W) Check for updates

VAR S35,

YOUKE PUBLISHING

Rare Metals WI LEY

| ORIGINAL ARTICLE @7

Defect Engineering via Ultrasonic Vibration for Activating
High-Valent Nickel Sites Toward Enhanced Seawater Urea
Oxidation Reaction

Xiaoyu Wu'? | Yutao Tan' | Shengyu Zhao' | Luoyu Hu® | Zhenxuan Zhang' | Wenging Ruan' | Xiaodi Liu' |
Jie Dong' | Cunhong Yin* | Dabin Zhang* | Chaoqun Pei' | Jiang Ma'

!Shenzhen Key Laboratory of High Performance Nontraditional Manufacturing, College of Mechatronics and Control Engineering, Shenzhen University,
Shenzhen, China | *College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen, China | *Institute for Advanced Study, Shenzhen
University, Shenzhen, China | “College of Mechanical Engineering, Guizhou University, Guiyang, Guizhou, China

Correspondence: Chaoqun Pei (peicq@szu.edu.cn) | Jiang Ma (majiang@szu.edu.cn)
Received: 19 February 2026 | Revised: 7 April 2026 | Accepted: 9 April 2026

Keywords: defect engineering | Ni-based catalyst | ultrasonic vibration | urea oxidation reaction

ABSTRACT

Developing high-efficiency catalysts for the seawater urea oxidation reaction (UOR) is pivotal to advancing hydrogen production
via seawater electrolysis. Defect engineering has established itself as a core strategy for regulating catalytic activity. However,
conventional defect regulation technologies are predominantly hindered by inherent drawbacks such as high energy con-
sumption, substantial costs, and environmental contamination. Herein, we introduce high-frequency ultrasonic vibration cold-
manufacture (HUVCM) as a novel, eco-friendly, and highly efficient defect engineering approach to fabricate high-performance
Ni-based catalysts for seawater UOR. Our findings demonstrate that HUVCM induces the formation of high-density dislocation
defects on the surface of Ni-based alloys, which subsequently initiate the in situ construction of ultra-fine nanocrystalline
structures with an average grain size of ~ 5 nm. The Ni-based alloys modified by HUVCM exhibit remarkably enhanced catalytic
activity toward both the hydrogen evolution reaction and UOR. Notably, for UOR, the catalyst shows excellent activity with
merely 1.4 V at 100 mA cm *
further reveal that the superior catalytic performance stems directly from the elevated valence states of constituent elements,

, placing the catalyst among the state-of-the-art Ni-based seawater UOR electrocatalysts. We

which are effectively modulated by the high-density dislocation defects introduced via HUVCM. This work proposes an efficient
and facile defect-engineering strategy for electrocatalysts, while establishing a pivotal foundation for the industrial-scale pro-
duction of hydrogen via seawater electrolysis.

1 | Introduction key bottleneck: slow kinetics of the anodic oxygen evolution

Hydrogen energy is a core support for achieving the “dual car- reaction (OER), leading to persistently high electrolysis energy
bon” goals. Seawater, the most abundant water resource on consumption [4-6]. To address this issue, researchers added
Earth, provides unlimited raw materials for large-scale — UI®a (CO(NH,)2) to the electrolyte, replacing traditional OER
hydrogen production. The breakthrough of seawater hydrogen ~ With the urea oxidation reaction (UOR) [7]. This not only re-
production technology is strategically significant for alleviating ~ duces the anodic reaction potential from 1.23 to 0.37 V, signif-
the energy crisis and water resource constraints [1-3]. However, icantly lowering electrolysis energy consumption but also treats
traditional seawater electrolysis for hydrogen production faces a urea-containing wastewater simultaneously, achieving the
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bifunctional goals of hydrogen production and wastewater pu-
rification [8, 9]. Among the catalysts, Ni-based materials are
highly promising for UOR owing to their cost-effectiveness and
intrinsic UOR compatibility, the latter arising from Ni's favor-
able electronic structure for optimizing intermediate adsorption
[10-12].

Numerous strategies have been developed to enhance catalyst
performance, including compositional tuning [13], strain engi-
neering [14], confinement effect [15], interface engineering [16],
and defect engineering [17]. Among these, defect engineering
stands out as a highly versatile and effective strategy, as it can
fundamentally optimize the electronic structure and reaction
kinetics of catalysts by precisely introducing vacancies, dislo-
cations, grain boundaries, or lattice strain, thereby achieving
dramatic improvements in catalytic activity across diverse cat-
alytic systems [18-20]. Non-equilibrium thermal shock-induced
tensile strain in NiFe,O, spinel catalysts [21], step defect-
derived compressive strain in stepped Pt (111) catalysts [22],
and gradient defects in amorphous metallic glasses all optimize
electronic structures, reduce reaction energy barriers, or
modulate adsorption behaviors [23]. By regulating the type,
distribution, and density of defects, defect engineering can
fundamentally optimize the electronic structure and reaction
kinetics of catalysts, serving as a key strategy for achieving
dramatic improvements in catalytic performance.

