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ABSTRACT

Alkaline water electrolysis offers a cost-effective and robust route to green hydrogen production, but its practical deployment is
hindered by sluggish hydrogen evolution reaction (HER) kinetics and electrode degradation. Herein, we report a self-supported
hierarchical Co;Mo,-P/Ni-P/NF (NF: nickel foam) electrode fabricated by a two-step molten-salt method. Vertically aligned Ni-P
nanoneedles are grown directly on NF, followed by deposition of a Co;Mo;,-P catalytic overlayer. The resulting electrode requires
only 45.9 mV at 10 mA cm—2 and delivers outstanding high-current alkaline HER performance, outperforming previously reported
transition-metal phosphide electrodes. This activity arises from synergistic Co-Mo chemistry, beneficial Ni-P/catalyst interfacial
effects, and engineered surface topography that accelerates bubble release while maximizing active-site exposure. The Ni-P scaffold
further enhances physical and chemical robustness, enabling stable water splitting for 200 h. Moreover, integrating commercial
Pt/C with the Ni-P nanoarray increases the electrochemically active surface area by 4.52-fold and achieves 55.8 mV at 100 mA cm 2,
demonstrating the versatility of the scaffold. Single-cell anion-exchange membrane water electrolysis (AEMWE) further confirms
that this hierarchical phosphide architecture translates intrinsic catalytic advantages into superior cell-level performance under
practical membrane-electrode assembly conditions.

1 | Introduction ventional catalyst-coated electrodes by enabling precise control

of nanoscale architectures, improving electrical contact, and

Nanostructural engineering is crucial for designing catalyst elec-
trodes with high structural stability and large active surface
areas [1-3]. During electrocatalysis, meticulously designed elec-
trode architectures optimize mass transport, facilitate electron
transfer, and ensure long-term stability under harsh operating
conditions [4, 5]. Among various catalyst electrode designs,
self-supported electrodes offer significant advantages over con-

enhancing structural stability [6, 7]. Because their fabrication
does not require polymeric binders or carbon-based additives,
interfacial resistance is minimized, and binder-induced delami-
nation is avoided, resulting in higher electrical conductivity and
greater mechanical robustness [8-10]. Conventional methods,
such as solvothermal synthesis, electrodeposition, and vapor
deposition, have been widely used to fabricate self-supported
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electrodes [11, 12]. Solvothermal synthesis is particularly effective
for constructing controlled microstructures, such as pillar struc-
tures and two-dimensional architectures, on electrode surfaces
[13-15]. However, the application of solvothermal synthesis is
limited by prolonged reaction times, limited scalability, and
suboptimal control over hierarchical architectures [16, 17]. To
address these challenges, the molten-salt method can be used,
a rapid and scalable synthesis route that yields materials with
improved crystallinity [18, 19]. The high-temperature environ-
ment of molten salts facilitates rapid material formation and
effectively mitigates phase separation issues that commonly occur
during solvothermal synthesis when multiple elements with vary-
ing metal-ion solubility product constants (pK,) are incorporated
[17, 20-22]. This effective elemental mixing enables the precise
tuning of the electronic structure of multi-cation materials [23,
24]. Despite the absence of studies on self-supported electrodes
fabricated using the molten salt method, its unique advantages
indicate substantial potential for developing high-performance
and stable self-supported electrodes [25].

Various materials—including phosphides, oxides, sulfides,
nitrides, and metals—have been used as catalysts for the
alkaline hydrogen evolution reaction (HER) [26-29]. Recent
studies have also shown that composition-regulated non-noble-
metal electrodes can undergo beneficial reconstruction into
active oxyhydroxide phases during industrial water splitting,
highlighting the importance of maintaining structural integrity
under high-current operation [30]. Among noble-metal-
free catalysts, transition metal phosphides (TMPs) are used
extensively owing to their high electrical conductivity, excellent
durability in alkaline electrolytes, and greater cost efficiency
compared with Pt-based catalysts [31]. The incorporation of P
atoms into the lattice of transition metals shifts the d-band center
relative to the Fermi level [32, 33]. This modified electronic
structure closely resembles that of Pt. Consequently, TMPs
exhibit high catalytic activity in the HER [31]. In particular,
Co—Mo phosphides exhibit a unique synergistic mechanism in
alkaline HER [34]. Hydrogen intermediates (H*) preferentially
adsorb on Co sites, whereas hydroxyl species (OH*) bind to
adjacent Co—Mo interfacial sites [35]. This spatial separation of
adsorption sites effectively lowers the activation barrier for the
Volmer step (H,0 — H* + OH™), which is the rate-determining
step in alkaline HER [36]. Furthermore, Mo modulates the
surface electronic structure by weakening the hydrogen binding
energy on Co, thereby tuning the free energy of hydrogen
adsorption (AG_H*) toward an optimal value that accelerates
HER kinetics [37, 38].

Based on these considerations, this study reports the fabri-
cation of a self-supported Co—Mo—P-based catalyst electrode
via a two-step molten-salt-assisted method. Unlike conventional
approaches that mainly deposit catalyst layers onto pre-existing
conductive substrates, this strategy first converts the surface of
Ni foam (NF) into a vertically aligned Ni—P nanoarray scaffold
and subsequently uses this scaffold to direct the heteroge-
neous growth of a Co;Mo,-P catalytic overlayer. This design
simultaneously provides multi-cation phosphide chemistry, a
conductive and oxidation-resistant Ni—P interface, and a hierar-
chical architecture with enlarged electrochemically active surface
area (ECSA). This integrated structure is designed to combine
the synergistic Co—Mo chemistry with the conductive Ni—P

scaffold, thereby improving interfacial charge transport, alkaline
HER Kkinetics, and long-term durability. The objective of this
study was to evaluate the electrocatalytic performance of the
Co;Mo, phosphide/Ni phosphide/NF (Co;Mo,-P/Ni-P/NF) elec-
trode in alkaline HER and compare it with commercial Pt/C
at high current densities (>150 mA c¢cm~2) and other reported
NF-supported TMP electrodes. Furthermore, we examined the
potential of molten-salt-route-derived Ni—P nanostructures to act
as robust scaffolds for commercial catalysts, such as Pt/C and
IrO,, and enhance their electrocatalytic activity and long-term
durability compared with the same catalysts deposited on bare
NF. To further assess the practical applicability of this electrode
architecture under membrane-based electrolysis conditions, its
performance was also evaluated in an anion exchange membrane
water electrolyzer (AEMWE), where its superior electrochem-
ical characteristics were also successfully demonstrated. This
study establishes molten-salt-assisted synthesis as a general and
scalable route for engineering high-performance and durable
self-supported electrodes for the practical electrolysis of alkaline
water.

