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A B S T R A C T

Metallic glasses (MGs), as distinctive amorphous metallic alloys, exhibit high-density undercoordinated sites and 
elevated Gibbs free energy, rendering them highly promising candidates for electrocatalysis. However, MGs 
inevitably undergo aging or structural relaxation over time, which inevitably triggers the degradation of their 
intrinsic catalytic properties. Consequently, reversing the aging effect of fully relaxed MGs to recover and even 
boost their catalytic performance has long remained a formidable and unresolved challenge in the field, given 
that conventional strategies are ineffective in reactivating the relaxed atomic configurations and restoring the 
high-energy state of MGs. Herein, we report an innovative energy modulation strategy—Ultrasonic Vibration 
Loading (UV loading). This strategy not only retrieves the energy of fully relaxed MGs but also induces the 
formation of a biphase structure with coexisting amorphous and crystalline phases, where the synergistic 
coupling of the crystalline phase's superior electrical conductivity and the amorphous phase's abundant unsat
urated coordination sites optimizes the hydrogen adsorption Gibbs free energy to be closer to 0 eV, thereby 
remarkably enhancing their catalytic performance. The general applicability of this approach is validated by the 
superior hydrogen evolution reaction (HER) activity of Pt-based MGs and Pd-based MGs in alkaline electrolytes. 
Our findings underscore the unique merits of UV loading in tailoring the surface energy and catalytic perfor
mance of MGs and provide a versatile paradigm for surface energy modulation of advanced electrocatalysts.

1. Introduction

Metallic glasses (MGs), as distinctive amorphous metallic alloys, 
exhibit a suite of thermodynamic, kinetic, mechanical, and magnetic 
properties that are absent in crystalline alloys, offering tremendous 
application prospects in fields ranging from electrocatalysis to energy 
storage and structural engineering. [1–4] Notably, their highly active 
surfaces, dense dangling bonds, and undercoordinated active 
sites—coupled with excellent stability in acidic/alkaline environments 
and the inducible increase in active sites via electrochemical deal
loying—have positioned MGs as a focal material in electrocatalysis 
research. [5–10] For instance, Pt-based MGs have demonstrated supe
rior performance in the hydrogen evolution reaction (HER), [11–14]
while Ni-based MGs exhibit notable advantages in the oxygen evolution 
reaction (OER). [15–17]

The catalytic efficacy of MGs is governed by two key factors: the 
density of active sites and the surface energy. Conventional strategies for 
enhancing the activity of crystalline catalysts—such as modulating 
chemical composition or defect structure—are largely ineffective for 
MGs, owing to their inherently homogeneous and disordered atomic 
structure, which limits adaptability to diverse practical demands. 
[18–20] In contrast, tailoring the surface energy of MGs—particularly 
by increasing the density of low-coordination sites (typically located at 
steps, edges, and kinks, the core active centers for catalytic reactions 
[21,22])—has emerged as a viable approach to boost catalytic activity. 
[23–26] The high-energy state and abundant potential active sites of as- 
cast MGs are partially rooted in their high enthalpy and specific volume, 
which arise from the rapid-quenching technique used in their synthesis. 
[8,27,28] These intrinsic characteristics endow MGs with superior cat
alytic performance, attributed to reduced activation energy and a high 
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density of accessible active sites. [29,30]
As metastable materials, MGs inevitably undergo structural relaxa

tion over time—a time-dependent process termed “aging” that origi
nates from the intrinsic thermodynamic metastability of amorphous 
systems, driving the initial high-energy state toward a more stable 
configuration. [31,32] Although relaxation primarily occurs at the local 
structural level, it triggers pronounced degradation of macroscopic 
properties, including catalytic activity [33,34]. Current efforts to 
modulate the energy state of MGs have focused on modified processing 
routes, such as accelerated quenching, [35] elastic loading, [36–38]
low-temperature thermal cycling, [39,40] ion irradiation, [41] and se
vere plastic deformation. [42–45] However, these methods suffer from 
two critical limitations: high complexity and substantial energy con
sumption, which have hampered their widespread practical imple
mentation; more importantly, they fail to restore fully relaxed MGs to 
their original high-energy state. Thus, reversing aging to revitalize the 
energy state and catalytic performance of fully relaxed MGs remains a 
formidable challenge in the field.