High-frequency  ultrasonic  vibration cold-manufacture
(HUVCM), as an efficient purely physical modification tech-
nology, serves as an ideal approach for implementing defect
engineering. It transfers energy via high-frequency mechanical
vibration, featuring low stress, high efficiency, low temperature
without thermal accumulation, and no chemical pollution,
enabling precise regulation of material defects (e.g., dislocations
and grain boundaries) and the construction of specific micro-
structures without altering the matrix composition or phase
[24-29]. Its low-temperature and impurity-free characteristics
avoid the drawbacks of traditional defect engineering, such as
pollution and thermally induced grain coarsening, while its
rapid processing feature meets the requirements of large-scale
production, providing green and efficient technical support for
precise defect regulation and synergistic improvement of cata-
lytic performance [30].

Based on this, this work proposes a novel defect engineering
strategy using HUVCM to boost the seawater UOR performance
of Ni-based alloys. HUVCM efficiently constructs a surface with
~ 5 nm ultra-fine nanocrystals and high-density dislocation
defects, endowing the modified Ni-based alloys with remarkably
enhanced UOR activity in seawater. Particularly, the modified
Ni-based catalyst achieves a low potential of only 1.36 V at a
current density of 10 mA cm 2 and merely 1.4 V at
100 mA cm 2, outperforming various commercial catalysts.
Moreover, we reveal that the excellent catalytic performance
originates from the elevated valence states of Ni and Fe, which
are driven by the high-density dislocation defects introduced via
HUVCM. This work provides a facile and environmentally
benign strategy for the defect engineering of Ni-based electro-
catalysts, addressing the limitations of traditional defect regu-
lation technologies (e.g., high energy consumption, poor
regulation accuracy, and environmental contamination) and

laying a pivotal foundation for the industrialization of seawater
urea electrolysis hydrogen production.

2 | Experimental

This study used 1J85 permalloy (Nig,Fe,sMo,, atomic percent-
age) as the raw material. The as-received alloy was processed
into two types of samples: one was circular samples with a
diameter of 10 mm and a thickness of 100 um, used for phase
composition, microstructure, electrocatalytic, and other perfor-
mance tests; the other was sheet samples with dimensions of
50 mm x 20 mm X 100 um, used for subsequent tensile sample
preparation. All samples were ultrasonically cleaned in ethanol
and deionized water for 15 min each, then dried in a vacuum
oven at 60°C for 2 h to obtain pristine samples (0 J).

High-frequency  ultrasonic  vibration  cold-manufacture
(HUVCM) was performed using a processing system consist-
ing of an ultrasonic transducer, booster, and horn. The horn was
made of cemented carbide (TC, titanium alloy) and could apply
vertical mechanical vibration to the sample surface. Processing
parameters were set as follows: vibration frequency of 20 kHz
(tolerance + 500 Hz), preset contact pressure of 50 N, vibration
amplitude of ~ 35.6 um (tolerance + 1 um), and processing
energies of 300 J, 450 J, 600 J, and 750 J. The system adopted an
energy control mode, with pressure measured via a built-in
force sensor connected to a National Instruments NI-9237
data acquisition card (sampling frequency: 1 kHz). Mean-
while, a K-type thermocouple was connected to a separate data
acquisition card (sampling rate: 100 Hz) for real-time temper-
ature tracking, with a measurement accuracy of 0.2°C, and
thermal imaging was used to record temperature distribution.
Processing procedure: the horn descended to contact the sam-
ple, and ultrasonic vibration was initiated once the preset
pressure was reached; the processing automatically terminated
when the accumulated energy met the set value (the processing
time for the 600 J sample was approximately 0.59 s). Supporting
Information S1: Figure S1 shows the HUVCM processing system
(ultrasonic vibration horn and mold) and morphologies of Ni-
based alloy samples with different processing energies. After
processing, all samples were ultrasonically cleaned in ethanol
for 10 min and dried at room temperature for subsequent use.

Phase composition and crystal structure analysis were con-
ducted using an X-ray diffractometer (Rigaku MiniFlex 600)
with Cu K« radiation (A = 1.5406 A), a scanning range of 20°-
90°, a step size of 0.02°, and a scanning speed of 5 (°) min .
Microstructure and grain boundary distribution were charac-
terized by a field-emission scanning electron microscope (FEI
QUANTA FEG 450, USA) equipped with an EBSD detector; the
SEM was also used to observe the tensile fracture morphology.
TEM samples of all specimens were prepared using a SEM/
focused ion beam (FIB) dual-beam system (FEI SCIOS, USA).
Microstructural characteristics were analyzed via transmission
electron microscopy (TEM; Titan Cubed Themis G2 300, FEI,
USA), high-angle annular dark field (HAADF) imaging, and
selected area electron diffraction (SAED) patterns (corrected
from “SEAD” for academic consistency). Atomic-scale struc-
tural features and elemental distribution were observed using a
TEM (FEI F30, 200 kV), combined with energy-dispersive
spectroscopy (EDS) for elemental mapping and line scanning
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analysis. Mechanical property tests: Tensile samples were cut
from HUVCM-processed 50 mm x 20 mm sheet samples, with
the gauge section dimensions of 3 mm x 15 mm; tensile tests
were performed using a universal testing machine (UTM5305H,
Sansi, China) at a loading rate of 1 mm min™~'. Nanoindentation
tests were conducted using a nanoindentation apparatus (TI
980, Bruker, Germany) equipped with a Berkovich tip with a
maximum loading rate of 0.5 mN s '. Hardness and elastic
modulus were tested at 0.1 mm depth intervals on the cross-
sectional plane, and each depth measurement was repeated at
least five times (interval 1 pum) to obtain an average value.
Electrocatalytic performance tests were performed on an elec-
trochemical workstation using a three-electrode system, with
1 M KOH + 0.33 M urea + 3.5 wt% NacCl as the electrolyte;
linear sweep voltammetry (LSV), Tafel analysis, electrochemical
impedance spectroscopy (EIS), and stability tests were per-
formed sequentially. Surface electronic states were character-
ized by X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha); and hydrophilicity was evaluated using a
contact angle goniometer with 5 uL deionized water droplets.

