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ABSTRACT Metallic glasses (MGs) often suffer from slug
gish hydrogen evolution reaction (HER) kinetics in neutral 
and alkaline media, with their catalytic performance pre
dominantly confined to acidic environments. Herein, we re
ported a novel thermoplastic forming technique to fabricate a 
self-supported partially crystallized nanoporous 
Pt 56.2Ni 5.2Cu 16.8P 21.8 metallic glass (C-NPMG). The C-NPMG 
catalyst delivers ultralow overpotentials of 18.0 mV (0.5 M 
H 2SO 4), 42.2 mV (1 M KOH), and 88.0 mV (1 M phosphate- 
buffered saline (PBS)) at a current density of 10 mA cm−2, 
outperforming most state-of-the-art non-noble MGs and Pt- 
based benchmarks across all pH conditions. Notably, it 
maintains negligible performance decay for over 1000 h in 
alkaline electrolytes, showcasing superior stability. Experi
mental and computational analyses reveal that the enhanced 
HER activity arises from three synergistic effects: (1) the high- 
specific-surface-area nanoporous architecture that maximizes 
active site exposure; (2) the formation of crystallite-amor
phous interfaces during partial crystallization, which lowers 
the energy barrier for H 2 desorption; (3) the hierarchical su
per-hydrophilic and super-hydrophobic wettability of the C- 
NPMG, which optimizes mass transport and prevents elec
trolyte-induced corrosion. This work establishes a novel de
sign paradigm for developing high-performance, pH-universal 
HER electrocatalysts by integrating structural nano-en
gineering and crystallite-amorphous phase synergy in metallic 
glass systems to overcome the trade-offs between performance 
and stability in electrochemical water splitting. 
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INTRODUCTION 
The escalating consumption of fossil fuels and the concomitant 
environmental degradation have underscored the urgency of 
developing sustainable energy technologies [1,2]. Hydrogen 
(H 2), with its unmatched energy density (120 MJ kg−1) and 
carbon-neutral lifecycle, emerges as a pivotal candidate for 
decarbonized energy systems [3,4]. Among various H 2 produc
tion routes, electrochemical water splitting stands out for its 
scalability and compatibility with renewable energy integration, 

enabling efficient conversion of electrical energy into storable 
chemical energy [5]. Central to this technology is the hydrogen 
evolution reaction (HER) at the cathode, where the development 
of high-performance catalysts with low overpotential, broad pH 
adaptability, and exceptional durability remains a critical chal
lenge. 

Conventional HER catalysts, including noble-metal-based 
catalysts (e.g., Pt nanoparticles), exhibit superior activity in 
acidic media but suffer from sluggish kinetics in neutral and 
alkaline electrolytes due to the energy-intensive water dissocia
tion step and unfavorable hydrogen adsorption-desorption 
dynamics [6,7]. For instance, the hydrogen binding energy on Pt 
surfaces deviates from the optimal range in alkaline environ
ments, leading to a two to three order of magnitude activity 
decline compared to acidic conditions [8]. While non-noble 
metal catalysts (e.g., NiMo, transition metal dichalcogenides) 
offer cost advantages, their stability and pH universality remain 
inadequate for practical applications [9–11]. Moreover, most 
state-of-the-art catalysts are powder-based, requiring complex 
binder-assisted electrode fabrication that often results in active 
site burial, poor electron transport, and structural degradation 
during operation [12,13]. 

Metallic glasses (MGs), characterized by their disordered 
atomic structure and tunable physicochemical properties, have 
emerged as promising candidates for electrocatalysis [14]. Their 
amorphous matrix provides abundant unsaturated coordination 
sites and resistance to chemical corrosion, while compositional 
flexibility allows rational design of catalytically active surfaces. 
However, the HER performance of MGs is typically constrained 
by their limited specific surface area and suboptimal hydrogen 
adsorption energy in non-acidic media [15]. Strategies to 
enhance MGs-based catalysts, such as compositional doping 
[16], or surface nanostructuring via electrochemical dealloying 
[17], template electrodeposition [18], and magnetron sputtering 
[19,20]  have been used to increase the electrode surface area and 
create nanostructures on MG surfaces. However, these methods 
are more involved and time-consuming. 

Herein, leveraging the unique thermoplastic formability of 
MGs in the supercooled liquid region (SLR), where their visc
osity decreases drastically under combined thermal and 
mechanical stimuli, enables rapid fabrication of self-supported 
nanoporous structures with minimal energy input [21,22]. This 
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can be used to quickly and easily prepare self-supported nano
porous structures on the surface of MGs [23,24], which can 
significantly increase their defect abundance and specific surface 
area [25,26] and provide more catalytically active sites, all of 
which can improve HER performance. 

This work introduces a scalable thermoplastic processing 
approach using as-cast Pt-based MG thin ribbons as precursors, 
enabling efficient fabrication with minimized steps and sig
nificantly enhancing Pt utilization, reducing catalyst mass by 
over 95% relative to bulk counterparts (Fig. S1) [27]. The 
synergistic interplay of (i) a nanoporous architecture with high 
specific surface area (maximizing active site exposure), 
(ii) crystallite-amorphous interfaces lowering H 2 desorption 
energy barriers (ΔG H* reduced by 0.287 eV), and (iii) a hier
archically super-hydrophilic and super-hydrophobic surface 
(optimizing mass transport and durability) endows the partially 
crystallized nanoporous Pt-based MG (C-NPMG) with excep
tional pH-universal HER activity. This integrated design paves 
the way for scalable production of high-performance electro
catalysts by leveraging structural nano-engineering and phase 
synergy in MG systems. 