Although numerous TMP-based catalysts have been reported
for alkaline HER, most studies have focused on compositional
optimization or nanostructuring of catalyst powders and con-
ventional self-supported architectures. Constructing a conformal
multi-cation phosphide layer on a three-dimensional conductive
scaffold remains challenging because conventional solvothermal
synthesis and electrodeposition often suffer from mismatched
nucleation/growth kinetics, different metal-ion reactivities, and
limited control over uniform phosphidation within porous sub-
strates. In this context, a molten-salt-assisted route offers a
distinct opportunity to couple multi-cation phosphide formation
with direct scaffold engineering, enabling hierarchical self-
supported electrodes that are difficult to access by conventional
solution-based methods.

2 | Results and Discussion

The Co—Mo—P catalyst electrode was fabricated on Ni—P-
modified NF (Ni—P/NF) via a two-step molten-salt-assisted
method. Ni—P/NF served as a robust and conductive scaffold
(Figure 1a). In the first step, a nanostructured Ni—P/NF was
constructed by annealing a mixture of sodium hypophosphite
monohydrate (NaH,PO,*H,0) and pristine NF. This step ensured
the precise engineering of the nanoscale electrode architecture
(Figure 1b). During annealing, nanostructures gradually emerged
on the NF surface. After 1 h, these nanostructures eventually
formed vertically aligned needle-like arrays (Figure 1d), which
uniformly covered the NF surface. This evolution is consistent
with phosphorus-precursor seeding on Ni foam, followed by
anisotropic crystallization of tetragonal Ni,,Ps. Facet-dependent
interfacial energetics together with attachment-limited kinet-
ics favor one-dimensional extension; in concert with defect-
mediated nucleation on the substrate, this yields vertically
aligned needle arrays [39, 40].

In the second step, a precursor ink containing Co and Mo
was applied to the pre-synthesized Ni-P/NF substrate and dried
(Figure 1c). The resulting composite was then annealed in the
presence of additional NaH,PO,*H,O to yield a hierarchically
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(a) Schematic of the two-step molten-salt-assisted synthesis of Co;Mo,-P/Ni-P/NF (NF: nickel foam). (b) Preparation of Ni-P/NF, in

which vertically aligned Ni-P nanoneedle arrays were directly grown on NF (step 1). (c) Deposition of the Co;Mo;-P catalyst layer on Ni-P/NF (step
2). (d) Time-resolved scanning electron microscopy (SEM) images showing the morphological evolution of Ni-P nanoneedle arrays. (e) Schematic of
Coz Mo, -P catalyst formation on Ni-P nanoneedles via the molten salt method.

structured Co-Mo-P/Ni-P/NF electrode. NaH,PO,*H,0 trans-
forms into a molten salt phase during annealing owing to its
melting point of 310°C. This phase ionizes the Co and Mo
precursor species and supplies P for phosphidation. The Ni—P
layer on the NF provides a structural template that supports
the nucleation of Co—Mo—P while its high surface energy
further drives heterogeneous nucleation (Figure 1le). These con-
ditions promoted the formation of nucleation sites directly
on the Ni—P/NF surface. These nucleation sites subsequently
evolved into self-supported catalysts with porous nanostructures.
Detailed experimental procedures are described in the Supporting
Information.

The morphology and accessible surface area of the electrodes
were regulated by tuning the P precursor loading. As shown in
Figure 2a and Figure S1, alow P precursor loading (0.25 g) resulted
in poorly defined Ni—P nanoneedle arrays, indicating insufficient

nucleation density of the P seeds on the NF. In contrast, excessive
loading (2.0 g) led to overgrowth and coalescence, resulting in
a coarse, irregular surface. A loading of 1.0 g produced partially
agglomerated and less uniform features compared with a loading
of 0.5 g, which yielded the most regular, vertically aligned
nanoarray. Consistently, the electric double-layer capacitance
(Cq) (Figure 2b) was the highest at a P precursor loading of
0.5 g, indicating the largest ECSA and most favorable architecture
for the subsequent fabrication of the catalyst electrode. Accord-
ingly, 0.5 g was selected as the optimal P precursor loading for
constructing the Ni-P/NF scaffold. The cross-sectional scanning
electron microscopy (SEM) image of Ni-P/NF (Figure 2c) shows
densely packed, vertically aligned needle-like structures with
an average width of approximately 500 nm and a length of
approximately 4 pm. These three-dimensional nanostructures,
which uniformly coated the entire NF surface, are expected
to facilitate efficient hydrogen gas evolution and maximize
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FIGURE 2 | (a)SEM images of Ni-P/NF with different P precursor loadings (0.25, 0.5, 1.0, or 2.0 g). (b) Electric double-layer capacitance (C_dl) of
Ni—P/NF electrodes with different P precursor loading. (c,d) Cross-sectional SEM images of Ni—P/NF prepared using 0.5 g of P precursor. (e) Cross-
sectional SEM-energy-dispersive X-ray spectroscopy (EDS) line scan of Ni-P/NF showing elemental distributions across the nanoneedle-NF interface.
(f.g) High-resolution transmission electron microscopy (HRTEM) images of Ni—P nanoneedles. (h) SEM image of the Co;Mo;-P/Ni—P/NF surface with
a magnified view (inset, scale bar: 200 nm). (i) HRTEM image of Co;Mo;-P nanocrystals with a magnified view (inset, scale bar: 2 nm). (j) Elemental
maps of the hierarchical CosMo,;-P/Ni—P nanoarchitecture, as obtained from TEM-EDS analysis. (k) X-ray diffraction (XRD) patterns of CosMo;-P,
Co—P, and Mo—P catalysts.

active-site exposure for subsequent catalyst growth. A magnified structural integrity and oxidation resistance of the electrode
view of the cross-section (Figure 2d) revealed the formation of a under alkaline electrochemical conditions.

Ni-P phase not only along the vertical microcolumns but also as a

conformal layer—approximately 2 um thick—on the underlying SEM-energy-dispersive X-ray spectroscopy (EDS) line scan anal-
Ni substrate. This passive Ni-P layer significantly enhances the ysis (Figure 2e) confirmed the distinct compositional separation
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between the NF and the overlying Ni-P layer. The needle-like
Ni-P structures produced pronounced fluctuations in the EDS
signal intensity owing to their sharp and irregular morphology.
The X-ray diffraction (XRD) pattern of Ni-P/NF confirmed the
coexistence of metallic Ni and various crystalline Ni—P phases.
The observed diffraction peaks corresponded well with those of
tetragonal Ni;,,Ps; (PDF No. 03-065-4018), thereby validating the
phase composition of the electrode (Figure S2). To further inves-
tigate the phase evolution of the Ni—P scaffold, XRD patterns
were collected for samples synthesized at different annealing
times (Figure S3). At short annealing times, the Ni—P/NF sample
showed diffraction features assignable to Ni,P, whereas longer
annealing gradually promoted the formation of Ni,,Ps as the
dominant phase. This transition from N,P to Ni,,Ps indicates
that the Ni—P phase can be tuned by the annealing duration.
The observed phase evolution is attributed to prolonged heat
treatment under the mildly reducing H,/Ar atmosphere, which
decreases the effective phosphorus chemical potential through
partial loss of phosphorus-containing species and thus favors the
formation of the more Ni-rich Ni,,P; phase. Transmission elec-
tron microscopy (TEM) confirmed the formation of well-defined
columnar morphology of the Ni—P nanostructures (Figure 2f).
High-resolution TEM (HRTEM) imaging revealed lattice fringes
with an interplanar spacing of 0.61 nm, corresponding to the (110)
crystallographic plane of the tetragonal Ni,,P; phase (Figure 2g).
These observations provide direct structural evidence of phase
purity and crystallinity at the nanoscale, consistent with the XRD
results.