3 | Results and Discussion

3.1 | High-Frequency Ultrasonic Vibration Cold-
Manufacture Processing in Ni-Based Alloys

High efficiency defect regulation of Ni-based alloy (1J85 per-
malloy, Nig,Fe;sMo,, at%) was achieved via HUVCM. Figure 1A
presents a schematic diagram of the processing equipment and
procedure. The working principle involves converting electrical
energy into 20 kHz high-frequency mechanical vibration by an
ultrasonic transducer, which is then transmitted to the sample
surface through a horn. Taking the 600 J sample as an example,
the specific process is as follows: The ultrasonic vibration horn
descends until it contacts the sample, then gradually applies
pressure. Ultrasonic vibration is initiated once the preset pres-
sure of 50 N (0.64 MPa) is reached. The processing continues
until the accumulated energy reaches 600 J, at which point the
horn is retracted. The total processing time is only ~ 0.59 s with
a vibration amplitude of ~ 35.6 um, representing a typical high-
efficiency and short-flow defect engineering preparation tech-
nology. This avoids thermal accumulation and prolonged pro-
cessing time commonly encountered in traditional defect
regulation processes. Such a low-stress and short-duration
HUVCM mode achieves local structural reconstruction
without causing overall plastic deformation of the material,
laying a process foundation for precise defect induction.

The stress variation during processing exhibits distinct stage
characteristics (Figure 1B): the stress gradually increases after
the horn contacts the sample, and ultrasonic vibration starts
when the threshold of 50 N (0.64 MPa) is reached. Subsequently,
the stress continues to rise to a peak value of 17.85 MPa—this
value is much lower than the yield strength of Ni-based alloy
(> 500 MPa). The stress is rapidly released after reaching the
preset energy, with no risk of plastic deformation or structural
damage to the sample. Defects are induced solely through me-
chanical vibration. Vibration frequency stability tests
(Figure 1C) show that the frequency fluctuates within the range
of 20,011-20,365 Hz during processing, maintaining overall
stability around the target frequency of 20 kHz. This ensures the

uniformity of defect induction, consistent with the strict re-
quirements of HUVCM for parameter stability in structural
regulation.

The temperature change curve (Figure 1D) indicates that the
sample temperature rises from room temperature to 75.1°C
during processing and quickly returns to room temperature af-
ter processing stops, with no obvious thermal accumulation.
Furthermore, this peak temperature is much lower than the
recrystallization temperature of Ni-based alloy (~ 500°C), which
effectively avoids thermally induced grain coarsening and
intensified surface oxidation, ensuring the purity of the defect
structure. This low-temperature characteristic aligns with the
advantage of HUVCM in achieving non-thermal damage
modification in materials such as metallic glasses [31].

The XRD phase analysis results (Figure 1E) show no new
diffraction peaks in samples under all processing parameters,
indicating that HUVCM only induces changes in crystal plane
characteristics through defects without damaging the original
phase structure of Ni-based alloy, realizing defect regulation via
a purely physical method. The pristine unprocessed sample
(0 J) exhibits the strongest diffraction peak at the (200) crystal
plane, showing an obvious (200) preferred orientation. With the
increase of processing energy, the crystal plane intensity
evolves regularly: The diffraction peak intensity of the (111)
crystal plane begins to increase significantly at 300 J, whereas
the intensity of the (200) crystal plane remains stable; the in-
tensity of the (111) crystal plane exceeds that of the (200)
crystal plane for the first time at 450 J; the (111) crystal plane
becomes the main peak and reaches the maximum intensity at
600 J; and the crystal plane intensity distribution at 750 J is
similar to that at 600 J (Figure 1E,F), indicating that the crystal
orientation transition induced by defects is basically completed
at 600 J.