RESULTS AND DISCUSSION 

Fabrication and structural characterization of C-NPMG 
The catalyst nomenclature in this study is systematically defined 
by its elemental composition, determined via inductively cou
pled plasma optical emission spectroscopy (ICP-OES) to ensure 
a precise correlation between chemical makeup and material 
properties. The precursor material is an MG ribbon with a 
nominal composition of Pt 56.2Ni 5.22Cu 16.8P 21.8 (at%) (Fig. S3), 
selected for its optimal Pt content to balance electrocatalytic 

activity and cost efficiency, while also ensuring the glass-forming 
ability to maintain the amorphous matrix, in line with prior 
research on Pt-based alloy catalysts for HER [28]. Differential 
scanning calorimetry (DSC) analysis of the as-cast MG ribbon 
confirms its amorphous nature, revealing a glass transition 
temperature (T g) of 227.44 °C and a crystallization temperature 
(T x) of 288.04 °C, yielding a wide supercooled liquid region 
(SLR: ΔT = T x − T g = 60.6 °C) (Fig. 1b). This thermodynamic 
characteristic is critical for thermoplastic processing, as it 
enables viscoplastic deformation under combined thermal 
(260–275 °C) and mechanical stimuli, facilitating the formation 
of nanoporous architectures while maintaining the material’s 
structural integrity [29]. 

The self-supported C-NPMG catalyst is fabricated through a 
thermoplastic forming protocol that combines nanoscale pore 
generation and in-situ partial crystallization, as illustrated in 
Fig. 1a and Fig. S2. The as-cast MG ribbon is first heated into its 
SLR. In this state, due to the significantly reduced viscosity, a 
controlled pressure-induced deformation is applied. During this 
process, soluble particles are simultaneously pressed into the 
MG matrix. These particles act as sacrificial templates. After the 
thermoplastic pressing, the soluble particles are removed, leaving 
behind a nanoporous morphology formed through localized 
atomic rearrangement around the particles. Notably, the ther
moplastic pressing process, which occurs at a temperature 
within the SLR range, also triggers in-situ partial crystallization. 
This process yields a limited quantity of nanocrystals, giving rise 
to a mixed-phase structure where crystalline nanodomains are 
dispersed within the amorphous matrix. 

X-ray diffraction (XRD) analysis validates this structural 
evolution. The as-cast MG presents a characteristic broad dif
fraction halo (2θ = 30°–50°) (Fig. 1c), which is a telltale sign of 

Figure 1 (a) Schematic diagram of thermoplastic forming; (b) DSC of MG thin ribbon; (c) XRD patterns of the MG, C-MG, and C-NPMG thin ribbon.  
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short-range atomic order but the absence of long-range peri
odicity. In contrast, the C-NPMG shows distinct crystalline 
peaks superimposed on the amorphous halo. A control sample 
of partially crystallized metallic glass (C-MG) prepared without 
the pore-forming step involving particle insertion and removal 
but subjected to the same temperature conditions during the 
thermoplastic process, shows similar crystalline peaks (Fig. 1c). 
However, it lacks the nanoporous structure. This comparison 
verifies that partial crystallization is a consequence of thermo
mechanical processing rather than compositional alterations. 

Scanning electron microscopy (SEM) was employed to 
investigate the surface morphology of the C-NPMG electro
catalyst. The results unveiled a highly developed nanoporous 
structure with pore diameters spanning from 0 to 200 nm 
(Fig. 2a–c). These uniformly distributed pores cover nearly the 
entire hot-pressed surface. This nanoporous feature significantly 
augments the specific surface area and surface defects, thereby 
facilitating the exposure of more active sites, promoting reactant 
diffusion and electron conduction. It also plays a pivotal role in 
expanding the accessible interface between the electrolyte and 
the electrode active material, as well as enhancing mass transfer, 

all of which contribute to enhancing the stability and activity of 
the HER [30–33]. Cross-sectional SEM images of the C-NPMG 
thin ribbon are presented in Fig. 2d–f. Evidently, the porous 
portion adheres firmly to the thin ribbon, and the thickness of 
the porous layer is approximately 1 μm. This indicates that C- 
NPMG possesses a self-supporting nanoporous structure with 
high porosity, which further bolsters the stability and reliability 
of the catalyst. Compared with the coating structure, the self- 
supported structure reduces the charge transfer resistance at the 
catalyst surface [34], increasing the catalyst’s charge exchange 
efficiency. 

High-resolution transmission electron microscopy (HRTEM) 
images and Fourier transform (FFT) patterns of the C-NPMG, 
C-MG, and MG samples are illustrated in Fig. 2g–i to delve 
deeper into the crystalline state of the C-NPMG. Upon hot 
compression molding, the C-NPMG underwent a transforma
tion from an amorphous state to a partially crystalline state. 
Although the majority of its regions remained in the amorphous 
phase, certain crystalline phase regions started to manifest. The 
partially crystalline composite structure effectively integrates the 
advantageous attributes of both the crystalline and amorphous 

Figure 2 (a–c) SEM images of different magnifications on the surface of C-NPMG; (d–f) SEM images of different magnifications on the cross-section of 
C-NPMG. HRTEM and FFT images of the (g) C-NPMG, (h) C-MG, and (i) MG sample. (j) Scanning transmission electron microscopy-high angle annular 
dark field images of the cross-section structure of the C-NPMG sample and the corresponding EDS mapping of elements Pt, Ni, Cu, and P.  
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phases. It combines the high electrical conductivity inherent to 
the crystalline phase with the profusion of unsaturated coordi
nation sites present in the amorphous phase. From the stand
point of electrochemical systems, within such structures, there 
exists a synergistic interplay between the crystalline grains and 
the amorphous matrix. This interplay gives rise to additional 
defects, thereby enhancing the catalytic activity, as documented 
in Reference [35]. Moreover, the abundance of phase boundaries 
and high kinetic energy in the partially crystalline composites 
augment the accessible surface area and provide more active 
sites, thus enabling efficient mass transfer. This structural 
arrangement not only elevates the bilayer capacitance but also 
significantly bolsters the charge transfer capabilities, as indicated 
in Reference [36]. 