Recent studies have demonstrated that ultrasonic vibration (UV) 
loading can induce substantial energy elevation in aged, low-energy 
MGs—even surpassing that of as-cast counterparts—positioning UV 
loading as a highly efficient energy enhancement strategy. [2,46–51]
Despite this promise, the effect of UV loading on the catalytic perfor
mance of MGs—especially fully relaxed MGs—has not been systemati
cally investigated. A comprehensive demonstration of UV loading 
induced catalytic enhancement in this context would open new avenues 

for advancing MG-based electrocatalysts.
Herein, we report that UV loading achieves rapid aging reversal in 

fully aged MGs, thereby achieving a remarkable enhancement in their 
catalytic performance. Experimental results in alkaline electrolytes 
show that the catalytic performance of aged MGs (denoted as Tg-nh, 
where n = 1, 3, 5 h) subjected to single-step annealing is degraded 
relative to the pristine Pt-based MGs (as-cast). In stark contrast, UV 
loading MGs (UVmJ-Tg, where m = 25, 50, 75 J) exhibit dramatically 
enhanced catalytic activity compared to the Tg-3 h sample (a model of 
fully relaxed MGs): the overpotential is reduced by 48%, and the specific 
activity (SA) is increased by 589%. Furthermore, the UV loading strat
egy exhibits exceptional general applicability, being effective for both 
Pt-based and Pd-based MGs. These findings highlight the unique merits 
of UV loading in tailoring the surface energy and catalytic performance 
of MGs, while providing a versatile paradigm for surface energy mod
ulation of advanced electrocatalysts.

2. Results and discussion

2.1. Properties evolution in MGs annealed at Tg with varied annealing 
durations

The high-resolution transmission electron microscopy (HRTEM) 
image of the as-cast sample (Fig. 1a) distinctly illustrates the homoge
neous amorphous microstructure characteristic of MGs. The corre
sponding selected-area electron diffraction (SAED) patterns corroborate 

Fig. 1. Characterizations of the as-cast sample and aged samples. (a) The HRTEM image of as-cast sample. (b) The TEM elemental mapping results of as-cast sample. 
(c) The DSC curves of the as-cast and aged MGs. (d) The XRD patterns of aged MGs. (e) The HER polarization curves for as-cast sample and aged MGs acquired by LSV 
with a scan rate of 5 mV s− 1 in 1 M KOH at room temperature.
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the fully amorphous nature of the as-cast sample, which is consistent 
with the X-ray diffraction (XRD) results presented in Fig. S1 (Supporting 
Information). Transmission electron microscopy (TEM) imaging and 
complementary elemental mapping (Fig. 1b) reveal a uniform elemental 

distribution across the as-cast MGs.
A schematic of the annealing process is provided in Fig. S2a. To 

accelerate structural relaxation, samples were hermetically sealed, 
heated to the glass transition temperature (Tg), held for different 

Fig. 2. The characterizations of UV loading samples. (a) The schematic diagram illustrates the UV loading process following the of the as-cast sample. (b) The DSC 
curves of the as-cast, Tg-3 h and UV loading samples. (c) The HER polarization curves for the as-cast, Tg-3 h and UV loading samples acquired by LSV with a scan rate 
of 5 mV s− 1 in 1 M KOH at room temperature. (d) The overpotential and relaxation enthalpy evolution of the Pt/C, as-cast, Tg-3 h and UV loading samples. (e) The SA 
plots of the as-cast, Tg-3 h and UV loading samples at − 70 mV (RHE).
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durations (denoted as Tg-1 h, Tg-3 h, Tg-5 h), and then cooled to room 
temperature (Fig. S2b). Fig. 1c presents the differential scanning calo
rimetry (DSC) curves of the as-cast sample and its annealed derivatives. 
A broad exothermic peak below Tg is observed for the as-cast sample, 
indicating irreversible structural relaxation caused by the annihilation 
of excess free volume and other structural defects. [52–54] With 
increasing annealing time, this exothermic peak gradually diminishes, 
accompanied by a reduction in the structural relaxation enthalpy 
(ΔHrel). When annealing exceeds 1 h, the sub-Tg exothermic signal dis
appears completely, and an overshoot above Tg emerges—consistent 
with previous reports. [54] XRD results confirm that all annealed sam
ples remain amorphous (Fig. 1d).