The full width at half maximum (FWHM) of the crystal plane is
a core macroscopic indicator reflecting lattice distortion and
defect density (Figure 1G) [32]. As the processing energy in-
creases from 0 J to 600 J, the FWHMSs of both (111) and (220)
crystal planes gradually increase and reach the maximum at
600 J; the FWHM slightly decreases at 750 J but remains higher
than that of the pristine sample. Combined with the Scherrer
formula analysis, the increase in FWHM originates from lattice
distortion and defect proliferation induced by HUVCM. The
defect density reaches a saturated state at 600 J, and local lattice
relaxation occurs at 750 J. This further confirms the precise
regulation effect of HUVCM on the defect structure, consistent
with the mechanism by which HUVCM induces the prolifera-
tion of defects such as dislocations and grain boundaries in
materials through stress transmission.

3.2 | HUVCM-Induced High-Density Defects and
Enhanced Mechanical Property in Ni-Based Alloys

The crystal orientation transition and lattice distortion revealed
by XRD essentially reflect defect-driven microstructural recon-
struction induced by HUVCM. To clarify the core pathway of
defect regulation at the microscale, EBSD characterization was
performed to explore the intrinsic correlation between macro-
scopic crystal plane changes and defect evolution (Figure 2).
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FIGURE1 |

Characteristics of the HUVCM process and evolution of phase structure. (A) Schematic diagram of HUVCM equipment and process.

(B) Stress change curve during processing. (C) Vibration frequency stability curve during processing. (D) Temperature change curve during
processing. (E) XRD patterns of samples with different processing energies. (F) Intensity ratio of diffraction peaks of (111) and (200) crystal
planes. (G) Changes in FWHM of (111) and (220) crystal planes of samples with different processing energies.

Figure 2A provides a visual reference for defect structure
analysis, including the processing direction, crystal plane
orientation color calibration, and orientation difference angle
legend.

The EBSD orientation distribution map of the 600 J sample's
cross-section (Figure 2B) shows an average grain size of
~ 10 um, with no internal grain coarsening or overall refinement.
This indicates that HUVCM-induced defect formation is

significantly surface-concentrated, consistent with the charac-
teristic of HUVCM achieving local structural modification via
surface stress transmission. Analysis of orientation difference
distribution (Figure 2C) is critical for revealing defect evolution:
Low-angle grain boundaries (orientation difference < 10°) in
the near-surface region account for 17.64% of the entire cross-
section, whereas the remaining region is dominated by high-
angle grain boundaries. Such high-density low-angle grain
boundaries—typical defect structures—form via the synergistic
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FIGURE 2 | EBSD microstructural characterization of the cross-section of the 600 J processed sample. (A) Legend of processing direction, crystal

plane orientation, and orientation difference angle color calibration. (B) EBSD orientation distribution map of the cross-section. (C) Statistical analysis
of orientation difference distribution of the cross-section. (D) Magnified EBSD orientation distribution map of the near-surface region (scanning step

size: 2 nm).

effect of HUVCM-induced high-frequency cyclic loading. The
20 kHz high-frequency vibration subjects surface atoms to peri-
odic mechanical impact, causing local lattice elastic distortion
and atomic misfit displacement. Meanwhile, the continuous
stress gradient during processing promotes slight orientation
deflection of surface crystals (not reaching the threshold for high-
angle grain boundary formation). The accumulation of numerous
slight orientation differences ultimately generates high-density
low-angle grain boundary defects, an engineering strategy that
enables effective structural optimization and performance
enhancement in metallic materials [33].

To clarify the distribution range and structural evolution of low-
angle grain boundary defects, magnified EBSD characterization
was conducted on the surface region with a scanning step size of
2 nm (Figure 2D). Results show that low-angle grain boundary
defects are concentrated in the near-surface region within
200 nm, with a ~ 10 um coarse-grained matrix underneath.
Under sustained HUVCM-induced defect induction, these high-
density low-angle grain boundaries further evolve into ultra-fine
nanocrystals: Atoms at low-angle grain boundaries gain suffi-
cient activation energy from vibration, break through grain
boundary constraints, and undergo structural reconstruction.
The originally continuous crystals are segmented into discrete
tiny grains by low-angle grain boundary defects; simulta-
neously, the absence of obvious thermal accumulation during
processing effectively inhibits grain growth, ultimately forming
a surface ultra-fine nanocrystalline structure and realizing the

transformation of defect structures into high-performance mi-
crostructures [34].

This microstructural evolution process further confirms the
previous XRD results: The formation of ultra-fine nanocrystals
enhances the diffraction intensity of the (111) crystal plane. The
core mechanism lies in the defect-induced nanocrystal preferred
orientation effect—HUVCM-driven defect reconstruction aligns
surface tiny grains with the (111) crystal plane parallel to the
sample surface, increasing its diffraction contribution. Mean-
while, increased lattice distortion and defect density broaden
the FWHM of diffraction peaks, clearly establishing the intrinsic
correlation between macroscopic crystal plane characteristics
and defect-driven microstructures.

Whereas EBSD characterization reveals HUVCM-induced low-
angle grain boundary defects and ultra-fine nanocrystalline
structures at the microscale, atomic-scale characterization is
required to clarify defect details and structural features. Addi-
tionally, compositional stability is a core prerequisite for con-
firming that defect regulation originates from purely physical
effects [35]. Thus, TEM and EDS characterizations were
employed to systematically investigate atomic-scale defect evo-
lution and elemental distribution (Figure 3).