In this research, the partially crystalline composite structures 
found in the C-MG and C-NPMG samples exhibit superior 
catalytic performance when juxtaposed with the purely amor
phous structures of the MG samples and fully crystalline mate
rials. This clearly underscores the pivotal role of phase 
boundaries and defect engineering in optimizing catalytic 
activity. During the crystallization process, due to the electron 
transfer from P to Ni, the occupation of Ni hollow sites by P, and 
the formation of the Ni–P bond, the charged nature of C-NPMG 
is analogous to that of [NiFe] hydrogenase and its analogs. This 
characteristic reduces the energy expenditure for H 2 desorption 
and substantially enhances the HER catalytic activity, as evi
denced in Reference [37] and further validated by density 
functional theory (DFT) calculations presented in the sub
sequent section. These regions are replete with a large quantity 
of nanocrystals and possess an increased number of active sites 
requisite for HER catalysis, which contributes to the enhance
ment of the HER performance. 

The MG thin ribbon was subjected to direct heat treatment, 
resulting in its conversion into C-MG with partial crystallization 
(Fig. 2h). As evidenced by the diffraction rings and HRTEM 
images, some nanocrystalline regions also appeared within the 
amorphous phase region of the C-MG. Additionally, the TEM 
images of the C-NPMG thin ribbon, along with the associated 
elemental line scanning data, are shown in Fig. S4, and the TEM 
images of the C-NPMG thin ribbon, together with the corre
sponding elemental mapping results, are presented in Fig. 2j. 
The uniform distribution of Pt, P, Cu, and Ni within the porous 
structure is clearly observable. 

Electrochemical characterization 
The electrocatalytic performance of the C-NPMG catalyst was 
comprehensively evaluated within a standard three-electrode 
electrochemical system. The working electrode, featuring the C- 
NPMG material, was immersed in three distinct electrolytes: 1.0 
M KOH, 1.0 M phosphate-buffered saline (PBS), and 0.5 M 
H 2SO 4, all maintained at room temperature. Linear sweep vol
tammetry (LSV) measurements were carried out on commercial 
Pt plate, Pt/C (20 wt% Pt), C-NPMG, C-MG, and MG electrodes 
to conduct a comparative analysis. The current densities 
obtained were normalized to the geometric surface area of the 
electrodes, as depicted in Fig. 3a. Notable differences in catalytic 
performance were observed at a current density of 10 mA cm−2 

(Fig. 3b). In 1.0 M KOH solution, C-NPMG exhibited excep
tional catalytic activity with an overpotential (η 10) of 42.21 mV, 
outperforming both commercial Pt/C (η 10 = 49.16 mV) and MG 
(η 10 = 267.08 mV). This significant enhancement in catalytic 

efficiency can be attributed to the unique nanoporous structure 
of C-NPMG, which provides increased active surface area and 
improved mass transport properties. 

Furthermore, the overpotential η 10 of C-MG in the same 
electrolyte was determined to be 110.13 mV. Although this value 
is higher than the C-NPMG catalyst, it still represents a sub
stantial improvement over the MG catalyst, whose η 10 stands at 
267.08 mV. This performance enhancement indicates that the 
partially crystalline composite structure of C-MG contributes to 
increased catalytic activity. These findings collectively demon
strate that both nanostructural engineering and crystalline phase 
control are effective strategies for optimizing catalytic perfor
mance in alkaline media. The distinct behavior of these catalysts 
underscores the importance of surface properties in optimizing 
catalytic efficiency for gas-evolving reactions [38]. 

Fig. 3c presents the Tafel plots (overpotential η versus loga
rithmic current density jlog ) for the investigated catalysts, 
providing crucial insights into the HER kinetics. Tafel slope is an 
intrinsic property of catalysts. The C-MG catalyst demonstrates 
markedly improved kinetics (93.80 mV dec−1) compared to the 
amorphous MG (214.68 mV dec−1), indicating that partial 
crystallization substantially enhances the HER activity by mod
ifying the electronic structure and creating favorable reaction 
pathways. Remarkably, the C-NPMG catalyst exhibits excep
tional performance with a Tafel slope of 38.48 mV dec−1, sur
passing even the commercial Pt/C benchmark 
(42.01  mV dec−1). This superior activity can be attributed to the 
synergistic combination of nanoporous architecture and partial 
crystallization. These results highlight the superior HER per
formance of C-NPMG and underscore the importance of 
structural optimization in designing efficient electrocatalysts 

Specific activity (SA) represents a fundamental metric for 
assessing intrinsic catalytic activity, with elevated SA values 
directly reflecting superior catalytic performance (Fig. S5). At an 
overpotential of −70 mV vs. RHE, the C-NPMG catalyst 
achieves an exceptional SA of 0.115 mA cm−2 

ECSA (where ECSA 
is electrochemically active surface area), representing a 16.42- 
fold enhancement over commercial Pt/C (0.007 mA cm−2 

ECSA). 
Remarkably, when polarized to −140 mV vs. RHE, C-NPMG 
attains an SA of 0.596 mA cm−2 

ECSA—a 28.38-fold improvement 
relative to Pt/C (0.021 mA cm−2 

ECSA). These comparative ana
lyses unambiguously demonstrate C-NPMG’s exceptional 
intrinsic activity. Notably, while Pt/C exhibits only modest SA 
improvements with increasing overpotential (0.007 to 
0.021 mA cm−2 

ECSA), C-NPMG shows a pronounced activity 
enhancement (0.115 to 0.596 mA cm−2 

ECSA). This striking con
trast underscores C-NPMG’s superior performance stability and 
exceptional catalytic efficiency under demanding high-over
potential conditions. 

