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A B S T R A C T

The development of efficient, stable, and low-cost electrocatalysts is crucial for hydrogen production via water 
electrolysis. While multi-principal element alloys (MPEAs) show great potential due to their multi-component 
synergy and tunable electronic structures, their practical application is often hampered by insufficient active 
sites and poor long-term stability. Herein, we report a phase-engineering-guided dealloying strategy to fabricate 
a high-performance MPEA catalyst for hydrogen evolution reaction (HER). This approach employs a triple-phase 
Al60Ni27Fe5Co5Mo3 precursor, wherein chemical dealloying in an alkaline medium transforms the BCC parent 
phase into an ordered B2 phase, while completely dissolving the less stable FCC and tetragonal phases. This 
process results in a unique heterogeneous structure of Ni-based oxide nanocrystals enveloped by a Mo-rich 
metallic glass phase, coating the B2 phase surface. Benefiting from the abundant heterogeneous interfaces and 
synergistic interactions among multiple phases generated during dealloying, the catalyst exhibits outstanding 
activity and stability for HER in alkaline media, achieving a low overpotential of 35 mV at 10 mA cm− 2 and 
exceptional durability for 500 h at 100 mA cm− 2 with negligible activity degradation. This work presents a novel 
pathway for designing multiphase MPEAs and underscores the significant potential of high-performance elec
trocatalyst preparation by combining phase engineering with dealloying.

1. Introduction

The large-scale production of clean hydrogen is essential for estab
lishing a sustainable energy system [1,2]. Electrocatalytic water split
ting powered by renewable energy has been recognized as a key 
pathway for producing green hydrogen, owing to its environmental 
benefits and the high purity of the outcome [3,4]. However, the devel
opment of electrocatalysts that offer high activity, excellent stability, 
and low cost to meet the demands of industrial applications remains a 
significant challenge [5,6]. Significant potential has been demonstrated 
by high-performance catalysts such as metal-organic frameworks [7–9], 
single-atom materials [10,11], layered double hydroxides [12,13], and 
transition metal compounds [14–16] in recent years. The poor long-term 
stability of these materials, primarily due to structural collapse and the 
deactivation of active sites, limits their ability to meet the durability 
demands of practical industrial applications, despite their excellent 

catalytic activity and selectivity [17]. The current situation has 
prompted ongoing exploration of new catalyst systems by researchers, 
alongside efforts to establish design principles for their activation and 
stabilization.

Multi-principal element alloys (MPEAs), generally including 
medium-entropy alloys (MEAs) and high-entropy alloys (HEAs) char
acterized by their unique compositional flexibility and structural fea
tures, have emerged as a key focus in water electrolysis research 
[18–22], and promising candidates have been reported including 
high-entropy oxides [23,24], sulfides [25], phosphide [26], in
termetallics [27,28], and even metallic glasses [29–31], bringing fresh 
momentum to catalyst design. Significant multicomponent synergistic 
effects arise from their complex chemical environments, and their 
tunable electronic structures hold promise for overcoming the limita
tions associated with adsorption energy control [32–34]. However, most 
current MPEA catalysts are still centered on thermodynamically stable 
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single-phase or dual-phase solid solution structures [35–37], the struc
tural simplicity significantly restricts the diversity of active sites and 
hinders the full exploitation of interfacial synergistic effects. Thus, 
designing multiphase precursors and utilizing selective corrosion to 
create abundant heterogeneous structures and phase interfaces, offers a 
promising pathway to overcome current performance bottlenecks in 
MPEA catalytic materials.

Phase engineering has emerged as a powerful approach to modulate 
the electronic structure and reaction pathways of electrocatalysts by 
constructing multiphase heterogeneous architectures [38–42]. Coupled 
with dealloying techniques, it enables nanoscale control over phase 
composition and interface formation. In multiphase MPEAs, electro
chemical selective etching leverages differences in phase stability to 
create porous structures with abundant heterogeneous interfaces. These 
structural features tailor the local coordination environment of active 
sites and adjust d-band center, thereby optimizing the adsorption/de
sorption behavior of reaction intermediates. This strategy shows broad 
potential in electrocatalytic applications, including water splitting [43,
44], oxygen reduction [45], CO2 reduction [46] and nitrate reduction 
reaction [47–49]. Hence, the integration of phase engineering and 
dealloying offers a promising route for designing efficient and durable 
electrocatalytic systems.