The TEM bright-field image of the pristine unprocessed sample
(0 J) (Figure 3A) is a cross-sectional characterization, with the
upper part corresponding to the sample surface (consistent with
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FIGURE 3 | Atomic-scale structure and composition characterization of samples under different processing states. (A) TEM bright-field image of

the 0 J pristine sample. (B) TEM bright-field image of the 600 J sample. (C) Fe, Ni, Mo elemental mapping and line scanning distribution maps of the
600 J sample. (D) HRTEM image and electron diffraction pattern of the 0 J sample. (E) HRTEM image and electron diffraction pattern of the surface
ultra-fine nanocrystals of the 600 J sample. (F) HRTEM image and electron diffraction pattern of the internal matrix of the 600 J sample.

the horn contact position during HUVCM). The sample has no
obvious structural stratification or defects; high-resolution TEM
(HRTEM) images (Figure 3D,D1,D2) show regular lattice
fringes, and the electron diffraction pattern displays a single-
crystal-like diffraction feature, which is a phenomenon attrib-
uted to the large grain size of the coarse-grained matrix, where
only a single grain is captured within the limited TEM field of
view. This confirms the pristine sample is a high-quality coarse-

grained structure free of dislocations, stacking faults, or other
crystal defects. The regularity of its lattice arrangement within
individual grains determines the (200) crystal plane's status as
the strongest diffraction peak in XRD characterization.

The TEM bright-field image of the 600 J processed sample
(Figure 3B) is also a cross-sectional characterization, with the
upper part being the horn-contacted processed surface, showing
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a significant structural gradient: A distinct surface layer is
formed in the near-surface region, differing from the internal
matrix. Supporting Information S1: Figure S2 shows the high-
resolution TEM images, SAED, and FFT patterns of the 600 J
sample’s nanocrystalline layer. Combined with EBSD results,
this surface layer is identified as a 200 nm-thick ultra-fine
nanocrystalline layer. Statistical analysis shows a dislocation
density of up to 5 x 10 m 2 in this region. Supporting
Information S1: Figure S3 presents the 600 J sample's defect
characterization via TEM HAADF, BF, and DF imaging, con-
firming HUVCM's efficiency in inducing dislocation
proliferation—consistent with the mechanism by which
HUVCM causes atomic misfit displacement and promotes
dislocation nucleation via high-frequency mechanical impact
[36]. HRTEM characterization (Figure 3E) further refines the
structural features of defects and ultra-fine nanocrystals: grains
are closely arranged with a size of ~5 nm, and the electron
diffraction pattern is a diffused polycrystalline ring (inset). Fast
Fourier transform (FFT) analysis (Figure 3E2) reveals a com-
plete structural gradient: polycrystalline defect layer—interface
transition zone—coarse-grained matrix. The polycrystalline
layer's FFT pattern displays ring-shaped polycrystalline
diffraction spots. In contrast, the interface transition zone shows
a mixed state of single-crystal-like and polycrystalline diffrac-
tion spots, which arises from the large grain size of the coarse-
grained matrix. Individual grains here exhibit single-crystal-like
diffraction characteristics within the limited TEM field of view.
This structural mode is fully consistent with the EBSD-observed
low-angle grain boundary defect distribution, confirming the
atomic-scale evolution of low-angle grain boundaries into ultra-
fine nanocrystals. It also clarifies the core reason for the (200) to
(111) crystal orientation transition in XRD: HUVCM-induced
surface atomic misfit displacement and lattice distortion drive
low-angle grain boundary reconstruction into ultra-fine nano-
crystals, with tiny grains preferentially aligning with the low-
energy high-stability (111) close-packed crystal plane parallel
to the sample surface, ultimately enhancing the (111) diffraction
intensity to become the main peak. Beyond the surface ultra-
fine nanocrystalline layer, magnified HRTEM characterization
of the 600 J sample's internal coarse-grained matrix (Figure 3F)
shows a retained single-crystal-like electron diffraction lattice
(inset), but disrupted lattice fringe regularity with abundant
edge dislocations and stacking fault defects. These internal de-
fects form directly from HUVCM-generated stress transmitted to
the sample interior—consistent with the surface low-angle grain
boundary formation mechanism: atomic misfit displacement
and lattice distortion in the surface layer propagate inward via
lattice stress, triggering dislocation proliferation and stacking
fault defects, ultimately forming a composite defect structure of
“surface nanocrystalline defect layer—internal defect-reinforced
matrix.”

The EDS elemental analysis (Figure 3C) provides key support for
the specificity of defect regulation: Elemental mapping shows
uniform distribution of Fe, Ni, and Mo in the 600 J sample's
near-surface region, with no obvious enrichment or depletion.
Elemental line scanning along the 2500 nm depth direction
from the surface indicates no significant gradient changes in the
three elements’ contents—consistent with the pristine sample's
elemental distribution. Supporting Information S1: Figure S4
details EDS elemental distribution and high-resolution TEM

images of the 0 J sample. This result directly excludes interfer-
ence from compositional segregation or element loss on material
performance, confirming that HUVCM achieves precise defect
regulation and performance optimization without introducing
external impurities—providing critical support for the green
modification of metal-based catalysts.