Electrochemical impedance spectroscopy (EIS) further probed 
the catalytic behavior (Fig. 3d). All EIS measured at open-circuit 
voltage in 1 M KOH. These parameters have been comprehen
sively documented both in tabulated form (Table S1). By fitting 
the EIS spectra of C-NPMG, C-MG, MG, and commercial Pt 
plate with an equivalent circuit comprising a charge-transfer 
resistor (R ct), a series resistor (R S), and a constant phase element 
(CPE), C-NPMG was found to possess the lowest series resis
tance (R S) among C-NPMG, C-MG and MG samples. This 
indicates superior electrical conductivity, attributed to its self- 
supported nanoporous architecture and partially crystallized 
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phase. In contrast, C-MG also showed reduced R S compared to 
MG, confirming that partial crystallization promotes charge 
transfer. 

Cyclic voltammetry (CV) was carried out in a 1 M KOH 
electrolyte to evaluate the ECSA of C-NPMG, MG, C-MG, and 
commercial Pt plates (Fig. S6). The double-layer capacitance 
(C dl), obtained from the linear relationship between Δj/2 and the 
scan rate (Fig. 3e), acts as a quantitative indicator of ECSA. 
Remarkably, C-NPMG showed a C dl of 2.161 mF cm−2, sig

nificantly surpassing those of MG (0.165 mF cm−2), C-MG 
(0.214 mF cm−2), and the Pt plate (0.051 mF cm−2). This 
represents roughly an order of magnitude increase in active sites 
compared to MG, highlighting the exceptional catalytic capacity 
of C-NPMG. The remarkable enhancement of C-NPMG’s ECSA 
can be ascribed to its distinctive nanoporous architecture crafted 
via the thermoplastic processing strategy. This structural design 
effectively exposes a large number of active sites while preserving 
mechanical integrity. As a result, it optimizes both surface 

Figure 3 HER performance in 1 M KOH. (a) LSV curve compensation of MG, C-MG, C-NPMG, Pt Plate, and Pt/C at a scan rate of 2 mV s−1; 
(b) overpotentials at 10 and 100 mA cm−2 of C-NPMG, C-MG, MG, Pt/C and Pt Plate; (c) corresponding Tafel plots; (d) Nyquist plots; (e) capacitive current 
densities against scan rates; (f) LSV curve compensation of C-NPMG and Pt/C after stability test at a scan rate of 2 mV s−1; (g) stability test of the C-NPMG 
catalysts under a static overpotential of 10 mA cm−2 in 1 M KOH; (h) the comparison of the overpotential η 10 of HER of the previous catalysts.  
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reactivity and durability. The correlation between the increased 
ECSA and the improved catalytic performance demonstrates the 
effectiveness of this synthetic approach for developing high- 
performance electrocatalysts.  

Beyond catalytic activity, operational durability is a pivotal 
parameter for assessing electrocatalysts in real-world applica
tions. The cyclic voltammetry (CV) measurements were per
formed at the overpotential required to achieve a current density 
of 10 mA cm−2, as annotated in Fig. 3g. The determined oper
ating potentials were 42.21 mV vs. RHE for C-NPMG and 
49.16 mV vs. RHE for the Pt/C benchmark catalyst. Commercial 
Pt/C catalysts are notorious for their significant performance 
degradation, often experiencing a 50% decline in HER activity 
within just 4 h of operation. In stark contrast, the C-NPMG 
catalyst developed in this study showcased exceptional stability 
during an arduous 1000-h HER test in an alkaline medium of 
1 M KOH. It maintained a consistent current density of 
10 mA cm−2 throughout the test, as illustrated in Fig. 3f–g. 
Notably, following this extensive testing period, the catalytic 
activity of C-NPMG exhibited negligible attenuation. The post- 
test overpotentials (η 10 = 43.20 mV) were almost identical to the 
initial values (42.21 mV), as evidenced by Fig. S9. Morphological 
characterization, as depicted in Figs S7 and S8, further revealed 
the remarkable structural robustness of C-NPMG. Despite some 
surface restructuring during the 1000-h test, including partial 
dealloying and the formation of secondary nanostructures, the 
material largely preserved its original nanoporous architecture 
after undergoing acid cleaning with 1 M HCl and subsequent 
rinsing with deionized water. This outstanding stability can be 
attributed to the unique thin ribbon-stabilized, self-supporting 
configuration of C-NPMG [39], which effectively mitigates the 
agglomeration and active site loss issues commonly encountered 
in nanoparticle-based catalysts. The exceptional durability of C- 
NPMG primarily stems from its inherent amorphous char
acteristics. Despite partial crystallization, the metallic glass 
matrix maintains superior corrosion resistance [40], which plays 
a crucial protective role in maintaining structural stability dur
ing prolonged HER operation while providing stable catalytic 
active sites. The combination of its ultra-stable HER perfor
mance, with an activity loss of less than 2% after 1000 h, and 
excellent structural integrity firmly positions C-NPMG as a 
highly promising candidate for industrial water electrolysis 
systems. These findings far surpass the durability benchmarks 
established by conventional Pt/C catalysts, effectively addressing 
one of the major limitations in current hydrogen production 
technologies. 