Here, a phase-engineering-guided multiphase precursor dealloying 
strategy was developed for the fabrication of high-performance 
hydrogen evolution electrocatalysts. Al60Ni27Fe5Co5Mo3 powders with 
a thriple-phase structure comprising body-centered cubic (BCC), face- 
centered cubic (FCC), and tetragonal phases were synthesized via gas 
atomization (GAM) technology and employed as the precursor. Subse
quent chemical dealloying in an alkaline solution enabled the selective 
removal of the FCC and tetragonal phases, while the BCC parent phase 
was converted into an ordered B2 framework. This process simulta
neously induced the in-situ precipitation of Ni-based oxide nanocrystals 
and the formation of a Mo-rich amorphous phase, resulting in the con
struction of a catalyst featuring an amorphous/nanocrystalline hetero
geneous structure. Owing to the synergistic interactions among multiple 
phases and the abundant heterogeneous interfaces generated during 
dealloying, the catalyst demonstrated outstanding catalytic activity and 
stability for hydrogen evolution reaction (HER) in alkaline media, the 
dealloyed powder catalysts achieved overpotentials of 35 mV at a cur
rent density of 10 mA cm− 2 for HER under alkaline conditions, main
taining stability for 500 h at a current density of 100 mA cm− 2 with 
negligible activity degradation. A new approach for designing multi
phase MPEA catalysts has been presented in this study, which also 
provides valuable insights for material design strategies that integrate 
phase engineering with dealloying techniques.

2. Materials and methods

2.1. Materials

Fe (99.99 wt%), Co (99.99 wt%), Ni (99.99 wt%), Mo (99.99 wt%), 
and Al (99.99 wt%) granules were weighed and mixed to give a theo
retical atomic composition of Fe5Co5Ni30Al60 and Fe5Co5Ni27Mo3Al60. 
Analytical grade potassium hydroxide (KOH) and absolute ethanol were 
supplied by Aladdin (Shanghai, China) and Nanjing WANQING Chemi
cal Glassware & Instrument Co., Ltd (Nanjing, China). Deionized water 
was used to dilute the KOH solutions. Raney nickel was supplied by 
Macklin (Shanghai, China).

2.2. Materials preparation

The MPEA powders were prepared by arc-melting and gas atomiza
tion method. Specifically, a master alloy ingot (~20 g) with an atomic 
composition of Al60Fe5Co5Ni30-xMox (X = 0, 3) was initially prepared by 
arc-melting under high-purity argon (Ar) atmosphere with Ti-gettering 
to minimize oxidation. The ingot was remelted at least four times to 

ensure the homogeneity of metal elements. Afterwards, the master alloy 
ingot was cut into pieces that were remelted in a quartz crucible. Sub
sequently the melt was atomized by a jet of nitrogen at a gas pressure of 
8 MPa. The whole process was under Ar atmosphere. The atomized 
molten metal transformed into powders, and the rapidly cooled powders 
were passed through a sieve (<38 μm) into the powder collector. With 
regard to the chemical dealloying process, the raw powders were treated 
in a 3.0 M KOH solution for 2 h until bubble evolution ceased. The 
dealloyed powders were then washed by deionized water and ethanol 
three times, respectively. To test the HER performance of MPEAs, the 
dealloyed powders were dispersed into inks and were loaded on a bare 
Nickel foam (NF). And then NF was cut into rectangular dimensions of 5 
mm × 8 mm × 0.5 mm as the working electrode.

2.3. Materials characterization

Phase structures were identified by X-ray diffraction (XRD, Bruker 
D8 Discover) using Cu-Kα radiation with a step size of 0.02◦ and a scan 
rate of 0.15 s per step. Surface morphology and elemental distribution 
were examined by scanning electron microscopy (SEM, Zeiss Ultra Plus) 
equipped with energy-dispersive X-ray spectroscopy (EDS). Micro
structural analysis was performed using high-resolution transmission 
electron microscopy (HRTEM, Talos F200X) coupled with selected-area 
electron diffraction (SAED) and EDS. Atomic-resolution scanning 
transmission electron microscopy (STEM) and EDS mapping were con
ducted on an aberration-corrected transmission electron microscopy 
(AC-TEM, FEI Themis Z). Specimens for TEM analysis were prepared by 
focused ion beam (FIB) milling. Surface chemistry was analyzed by X- 
ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha). 
Inductively coupled plasma optical emission spectrometry (ICP-OES) 
was used to quantify metal ion dissolution after stability tests.

