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We present a nonprecious NiMo-based cathode with high activity
and durability for proton exchange membrane water electrolysis,
achieved via selective Zn dealloying and subsequent thermal
annealing. This synergistic strategy simultaneously increases the
electrochemically active surface area, achieving 1.897 Acm~2 at 2.0
Ve, and ensures structural stability in acidic media.

The intermittency of renewable energy sources challenges grid
stability, driving the need for efficient energy storage systems
(ESSs). Hydrogen-based storage is promising due to its zero
emissions and suitability for long-term, large-scale use," making
renewable-powered water electrolysis a key route for green
hydrogen production.>?

Proton exchange membrane water electrolysis (PEMWE)
enables high current density, high-purity hydrogen, and com-
pact design compared with alkaline systems,** but its acidic
operation requires costly precious metal cathodes (e.g., Pt, Ru),
limiting scalability.” Strategies such as alloying,*” single atom
catalysts,®® and template-assisted synthesis'®'' have been
explored, with electrochemical dealloying emerging as an effec-
tive approach.""™ Electrochemical dealloying selectively removes
less noble components to increase the electrochemically active
surface area (ECSA) of the catalyst."* However, for practical
PEMWE, developing nonprecious metal electrodes with compar-
able performance remains essential. Despite efforts including
morphology regulation,”>'® alloying,"®™'® and heterostructure
engineering,'®*° dealloying studies on noble-metal-free alloys
are limited, mainly due to the small differences in standard
reduction potentials among transition metals, compared with
those between precious and transition metals, making selective
dealloying more challenging. NiMo-based alloys are reported to
be highly efficient hydrogen evolution reaction (HER) catalysts.
Recent studies have extended this system to multicomponent
alloys, such as NiMoZn'® and CuNiMo,"” mainly investigating
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alloying effects. In particular, the incorporation of a small
amount of Zn (1-3 at%) into NiMo was reported to enhance
HER activity, achieving a low overpotential of 40 mV at
—20 mA cm>.'® Furthermore, we previously reported that Mn
incorporation into NiMo (NiMoMn) improves intrinsic HER activ-
ity and acid durability via electronic structure modulation.”®
However, such alloying strategies have limited impact on increas-
ing ECSA. Here, we instead employ Zn as a sacrificial component
for selective dealloying to create a porous Ni-Mo framework. To
address the durability issue of dealloyed catalyst, post-annealing
was employed to improve catalyst stability. Beyond half-cell tests,
single-cell evaluations confirmed the catalyst’s performance
and long-term stability in PEMWE, demonstrating its practical
applicability.

Fig. 1 shows the field emission scanning electron micro-
scopy (FESEM) images and energy dispersive X-ray spectroscopy
(EDS) mapping of the catalysts at different processing stages. In
Fig. 1a, the pristine Nig; M0, 4Zn4¢ o (P-Nig; MO0, 4Zn4¢ ) cata-
lyst forms a continuous film composed of aggregated spherical
particles covering the carbon fibers. At higher magnification,
cauliflower-like hierarchical structures with locally vertical particle
growth were observed, imparting a roughened surface morphol-
ogy. EDS mapping confirmed a homogeneous spatial distribution
of Ni, Mo, and Zn, consistent with the bulk composition. Follow-
ing electrochemical dealloying (Fig. 1b), D-NigsMo033Zns¢g
possesses a partially reduced film structure and an increased
fraction of vertically grown spherical features. This morpho-
logical evolution reflects selective Zn dissolution, leading to

Fig.1 FESEM and EDS mapping images of (a) P-NigigM054ZN160,
(b) D-Nigs9gM033ZNn108, and (c) HD-Nigg7;M032ZNn10 1 Species.
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surface roughening and the formation of a more porous,
ligament-like structure. Correspondingly, the bulk Zn content
decreased from 16.0 to 10.8 at%, whereas Ni and Mo remain
uniformly distributed although Zn uniformity was slightly
reduced. As shown in Fig. 1c, the heat-treated D-Nigs;MO0; ,-
Znyo 1 (HD-Nigs ;M03 5714 1) catalyst maintains the porous mor-
phology of the dealloyed sample with minor surface coarsening,
suggesting improved structural stability. The EDS results indi-
cate that heat treatment did not significantly alter the overall
elemental distribution.