Electrocatalytic properties of the annealed MGs were evaluated using 
a three-electrode configuration (previously reported [55,56]): a 
graphite rod as the counter electrode, Hg/HgO as the reference elec
trode, and the annealed MGs as the working electrode. Electrochemical 
tests were conducted in 1.0 M KOH at ambient temperature. Fig. 1e 
shows the linear sweep voltammetry (LSV) curves of the as-cast, Tg-1 h, 
Tg-3 h, and Tg-5 h samples, with current densities normalized to the 
electrode geometric area and corrected for 96% of total resistance. Po
tentials were converted to the reversible hydrogen electrode (RHE) scale 
using Eq. S1 (Supporting Information).

Significant variations in overpotentials at a current density of 10 mA 
cm− 2 (η10) were observed among the four samples. The η10 values s for 
Tg-1 h, Tg-3 h, and Tg-5 h samples are 71.8 mV, 90.1 mV, and 92.5 mV, 
respectively—all higher than the as-cast sample (69.9 mV). This trend 
aligns with the relaxation enthalpy: annealing at Tg reduces ΔHrel rela
tive to the pristine as-cast sample, corresponding to degraded catalytic 
performance. In summary, catalytic activity decreases progressively 
with extended annealing time.

Tafel plots were generated to analyze HER kinetics, with Tafel slopes 
calculated using Eq. S2 (Supporting Information). As shown in Fig. S3, 
the Tafel slope (plotted as overpotential η vs. log (− j)) is a key descriptor 
of HER kinetics—lower slopes indicate more favorable reaction path
ways. [57] The Tafel slopes of the annealed samples are 51.28 mV dec− 1 

(Tg-1 h), 56.21 mV dec− 1 (Tg-3 h), and 58.57 mV dec− 1 (Tg-5 h), all 
higher than the as-cast sample (47.88 mV dec− 1). Notably, the Tafel's 
changes become more pronounced after longer annealing times (e.g., 3 h 
and 5 h). This further confirms that longer annealing time deteriorates 
catalytic performance.

2.2. Catalytic performance enhancement in MGs under UV loading

Previous studies have shown that ultrasonic loading can reverse the 
relaxation enthalpy in aged samples. [51] After 1 h of annealing, the 
ΔHrel of the MGs essentially disappears; catalytic performance reaches 
its minimum after 3 h of annealing (η10 = 92.5 mV). Thus, the Tg-3 h 
sample was selected as the precursor for subsequent UV loading 
treatments.

Fig. 2a illustrates the schematic of the UV loading process. First, as- 
cast samples were annealed at Tg for 3 h to obtain aged Tg-3 h samples; 
subsequent UV loading yielded UV loading samples (denoted as UV25J- 
Tg, UV50J-Tg, UV75J-Tg). Atomic spacing of the aged sample is more 
compact than that of the as-cast sample; after UV loading treatment, 
atomic spacing re-expands to a more sparse configuration. These 
changes in atomic spacing are closely associated with variations in 
ΔHrel, which will be discussed in detail below.

Fig. 2b presents the DSC curves of the as-cast, Tg-3 h, and UV-loaded 
samples. After prolonged annealing, ΔHrel of the as-cast sample de
creases from 0.114 kJ/mol to 0 kJ/mol. However, UV loading on the 
fully annealed sample restores ΔHrel: with increasing UV energy, ΔHrel 
of UV25J-Tg rises to 0.022 kJ/mol; UV50J-Tg exhibits a peak ΔHrel of 
0.119 kJ/mol (exceeding that of the as-cast sample); ΔHrel of UV75J-Tg 
then decreases to 0.025 kJ/mol. XRD results confirm that all samples 
remain predominantly amorphous (Fig. S4). Notably, nanocrystals were 
observed in UV loading samples—it should be noted that the presence of 

a small amount of these nanocrystals slightly reduces the measured 
relaxation enthalpy value, implying that the theoretical ΔHrel of the 
amorphous matrix after ultrasonic treatment might be higher. Never
theless, the overall quantity of nanocrystals is limited, so their impact on 
the ΔHrel measurement remains negligible. Their TEM characterization 
and influence on catalytic performance will be discussed in subsequent 
sections.