In the second step, the catalyst electrodes were synthesized on
the Ni-P/NF substrate using mixtures of Co and Mo precursors
at various molar ratios (Co: Mo = 4:6, 5.5, 6:4, 7:3, or 8:2)
following the same procedure. These samples were evaluated
for their performance in the HER to identify the optimal Co:
Mo ratio (Figure S4). The electrode prepared with a Co: Mo
precursor ratio of 6:4 exhibited the highest catalytic activity.
Compositional analysis using SEM-EDS and X-ray photoelectron
spectroscopy (XPS) confirmed an actual Co: Mo elemental ratio of
approximately 3:1; therefore, this catalyst was designated Co;Mo;-
P/Ni-P/NF. The difference between the precursor ratio and the
final catalyst composition can be attributed to the different
incorporation efficiencies of Co and Mo during heterogeneous
phosphidation on the Ni—P scaffold. SEM-EDS analysis of the
residue collected after synthesis revealed a Mo-rich composition,
with Co and Mo contents of 46.3 and 53.7 at%, respectively,
when normalized to the total Co and Mo content (Figure S5).
This Mo enrichment suggests that Co-containing species were
more efficiently incorporated into the catalyst layer, whereas a
fraction of Mo-containing species remained in the molten-salt-
derived residue. Thus, the final Co-rich Co;Mo,;-P composition
likely reflects preferential formation of Co—P-rich phases on the
Ni—P nanoarray with partial Mo incorporation into the Co—P
framework.

The SEM image of Co;Mo,-P/Ni-P/NF (Figure 2h) shows that the
original surface morphology of the Ni—P/NF scaffold was pre-
served. The catalyst nanoparticles were anchored onto individual
Ni—P pillars, forming a hierarchical structure with a porous
surface (Figure 2i and Figure S6). The HRTEM image further
revealed the presence of a conformal, amorphous phosphate
layer approximately 1.7 nm thick on the catalyst surface (Figure

S7). As previously discussed, the formation of these hierarchi-
cal architectures is attributed to heterogeneous nucleation on
the thermodynamically stable Ni—P surface during phosphida-
tion. This architecture enhances electron transport, structural
robustness, and ECSA.

For comparison, the Co—P/Ni—P/NF and Mo—P/Ni—P/NF sam-
ples were synthesized under identical conditions. Both samples
formed hierarchical architectures with uniformly distributed
catalyst particles on the Ni—P pillars (Figure S8). The HRTEM
images of the catalyst layers revealed that Mo—P/Ni—P/NF
was amorphous, whereas Co—P/Ni—P/NF exhibited a crystalline
Co—P phase (Figure S9). As shown in Figure S7, a comparison
of Co;Mo,-P/Ni—P/NF with Co—P/Ni—P/NF along the Co,P
(112) planes indicated a larger lattice d-spacing for Co;Mo;-
P/Ni—P/NF, which can be attributed to the incorporation of
Mo into the Co,P lattice and the resulting lattice expansion.
Elemental mapping using SEM-EDS revealed the homogeneous
distribution of Co, Mo, Ni, and P throughout the catalyst layer
(Figure S10a-c). The TEM-EDS analysis of Co;Mo,-P/Ni—P/NF
confirmed that the Co;Mo,-P was evenly deposited on the
surface of the Ni—P columns, forming a conformal and well-
dispersed catalytic layer (Figure 2j). The XRD pattern of Co;Mo,-P
revealed characteristic diffraction peaks corresponding to the
orthorhombic Co,P and CoP phases, confirming the coexistence
of these two crystalline phases (Figure 2k). The prominent peak
at 40.72°, corresponding to Co,P (PDF No. 01-070-8358), and
the additional peaks at 31.60° and 48.13°, corresponding to CoP
(PDF No. 00-029-0497), indicate successful phosphidation and
crystalline phase formation. Compared with the control Co—P
sample, the XRD pattern of Co;Mo;,-P exhibited a more intense
CoP peak, indicating that Mo incorporation subtly altered the
phosphidation dynamics and favored CoP formation under the
synthesis conditions. In contrast, the XRD pattern of Mo—P exhib-
ited broad, low-intensity peaks consistent with the amorphous
structure of MoP nanoparticles. These findings demonstrate that
the Co;Mo,-P phase retains a well-defined crystalline structure
with compositional adjustment obtained via Mo incorporation,
thereby providing a route to modulate the phase distribution and
optimize the catalytic properties.

The electronic interactions between Co and Mo on the surface
of the Co;Mo,-P/Ni—P/NF catalyst were investigated using XPS.
Compared with Co-P/Ni-P/NF, the Co 2p peak of Co;Mo-
P/Ni—P/NF shifted by 0.13 eV toward negative binding energy
(Figure 3a), indicating an increase in the electron density around
the Co atoms [41, 42]. Although Mo has a higher electronegativity
(2.16) than Co (1.88), this peak shift indicates that Co retains more
electron density, likely because of the strong interaction between
Mo and P [34]. The formation of robust Mo—P bonds weakened
the covalent character of the Co—P bond and maintained a
higher electron density for Co [43]. In contrast, the Mo 3d peaks
of Co;Mo,-P/Ni—P/NF shifted toward positive binding energy
values compared with those of Mo—P/Ni—P/NF (Figure 3b),
indicating a decrease in electron density on Mo, consistent with
the redistribution of the intramolecular charge.

The P peaks shifted toward higher binding energy values with
increasing Mo content, indicating that Mo incorporation altered
the overall electronic environment of P (Figure 3c). This change
in electron density enhances the interactions between the P atoms
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FIGURE 3 | (a—c) Background-corrected, peak-deconvoluted high-resolution X-ray photoelectron spectroscopy (XPS) spectra of Co-P/Ni-P/NF,

Co3zMo,;-P/Ni-P/NF, and Mo-P/Ni-P/NF, respectively.

and oxygen species, resulting in a higher proportion of P—O
bonding [44]. These Mo-induced modifications in the electronic
environment of P govern the electrocatalytic performance of
the material. This interpretation is also consistent with pre-
vious density functional theory (DFT) studies on Co—Mo—P
and CoMo—P-based alkaline HER catalysts. Thenuwara et al.
reported that Co—Mo centers in amorphous Co—Mo—P can
serve as favorable water-dissociation sites, thereby accelerating
the Volmer step in alkaline HER [35]. In addition, DFT cal-
culations on CoMo—P/NF have shown that Mo incorporation
promotes Co—Mo synergistic interactions and optimizes the
Gibbs free energy of hydrogen adsorption/desorption [35, 45].
Therefore, the XPS-observed electronic redistribution in Co;Mo;-
P/Ni-P/NF, together with its lower charge-transfer resistance
and improved ECSA-normalized HER activity, supports the role
of Mo as an electronic modulator that facilitates alkaline HER
kinetics.