2.4. Electrochemical measurements

Electrocatalytic performances were evaluated in a standard three- 
electrode system using a CHI760E electrochemical workstation. A 
graphite rod and a Hg/HgO electrode were used as the counter and 
reference electrodes, respectively. The working electrode was prepared 
by loading 20 μL catalyst ink onto bare NF (0.4 cm2) with mass loading 
of 1.5 mg cm− 2. The catalyst ink was formulated by dispersing 30 mg 
dealloyed MPEA powders in a mixture of 950 μL ethanol and 50 μL 
Nafion solution. For comparison, commercial Raney nickel catalyst was 
also tested under identical conditions. All potentials were calibrated to 
the reversible hydrogen electrode (RHE) scale using the equation: ERHE 
= EHg/HgO + 0.0591 × pH + 0.098. Prior to measurement, cyclic vol
tammetry (CV) was conducted for 50 cycles at 100 mV s− 1 to stabilize 
the electrode. Linear sweep voltammetry (LSV) was performed at a scan 
rate of 5 mV s− 1 with iR compensation. Electrochemical impedance 
spectroscopy (EIS) was carried out in the frequency range of 10− 1- 105 

Hz. The electrochemical active surface area (ECSA) was estimated from 
the double-layer capacitance (Cdl) determined by CV measurements at 
various scan rates (10–50 mV s− 1) in the non-faradaic region (ECSA =
Cdl/Cs, where Cs is the specific capacitance per unit area. In this work, Cs 
was chosen as 0.04 mF cm− 2 in 1.0 M KOH). Durability tests were 
conducted by chronoamperometry at a constant current density of 100 
mA cm− 2 without iR. In situ Raman spectra were acquired using a 
confocal microscope (WiTec Alpha300) with a 532 nm laser source. A 
homemade Raman cell was used to conduct the in situ electrochemical 
Raman experiments.

3. Results

3.1. Preparation and characterization of MPEA powders

MPEA powders with different molybdenum contents were all pre
pared using the GAM (Fig. 1a). We named the powders with 
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molybdenum contents of 0, 3 as raw FeCoNiAl and raw FeCoNiAlMo, 
respectively. Following repeated melting cycles to ensure homogeneity, 
the molten alloy was held in a quartz crucible to maintain its liquid state. 
It was then directed through a nozzle into the atomization chamber, 
where it was disintegrated into fine droplets by a high-velocity nitrogen 
gas stream and rapidly solidified. The resulting spherical powder was 
finally collected in a dedicated container. The elemental composition 
was meticulously engineered to fulfill specific and complementary roles 
during the dealloying process and in the final catalytic architecture. In 
Fig. 1b, Al serves as a sacrificial element to create a porous skeleton 
through selective etching [50]. Ni constitutes the primary catalytic 
phase for the HER [51]. Fe and Co are incorporated to modulate the 
electronic structure of Ni active sites, optimizing the adsorption free 
energy of reactive intermediates [52]. Mo acts as a critical amorphiza
tion promoter and stabilizer, forming a distinct amorphous phase while 
may additionally fine-tuning hydrogen adsorption energy [53]. The 
deliberate multi-functional integration of these elements aiming to 

result in a synergistic enhancement, yielding an electrocatalyst with 
high density of active sites, and superior HER activity and durability. 
Fig. 1c and Fig. S1 show the SEM with EDS images of the raw FeCo
NiAlMo powder (denoted as raw-FeCoNiAlMo hereafter) and the deal
loyed FeCoNiAlMo powder (denoted as FeCoNiAlMo hereafter), 
showing uniformly spherical particles with homogeneous elemental 
distribution. Similarly, the raw FeCoNiAl powder (denoted as 
raw-FeCoNiAl hereafter) and the dealloyed FeCoNiAl powder (denoted 
as FeCoNiAl hereafter) exhibit uniform spherical morphology and uni
formly distributed elements (Fig. S2), demonstrating the reliability of 
the GAM. Interestingly, the rapid cooling of molten metal into particles 
under the impact of a high-velocity air stream resulted in surface rupture 
due to the mutual effects. The XRD results indicated that 
raw-FeCoNiAlMo possessed a tri-phase structure consisting of a BCC 
phase, a FCC phase and a tetragonal phase (Fig. 1d).