Fig. 2c shows the catalytic performance evolution of samples under 
different UV loading conditions. The black curve (as-cast reference) 
exhibits an η10 of 69.9 mV, while the Tg-3 h sample shows an increased 
η10 of 92.5 mV (significant performance degradation). In contrast, η10 of 
UV25J-Tg decreases to 62.8 mV; at 50 J UV energy, η10 of UV50J-Tg 
further reduces to 47.8 mV (lower than the as-cast sample). However, 
η10 of UV75J-Tg slightly increases to 59.88 mV. Thus, the UV50J-Tg 
sample exhibits the optimal catalytic performance.

Notably, the samples also perform excellently at high current den
sities (Fig. S5): the UV50J-Tg sample requires only 100.8 mV and 127.8 
mV to achieve 100 mA cm− 2 and 200 mA cm− 2, respectively. Tafel slope 
characterization (Fig. S6) further confirms this enhancement: the UV 
loading samples exhibit slopes of 37.23 mV dec− 1 (UV50J-Tg), 42.27 mV 
dec− 1 (UV25J-Tg), and 42.80 mV dec− 1 (UV75J-Tg)—all much lower 
than the as-cast sample (47.88 mV dec− 1) and Tg-3 h sample (56.21 mV 
dec− 1). Lower Tafel slopes indicate more favorable HER kinetics, [57]
confirming that UV loading on aged MGs significantly accelerates HER 
kinetics. HER in alkaline media proceeds via the Volmer step (water 
dissociation), followed by hydrogen recombination through either the 
Heyrovsky or Tafel step. The Tafel slopes of the as-cast, Tg-3 h, and UV 
loading samples are close to 40 mV dec− 1, indicating a Vol
mer–Heyrovsky mechanism with the Heyrovsky step as the rate- 
determining step. [58,59]

Electrochemical impedance spectroscopy (EIS) was conducted to 
elucidate charge transfer behavior (Fig. S7). A standard equivalent cir
cuit (incorporating constant phase elements, series resistance Rs, and 
charge transfer resistance Rct [60]) was used to fit the EIS spectra. The 
UV50J-Tg sample exhibits a small Rs value; more importantly, the 
semicircle diameters of UV25J-Tg, UV50J-Tg, and UV75J-Tg are signif
icantly reduced compared to the as-cast and Tg-3 h samples—indicating 
lower Rct. [61] Smaller semicircles reflect accelerated reaction rates and 
enhanced charge transfer efficiency, confirming that UV loading im
proves catalytic performance by promoting charge transfer.

Fig. 2d summarizes the evolution of η₁₀ and ΔHrel for the Pt/C, as- 
cast, Tg-3 h, and UV loading samples. During annealing, ΔHrel de
creases to 0 kJ/mol after 3 h, while η10 increases to 92.5 mV. After UV 
loading treatment, ΔHrel first increases (peaking at 0.119 kJ/mol for 
UV50J-Tg) and then decreases with further UV energy input; η10 follows 
the inverse trend (minimum 47.8 mV at 50 J, which is lower than 58.5 
MV of Pt/C catalyst). This strong correlation between ΔHrel and η10 
confirms that the intrinsic energy state of MGs significantly regulates 
their catalytic performance.

By comparing the electrochemical surface area (ECSA) normalized 
current density, we found that, at an overpotential of − 70 mV (RHE), the 
specific activity (SA) values (calculated via Eqs. S3–S5, Fig. S8); follow 
the same trend as ΔHrel (results in Fig. 2e and Fig. S9, Table S1). The 
UV50J-Tg sample exhibits the highest SA of 2.48 mA/cm2

metal, repre
senting an 11.7% increase compared to the as-cast sample (2.22 mA/ 
cm2

metal) and a 589% increase compared to the Tg-3 h sample (0.36 mA/ 
cm2

metal). These results confirm that UV loading effectively enhances the 
single-site catalytic activity of MGs.

Notably, annealing reduces the energy state and catalytic efficiency 
of as-cast MGs, while UV loading elevates the energy state of aged MGs 
(even exceeding the as-cast sample) and reduces η10 below the as-cast 
level. This indicates that UV loading enhances the activity of individ
ual active sites by restoring the high-energy state of aged MGs, thereby 
improving overall catalytic performance.