HCI etching was further conducted to examine whether the P—O
signal originated from superficial oxidation (Figure SI1). After
etching, Co—P, Mo—P, and phosphide P 2p signals remained
clearly detectable, confirming the preservation of the underlying
Co—Mo phosphide phase. The residual P—O component indicates
that oxidized phosphorus species are present at the surface
or near-surface region of the phosphide catalyst, rather than
reflecting complete oxidation of the catalyst. Thus, Co;Mo,-
P/Ni—P/NF can be described as a phosphide-rich framework with
a thin PO,-containing surface layer.

Linear sweep voltammetry (LSV) analysis revealed that single-
transition-metal-based catalyst electrodes exhibited limited HER

activity, whereas the bimetallic Co;Mo,-P/Ni—P/NF electrode
with an optimized Co: Mo ratio delivered the best performance
(Figure 4a). The Co;Mo,-P/Ni—P/NF electrode required overpo-
tentials 0f 45.9, 113.5, and 154.8 mV to reach current densities of 10,
100, and 300 mA cm~2, respectively. These overpotential values
were significantly lower than those required for Co—P/Ni—P/NF
(63.7, 140.7, and 198.3 mV), Mo-P/Ni-P/NF (160.3, 274.2, and
336.1 mV), and Ni-P/NF (134.1, 236.3, and 302.4 mV) to reach
identical current densities (Figure 4b). Notably, Co;Mo;-P/Ni-
P/NF outperformed the commercial Pt/C/NF benchmark at
current densities exceeding 150 mA cm~2. The stepwise synthesis
significantly enhanced the ECSA, as indicated by the C_dl
values: NF (2.63 mF cm™2), Ni—P/NF (23.3 mF cm~?), and
Co;Mo,-P/Ni—P/NF (124.5 mF cm™2) (Figure 4c). Compared
with Co—P/Ni—P/NF (100.6 mF cm~2) and Mo—P/Ni—P/NF
(20.9 mF cm™2), the Co;Mo,-P/Ni—P/NF sample exhibited the
largest ECSA, indicating that the incorporation of both Co
and Mo enhanced the surface area and catalytic behavior.
Among the tested TMP-based electrodes, Co;Mo,-P/Ni—P/NF
exhibited the highest intrinsic activity, as indicated by the
ECSA-normalized polarization curves (Figure 4d), and the low-
est charge-transfer resistance, as revealed by Nyquist analy-
sis (Figure S12). The Tafel slope of Co;Mo,-P/Ni—P/NF was
64.1 mV dec™!, second only to that of Pt/C/NF (38.5 mV dec™),
highlighting its favorable reaction kinetics (Figure 4e). Further
benchmarking of Co;Mo;-P/Ni-P/NF at current density of 10
and 100 mA cm™ against reported NF-supported TMP cata-
lysts is shown in Figure 4f. The detailed overpotential values
and Tafel slopes for all samples are summarized in Table S1
[46-64]. Although several reported catalysts delivered competi-
tive performance at 10 mA cm~2, Co;Mo;-P/Ni—P/NF maintained
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FIGURE 4 | (a) Linear sweep voltammetry (LSV) curves for the hydrogen evolution reaction (HER) over Co;Mo,;-P/Ni—P/NF, Co—P/Ni—P/NF,
Mo—P/Ni—P/NF, Ni—P/NF, bare NF, and Pt/C/NF. (b) Bar chart summarizing HER overpotentials (1)) at 10, 100, and 300 mA cm~2. (c) Electric
double-layer capacitance (C_dl) extracted from scan-rate-dependent non-Faradaic cyclic voltammetry. (d) Electrochemically active surface area (ECSA)-

normalized LSV curves for the HER. (e) Tafel slopes derived from polarization data. (f) Literature benchmark: Comparison of the 7,y and #7;qq of

recently reported transition-metal phosphide alkaline-HER electrodes, highlighting the superior performance of the electrode developed in this study.
(g) LSV curves for the oxygen evolution reaction (OER) over CoysMo,;-P/Ni—P/NF, Co—P/Ni—P/NF, Mo—P/Ni—P/NF, Ni—P/NF, bare NF, and IrO,/NF.
(h) Bar chart of OER 7 at 10, 100, and 300 mA cm~2. (i) Electrochemical impedance spectra (EIS) collected at the operating potentials (Nyquist plots).
(j) Chronopotentiometric stability at 100 mA cm~2 for 60 h: HER on Co;Mo,-P/Ni—P/NF and OER on Co—P/Ni—P/NF; SEM images of electrode surfaces
before/after durability testing. (All measurements were conducted in 1.0 M KOH).

the lowest overpotential at 100 mA cm~2, confirming its out-
standing performance at industrially relevant current densities.
Overall, these results demonstrate that the hierarchical Co;Mo;-
P/Ni—P/NF not only has a larger ECSA compared with other
NF-based catalysts but also exhibits intrinsically high HER
activity.

In the LSV curves representing the oxygen evolution reaction
(OER) activity, the Co-P/Ni-P/NF catalyst electrode outper-
formed all other tested electrodes (Figure 4g). Co—P/Ni—P/NF
exhibited a low overpotential of 305 mV at a current density
of 50 mA cm™2, surpassing both IrO,/NF (329 mV), a bench-
mark commercial catalyst, and Co;Mo,-P/Ni—P/NF (312 mV),
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which previously demonstrated high HER activity (Figure 4h).
Electrochemical impedance spectroscopy (EIS) further supported
these findings (Figure 4i). The Nyquist plot of Co—P/Ni—P/NF
displayed the smallest semicircle diameter, indicating the low-
est charge-transfer resistance among the evaluated catalysts.
To identify the actual OER-active species of Co—P/Ni—P/NF,
Raman and XPS analyses were performed before and after
OER operation (Figure S13). After OER, the Raman spectrum
exhibited intensified broad bands in the 450-620 cm™ region,
assigned to Co—O/Co—OH vibrations associated with cobalt oxy-
hydroxide/oxide species, together with a Co—O-related vibration
near 660-670 cm™'. This spectral evolution indicates that the
surface Co—P phase undergoes anodic reconstruction during
OER, forming CoO,H,/CoOOH-like species. Consistently, the
Co 2p XPS spectrum after OER was dominated by Co—O com-
ponents, whereas the Co—P contribution observed before OER
was markedly suppressed (Figure S14a). In the P 2p region, the
phosphide doublet disappeared after OER and was replaced by a
dominant P—O signal, indicating the oxidation of surface phos-
phide species into phosphate-like species (Figure S14b). These
results confirm that the high OER activity of Co—P/Ni—P/NF
originates not from the pristine Co—P surface itself, but from
the reconstructed cobalt oxyhydroxide/oxide surface layer formed
under anodic OER conditions. The underlying Co—P/Ni—P
framework likely serves as a conductive and structurally robust
pre-catalyst that promotes the formation and stabilization of the
active CoO,H,;/CoOOH-like layer.