The XRD patterns (Fig. S1) show characteristic peaks of
carbon paper at 42.46°, 43.02°, 44.67°, 47.37°, and 54.8° (JCPDS
#26-1080). For Ni;g, the peaks of the (111) and (200) planes
were observed at 44.5° and 51.8°, respectively (JCPDS #04-0850).
For Zn, o, the peaks associated with the (002), (110), and (101)
planes of the hexagonal close-packed structure were observe
d at 36.3°% 38.9°, and 43.2°, respectively (JCPDS #04-0831). In
Nig, ;Mo5 3, the Ni (111) peak slightly shifted to lower angles
with reduced intensity, indicating lattice expansion due to
alloying with Mo atoms, which have a larger atomic radius than
Ni.'” The amorphous or nanocrystalline structure of the Ni
alloy containing Mo is characterized by a poorly developed Ni
lattice.?*** With Zn alloying, P-Nig; ¢Mo,4Zn;6, exhibits a
further slight shift to lower angle owing to the larger atomic size
of Zn. After dealloying, D-Nigs ¢M0;3 3Zn4 g, Shows a shift to higher
angle, consistent with Zn removal. Notably, HD-Nigs ;M03 2Zn;( 1
displays significantly enhanced Ni (111) and (200) peak intensities
after annealing at 400 °C for 2 h in a 4% H,/Ar atmosphere,
indicating improved crystallinity.

To investigate the surface composition, electronic structure,
and oxidation states of the samples, X-ray photoelectron
spectroscopy (XPS) was performed (Fig. 2). Fig. 2a exhibits Ni
2ps)» spectra. For Niygo, peaks corresponding to Ni°, NiO, and
Ni(OH), were observed at 852.1, 853.2, and 855.6 eV, respec-
tively. For Nig, ;Mo 3, these peaks were observed at 852.16,
853.26, and 855.66 eV, with the metallic Ni° fraction increasing
from 35.6% to 46.35% and the NiO and Ni(OH), fractions
decreasing from 15.99% and 28.38% to 13.72% and 19.84%,
respectively.'” This shift is attributed to electron transfer from
Mo to Ni due to their electronegativity difference. Compared
to the binary NiMo sample, the P-Nig; (M0, 4Zn;6, exhibited
increased fraction of NiO and Ni(OH), species. Although Zn has
a lower electronegativity than Ni, its incorporation alters the
local electronic environment and structural order, leading to
reduced local coordination of Ni or weakening of Ni-Mo metal-
lic networks. Similar trends have been reported for binding
energy changes following Zn addition."®*® The strong oxygen
affinity of Zn further promotes interfacial oxidation, rendering
surface Ni sites more susceptible to oxidation and hydroxyla-
tion. Following electrochemical dealloying, D-Nigs oM03 3Zn40g
exhibited an even higher concentration of oxidized Ni species
due to selective Zn dissolution, which generated defect-rich,
under-coordinated Ni sites prone to oxidation. Subsequent heat
treatment in a reducing 4% H,/Ar atmosphere yielded HD-
Nige sMo0j3 ,Zn40 1 With partial recovery of metallic Ni, indicating
defect annealing and improved metallic bonding. The coexistence
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Fig. 2 XPS spectra of (a) Ni 2p3,,, (b) Mo 3ds,,, and (c) Zn 2ps/, compo-
nents of Nijoo, ZNioo, Nig2 7M0O73, P-Nigy M02 4ZNn16.0, D-Nigs 9M0O33ZN10 8,
and HD-Nigg7M03,ZNn10 1 Species.

of metallic Ni and NiO, species is expected to create favorable
interfacial sites for proton adsorption, enhancing acidic HER
activity.

Fig. 2b shows the Mo 3ds, peaks of the catalysts. For
Nig, sMo03, Mo(0), Mo(wv), and Mo(vi) species were observed
at 227.6-230.75, 228.65-231.8, and 232.35-235.2 €V, respec-
tively. In Zn-containing P-Nig; ¢ M0, 4Zn;6 4, the Mo(0) fraction
decreased from 47.10% to 16.00%, indicating enhanced surface
oxidation compared to the binary alloy. Upon electrochemical
dealloying, D-Nigs oMo03 3Zn;0 s, showed a further reduction of
Mo(0) to 3.56%, reflecting the generation of defect-rich Mo sites
due to selective Zn dissolution. After heat treatment, HD-
Nigs M0z ,Zn;0, exhibited a substantial recovery of metallic
Mo(0) (60.40%), suggesting defect annealing and reconstruc-
tion of the Ni-Mo framework. These trends closely mirror those
observed in the Ni 2p3,, spectra, supporting the structural and
electronic evolution induced by Zn incorporation, dealloying,
and subsequent heat treatment.

Fig. 2c shows the Zn 2p;/, spectra. In P-Nig; §M0, 4Zn;¢ ¢, Zn iS
mainly oxidized due to its strong oxygen affinity. Upon deal-
loying, the Zn signal decreased in D-Nigs5 ¢M03 371, g, confirming
selective dissolution. Following annealing, HD-Nige ;MO032Zn 101
shows a weak residual Zn signal with a minor new peak, indicat-
ing Zn remains in a segregated state rather than reintegrating
into the metallic framework. These results suggest Zn primarily
acts as a sacrificial component that induces structural and
electronic modulation of the Ni-Mo framework, rather than a
direct active species for the HER.