Atomic-scale defect reconstruction induced by HUVCM inevi-
tably modulates the mechanical properties of Ni-based alloys,
and such changes directly reflect the effectiveness of defect
regulation. Systematic investigations via tensile tests, nano-
indentation tests, and fracture morphology analysis (Figure 4)
reveal that with increasing processing energy (defect density),
the 600 J sample achieves synergistic improvement of strength
and plasticity-fracture strength reaches 622.7 MPa and plastic
deformation increases to 29.3% (Figure 4F), whereas yield
strength remains stable at ~ 240 MPa (Figure 4E)—and hard-
ness and elastic modulus are enhanced to 4.22 and 217.8 GPa,
respectively (Figure 4G), attributed to the combined effect of
grain refinement strengthening from surface 200 nm-thick ~
5 nm ultra-fine nanocrystals and dislocation strengthening from
internal edge dislocations and stacking faults [37]. SEM char-
acterization (Supporting Information S1: Figure S5) demon-
strates a marked enhancement in plastic deformation capability,
where the 600 J sample features a surface fully covered with fine
uniform dimples—a typical microstructural signature of excel-
lent plasticity. This mechanical performance improvement
originates from dual defect regulation: Surface nanocrystals
simultaneously elevate hardness and provide reliable plastic
support; internal defects boost fracture strength while efficiently
dissipating deformation energy; and the crystal orientation
transition from (200) to (111) reduces slip resistance. Collec-
tively, these effects reinforce the structural stability of the ma-
terial against external stress and impact, thereby furnishing
critical mechanical support for long-term stable electrocatalytic
performance. Additionally, the gradient defect structure from
the surface nanocrystalline layer to the coarse-grained matrix
ensures robust interfacial bonding without cracks or segrega-
tion. The subsurface matrix contains abundant defects that can
act as secondary active sites even if mild surface wear occurs,
further guaranteeing structural and catalytic stability.

3.3 | Boosting Seawater UOR Performance of Ni-
Based Alloys via HUVCM

To elucidate how HUVCM-induced defect reconstruction opti-
mizes electrocatalytic performance, we systematically investi-
gated its effect on the modified Ni-based alloy. We focused on
both the HER and UOR, evaluating the influence of processing
energy on catalytic activity, reaction kinetics, and operational
stability (Figure 5). All performance tests were conducted under
simulated realistic conditions in an electrolyte of 1 M KOH with
0.33 M urea and 3.5 wt% NaCl at room temperature. Supporting
Information S1: Figure S6 shows the three-electrode system
used for testing. The electrocatalytic performance of the modi-
fied Ni-based alloy for both the HER and UOR was systemati-
cally evaluated as a function of HUVCM processing energy
(0-600 J), which correlates directly with induced defect density.
As shown in Figure 5A, linear sweep voltammetry (LSV) reveals
a pronounced enhancement in HER activity with increasing
processing energy up to 600 J. The HER polarization curves shift
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positively, and the sample processed at 600 J achieves an over-
potential of only 61 mV at 10 mA cm 2 representing a
AV = 394 mV improvement over the as-cast (0 J) sample at
100 mA cm 2. Notably, further increasing the processing energy
beyond this point (750 J) leads to a decline in HER performance,
indicating an optimal defect threshold. A similar trend is
observed for UOR performance (Figure 5B). The UOR activity
increases markedly with processing energy up to 600 J, with the
optimized sample exhibiting overpotentials of 1.36 and 1.40 V at
10 and 100 mA cm 2, respectively (Figure 5C). Impressively, the
enhancement in UOR is substantially greater than that for HER,
with a remarkable reduction of AV = 568 mV at 100 mA cm >,
Kinetic analysis further supports these observations. The results
show that the Tafel slope of the 0 J sample is 65.83 mV-dec ™",
which decreases to 33.3 mV-dec™ ' after 300 J processing (low
defect density), further decreases to 28.95 mV-dec™! at 450 J,
reaches the minimum value of 22.95 mV-dec™" at 600 J (satu-
rated defect density), and slightly rebounds to 26.85 mV-dec ™ at
750 J. Compared with the pristine sample, the Tafel slope for the
600 J sample is the lowest at 22.95 mV-dec™*, indicating more
favorable reaction kinetics (Figure 5D). This Tafel slope is also
superior to most recently reported UOR catalysts, revealing fast
reaction kinetics (Supporting Information S1: Figure S7). The
Cl™ concentration in the electrolyte remains nearly unchanged
with only ~2% loss after 180 min of electrolysis, confirming that
the chlorine evolution reaction (CER) is significantly suppressed
(Supporting Information S1: Figure S8).