Chronopotentiometric measurements conducted over 60 h at a
current density of 100 mA ¢cm~2 in 1.0 m KOH demonstrated
the remarkable electrochemical durability of both Co;Mo,-
P/Ni—P/NF and Co—P/Ni—P/NF electrodes for the HER and
OER, respectively (Figure 4j). In particular, Co;Mo,-P/Ni—P/NF
exhibited an initial overpotential of 113.3 mV, which increased
marginally to 115.3 mV after 60 h of continuous operation,
indicating its excellent long-term stability. Following long-term
HER testing, XPS analysis revealed no significant shifts in the
binding energies of the Co and Mo peaks. Furthermore, the area
ratios of the Co 2p and Mo 3d peaks remained unchanged, indicat-
ing negligible catalyst degradation or elemental leaching during
operation (Figure S15). The SEM images before and after long-
term electrolysis confirmed the outstanding structural integrity of
the Co;Mo,-P/Ni—P/NF and Co—P/Ni—P/NF catalyst electrodes.
The vertically aligned Ni—P columnar framework and porous
catalyst morphology were preserved, reinforcing the robustness of
the Co;Mo,-P/Ni—P/NF and Co—P/Ni—P/NF architectures under
harsh alkaline HER and OER conditions.

To investigate the effect of the hierarchical structure on the
catalytic performance and durability of Co;Mo,-P/Ni—P/NF, we
fabricated a control electrode by directly synthesizing Co;Mo;,-P
on bare NF. The cross-sectional SEM images of the Co;Mo,-
P/Ni—P/NF and Co;Mo,-P/NF electrodes are shown in Figure 5a
and b, respectively. The SEM image of the Co;Mo,-P/Ni—P/NF
sample (Figure 5a) shows distinct layered structures consisting of
NF, a Ni—P interlayer, and a top Co;Mo,-P catalytic layer. This
hierarchical configuration enhances water electrolysis by provid-
ing large ECSA, chemical stability, and structural robustness.

Owing to the superior oxidation resistance of Ni—P under alkaline
conditions compared with metallic Ni, the Ni—P interlayer

that completely encapsulated the NF served as an effective
barrier against chemical corrosion. The underlying metallic
NF, protected by the approximately 2-um-thick Ni—P interlayer,
remained unoxidized and provided a stable pathway for rapid
electron transfer. In contrast, the SEM image of Co;Mo,-P/NF
(Figure 5b) shows that the catalyst was directly deposited onto
the NF surface without an interlayer. The catalyst formed a rough
and nonuniform layer with regions of minimal or no Co;Mo;-
P coverage. These low-coverage areas enabled the penetration
of the electrolyte into the interface between Co;Mo;-P and NF
under alkaline HER, thereby promoting the surface oxidation of
the NF and gas bubble formation at the interface. These effects
weaken the physical contact between the layers and potentially
compromise the catalytic performance.

Additional XPS analyses revealed that the Ni-P interlayer and
nanoneedle architecture modified the surface structure and
electronic properties of the catalyst, thereby improving its HER
performance and long-term stability. Compared with Co;Mo;-
P/NF, the Co—P peak in the Co 2p XPS spectrum of Co;Mo;,-
P/Ni—P/NF appeared at a lower binding energy value, indicating
a higher proportion of metallic or electron-rich Co—P species
(Figure 5e) [65]. This shift indicates that the Ni—P interlayer
enriched Co with electrons and facilitated charge delocalization,
which stabilized the excited core-hole state during photoemis-
sion [66]. The Mo 3d XPS spectra revealed that the catalysts
grown on Ni—P contained more oxidized Mo*"/Mo°" species
than those grown on bare NF, which exhibited intense signals
at lower binding energy values (Figure 5f). This contrast likely
stems from the diffusion of P from the Ni—P layer, forming
an ultrathin PO, surface layer; this process results in a surface
dominated by Mo oxides when combined with Mo’s oxophilicity
and slow surface kinetics [67-69]. The Ni 2p XPS spectra of
(Figure 5g) Co;Mo,-P/Ni—P/NF exhibited a characteristic broad
and weak Ni—P peak at 853.3 eV, whereas that of Co;Mo;-
P/NF exhibited a sharp Ni® peak at 852.9 eV, indicating that
the metallic Ni was exposed because of incomplete catalyst
coverage [70]. The P 2p XPS spectra revealed that Ni—P/NF
exhibited both P>~ and PO, peaks (phosphide and a surface
cap), whereas the bare NF sample was predominantly phosphide-
terminated (Figure 5h), consistent with the redistribution of
the oxidation state of Mo shown in Figure 5f. Together, these
XPS findings indicate that the catalyst grows conformally on
Ni—P, forming a well-integrated interface due to effective seed-
ing. This interfacial interaction between the underlayer and
the catalyst (i) reduces contact resistance and improves core—
hole screening [71, 72], (ii) stabilizes Co in a phosphide-rich
electron-dense state ideal for H* adsorption [73-77], and (iii)
promotes the formation of PO,/-OH -bearing surfaces that
facilitate water dissociation during the Volmer step [78, 79].
In contrast, catalyst growth on the bare NF is island-like,
exposing Ni° regions, forming thinner oxide caps, and reducing
interfacial conductivity. Although the surface Mo—P fraction
appears lower on the Ni—P-grown catalysts, the combination
of MoO, /PO, and Co—P/Ni—P forms a bifunctional interface:
MoO, /PO, sites activate H,O molecules, while Co—P/Ni—P
regions efficiently adsorb and release H*. Strong coupling with
the Ni—P interlayer ensures rapid electron transport. These
synergistic effects rationally account for the significantly lower
overpotential and enhanced HER kinetics of the Ni-P-templated
catalyst.
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FIGURE 5 | (a-d)Cross-sectional SEM images and corresponding schematic cross-sections of CosMo;-P/Ni—P/NF, Co;Mo;-P/NF, Pt/C/Ni—P/NF,
and Pt/C/NF, respectively. (e-h) High-resolution XPS spectra of Co3Mo;-P/Ni—P/NF and Co;Mo;-P/NF. (i-1) Time-resolved sessile-drop contact-angle

images for Ni—P/NF, bare NF, Pt/C/Ni—P/NF, and Pt/C/NF, respectively.