The HER performance of C-NPMG was comprehensively 
benchmarked against a broad spectrum of reported catalyst 
systems, encompassing noble metals, transition metal oxides 
(TMOs), dichalcogenides (TMDs), nitrides (TMNs), phosphides 
(TMPs), carbides (TMCs), borides (TMBs), and MG (Fig. 3h and 
Table S2). Comparative analysis reveals that C-NPMG exhibits 
superior HER activity, featuring significantly lower over
potentials in alkaline media than most catalysts within these 
material classes. Specifically, its η 10 value of 42.21 mV in 1 M 
KOH surpasses most state-of-the-art electrocatalysts, even those 
containing complex nanostructures. 

Importantly, C-NPMG stands out for its unique combination 
of exceptional catalytic activity and remarkable long-term sta
bility, a dual advantage rarely achieved by existing HER catalysts 
(Fig. S10 and Table S3). While many high-activity catalysts 

suffer from rapid degradation, and stable catalysts often lack 
sufficient reactivity, C-NPMG maintains <2% activity loss after 
1000 h of continuous operation, a performance unattained by 
conventional Pt-based and non-noble metal catalysts. This 
superior profile—characterized by low overpotential, high con
ductivity, and structural robustness—positions C-NPMG as a 
transformative candidate for practical hydrogen production. 

In a neutral 1 M PBS electrolyte, the C-NPMG catalyst 
demonstrated superior HER performance over the amorphous 
MG and commercial Pt-based catalysts. As illustrated in 
Fig. 4a–d, C-NPMG exhibited a significantly reduced HER 
overpotential (η 10 = 88.03 mV), starkly lower than the values 
observed for MG (206.38 mV) and the Pt plate (188.52 mV). 
While the Pt/C catalyst displayed favorable initial activity at low 
current densities (η 10 = 44.58 mV), its performance deteriorated 
substantially under higher current demands, indicative of poor 
stability in rigorous operational conditions. In contrast, C- 
NPMG maintained exceptional catalytic activity even at elevated 
current densities, showcasing robust and sustained hydrogen 
production capabilities. This superior high-current performance 
highlights C-NPMG’s pronounced advantage in stability and 
efficiency compared to Pt/C, positioning it as a viable candidate 
for large-scale hydrogen generation. Kinetic analysis via Tafel 
plots revealed that C-NPMG possessed a Tafel slope of 
79.19 mV dec−1 in PBS, significantly lower than that of the MG 
(174.55 mV dec−1, Fig. 4c). This reduction in the Tafel slope 
signifies a faster reaction kinetics, likely enabled by the catalyst’s 
nanoporous structure and crystalline-amorphous interfacial 
sites, facilitating efficient electron transfer and hydrogen 
adsorption/desorption. 

Consistent with the alkaline environment results, EIS was 
employed to characterize the catalytic behavior in neutral media 
(Fig. S11). All EIS measurements were conducted at open-circuit 
potential in 1 M PBS solution. Equivalent circuit modeling of the 
EIS spectra (incorporating charge-transfer resistance (R ct), R S, 
and constant phase element (CPE)) revealed that C-NPMG 
exhibited the lowest series resistance (R S = 3.49 Ω) among the 
tested samples (C-MG and MG). This minimal R S value indi
cates superior electrical conductivity, which we attribute to the 
material’s unique combination of self-supported nanoporous 
architecture and partially crystalline phase. CV measurements 
(Fig. S12) further quantified the ECSA, revealing that C-NPMG 
harbored approximately sevenfold more active sites than MG. 
This was corroborated by its significantly higher double-layer 
capacitance (C dl = 0.932 mF cm−2) compared to MG 
(0.122 mF cm−2, Fig. 4d), directly linking its nanostructural 
design to enhanced surface reactivity in neutral media. 

Beyond catalytic activity, operational durability represents a 
critical performance metric for practical electrocatalyst applica
tions. The determined operating potentials were 88.03 mV vs. 
RHE for C-NPMG and 44.58 mV vs. RHE for the Pt/C bench
mark catalyst. Commercial Pt/C catalysts exhibit substantial 
performance degradation, typically showing a 50% decrease in 
hydrogen evolution reaction (HER) activity within merely 9 h of 
operation, with continued deterioration over time (Fig. S13). In 
striking contrast, our developed C-NPMG catalyst demonstrates 
exceptional stability under demanding HER conditions (1 M 
PBS, 100 h operation at 10 mA cm−2). The initial performance 
fluctuations observed during the first 10 h (Fig. S13) likely result 
from beneficial surface reconstruction and active site optimiza
tion processes. Remarkably, the catalyst subsequently achieves 
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outstanding stability, maintaining consistent current density 
throughout the remaining 90-h test period. These results clearly 
demonstrate that C-NPMG exhibits excellent HER stability even 
in neutral environments. 