In addition to its exceptional catalytic activity, the UV50J-Tg sample 
exhibits remarkable stability for the HER, as evidenced by the marginal 
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increase in potential over 84 h of continuous operation (Fig. S10). The 
LSV curve exhibits only a slight shift of 4 mV after 80 h, which is sub
stantially lower than the 69.9 mV observed for the as-cast sample.

2.3. Reverse aging of fully aged MGs induced by UV loading

Ultrasonic vibration loading has been proven to rejuvenate amor
phous materials, restoring their energy state to the initial level—a 
phenomenon widely recognized as “rejuvenation” or “reverse aging” in 
the field. [62] This study focuses on elucidating the mechanism under
lying UV loading reverse aging. Fig. S11 shows ΔHrel of aged MGs before 
and after UV loading treatment: the black curve corresponds to the as- 
cast sample; after 3 h of aging, ΔHrel of the aged sample decreases to 
zero (blue curve); the red curve represents ΔHrel of the aged sample after 
50 J UV loading, which significantly increases (even slightly exceeding 
the as-cast sample).

Fig. 3a presents HRTEM images of the as-cast, Tg-3 h, and UV50J-Tg 
samples, along with the electron diffraction intensity of the halo ring in 
their SAED patterns. The halo ring radius increases with aging but de
creases after UV loading. Average atomic spacing (Fig. 3b, c) is inversely 
proportional to the halo ring radius: the Tg-3 h sample exhibits smaller 
atomic spacing than the as-cast sample, indicating a denser amorphous 
structure. Notably, UV loading increases the atomic spacing of the aged 
sample, reverting its amorphous structure to a loosely packed state 
similar to the as-cast sample.

The energy state of MGs is positively correlated with their structural 
disorder—higher disorder corresponds to higher energy. [38] UV 
loading broadens the atomic spacing distribution of MGs, indicating 
increased structural disorder (in contrast to the ordering induced by 
relaxation [42]). Thus, from an atomic structural perspective, UV 
loading effectively reverses the aging of MGs.

The surface atomic activity of MGs significantly influences their 
catalytic performance, with higher energy states generally associated 
with enhanced atomic activity. Nanoindentation was used to analyze the 
modulus distribution of the three samples (a sensitive indicator of 
atomic activity [51]). Modulus maps (as-cast: Fig. 3d; Tg-3 h: Fig. 3e; 
UV50J-Tg: Fig. 3f) and statistical distributions (Fig. 3g) show the 
following modulus order: as-cast < UV50J-Tg < Tg-3 h. This trend is 
consistent with the average atomic spacing (Fig. 3c)—samples with 
larger atomic spacing exhibit lower modulus and hardness (Fig. 3h). 
Compared to the Tg-3 h sample, both the as-cast and UV50J-Tg samples 
show lower elastic modulus distributions (Fig. S12): the maximum 
elastic modulus values are 38 GPa (as-cast), 62 GPa (Tg-3 h), and 42 GPa 
(UV50J-Tg), respectively—consistent with previous reports that these 
two samples possess higher energy and enhanced surface atomic activ
ity. [63] The indentation depths of the three samples under the same 
applied pressure follow the same trend (Fig. 3i), further confirming that 
UV loading elevates the energy state of aged MGs, achieving effective 
rejuvenation.

In MGs, high-energy states are typically accompanied by increased 
flow units (characterized by low atomic packing density and free vol
ume). Free volume are defects characterized by a high-energy state, low 
density, and low modulus, as shown by the orange atom in Fig.S13a. 
[64,65] During annealing, free volume annihilation induces structural 
relaxation toward a lower energy state, resulting in densification and 
increased hardness/modulus (as shown by in Fig. 3h and the blue atom 
in Fig.S13b). However, UV loading introduces “negative flow units” (as 
shown by the green atom in Fig.S13c)—distinct from classical free 
volume-containing flow units—which exhibit higher atomic packing 
density and energy. [66] These negative flow units contain “anti-free 
volume,” as confirmed by high-energy X-ray diffraction41 and colloidal 
system experiments. [67] Thus, although the UV50J-Tg sample main
tains a comparable or even higher energy state than the as-cast sample, 
the simultaneous introduction of free volume and anti-free volume via 
UV loading enables their mutual annihilation, ultimately leading to 
higher hardness and modulus than the as-cast sample.