A Pt/C/Ni-P/NF electrode was fabricated by depositing com-
mercial Pt/C ink onto Ni-P/NF using the same procedure as
for Pt/C/NF to further evaluate the suitability of Ni—P/NF as a
versatile electrode platform for supporting commercial catalysts.
The cross-sectional SEM image of Pt/C/Ni—P/NF (Figure 5c)
reveals a four-layered architecture comprising NF, a Ni—P layer,
Ni—P needle arrays, and a Pt/C catalytic layer. The surface SEM
image shows that the commercial Pt/C catalyst is interlocked with
the Ni—P needle structures, forming a robust composite network
analogous to the reinforcement mechanism in rebar-reinforced
concrete (Figure S16). This architecture effectively mitigates
catalyst detachment during electrocatalytic operation. Nickel-

rich phosphides exhibit metallic conductivity [80]. Although
direct bulk conductivity values for Ni,,P; are rarely reported,
multiple studies show low charge-transfer resistance and high
electronic transport in Ni,Ps-containing electrodes [50, 81-
83]. For reference, the related metallic phase Ni,P shows a
room-temperature resistivity of ~30 uQ cm (o~3x10* S cm™),
underscoring the metallic nature of nickel phosphides [84].
This enhanced conductivity facilitates efficient charge transfer
between the support and catalytic layer, thereby improving the
performance of commercial catalysts. In contrast, the Pt/C/NF
electrode features a sparsely dispersed Pt/C layer on a relatively
flat Ni metal surface (Figure 5d). The weak bonding between Pt/C
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and Ni metal and exposure of the bare Ni substrate render the
catalyst susceptible to detachment and degradation. A similar
interfacial structure and detachment tendency were observed
when commercial IrO, catalyst ink was used (Figure S17).

We conducted static droplet contact-angle measurements using
1.0 m KOH under conditions representative of alkaline water
electrolysis to gain deeper insight into the surface characteristics
of the needle-like Ni—P nanostructured array. The term “initial”
refers to the moment immediately before the droplet detaches
from the syringe. As shown in Figure 5i, the water droplet
dispersed so rapidly on the Ni—P/NF surface that it exceeded the
temporal resolution of the high-speed camera. In contrast, the
droplet on bare NF remained nearly static, maintaining a contact
angle of approximately 97.5° over 5 s (Figure 5j). These results
indicate that modifying the originally hydrophobic NF with Ni—P
nanoneedle arrays induces a transition to a superhydrophilic
surface.

This superhydrophilicity can be partly attributed to the spon-
taneous surface oxidation of the TMPs upon exposure to air,
resulting in the formation of hydrophilic oxide layers. Notably,
both Co;Mo,-P/Ni—P/NF and Co;Mo,-P/NF exhibited superhy-
drophilic behavior (Figure S18). This behavior may be due to
Mo-induced lattice defects in the Co—P structure, which increase
the surface energy and promote rapid wetting. The combination
of a hydrophilic surface and vertically aligned nanoneedle archi-
tecture facilitates gas release under electrolysis conditions. The
needle arrays generate a discontinuous triple-phase boundary
between the electrode and gas bubbles, thereby reducing bubble
adhesion and size and enhancing bubble detachment. The con-
tribution of the nanoneedle array to bubble release is evidenced
by chronopotentiometric measurements under high current den-
sities, during which more pronounced potential fluctuations
caused by bubble dynamics were observed for the Co;Mo,-
P/NF electrode than those for Co;Mo,-P/Ni—P/NF (Figure S19).
These findings indicate that the nanoneedle array significantly
contributes to bubble release.

A slight reduction in the superhydrophilicity was observed
(Figure 5k) when commercial Pt/C was deposited on the
Ni—P/NF electrode. This reduction can be attributed to the
physical coverage of the nanostructured surface by the Pt/C layer
and the presence of the hydrophobic Nafion binder in the catalyst
ink. Nevertheless, the Pt/C/NF electrode, which was fabricated
by depositing Pt/C on bare NF, exhibited improved wettability
compared with unmodified NF, likely due to the formation of
partial nanostructures (Figure 51). Despite the minor decrease in
superhydrophilicity, the Pt/C/Ni—P/NF electrode retained rapid
water absorption capability, indicating that the integration of
commercial catalysts with Ni—P/NF preserves favorable surface
wettability, which is beneficial for practical applications.

LSV analyses demonstrated that the catalyst electrodes with
Ni-P nanostructures exhibited significantly enhanced HER and
OER activities compared with those without the Ni-P layer,
highlighting the beneficial role of the Ni-P framework in improv-
ing electrochemical performance (Figure 6a). Co;Mo,-P/Ni-P/NF
achieved a significantly lower overpotential of 155 mV at a high
current density of approximately 300 mA cm™ in the HER, out-
performing Co;Mo;-P/NF (225.9 mV). Similarly, Pt/C/Ni-P/NF

achieved an overpotential of 97.1 mV, which was lower than that
of Pt/C/NF (228.5 mV). Enhanced performance was also observed
in the OER: Co—P/Ni—P/NF (356 mV) and IrO,/Ni—P/NF
(389 mV) exhibited superior catalytic activity compared with
Co-P/NF (381 mV) and IrO,/NF (422 mV), respectively, at
+300 mA cm~2. These improvements are primarily attributed to
the significantly larger ECSA provided by the Ni-P nanoneedle
arrays. The ECSA of Ni—P/NF was 8.8 times larger than that
of bare NF, and this enhancement persisted following catalyst
deposition or integration with commercial catalysts (Figure 6b
and Figure S12). Notably, Pt/C/Ni—P/NF, which was fabricated
under identical conditions and differed only in the substrate,
exhibited a 4.52-fold increase in ECSA compared with Pt/C/NF,
highlighting the critical contribution of the nanostructured Ni—P
base layer.

To further evaluate the overall water-splitting performance under
alkaline conditions, we assembled two-electrode electrolyzer
cells using the HER and OER electrodes as the cathodes and
anodes, respectively. Four configurations were tested under
identical conditions: Co;Mo,-P/Ni—P/NFI||Co—P/Ni—P/NF,
Pt/C/Ni—P/NFIIIrO,/Ni—P/NF, Co;Mo,-P/NFIlICo—P/NF, and
Pt/C/NFI|IrO,/NF. As shown in Figure 6c, the Ni—P-containing
assemblies—Co;Mo,-P/Ni—P/NF||Co—P/Ni—P/NF and Pt/C/Ni-
P/NFIIIrO,/Ni—P/NF—exhibited  substantially lower cell
voltages of 446 and 385 mV, respectively, at a current density
of 100 mA cm™, compared with Co;Mo,-P/NFI|Co—P/NF
and Pt/C/NFIIIrO,/NF, which exhibited cell voltages of 563
and 524 mV, respectively. These results confirm that the Ni—P
scaffold enhances the overall water-splitting performance.
Notably, the non-noble-metal-based electrolyzer cell Co;Mo;-
P/Ni—P/NFI||Co—P/Ni—P/NF delivered performance comparable
with that of the Pt/C/Ni—P/NFIIIrO,/Ni—P/NF cell at high
current densities, indicating its potential as a viable alternative
to noble-metal-based electrolyzers.