Electrochemical impedance spectroscopy (EIS) confirms the
fastest charge-transfer kinetics for this sample, as evidenced by
the smallest semicircle radius in the Nyquist plot (Figure 5E).
We benchmarked our catalyst against reported seawater UOR
electrocatalysts at 100 mA cm > (Figure 5F) [38-40]. The
HUVCM-engineered Ni alloy demonstrates one of the lowest

overpotentials (1.40 V), positioning it among the best-
performing catalysts to date. Supporting Information S1:
Figure S9 provides UOR performance benchmarking at
10 mA cm 2 between the 600 J sample and commercial cata-
lysts. Stability tests confirm the robustness of the modified
catalyst. After 10,000 cyclic voltammetry cycles, the UOR LSV
curve not only remains unchanged but shows a slight positive
shift, indicating performance activation (Figure 5G). Further-
more, a 200-hour chronopotentiometry test at a constant voltage
reveals exceptional durability with a 50 mA cm™? current den-
sity fluctuation of less than 3% (Figure 5H), and UOR polari-
zation curves over 10,000 cycles shown in Supporting
Information S1: Figure S10, underscoring the structural and
catalytic stability imparted by the HUVCM defect-engineering
approach. Furthermore, long-term chronopotentiometry tests
under multiple current densities confirm the robust stability and
adaptability of the catalyst under dynamic working conditions
(Supporting Information S1: Figure S11). We further evaluated
the urea degradation efficiency via ultraviolet spectrum after
color development of wurea molecules (Supporting
Information S1: Figure S12). The quantitative results demon-
strate that the urea degradation rate reaches as high as 50% after
180 min of continuous reaction, further confirming that the
UOR serves as the dominant anodic reaction under the experi-
mental conditions, with excellent reaction selectivity. Electro-
chemical corrosion tests also verify that the 600 J sample
exhibits superior corrosion resistance in chloride-containing
seawater electrolyte (Supporting Information S1: Figure S13).
Supporting Information S1: Figure S14 shows CV curves at
different scan rates and calculated double-layer capacitance
(Cq1), with the 600 J sample exhibiting a higher Cgy
(1.04 mF cm ™ 2) than the 0 J sample (0.72 mF cm™2), indicating
that its active surface area is also increased. The optimized
catalyst achieves a high UOR Faradaic efficiency of 98.6%,
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demonstrating excellent reaction selectivity (Supporting
Information S1: Figure S15). Considering the complex ionic
environment of practical seawater, we have further supple-
mented the UOR electrochemical measurements using a real
seawater-based electrolyte. The catalyst (600 I) still delivers
outstanding UOR performance with only a slight overpotential
increase, demonstrating excellent impurity tolerance (Support-
ing Information S1: Figure S16).

The electrocatalytic performance is inherently governed by the
surface electronic structure and interface transport efficiency
[41]. Therefore, we further employed X-ray photoelectron
spectroscopy (XPS) and hydrophilicity tests to investigate how
HUVCM-induced defect reconstruction—including the forma-
tion of ultra-fine nanocrystals, lattice distortion, and defect
proliferation—modulates the electronic states of modified Ni-
alloys. XPS was employed to probe the evolution of surface
electronic states induced by HUVCM processing. As shown in
Figure 6A, the high-resolution Ni 2p spectrum of the as-cast
(0 J) sample exhibits characteristic peaks for metallic Ni°
(851.11 eV) and Ni*" (854.41 eV) [42]. After 600 J HUVCM
treatment, both peaks shift to higher binding energies, with
Ni** increasing by 0.32-854.73 eV. This consistent positive shift
indicates a reduction in electron density around Ni atoms,

effectively driving Ni toward a higher valence state. A similar
trend is observed for Fe (Figure 6B) and Mo (Figure 6C). The Fe
2p spectrum (Figure 6B) of the 0 J sample shows a well-defined
peak for Fe** at 711.06 eV. Following 600 J processing, this peak
shifts to 711.53 eV, a positive binding energy shift of 0.47 eV.
Similarly, the Mo 3d spectrum (Figure 6C) reveals pronounced
electronic restructuring. The pristine material displays primary
oxidation states of Mo*" and Mo®*. After HUVCM treatment,
the Mo®" peak shifts from 230.61 to 230.95 eV (+0.34 eV). These
synchronous shifts across Ni, Fe, and Mo confirm a coordinated
elevation in the valence states of the constituent metals, a direct
consequence of defect-reconstruction-induced lattice strain and
altered coordination environments. HUVCM induces the for-
mation of a high density of dislocation defects in the Ni-based
alloy. These dislocations undergo orderly arrangement and
rearrangement, leading to the generation of numerous low-
angle grain boundaries and thus the formation of abundant
interfacial structures [43]. Molecular dynamics (MD) simula-
tions also reveal that HUVCM treatment can induce the gen-
eration of abundant dislocations both inside grains and at grain
boundaries. These heavily distorted regions further facilitate
grain fragmentation, leading to the formation of nanocrystalline
structures. (Supporting Information S1: Figure S17) The massive
formation of interfacial structures exerts a remarkable grain
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refinement effect on the alloy, which drastically reduces the
grain size of the Ni-based alloy and further results in the for-
mation of an ultra-fine nanocrystalline structure. The con-
structed nanocrystalline structure modulates the electronic
valence state distribution of metal elements in the Ni-based
alloy, achieving a significant increase in the valence states of
Ni (the main element) and a synchronous rise in the proportion
of high-valence states of Fe and Mo. Density functional theory
(DFT) calculations were performed to compare the electronic
structures of the Nig,Fe;sMo, models before and after HUVCM
treatment. Key parameters, including the Bader charge, Fermi
level, and d-band center, are summarized in Supporting
Information S1: Table S1 (Supporting Information S1: Figure
S18). The HUVCM-treated sample exhibits higher valence states
for Ni and Fe, which is in good agreement with the XPS results.
This universal shift toward higher states is particularly conse-
quential for the UOR. The UOR mechanism on Ni-based cata-
lysts proceeds via the electrochemical formation of high-valence

