observe that the multi-level nano-cone nano-
structure, due to its excellent hydrophilicity and Wenzel state
wettability, can reduce the release size of bubbles during the
OER process. Bubble detachment becomes an internal growth
and departure process,'> preventing bubbles from growing too
large and blocking active sites, thus improving mass transfer
efficiency and optimizing the electrochemical process. The
superwettability of R-NiFe NCAs minimizes bubble adhesion,
preventing local current interruptions and ensuring continu-
ous electrochemical reaction sites remain active. This effect,
combined with the optimized charge transfer pathways, leads
to lower overpotentials and improved catalytic efficiency.

To evaluate the stability of the R-NiFe NCAs in OER cataly-
sis, we first performed 1000 CV cycles at a scan rate of 100 mV

! within the 1.2 to 1.55 V vs. RHE range in 1 M KOH solu-
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Fig. 6 Stability testing of R-NiFe NCAs catalyst electrodes. (a) Comparison of polarization curves before and after 1000 CV cycles, (b) chronopoten-
tiometry curves at current densities of 250 mA cm™2, 500 mA cm™2 and 1000 mA cm™2, (c) schematic diagram of the AEMWE electrolyzer using
R-NiFe NCAs as the anode and Ni NCAs as the cathode, (d) cell voltage vs. time curve at a current density of 1 A cm™2 in 1 M KOH at 50 °C (without

iR compensation).

tion. The LSV curves before and after testing nearly overlapped,
demonstrating excellent stability (Fig. 6a). For practical appli-
cations in large-scale alkaline water electrolysis, catalysts must
operate at high current densities (above 200 mA ¢cm™>) for
extended periods of time.*” Therefore, we evaluated the long-
term stability of the R-NiFe NCAs catalyst using chronoampero-
metry, testing at 250, 500, and 1000 mA cm~> for a total of
150 hours (Fig. 6b). The results showed minimal fluctuation in
the real-time potential during prolonged operation, indicating
the excellent durability of the R-NiFe NCAs catalyst. XRD pat-
terns and XPS depth profiling analysis with sputtering depths
of the surface nano-cone morphology (Fig. S111) confirmed
that the R-NiFe NCAs maintained their original morphology
and composition after high current density OER testing.
AEMWE not only accommodates non-precious metal cata-
lysts, such as those used in alkaline water electrolysis (AWE),
but also, like proton exchange membrane water electrolysis,
can produce high-purity H, (99.99%) at high current densities.
Therefore, the development of advanced electrode materials
for AEMWE is both practical and forward-looking.**™*> We
used R-NiFe NCAs as the anode catalyst electrode and Ni NCAs
as the cathode catalyst electrode in AEMWE,>" with a nickel
foam substrate serving as the gas diffusion layer. Fig. 6¢ shows
the AEMWE assembled structure. The stability of the AEMWE

This journal is © The Royal Society of Chemistry 2025

with R-NiFe NCAs as the anode was evaluated under 50 °C, 1
M KOH (Fig. 6d). R-NiFe NCAs achieved a current density of 1
A cm™? at a low cell voltage of 2.06 V in 1 M KOH. In this
AEMWE system, R-NiFe NCAs exhibited excellent stability,
maintaining over 600 hours of operation at a current density
up to 1 A ecm™> with minimal changes in the required poten-
tial. This demonstrates that R-NiFe NCAs provide outstanding
stability as an oxygen evolution electrode at high current
densities.

Conclusions

In summary, this work demonstrates that the surface mor-
phology of NiFe nano-cones can be effectively enriched
through electrodeposition under an external magnetic field,
which accelerates the alkaline OER kinetics. Experimental
results show that this unique electrodeposition strategy
improves the wettability of the NiFe nano-cone surface and
optimizes the bubble detachment process. Compared to con-
ventional nickel-based nano-cone electrocatalysts prepared by
standard electrodeposition, the R-NiFe NCAs with monotonic
nano-cone structures exhibit lower OER overpotentials, higher
intrinsic OER activity, excellent wettability and efficient bubble
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release properties. This study provides new insights into
enhancing the stability of water electrolysis catalysts at high
current densities and offer inspiration for the development of
electrocatalytic system electrodes designed for gas transport
processes. Given the ease and scalability of fabricating roma-
nesco-like nano-cone array electrodes via electrodeposition,
along with their excellent OER performance and long-term
operational stability at high current densities (mechanical
robustness), we believe this work represents a crucial step
toward the industrial application of alkaline water splitting.
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