The long-term stability was assessed under alkaline conditions
(1.0 ™M KOH) at 100 mA cm? (Figure 6d). The Co;Mo,-P/Ni-
P/NFI||Co—P/Ni—P/NF cell exhibited excellent durability, with a
minimal increase of 7 mV in overpotential after 200 h of contin-
uous operation. Comparative analysis of the Co;Mo,;-P catalyst
after initial HER operation and after the durability test showed
that its characteristic three-dimensional porous architecture was
well preserved (Figure S20). In contrast, the Co;Mo,-P/NFIICo-
P/NF cell exhibited an increase of 28 mV in overpotential within
75 h, indicating lower stability. The performance of commer-
cial catalyst-based cells degraded over the first 10 h, which
subsequently stabilized. This behavior can be attributed to the
partial physical detachment of the catalyst particles and the
hydration or reorganization of the Nafion binder. Notably, the
Pt/C/Ni—P/NFl|IrO,/Ni—P/NF cell exhibited a threefold smaller
overpotential shift than the Pt/C/NFI|IrO,/NF cell. This improve-
ment is likely due to the formation of a mechanically robust
interlocked architecture between the Ni—P nanostructures and
the overlying catalyst layer, which mitigates catalyst detachment.
The SEM images of the post-stability-tested electrodes (Figure 6e-
g) further confirmed the physical degradation of the catalyst layer
on the substrates without the Ni—P structure. In the absence of
Ni—P, interfacial adhesion between the catalyst layer and the sub-
strate was insufficient, and extensive delamination of the catalyst
layer after HER operation was observed (Figure S21). Collectively,
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these findings highlight the excellent performance and feasibility
of molten salt-derived TMP electrodes for alkaline water splitting.
Moreover, substrate modification with hierarchical nanostruc-
tures enhances the activity and durability of commercial catalysts.
This approach is compatible with existing electrode fabrication
workflows, indicating its potential for industrial scalability and
implementation.

From an economic perspective, the advantage of Co;Mo;-
P/Ni—P/NF mainly arises from replacing Pt-dominated HER cat-
alyst layers with Co, Mo, Ni, and P-based components while form-
ing a binder-free self-supported electrode architecture. Although
the molten-salt route involves thermal treatment, it directly
converts the Ni substrate into a conductive Ni—P scaffold and
enables catalyst growth on the same current collector, reducing
reliance on noble-metal catalysts and separate catalyst-ink layers.
Moreover, the mechanically anchored structure suppresses cata-
lyst detachment during long-term operation, suggesting potential
benefits in electrode lifetime and replacement cost.

The scalability and mechanical integrity of the Ni—P scaffold were
further examined using larger-area Ni foam and Ni felt substrates
(Figures S22 and S23). Uniform Ni—P nanoarray coverage was
achieved on a 5cm? Ni foam substrate using 1.5 g of NaH,PO,-H,0
as the P source, indicating that the P-source loading should be
optimized according to electrode area and substrate geometry
rather than simply scaled linearly from smaller electrodes. For the

5 cm? Ni felt substrate, the P-source loading strongly affected the
surface morphology: excessive loading of 2.0 g produced dense
and partially coarsened surface coverage, whereas 0.75 g yielded a
more open and well-developed three-dimensional Ni—P architec-
ture. Importantly, both Ni—P/Ni foam and Ni—P/Ni felt retained
macroscopic flexibility after molten-salt-assisted phosphidation
without brittle fracture when bent to angles greater than 60°
(Figure S24). These results confirm that the optimized molten-
salt treatment preserves sufficient mechanical integrity of the
Ni-based substrates. Accordingly, the optimized Ni—P/Ni felt was
used as the electrode platform for the AEMWE measurements.

To adapt the molten-salt-assisted electrode architecture to
AEMWE operation, CoMo-P/Ni—P/Ni felt was synthesized using
a two-step process analogous to that used for Ni foam. SEM
images showed that the Ni felt fibers were uniformly covered
with porous CoMo—P catalyst layers while retaining the open
fibrous network of the substrate (Figure S25). SEM-EDS analysis
confirmed a Co: Mo atomic ratio of approximately 3:1, consistent
with the optimized CoMo-P composition on Ni foam. In addition,
Pt/C deposited on Ni—P/Ni felt exhibited more uniform coverage
than Pt/C deposited on bare Ni felt under identical loading con-
ditions (Figures S26 and S27). The improved catalyst distribution
is attributed to the enhanced wettability and nanostructured
surface of the Ni—P scaffold, which promote homogeneous ink
spreading and mechanical interlocking with the Pt/C layer.
These results support the superior AEMWE performance of
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FIGURE 7 | AEMWE single-cell performance of phosphide-based self-supported electrodes. (a) LSV (5 mV s~

Current density (A cm2)

1. dashed) and multi-step

chronopotentiometry (1 min step~!, symbols) polarization curves of AEMWE single cells with different anodellcathode catalyst configurations
(Ir0,|IPt/C, IrO,/Ni—P||Pt/C/Ni—P, and Co—P/Ni—P||CoMo-P/Ni—P) measured at 60°C. (b) EIS spectra measured at 1.5 and 2.5 A cm™2. (c) IR-free
polarization curves. (d) Temperature-dependent polarization performance of the Co—P/Ni—P|ICoMo—P/Ni—P single cell at 40°C, 60°C, and 80°C.

(e) Durability test of the Co—P/Ni—PlICoMo—P/Ni—P single cell at1 A cm

the molten-salt-derived self-supported electrode and the Ni—P-
supported commercial catalyst electrode shown in Figure 7.

To examine whether the performance trends observed in the
half-cell measurements are retained under practical membrane-
electrode operation, AEMWE single-cell performance was
evaluated using three different anodellcathode catalyst
configurations:  IrO,lIPt/C,  IrO,/Ni—PIIPt/C/Ni—P, and
Co—P/Ni—PI||Co;Mo,-P/Ni—P. All single-cell measurements
were conducted at 60°C using polarization measurements
obtained by linear sweep voltammetry (5 mV s7!) and
multi-step chronopotentiometric holding (1 min at each
current density). As shown in Figure 7a, the polarization
curves exhibit a clear performance trend of IrO,lIPt/C <
IrO,/Ni—PIIPt/C/Ni—P < Co—P/Ni—PIlICo;Mo,-P/Ni—P, which
is consistent with the general trend observed in the half-cell
measurements. The performance enhancement from IrO,|/Pt/C
to IrO,/Ni—PIIPt/C/Ni—P suggests that the Ni—P nanostructured
scaffold improves electrode interfacial characteristics and
catalyst utilization even under membrane-based single-cell
operation. More importantly, the superior performance of
Co—P/Ni—PIICo;Mo,-P/Ni—P demonstrates that the synergistic
catalytic benefits of Co—Mo phosphide chemistry, combined
with the self-supported hierarchical electrode architecture, are
effectively translated and retained under practical AEMWE
operating conditions. Electrochemical impedance spectroscopy
(EIS) performed at 1.5 and 2.5 A cm™ (Figure 7b) further
supports this trend. In the high-current-density region,
Co—P/Ni—PI||Co;Mo,-P/Ni—P exhibited the smallest charge-
transfer resistance, indicating accelerated electrode kinetics
under practical operating conditions. This favorable behavior