In 0.5 M H 2SO 4, the C-NPMG catalyst demonstrated excep
tional HER activity, outperforming both MG and commercial 
Pt-based catalysts across a wide current density range. As shown 
in Fig. 5a–d, at the low current density of 10 mA cm−2, C- 
NPMG achieved an overpotential (η 10 = 18.01 mV)—slightly 
superior to Pt/C (21.34 mV) and far lower than MG 
(176.98 mV) and the Pt plate (49.08 mV). Notably, under high 
current densities (100 mA cm−2), a critical metric for large-scale 
electrolysis, C-NPMG exhibited a pronounced performance edge 
with an overpotential (η 100 = 87.05 mV)—substantially lower 
than Pt/C (124.22 mV). While Pt/C catalysts often suffer from 
increased overpotential and stability issues at high currents due 
to particle agglomeration and corrosion, C-NPMG maintained 
its structural integrity and active site accessibility, enabling 
efficient HER even under demanding conditions. This disparity 
in high-current performance underscores the superiority of C- 
NPMG’s nanoporous, partially crystalline architecture, which 
minimizes mass transport resistance and enhances charge 
transfer kinetics. Kinetic analysis via Tafel plots revealed a Tafel 
slope of 42.87 mV dec−1 for C-NPMG (Fig. 5c), significantly 
lower than MG (115.86 mV dec−1), indicating rapid charge- 
transfer kinetics and favorable hydrogen adsorption/desorption 

behavior. 
Consistent with the observations in alkaline and neutral 

environments, EIS was utilized to investigate the catalytic per
formance in acidic media (0.5 M H 2SO 4, Fig. S14). All EIS 
measurements were performed at open-circuit potential. 
Equivalent circuit analysis (comprising R ct, R S, and a CPE) 
revealed that C-NPMG exhibited the lowest R S (0.619 Ω) among 
the tested samples (C-MG and MG). This minimal resistance 
underscores the material’s superior electrical conductivity, which 
originates from its unique self-supported nanoporous frame
work and partially crystalline structure. CV measurements (Fig. 
S15) further confirmed that C-NPMG possessed an ECSA 
approximately eight times larger than MG, supported by its 
higher double-layer capacitance (C dl = 0.478 mF cm−2 vs. 0.057 
mF cm−2 for MG; Fig. 5d). This combination of abundant active 
sites and robust structural stability allows C-NPMG to excel at 
low currents and outperform Pt-based catalysts at the high 
current densities required for industrial water splitting. 

Beyond catalytic activity, operational durability serves as a 
crucial performance metric for evaluating electrocatalysts in 
practical applications. The determined operating potentials were 
18.01 mV vs. RHE for C-NPMG and 21.34 mV vs. RHE for the 
Pt/C benchmark catalyst. Commercial Pt/C catalysts suffer from 
rapid performance degradation, exhibiting a 25% decline in HER 
activity within merely 9 h of operation, with continued dete
rioration observed over extended periods (Fig. S16). In marked 

Figure 4 HER performance in 1 M PBS. (a) LSV curve compensation of MG, C-MG, C-NPMG, Pt Plate, and Pt/C at a scan rate of 2 mV s−1; 
(b) overpotentials at 10 and 100 mA cm−2 of C-NPMG, C-MG, MG, Pt/C and Pt plate; (c) corresponding Tafel plots; (d) capacitive current densities against 
scan rates.  
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contrast, our C-NPMG catalyst demonstrates exceptional stabi
lity under demanding HER conditions (0.5 M H 2SO 4, 100 h 
continuous operation at 10 mA cm−2). The initial performance 
variations during the first 6 h (Fig. S16) are likely associated with 
beneficial surface reconstruction and active site optimization 
processes. Following this activation period, the catalyst main
tains outstanding stability, showing negligible current density 
variation throughout the subsequent 94 h of continuous opera
tion. These results unequivocally demonstrate that C-NPMG 
exhibits superior HER stability even under highly acidic condi
tions. 

C-NPMG maintained robust HER performance across acidic, 
neutral, and alkaline electrolytes (Figs 3–5), suggesting that its 
nanoporous architecture facilitates efficient proton adsorption 
and hydrogen desorption regardless of pH. The comparative 
data further demonstrate that C-NPMG outperforms benchmark 
catalysts across diverse material families in alkaline conditions 
and shows promise in neutral and acidic electrolytes (Tables S4 
and S5). By integrating nanoporous architecture, partial crys
tallization, and a self-supported design, this work establishes a 
new paradigm for electrocatalyst engineering, where synergistic 
structural features enable breakthroughs in both activity and 
durability. These findings highlight C-NPMG’s potential to 
overcome the trade-offs between performance and stability in 
electrochemical water splitting, paving the way for its translation 
to industrial-scale hydrogen generation technologies. 

Elemental changes after long-term stability test 
X-ray photoelectron spectroscopy (XPS) was utilized to explore 
the elemental composition and valence state alterations of the 
catalysts under diverse conditions. Three representative samples 
(MG, C-NPMG, and C-NPMG) were examined after long-term 
HER (After-HER). The Pt 4f spectra (Fig. S17a) revealed subtle 
changes in the platinum chemical environment, emphasizing 
minimal alterations despite prolonged electrochemical opera
tion. After extended HER operation, C-NPMG showed a slight 
rise in the Pt2+ peak intensity, along with a positive shift in the 
Pt2+ binding energies and a corresponding negative shift in the 
Pt0 peaks. Nevertheless, the overall valence state distribution 
remained largely unaltered, highlighting the remarkable stability 
of platinum during the long-term HER process. 

The Ni 2f speciation analysis (Fig. S17b) presented distinct 
evolution trends. Compared with the MG reference, the Ni0 peak 
in C-NPMG had a minor negative shift. After long-term HER 
testing, a significant decrease in the Ni0 surface concentration 
was observed, accompanied by a concurrent increase in the Ni2+ 

signal intensity. This indicates progressive surface oxidation 
during electrocatalysis. 

The Cu 2f characterization (Fig. S17c) revealed notable 
changes. Both Cu0 and Cu2+ peaks exhibited negative binding 
energy shifts and significant attenuation after HER operation, 
suggesting the surface depletion of copper species. 