To verify the effect of dealloying, the surface compositions of
P-Nig; MO0, 47146 o and D-Nigs Mo0; 37144 g Obtained by XPS are
compared with their bulk compositions determined by EDS
analysis (Table S1). For P-Nig; (M0, 471460, the bulk compositions

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) HER polarization curves measured with a scan rate of 1 mV s~*
(iR-compensated). (b) HER Tafel plots obtained from (a). (c) HER perfor-
mance of HD-Nigg7M032ZNn101 and reported nonprecious catalysts. (d)
Measurement of electrochemical double-layer capacitance (Cq) in 1 M
NaOH. (e) Nyquist plots. (f) HER polarization results for 1st and 5000th
curves obtained for D-NigsoM033ZNn108 and HD-Nigg7M032ZNn101. (9)
Chronopotentiometry result obtained over 100 h at —10 mA cm™2 for
HD-Nige7M032ZN10 1.

(Ni 81.6%, Mo 2.4%, Zn 16.0%) differed markedly from the XPS
results (Ni 35.0%, Mo 4.0%, Zn 61.0%), indicating a pronounced
surface enrichment of Zn. This enrichment could be attributed
to the surface segregation, as Zn exhibits a lower segregation
energy (Eseg) of —0.503 eV than Mo (0.394 eV) on the Ni(111),
making Zn thermodynamically more stable at the surface.® In
contrast, for D-Nigs 9Mo03 3Zn,¢ 5, although the bulk Zn content
decreased modestly from 16.0% to 10.8%, the surface Zn
concentration dropped dramatically from 60.96% to 17.71%,
clearly demonstrating the selective dissolution of Zn during
electrochemical dealloying.

Fig. 3 exhibits the HER activity and electrochemical char-
acterization of the catalysts. As shown in Fig. 3a, P-Nig; M0, 4Zn;69
exhibited an overpotential of 24 mV at —10 mA cm™ >, but shows
an oxidation current at potentials more positive than —10 mV,
indicating Zn dissolution. In comparison, D-NigsoMO033Zn40g
showed a significantly reduced overpotential of 8 mV, whereas
HD-Nige ;Mo3 ,Zn4, 1 exhibited a slightly higher overpotential of
15.7 mV. For accurate HER comparison, performance was bench-
marked against commercial Pt/C (Table S2). HD-Nigs ;M03 5Zn1¢ 1
exhibited 28 mV overpotential at —50 mA cm, nearly identical to
Pt/C (difference of 0.5 mV), demonstrating excellent perfor-
mance. The XPS results revealed that dealloying significantlys
increased the fraction of oxidized and under-coordinated Ni and
Mo species, indicative of defect-rich surface sites, correlating
with the superior HER activity of D-Nigs ¢MO0;3Zn44. Subse-
quent heat treatment partially restored metallic Ni and Mo,
resulting in a slight decrease in activity while maintaining
improved performance. In contrast, P-Nig; (M0, 4Zn;6 0 €xhib-
ited a Zn-perturbed Ni-Mo surface with increased Ni oxidation
and fewer defect-related active sites, leading to comparatively
lower HER activity.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3b presents Tafel plots calculated from the HER perfor-
mance curves in Fig. 3a. P-Nig; MO0, 4Zn46 exhibited a Tafel
slope of 53 mV dec ™, indicating that the Heyrovsky step was the
rate-determining step. In contrast, D-Nigs ¢M03 3Zn;, g exhibited
a lower Tafel slope of 25 mV dec™", indicating a Volmer-Tafel
mechanism. HD-Nigs;M0;,Zn,,, exhibited a slightly higher
Tafel slope of 36 mV dec™ ' than D-Nigs oMo 3Zn4¢.g, implying
a shift in the rate-determining step consistent with the Volmer-
Heyrovsky mechanism. Compared with reported nonprecious
catalysts (Fig. 3c and Table S3), HD-Nigs,MO03,Zn;0, demon-
strates superior activity with lower overpotential and faster
reaction kinetics.

Fig. 3d shows the ECSA of P-Nig; (M0, 4Zn;¢ 9, D-Nigs dMO3 3-
7Zn,yg, and HD-Nigg sMo03,Zn,, 4, Obtained from the electro-
chemical double-layer capacitance (Cyq) derived from linear
sweep voltammetry (LSV) measurements at various scan
rates (Fig. S2). P-Nigy ¢Mo0,4Zn;6, exhibited a Cy value of
5.702 mF cm 2, whereas D-Nigs Mo0; 37140 s exhibited higher
Cq1 of 16.716 mF cm 2, confirming the generation of abundant
active sites upon dealloying. In contrast, HD-Nige ;M03,Zn; 1
exhibited a lower Cq value of 9.352 mF cm™?, suggesting a
partial loss of ECSA after heat treatment. To compare the
intrinsic catalytic activity, the HER polarization curves in
Fig. 3a were normalized to the roughness factor (Fig. S3). The
resulting trends are consistent with those observed in the HER
polarization curves.