To further confirm the tri-phase structure of raw-FeCoNiAlMo, 
HAADF-STEM characterization and the corresponding EDS mapping 

Fig. 1. Preparation and characterization of MPEA powders. (a) Schematic illustration of the preparation of Al60Fe5Co5Ni30-XMoX MPEA powders by gas atomization 
method. (b) Schematic diagram of element selection. (c) SEM images with EDS mapping of raw-FeCoNiAlMo. (d) XRD patterns of FeCoNiAlMo before and 
after dealloying.

Fig. 2. Microstructural characterization of raw-FeCoNiAlMo. (a) HAADF-STEM image and the corresponding EDS mapping. HRTEM image with the corresponding 
SAED patterns of (b) BCC, (c) tetragonal, and (d) FCC phases.

H. Chang et al. Progress in Natural Science: Materials International xxx (xxxx) xxx

3 



are shown in Fig. 2a, where the BCC, FCC and tetragonal phases were 
clearly distinguished based on different contrast. The BCC phase was 
identified by the SAED pattern along the zone axis of [011] (Fig. 2b) and 
[111] (Fig. S3a), and the measured lattice spacing of 0.279 nm for {100}
plane is shown in Fig. 2b. The tetragonal phase was also identified by the 
SAED pattern along the zone axis of [111] (Fig. 2c) and [021] (Fig. S3b), 
and the measured lattice spacing of 0.233 nm for the {112} plane is 
shown in Fig. 2c. The FCC phase was also identified by the SAED pattern 
along the zone axis of [001] (Fig. 2d) and [111] (Fig. S3c), and the d- 
spacings of 0.204 nm was determined for their {111} planes in Fig. 2d. 
The specific atomic compositions of the BCC, FCC and tetragonal phases 
were measured by EDS (Table S1). The atomic contents of Al (65.19 %) 
and Mo (18.06 %) in the tetragonal phase were higher than in the BCC 
(Al: 40.32 %, Mo: 1.41 %) and FCC (Al: 49.87 %, Mo: 0.07 %) phases, the 
contents of Co and Ni in the BCC phase (Co: 4.89 %, Ni: 39.63 %) were 
higher than in the FCC (Co: 4.22 %, Ni: 21.79 %) and tetragonal (Co: 
1.49 %, Ni: 4.14 %) phases, whereas the contents of Fe in the BCC phase 
(Fe: 4.75 %) was lower than in the FCC (Fe: 12.54 %) and tetragonal (Fe: 
7.25 %) phases. These results indicate that raw-FeCoNiAlMo contained 
tri-phase that are distinct both in crystalline structure and atomic 
composition.

In terms of structural evolution, XRD shows that the peaks of the 
tetragonal phase and the FCC phase gradually weakened with dealloying 
until disappeared (Fig. 1d), indicating that the tetragonal and FCC 
phases (with high content of Al) was relatively unstable in alkali. FCC 
and tetragonal phases were preferentially dealloyed at phase bound
aries, evolving into a nanocrystalline-glass structure and the BCC phase 
was still observed (Fig. 3a). Fig. 3b and c show the HRTEM images with 
corresponding SAED patterns of the BCC phase. The SAED pattern pre
sented superlattice spots of {100}, and the d-spacings of 0.288 nm was 
determined for their {100} planes, which indicated that the original BCC 
phase had transformed into a B2 structure [54] after 2 h dealloying 
process with clear Bragg diffraction spots of {011}, {200}, and super
lattice diffraction spots. Fig. 3d–f shows the HRTEM images with cor
responding SAED patterns of the nanocrystalline-glass phase, many 
nanocrystals (yellow areas) are encapsulated by a metallic glass phase 
(white areas) creating abundant heterostructure interfaces. The exposed 
surface of these nanocrystals is predominantly the indexed {200} planes 
with interplanar spacing of 0.204 nm (Fig. 3e). The crystal structure of 