The P analysis (Fig. S17d) demonstrated substantial signal 

Figure 5 HER performance in 0.5 M H 2SO 4. (a) LSV curve compensation of MG, C-MG, C-NPMG, Pt plate, and Pt/C at a scan rate of 2 mV s−1; 
(b) overpotentials at 10 and 100 mA cm−2 of MG, C-MG, C-NPMG, Pt plate, and Pt/C; (c) corresponding Tafel plots; (d) capacitive current densities against 
scan rates.  
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attenuation after HER, with C-NPMG showing a slightly less 
pronounced reduction. This behavior implies that surface 
P atoms in the nanoporous structure have weaker interatomic 
coordination than the bulk regions, making them more 
vulnerable to removal during prolonged electrochemical opera
tion. 

XPS spectral analysis reveals that there is significant electron 
transfer from phosphorus to nickel during crystallization in C- 
NPMG. This results in a slightly positive charge on Ni (δ+) and a 
corresponding negative charge on P (δ−), a configuration highly 
similar to the active sites of [NiFe] hydrogenases and their 
synthetic analogs [41], which are renowned for their outstanding 
HER activity. The catalytic enhancement mechanism involves P 
atoms occupying Ni hollow sites, effectively lowering the energy 
barrier for hydrogen desorption. This unique electronic struc
ture significantly contributes to the material’s excellent HER 
performance. 

XPS analysis after HER reveals that Pt primarily exists in the 
metallic state, although it undergoes partial surface oxidation, 
while copper, nickel, and phosphorus exhibit significant oxida
tion and dissolution. This selective dissolution leads to the 
enrichment of platinum on the catalyst surface and the con
tinuous regeneration of fresh active sites. Such a self-recon
struction process helps maintain high catalytic activity during 
long-term operation [42]. Furthermore, this selective dissolution 
can increase defect density, thereby enhancing the intrinsic 
activity of the catalyst, enriching active sites, and improving 
conductivity, which is more favorable for HER [43]. This self- 
optimization approach is similar to the idea proposed by Jeon 
et al. [44] that an increase in the Pt concentration on the surface 
of Pt-M alloys moves the d-band center (ε d) to a higher elec
tronic energy level (closer to the Fermi level, E F), which 
improves the catalytic activity of the material similarly. Conse
quently, this dynamic surface reconstruction not only preserves 
the initial catalytic functionality but also progressively enhances 
catalytic efficiency over time. 

Porous nanostructures and microstructures to improve HER 
The catalytic efficiency of nanoporous catalysts can be sig
nificantly optimized by tailoring surface wettability to enhance 
reactant accessibility and gas release kinetics [45–49]. To 
uncover the structural origins of C-NPMG’s superior HER 
performance, contact angle measurements were conducted to 
characterize the wetting properties of C-NPMG, C-MG, and 
MG. As shown in Fig. 6a–c, the water contact angles (WCAs) of 
these catalysts in air were 7° ± 1° for C-NPMG, 70° ± 0.5° for C- 
MG, and 79° ± 2° for MG. These results demonstrate that C- 
NPMG’s unique architecture, comprising TEM-confirmed 
nanocrystalline domains and interconnected nanoporosity, 
synergistically enhances surface hydrophilicity. This extreme 
hydrophilicity (WCA ≈ 7°) enables rapid water penetration into 
the porous matrix, a feature critical for optimizing HER kinetics 
by ensuring efficient electrolyte-catalyst contact [50]. 

Complementary bubble contact angle (BCA) measurements in 
aqueous media (Fig. 6d–f) revealed a striking contrast: C-NPMG 
exhibited a BCA of 144° ± 1°, significantly higher than C-MG 
(123° ± 1°) and MG (113° ± 1°). The elevated BCA of C-NPMG 
indicates superior gas-phobic behavior, attributed to its hier
archical nanostructure that minimizes bubble adhesion. This 
property prevents active site blockage by hydrogen bubbles, 
thereby maintaining continuous electrolyte access during cata

lysis and providing a key advantage over smooth or less porous 
counterparts [51–53]. 

The hyperhydrophilic surface of C-NPMG was further vali
dated by ultrafast water droplet submersion, with complete 
wetting achieved in less than 0.75 s (Fig. 6g). Its gas-phobicity 
ensured stable bubble detachment at a consistent BCA of 144° ± 
1° (Fig. 6h). During HER, these dual properties—extreme 
hydrophilicity for efficient water adsorption and robust gas- 
phobicity for rapid bubble release—create a highly favorable 
reaction microenvironment. The nanoporous surface increases 
the effective electrochemically active area by promoting intimate 
electrolyte contact, while the rough nanostructure reduces 
bubble adhesion forces, enabling quick detachment of small 
hydrogen bubbles (Fig. 6i). In contrast, the smooth MG surface 
suffers from strong bubble pinning, leading to active site pas
sivation and reduced reaction efficiency. 

This structural design, integrating hydrophilic nanoporosity 
with gas-repellent features, endows C-NPMG with two critical 
advantages. First, ultra-wetting properties enhance the mass 
transport of water molecules to catalytic sites. Second, low- 
adhesion bubble release ensures unimpeded gas evolution. 
Together, these properties mitigate kinetic limitations and pre
vent surface fouling, explaining the catalyst’s exceptional per
formance across all electrolyte conditions. The synergy between 
nanostructured wettability and electrochemical activity high
lights the importance of multiscale architecture in designing 
electrocatalysts for efficient hydrogen production. 

DFT calculations 
The Gibbs free energy of hydrogen adsorption (∆G H*) serves as 
a pivotal descriptor for evaluating electrocatalytic HER activity, 
with values approaching zero indicating optimal adsorption/ 
desorption kinetics [54,55]. To elucidate the impact of partial 
crystallization on hydrogen adsorption energetics, first-princi
ples calculations based on DFT were performed for both par
tially crystalline C-MG and amorphous pure MG. 