2.4. Amorphous/crystalline (A/C) composite structures of UV loading 
improve catalytic performance

To investigate the intrinsic reason for the superior catalytic perfor
mance of UV loading samples compared to the as-cast sample, scanning 
electron microscopy (SEM) and TEM characterizations were conducted. 
SEM images (Fig. S14) show that the surface morphology of the Tg-3 h 
sample is similar to the as-cast sample; however, the UV50J-Tg sample 
exhibits a characteristic scaly wrinkle structure. This wrinkle formation 
is attributed to the as-cast preparation process: molten MGs is sprayed 
onto a rapidly rotating copper roller, undergoes rapid solidification, and 
forms bubble-like protrusions. During UV loading, high-frequency vi
bration compresses these protrusions into wrinkles. Elemental mapping 
(Fig. S15) confirms uniform elemental distribution in all three samples, 
with no signs of segregation or aggregation.

Fig. 4a–c present HRTEM images and corresponding Fourier trans
form patterns of the as-cast, Tg-3 h, and UV50J-Tg samples. The as-cast 
sample exhibits a typical amorphous structure (Fig. 4a), while the Tg-3 h 
sample contains a small number of fine nanocrystals (Fig. 4b). Notably, 
the UV50J-Tg sample shows significantly larger nanocrystals (Fig. 4c). 
To quantify nanocrystal size and distribution, TEM images were 
randomly selected from 9 regions (Figs. S16, S17) for statistical analysis 
(Fig. 4d). Compared to the annealed sample (fine, dispersed nano
crystals with an average size of 4.14 ± 2.60 nm), the UV loading sample 
exhibits larger (5.4 ± 2.71 nm), denser, and more abundant nano
crystals—indicating that UV loading promotes nanocrystal growth and 
proliferation in aged MGs.

In addition, we performed quantitative analyses of crystallinity and 
interface density for the Tg-3 h and UV50J-Tg samples, as shown in 
Fig. S18a-b. The crystallinity of UV50J-Tg is 15%, which is significantly 
higher than the 4% observed for Tg-3 h. This result is consistent with the 
trend observed in the statistical analysis of nanocrystal size. Based on 9 
randomly selected TEM regions for each sample (consistent with the 
areas shown in Figs. S16 and S17), we statistically determine the area 
fraction occupied by the crystalline phase (Fig. S18c-d). The results are 
4% for Tg-3 h and 15% for UV50J-Tg, which are in agreement with the 
XRD refinement data. Meanwhile, we have also performed a quantita
tive calculation of the phase interface density based on the same set of 
TEM images. This increase in interface density after UV loading (from 
0.033 nm/nm2 to 0.102 nm/nm2) provides direct evidence that the 
formation of the A/C composite structure, particularly the generation of 
abundant phase interfaces. Energy dispersive spectroscopy (EDS) spec
trum (Fig. 4e) confirms uniform elemental distribution in UV50J-Tg, 
with no segregation or aggregation. These results demonstrate that UV 
loading effectively introduces crystalline phases into the amorphous 
matrix, forming an A/C composite structure.

A/C composite structures integrate the high electrical conductivity 
of crystalline phases and the abundant unsaturated coordination sites of 
amorphous phases—an architecture proven to significantly enhance 
catalytic performance. [68–72] Two key synergistic effects contribute to 
this enhancement: (1) Potential mismatch between crystalline grains 
and the amorphous matrix generates free electrons, accelerating reac
tion rates; [72–74] (2) Abundant phase boundaries and high kinetic 
energy of A/C composites provide more accessible active sites and 
facilitate mass diffusion/charge transfer. [68,75–77]

Combined with the foregoing analysis of ECSA-normalized current 
densities (Fig. S9d), we can now rationalize why the fully aged and 
relaxed sample exhibits markedly improved catalytic performance after 
UV loading—even surpassing that of the pristine as-cast specimen. UV 
loading not only restores the aged sample to its pre-aging high-energy 
state but also enhances the intrinsic activity of active sites through the 
introduction of A/C composite structures. This synergistic effect elevates 
the catalytic performance beyond that of the initial as-cast sample, 
which possesses only a single-phase amorphous structure. To further 
elucidate this mechanism, we conducted theoretical calculations.