the nanocrystals was identified by SAED, confirming the presence of 
Ni-based oxide [55] with FCC structure. Figs. S4 and 5 and Table S1
show the elemental distribution and composition of the 
nanocrystalline-glass and B2 phases in the dealloyed FeCoNiAlMo 
powder. Ni, Fe, Co and O were relatively concentrated in the nano
crystalline phase, Mo was predominantly enriched in the metallic glass 
phase, with a much higher content than in the nanocrystalline phase and 
B2 phase. Ni and Al were highly ordered distributed in the B2 phase. 
AC-TEM image shows that Al occupy the vertex positions while Ni reside 
at the body-centered sites, and a small amount of Fe and Co was 
substituted at the Ni sites due to their similar properties. These findings 
indicated that nanocrystalline-glass phase mostly consisted of the 
Ni-based oxide specie with an FCC structure, and the B2 phase was an 
ordered multi-elemental intermetallic.

The evolution of chemical valence states of the raw FeCoNiAlMo 
powder surface and the dealloyed FeCoNiAlMo powder surface were 
examined by XPS (Fig. 4). The XPS spectra of the raw powder indicated 
the existence of Fe0, Co0, Ni0, Mo0, and Al0 species on the surface. An O 
element signal was attributed to the inevitable surface oxidation during 
the sample preparation. The changes of the peak positions of all the 
components are summarized in Tables S2 and S3. The peaks for raw- 
FeCoNiAlMo included the Fe 2p peaks at 706.1 (Fe0),709.7 (Fe2+) and 
712.3 (Fe3+) eV, Co 2p peaks at 777.4 (Co0) eV, Ni 2p peak at 852.6 
(Ni0) and 856.4 (Ni2+) eV, Mo 3d peaks at 226.8 (Mo0) eV, Al 2p peaks at 
72.0 (Al0) and 74.6 (Al3+) eV, and O 1s peaks at 531.4 (M − OH) and 
532.6 (adsorbed-O) eV.

With increasing dealloying time up to 2 h, the zero-valent Fe, Co, Ni, 
Al and Mo of the dealloyed powder surface evolved to higher valence 
states, suggesting that these metallic elements were oxidized and hy
droxylated in the alkaline environment, which agrees with the concen
tration increase of metal hydroxides (M − OH) in the O 1s spectra. In the 
O 1s spectra, the two dominant spin-orbit peaks located at 531.5 and 
532.5 eV corresponded to the metal hydroxides (M − OH) and adsorbed 
H2O at oxygen vacancies, respectively [56]. Simultaneously, a negative 
shift in the O 1s binding energy was simultaneously observed, implying 
enhanced electron transfer to oxygen species. The strong electronic 
coupling between different elements suggests that their coexistence 
synergistically induces local charge redistribution. This electronic 
structure modulation effectively tailors the active sites, which is antic
ipated to contribute to the improved catalytic performance.

Fig. 3. Microstructural characterization of the dealloyed FeCoNiAlMo powder. (a) HAADF-STEM image. (b) AC-TEM image and (c) SAED patterns showing the 
formation of B2 phase. (d–e) HRTEM images and (f) SAED patterns showing the formation of nanocrystalline-glass structure.
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3.2. Electrochemical analysis

FeCoNiAlMo were directly used as working electrodes for investi
gating electrochemical water splitting performance in 1.0 M KOH so
lution. Commercial Raney nickel and FeCoNiAl were used to perform a 
comparative analysis. The potentials obtained in this work were 95 % iR- 
corrected to remove the ohmic drop across the electrolyte, unless 
specified otherwise. As shown in Fig. 5a, the FeCoNiAlMo catalyst 
exhibited the lowest overpotentials of 35 mV for the HER at a current 
density of 10 mA cm− 2, respectively, which were considerably lower 

than those of FeCoNiAl (176 mV for HER), the commercial metal cata
lysts (Raney nickel: 100 mV for HER) and bare NF (245 mV for HER). As 
shown in Fig. 5b, the Tafel slope of the FeCoNiAlMo catalyst was 57 mV 
dec− 1, which was the lowest value among FeCoNiAl (139 mV dec− 1), 
Raney nickel (77 mV dec− 1) and bare NF (100 mV dec− 1), implying fast 
reaction kinetics based on the Volmer-Heyrovsky mechanism [57]. To 
highlight the outstanding performance of the proposed FeCoNiAlMo 
catalyst, several state-of-the-art electrocatalysts for the HER were 
selected for performance comparison. The FeCoNiAlMo catalyst with 
nanocrystalline-glass structure has lower overpotentials than other 

Fig. 4. High-resolution XPS results of FeCoNiAlMo powder before and after dealloying.