Fig. 3e shows the Nyquist plots of the catalysts. The charge
transfer resistance decreased in the order of Nijgy > Nigy ¢~
Mos, > P-Nig; ¢Mo0, 47060 > HD-Nigg-Mo03,Zn,9,; > D-
Nigs oMo03 3Zn;4 g. This observation is consistent with the XPS
and HER performance evaluation results. Although heat treat-
ment partially restores metallic states and improves conductiv-
ity, the concomitant reduction in defect density leads to a
higher charge transfer resistance than that of the dealloyed
catalyst.

Fig. 3f shows the accelerated degradation test (ADT) results
to evaluate the durability of the catalysts. The ADT was
performed over 5000 CV cycles between —0.2 to 0.05 Vgyyg.
D-Nigs oM03 3Zn; g initially showed an overpotential of 8 mV at
—10 mA cm ™. However, its performance significantly degraded
after 5000 cycles, with an overpotential increase of 28 mV (from
8 to 36 mV), indicating limited durability. In contrast, HD-
Nigs 7M03 ,Zn;4 4 showed excellent durability, with only a 5 mV
increase in overpotential after ADT. To probe ADT-induced
changes, FESEM was conducted on D-Nigs oMO0;3Zn40g and
HD-Nige ;M03 572101 (Fig. S4). The D-Nigs ¢Mo0j3 3714 ¢ layer was
largely peeled from carbon fibers, whereas HD-Nige ;M03 ,Zn; 4
retained its morphology with only partial delamination, consis-
tent with its superior electrochemical stability. While defects
from Zn dealloying provide HER active sites, they also act
as dissolution pathways in acidic media, unlike in alkaline
conditions where stable passivation can form.>” As shown in
Fig. S1, annealing increases crystallinity and reduces defects,
suppressing corrosion. The resulting lattice acts as a barrier to
metal leaching, explaining the excellent long-term stability of
HD-Nigs ;MO03 52010 1.
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Fig. 4 (a) Single-cell polarization curve recorded using the HD-

Nigg7M032ZNn191 cathode. (b) Performance of HDNigg7Moz2ZNn101 and
reported nonprecious cathodes compared by current density at 2.0 Ve
(c) Long-term durability measurements performed at 1 A cm™2 for 50 h.

Fig. 3g shows the durability evaluation results for HD-Nige ;-
Mo; ,Zn;,, under constant current of —10 mA c¢cm™ 2 for 100 h.
Over the 100 h test, the overpotential increased from 17 to 51 mV,
indicating reasonable operation stability under acidic HER condi-
tions. After 100 h, EDS shows Ni and Zn decreased by 0.8 at% and
1.5 at%, while Mo increased by 3.3 at%, indicating compositional
redistribution. The loss of residual Ni and Zn with the surface
reconstruction likely disrupts the defectrich Ni-Mo framework,
while severe coarsening (Fig. S5) degrades interfacial properties,
leading to the increased HER overpotential. This finding suggests
that further optimization may enhance long-term durability.

HD-Nigs ;M03 5,714, 1, Wwhich showed the best half-cell per-
formance and stability, was further evaluated as the cathode in
a PEMWE single cell. The membrane electrode assembly (MEA)
was assembled with spray-coated IrO, on carbon paper as the
anode and a Nafion 212 membrane. As shown in Fig. 4a, the
single cell achieved a high performance of 1.897 A cm™? at 2.0
Veen, comparable to or exceeding previously reported nonpre-
cious metal cathodes (Fig. 4b and Table S4). In addition, HD-
Nige yMO0s ,Zn;, 1 exhibited a minimal difference of 0.155 A cm ™2
at 2.0 Vg compared to commercial Pt/C, highlighting its
potential for practical application (Table S2). Furthermore,
Fig. 4c shows the durability evaluation conducted at 1 A cm™>
for 50 h. HD-Nigs ;M03 57144, exhibited an extremely low dete-
rioration rate of 0.9 mV h™', demonstrating excellent long-term
stability under acidic PEMWE operating conditions.

In summary, we developed a high-performance, acid-
durable NiMo-based cathode for PEMWE via selective Zn deal-
loying from a ternary NiMoZn alloy followed by annealing.
While dealloying enhanced ECSA, annealing was crucial for
structural stability against corrosion. The optimized catalyst
showed an ultralow overpotential of 15.7 mV at —10 mA cm >
and stable PEMWE single cell operation (1.897 A cm > at
2.0 Vee)- This study provides a practical strategy for designing
robust nonprecious catalysts for water electrolysis.
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