~2 and 60°C for 75 h.

is likely attributed to the hierarchical nanostructured electrode
architecture, which facilitates rapid gas-bubble release,
maintains effective active-site accessibility, and alleviates
mass-transport limitations during high-current operation.
Interestingly, despite exhibiting the best overall performance,
Co—P/Ni—PIlICo;Mo,-P/Ni—P showed the highest high-
frequency resistance (HFR), whereas IrO,/Ni—PI||Pt/C/Ni—P
exhibited the lowest HFR, as shown in Figure 7b and Figure
S28. Specifically, at 0.5 A cm~2, the HFR values were 71.51, 67.52,
and 59.63 mQ cm? for Co—P/Ni—PI|Co;Mo,-P/Ni—P, IrO,||Pt/C,
and IrO,/Ni—PIIPt/C/Ni—P, respectively. The relatively higher
HEFR of the Co—P/Ni—PIICo;Mo,-P/Ni—P cell may be associated
with differences in electrode architecture, including the use
of a self-supported carbon-support-free phosphide cathode
instead of a conventional Pt/C-based catalyst layer, as well as
differences in catalyst layer composition and interfacial/contact
resistance compared with the IrO,-based systems. Nevertheless,
the Co—P/Ni—PIICo;Mo,-P/Ni—P cell still delivered the best
performance, indicating that its superior kinetic and mass-
transport characteristics more than compensate for the increased
ohmic contribution under practical operating conditions. This
interpretation is further supported by the IR-free polarization
curves shown in Figure 7c, where the superior performance of
Co—P/Ni—P||Co;Mo,-P/Ni—P becomes even more pronounced
after HFR compensation.

To further investigate the effect of operating temperature
on AEMWE performance, the optimized Co—P/Ni—PI|ICo;Mo;-
P/Ni—P cell was evaluated under temperature-dependent oper-
ating conditions. As shown in Figure 7d, at 2 A cm~2, the cell
voltages were 2.13, 1.98, and 1.87 V at 40°C, 60°C, and 80°C

12 of 16

Small, 2026

85U8017 SUOWILLIOD aAIIeID) 8|qeotjdde 8y Aq pausenob aJe Ssoile YO ‘88N JO s8N Joj Akeid1T8uIjUO 3|1 UO (SUOPUOO-PUB-SWLBI W00 A8 | AReid| Ul UO//:SdnLy) SUORIPUOD pue swie 1 8y} 89S *[9202/80/50] U0 AriqiTauliuo feim * Aisienun Buy-Bunyd - Areiqi Buy-Bunyo Aq 62112 ILS/Z00T OT/I0p/Wo A8 im AreIq1jeuljuo//:sdny Woly papeojumod ‘0 ‘6289£TIT



respectively, demonstrating substantial performance improve-
ment with increasing temperature. The corresponding EIS spec-
tra (Figure S29a), HFR spectra (Figure S29b), and overpotential
breakdown analysis (Figure S29c) provide further insight into
the origin of this behavior. Notably, the overpotential break-
down analysis reveals that increasing temperature significantly
reduces both kinetic and ohmic overpotentials, whereas the mass-
transport overpotential remains relatively unchanged, suggesting
that mass-transport limitations were less sensitive to temperature
under the tested conditions. These results indicate that elevated
operating temperature enables more effective utilization of the
developed self-supported electrode architecture by improving
reaction kinetics and ionic transport within the cell. Finally, the
durability of the Co—P/Ni—PIICo;Mo,-P/Ni—P cell was evaluated
at 60°C under a constant current density of 1 A cm™ for 75 h
(Figure 7e). The initial cell voltage was 1.822 V, consistent with
the multi-step chronopotentiometric polarization data, indicating
stable initial operation without any abrupt voltage increase
during the initial operation. After 75 h of continuous operation,
the cell voltage increased only slightly to 1.858 V, demonstrating
excellent operational stability. Further supporting this result,
the polarization curves measured before and after durability
testing in Figure S30 show negligible performance degradation,
while the EIS spectra measured at 0.25 and 0.5 A cm™ remain
nearly unchanged. These results confirm the stable operation of
the developed Co—Mo phosphide-based self-supported electrode
architecture under practical AEMWE single-cell conditions.

3 | Conclusions

The two-step molten salt-assisted synthesis strategy developed in
this study enabled the fabrication of self-supported electrocatalyst
electrodes. This method enabled the formation of a vertically
aligned Ni—P nanoneedle array on NF, followed by the controlled
growth of a Co;Mo;-P catalytic overlayer without compromising
structural integrity. The nanostructured Ni—P scaffold physically
anchored the catalyst particles, thereby preventing their detach-
ment during operation. Additionally, the Ni—P layer provided
strong oxidation resistance and metallic conductivity, simulta-
neously contributing to structural stability and efficient electron
transport. The resulting Co;Mo,-P/Ni—P/NF electrode exhibited
an exceptionally low overpotential of 113.5 mV at 100 mA cm~2,
outperforming previously reported TMP-based electrodes under
identical conditions.

The optimized Co: Mo ratio not only modulated the sur-
face electronic structure to enhance the catalytic activity but
also expanded the ECSA. Furthermore, the vertically aligned
nanoneedle architecture maximized accessible active sites and
facilitated rapid hydrogen bubble release, ensuring stable oper-
ation under high current densities.

Beyond its intrinsic performance, the nanostructured Ni—P array
also functioned as a versatile support for commercial catalysts.
The integration of commercial catalysts, such as Pt/C and IrO,,
onto the Ni—P/NF scaffold—an approach rarely explored—
significantly improved both catalytic activity and durability. In
particular, Pt/C loaded onto the nanostructured support achieved
a 4.52-fold increase in ECSA and an impressively low overpoten-
tial of 55.8 mV at 100 mA cm~2 compared with Pt/C deposited

on bare NF. This mechanically interlocked electrode structure
effectively suppressed catalyst detachment and preserved long-
term stability. Furthermore, the practical applicability of the
developed self-supported electrode architecture was validated
in an AEMWE single cell under membrane-based electrolysis
conditions, where the synergistic Co—Mo phosphide chemistry
and Ni—P nanoarray-enabled architecture translated into supe-
rior cell-level performance and stable operation under practical
operating conditions.

These results emphasize the importance of precise nanostruc-
tural design for high-performance and durable electrocatalysts.
They also highlight the potential of molten-salt-based synthetic
strategy as a scalable route for engineering robust, conductive,
and industrially viable electrode platforms for alkaline water
electrolysis.
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