Fig. 5. Electrocatalytic performance of the MPEA 
powders for HER in 1.0 M KOH solution. Polarization 
curves of (a) HER at a scan rate of 5 mV s− 1 with 95 % 
iR loss correction. (b) Tafel slopes for HER. (c) Com
parison of overpotentials of various HER electro
catalysts at the current density of 10 mA cm− 2 in 1.0 
M KOH. (d) Double layer capacitances values. (e) 
Electrochemical impedance spectra curves. (f) HER 
stability performance of the FeCoNiAlMo catalyst at 
current density of 100 mA cm− 2. The operando 
Raman spectra of (g) FeCoNiAl, (h) FeCoNiAlMo in 
1.0 M KOH solution in the range of 2400–3800 cm− 1 

at operating potentials from the OCP to - 120 mV 
(versus RHE). (i) Corresponding Raman contour map.
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non-noble metal-based electrocatalysts, which included those of the 
heterostructure catalysts [58,59] high-entropy-alloy catalysts [60,61] 
and transition metal phosphide catalysts [62,63] in Fig. 5c and Table S4.

The ECSAs were evaluated via the Cdl obtained from CV curves at 
scanning rates of 10–50 mV s− 1 (Fig. S6). As shown in Fig. 5d, the ECSA 
values of FeCoNiAlMo, FeCoNiAl, Raney nickel and bare NF are 81.4 mF 
cm− 2, 2.7 mF cm− 2,45.4 mF cm− 2 and 2.1 mF cm− 2, respectively. The 
FeCoNiAlMo catalyst exhibited the largest ECSA, which demonstrated 
its potential for enhancing the water splitting activity. EIS measure
ments were conducted to evaluate the electron transport ability of the 
MPEA catalyst. As shown in the Nyquist plots (Fig. 5e), the FeCoNiAlMo 
catalyst displayed the smallest diameter of the characteristic semicircle, 
indicating improved electron transfer ability, which could enhance the 
electrocatalytic kinetics [64]. Chronoamperometry tests were employed 
to evaluate the stability of the FeCoNiAlMo catalyst. As shown in Fig. 5f 
for the HER stability test, only slight declines of 30 mV were found after 
testing for 500 h at current densities of 100 mA cm− 2.

In order to comprehensively understand the enhanced water disso
ciation ability on the FeCoNiAlMo catalyst, operando Raman spectros
copy was conducted at various potential. As depicted in Fig. 5g and h, 
one broad peak at the Raman shift of around 3500 cm− 1 can be observed 
in the spectra, which can be ascribed to the water at the catalyst- 
electrolyte interface. Furthermore, this interfacial water peak can be 
further fitted into three peaks, the features at 3240 and 3440 cm− 1 

correspond to the interfacial adsorbed water molecules that participate 
in the HER, and the one at 3625 cm− 1 to the dangling O-H bond of the 
interfacial water molecule that is inactive toward HER [65]. The in
tensities of the FeCoNiAl catalyst Raman peaks between 3200 and 3500 
cm− 1 were no significant change as the potential increased to - 120 mV 
(vs. RHE). However, the intensities of the FeCoNiAlMo catalyst Raman 
peaks gradually decreased. This suggests that the water dissociation 
efficiency on the surface of the FeCoNiAlMo catalyst increased with 
potential [66], which is generally regarded as the rate determining step 
of the alkaline HER. The corresponding Raman contour map more 
intuitively reflects the changes in the interfacial water peaks in Fig. 5i.