Ni** (as NiOOH), which acts as the active site for urea oxidation
[12]. The HUVCM-induced electron deficiency and elevated
baseline oxidation state of Ni, therefore pre-condition the sur-
face, lowering the thermodynamic barrier for the critical Ni?t/
Ni** transition and thereby enhancing UOR activity [44, 45].
The high-valence states of Fe and Mo synergistically interact
with Ni-based active sites, which reduces the adsorption energy
barrier of urea molecules, optimizes the electronic structure of
active sites, and enhances the efficiency of electron transfer and
intermediate product conversion [46, 47]. Meanwhile, the sys-
tem after HUVCM exhibits a lower Fermi level and a down-
shifted d-band center, facilitating electron transfer and
enhancing the intrinsic catalytic activity toward UOR (Sup-
porting Information S1: Figure S19). The synergistic optimiza-
tion of valence states of each component reduces the overall
reaction energy barrier of UOR from the key aspects including
the generation of core active sites and the adsorption and con-
version of reactants, ultimately realizing a significant
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enhancement in the catalytic performance of the Ni-based alloy
for urea oxidation.

Further insights were gained by examining the catalyst after
long-term stability testing. Post-stability XPS analysis reveals a
profound surface evolution (Figure 6A-C). The metallic Ni°
signal vanishes completely, and the Ni spectrum is dominated
by higher oxidation states, including the emergence of a distinct
Ni** component. This transformation is corroborated by the O
1s spectrum (Figure 6D), which shows a significant increase in
the characteristic signal for metal oxyhydroxide (M-OOH). The
formation of a NiOOH-dominated surface layer during opera-
tion not only confirms the surface activation mechanism but
also explains the superior stability and even slight performance
enhancement observed after cycling, as this reconstituted sur-
face is intrinsically more active for UOR. In addition, XRD
patterns before and after UOR show no obvious structural
changes, confirming excellent phase stability (Supporting
Information S1: Figure S20). Post-reaction TEM characteriza-
tion confirms that the nanocrystalline layer and dense defect
structure are well preserved after long-term electrolysis (Sup-
porting Information S1: Figure S21). The surface hydrophilicity,
which governs the electrolyte—catalyst interfacial contact and
mass transport, was evaluated via water contact angle mea-
surements (Figure 6E,F). The contact angle decreased from 80°
for the pristine sample to 63° after 600 J HUVCM processing.
This improved wettability is directly attributable to the defect-
reconstructed surface morphology and modulated electronic
structure. Consequently, it ensures complete electrolyte infil-
tration, facilitates the diffusion of reactants (urea, OH™) to and
products (N, and O,) from the active sites, mitigates bubble
adhesion, and thereby substantially enhances the overall reac-
tion kinetics.

4 | Conclusions

In summary, this work introduces and validates HUVCM as a
novel, green, and efficient defect-engineering pathway. By pre-
cisely tuning the processing energy (0-750 J), high-density
defect structures are directionally constructed while preserving
the phase and compositional stability of the Ni-based alloy,
establishing a prominent enhancement of seawater UOR cata-
lytic performance. At the optimal energy of 600 J, a composite
architecture of “surface ultra-fine nanocrystals (~ 5 nm)—
internally defect-reinforced matrix” forms, which drives the
coordinated optimization of the electronic states of Ni, Fe, and
Mo (reduced electron-cloud density and synergistically elevated
valence states) while significantly improving surface hydrophi-
licity. The optimized electrode exhibits exceptional electro-
catalytic performance in a simulated seawater-urea electrolyte:
The HER overpotential is reduced by 394 mV compared with
the as-cast sample, and the UOR overpotential at 100 mA cm 2
is only 1.40 V, outperforming many reported catalysts. More-
over, the synergistically enhanced mechanical and chemical
stability ensures robust operation over 10,000 cycles and 200 h
of continuous testing. This work elucidates a defect-driven
synergistic enhancement mechanism that integrates structural
regulation, electronic modulation, and interface optimization in
a single processing step, overcoming the limitations of conven-
tional one-dimensional modification strategies. Moreover, the
catalyst exhibits superior corrosion resistance, high UOR

selectivity, excellent impurity tolerance in real seawater, and
robust structural stability after long-term operation. It thereby
provides a new paradigm for the rational design of metal-based
catalysts and advances the commercialization of hydrogen
production via seawater—-urea electrolysis.
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