As shown in Fig. S18a, the calculated ∆G H* values were 
0.302 eV for C-MG and 0.589 eV for pure MG, revealing that 
partial crystallization reduces the absolute value of ∆G H* by 
0.287 eV, bringing it closer to the ideal thermodynamic window 
for efficient HER. This shift indicates that the partially crystal
line structure optimizes hydrogen binding strength, balancing 
adsorption favorability and desorption ease to enhance catalytic 
kinetics. 

The optimized H* adsorption configuration on the C-MG 
surface (Fig. S18b) highlights a unique charge density distribu
tion that promotes efficient hydrogen intermediate interactions. 
Differential charge density analysis confirms strong electron 
transfer from adsorbed H* to adjacent Pd atoms, facilitated by 
the Pt-Pd alloyed active sites in the crystalline domains. This 
electronic redistribution weakens H–H bonding and lowers the 
energy barrier for hydrogen desorption, a critical step in over
coming kinetic limitations during HER [56]. 

The superior performance of C-MG originates from its hybrid 
crystalline-amorphous architecture (Fig. S18c, d), where nano
crystalline phases provide high electrical conductivity and well- 
defined active sites, while the amorphous matrix offers abundant 
unsaturated coordination environments. This synergy creates a 
dual-function surface: the crystalline regions enable rapid charge 
transfer, and the amorphous regions increase active site density 
through structural disorder. DFT calculations thus confirm that 
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partial crystallization not only modulates the electronic structure 
of metallic sites but also optimizes the hydrogen adsorption 
energy landscape, collectively driving the enhanced HER activity 
observed in experimental measurements. These theoretical 
insights underscore the importance of rational structural design 
at the atomic scale to achieve breakthroughs in electrocatalyst 
efficiency. 

CONCLUSIONS 
We report a scalable strategy to fabricate C-NPMG, a nano
porous thin-ribbon catalyst with exceptional HER performance 
across acidic, neutral, and alkaline electrolytes. At 10 mA cm−2, 
it achieves ultralow overpotentials (18.01 mV in acid, 42.21 mV 
in alkali, 88.03 mV in neutral) and maintains < 2% activity loss 
after 1000 h, outperforming state-of-the-art Pt-based catalysts in 
durability and pH universality. 

C-NPMG’s superiority stems from its synergistic architecture: 

a self-supported nanoporous structure boosts ECSA and mass 
transport, while partial crystallization optimizes hydrogen 
adsorption energy (DFT-confirmed ∆G H* reduction) for fast 
kinetics. Its hierarchical nanostructure enables extreme hydro
philicity (7° water contact angle) for efficient electrolyte access 
and gas-phobicity (144° bubble contact angle) to prevent bubble 
blockage, critical for high-current stability (e.g., η 100 = 87 mV in 
acid). XPS reveals dynamic surface evolution—selective dis
solution of Ni/Cu/P forms a Pt-enriched layer, sustaining active 
sites over time. 

This work establishes a new design paradigm by integrating 
nanoscale porosity, crystalline-amorphous synergy, and self- 
supported mechanics, overcoming the trade-off between activity 
and stability. The scalable fabrication method offers a cost- 
effective path for industrial hydrogen production, positioning C- 
NPMG as a transformative catalyst for efficient, durable water 
splitting across diverse technologies. 

Figure 6 Water droplet contact angles of (a) C-NPMG, (b) C-MG, (c) MG; bubble contact angle of (d) C-NPMG, (e) C-MG, (f) MG; (g) the evolution of 
water drops on C-NPMG at the initial stage; (h) the evolution of a bubble on C-NPMG at the initial stage; (i) hydrogen escape schematic on the surface of the 
C-NPMG and MG.  
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自支撑部分结晶纳米多孔金属玻璃催化电极实现高 
效制氢 

蒋继汉1, 阮文清1*, 曾圣浩1, 林嘉庆1, 赵星然1, 傅佳男2, 陈庆3,  
刘晓俤1*, 马将1* 

摘要 金属玻璃(MGs)在中性和碱性介质中通常存在析氢反应(HER) 
动力学缓慢的问题, 其催化性能主要局限于酸性环境. 本研究报道了一 
种 新 型 热 塑 性 成 型 技 术 ,  用 于 制 备 自 支 撑 部 分 晶 化 纳 米 多 孔  
Pt 56.2Ni 5.2Cu 16.8P 21.8金属玻璃(C-NPMG), 该材料展现出卓越的全pH值 
HER活性和长期耐久性. 在10 mA cm−2电流密度下, C-NPMG催化剂表 
现出超低过电位: 酸性介质(0.5 M H 2SO 4) 18.0 mV、碱性介质(1 M 
KOH) 42.2 mV、中性介质(1 M PBS) 88.0 mV, 其性能优于大多数先进 
非贵金属MGs和Pt基催化剂. 值得注意的是, 该催化剂在碱性电解液中 
运行1000 h后性能衰减可忽略不计, 展现出卓越的稳定性. 实验与计算 
分析表明, 其优异的HER活性源于三重协同效应: (1) 高比表面积的纳 
米多孔结构最大化活性位点暴露; (2) 部分晶化过程中形成的微晶-非 
晶界面降低了H 2解吸能垒; (3) C-NPMG的分级超亲水-超疏水润湿性 
优化了传质过程并防止电解液腐蚀. 本研究通过将结构纳米工程与微 
晶-非晶相协同效应整合于金属玻璃体系, 为解决电化学水分解中性能 
与稳定性难以兼顾的难题建立了新型设计范式, 为开发高性能全pH值 
HER催化剂提供了新思路. 
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