The state characterization of the electrode after the stability test is an 
important indicator for verifying the catalytic performance. We 
analyzed the electrode surface state and electrolyte composition after 
the stability test. The XRD pattern of the FeCoNiAlMo electrode after the 
stability test in Fig. S7 shows that the electrode still maintains the 
original B2 structure. This means no significant phase separation or 
segregation in the alloy crystal structure. After the long-term durability 
test, The XPS profiles of the used powder indicated that the zero-valent 
metallic elements transformed to higher valence states (Fig. S8), 
revealing the contribution of chemical synergetic effect to the excellent 
electrocatalytic performance. After the long-term stability test for 500 h, 
the SEM-EDS results (Fig. S9) indicated that the distribution of elements 
on the used powder surface was still uniform. However, the stability test 
resulted in the formation of micropores and wrinkles on the used pow
der, mainly caused by surface oxidation and minor metal dissolution. 
We performed the ICP-OES test on the element content in the electrolyte 
after electrolysis to determine the amount of dissolved metal (after the 
stability test at 100 mA cm− 2 for 500 h). The results (Table S5) show that 
the dissolved amount of Al is high (7.81 ppm). This is mainly because Al 
is difficult to exist stably in an alkaline environment, where the long- 
term anodic polarization and KOH corrosion lead to the dissolution of 
Al. However, the dissolved amount of Fe, Co, Ni, and Mo is low (0.44 
ppm for Fe, 0.06 ppm for Co, 0.05 ppm for Ni, and 1.31 ppm for Mo). 
This result directly proves the excellent electrocatalytic stability of the 
used powder.

3.3. Mechanistic insights

A triple-phase hybrid alloy was deliberately designed and synthe
sized as a precursor, which leveraged the distinct thermodynamic sta
bility and electrochemical dissolution behavior of each phase in an 

alkaline electrolyte. This design enabled the selective and complete 
etching of the FCC and tetragonal phases, while the primary BCC phase 
transformed into the B2 structure to serve as a structural skeleton and 
conductive skeleton, which provided efficient electron transport path
ways throughout the electrocatalyst [67,68]. The FCC phase, which 
contained multiple transition metals such as Ni, Fe, and Co, acted as a 
supply source for active elements. During etching, this phase was pref
erentially dissolved, releasing metal ions that subsequently underwent 
hydrolysis, oxidation, and redeposition near the electrode surface. This 
process led to the in-situ formation of nanocrystalline metal oxides that 
functioned as highly active sites for the alkaline HER.

Simultaneously, the tetragonal phase, which was rich in Al and Mo, 
served as a source for metallic glass phase formation. The rapid selective 
dissolution of Al resulted in the abrupt enrichment of Mo at the solid- 
liquid interface. As a potent amorphous-forming element, Mo impeded 
atomic rearrangement and crystallization, thereby facilitating the for
mation of a Mo-rich glass phase. This metallic glass phase encapsulated 
the nanocrystals, which not only enhanced the structural stability by 
preventing nanoparticle agglomeration but also exposed numerous 
defective sites due to its long-range disordered structure, thereby facil
itating the adsorption and desorption of water molecules [69,70]. 
Moreover, the interfaces between the metallic glass phase and the 
nanocrystals promoted rapid charge transfer significantly enhancing the 
intrinsic catalytic activity [71,72]. Through this precisely controlled 
dealloying process, each of the three phases fulfilled its designated 
function, collectively contributing to the high activity and stability of 
the resulting HER electrocatalyst.

4. Discussions

This study validates that combining rational multiphase precursor 
design with controlled dealloying is a potent strategy for constructing 
MPEA catalysts with superior activity and robust stability. The essence 
of this strategy lies in leveraging the distinct thermodynamic and elec
trochemical stabilities of constituent phases to direct the material's 
evolution during corrosion, ultimately forming a unique 
nanocrystalline-glass composite structure rich in heterogeneous in
terfaces. This tailored microstructure not only provides a high density of 
active sites but also optimizes reaction pathways and electron transfer 
through synergistic effects between the phases, collectively contributing 
to the exceptional HER performance in alkaline electrolyte, notably an 
ultra-low overpotential of 35 mV at 10 mA cm− 2 and outstanding long- 
term durability enduring 500 h of operation at 100 mA cm− 2. More 
importantly, this work moves beyond conventional element-screening 
approaches by demonstrating how “phase engineering” at the micro
structural level can effectively tailor the local atomic environment, 
thereby opening new avenues for the rational design of next-generation, 
high-performance, and compositionally complex catalytic material 
systems.
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