The Gibbs free energy of hydrogen adsorption (ΔGH*) is a pivotal 
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Fig. 3. (a) The HRTEM images of the three samples and the electron diffraction intensity of the halo ring in the SAED pattern are shown: the as-cast, the Tg-3 h, and 
the UV50J-Tg. (b) Diffraction ring radius obtained by SAED in (a). (c) Average atomic spacing obtained by diffraction ring radius. (d-f) The dynamic modulus 
mapping of the as-cast, the Tg-3 h, and the UV50J-Tg. (g) Modulus distribution histogram of the as-cast, the Tg-3 h, and the UV50J-Tg. (h) Comparison of the hardness 
and modulus between the as-cast, the Tg-3 h, and the UV50J-Tg. (i) Load-displacement curve for the as-cast, the Tg-3 h and the UV50J-Tg.
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descriptor for HER activity—values approaching the thermoneutral 
point (ΔGH = 0 eV) indicate optimal adsorption-desorption kinetics. 
[78] To elucidate the effect of A/C composite structures on hydrogen 
adsorption energetics, first-principles density functional theory (DFT) 
calculations were performed to compare partially crystalline MGs (A/C- 
MG) and fully amorphous MGs.

As shown in Fig. S19a, the calculated ΔGₕ* values differ significantly 
between the two systems: 0.30 eV for A/C-MG versus 0.59 eV for fully 
amorphous MGs. This 0.29 eV reduction brings hydrogen binding closer 
to the optimal thermodynamic range, confirming that A/C structures 
optimize hydrogen binding through crystalline-amorphous synergy. 
This balanced adsorption-desorption lowers the activation barrier for 
rate-determining steps, enhancing catalytic kinetics.

The optimized H* adsorption on A/C-MG (Fig. S19b) shows a distinct 
charge density distribution that facilitates hydrogen interactions. Dif
ferential charge analysis reveals electron transfer from H* to adjacent Pt 
atoms, weakening H–H bonds and reducing the desorption barrier. A/ 
C-MG's superior performance stems from its hybrid architecture 
(Fig. S19c, d): nanocrystalline regions provide high conductivity and 
defined active sites, while the amorphous matrix offers unsaturated 
coordination sites. This creates a dual-function surface—crystalline 
areas enable fast charge transfer, and amorphous areas increase active 
site density through structural disorder. DFT confirms that partial 
crystallization tunes both electronic structure and hydrogen adsorption 
energy, driving the enhanced HER activity observed experimentally.

To differentiate the contributions of recovered energy state versus 
introduced A/C composite structure, we prepared a control sample 
(0.8Tg-3 h) by thermally treating the as-cast sample at 0.8Tg for 3 h 

without UV loading. This 0.8Tg-3 h exhibits an intermediate energy state 
between the fully amorphous as-cast and fully relaxed Tg-3 h samples 
(Fig. S20a), with a comparable crystalline fraction of ~3% (Fig. S20b). 
The higher-energy-state 0.8Tg-3 h sample shows lower overpotential 
than Tg-3 h (4%) at similar crystalline fraction (Fig. S20c). This further 
corroborates our conclusion that the energy state significantly in
fluences catalytic performance—higher relaxation enthalpy corresponds 
to higher energy state and better catalytic activity. Notably, UV50J-Tg 
possesses a higher energy state than both Tg-3 h and 0.8Tg-3 h, with 
correspondingly superior catalytic performance, confirming that energy 
state recovery via UV loading contributes to the enhanced catalytic 
activity.

Furthermore, comparison between as-cast and UV50J-Tg at equiva
lent energy states (Fig. S20a and c) reveals that UV50J-Tg (crystalline 
fraction: 14%) exhibits lower overpotential than the single-phase 
amorphous as-cast sample (0%). This directly validates that A/C com
posite structure introduction additionally enhances catalytic 
performance.

In summary, UV loading treatment enhances catalytic performance 
through the synergistic contribution of two factors: (i) reversal of aging 
and recovery of high energy state, and (ii) introduction of A/C com
posite structure. This synergistic mechanism transforms the fully aged/ 
relaxed low-energy-state sample into a high-performance catalyst.

2.5. The application of UV loading strategy for Pd-MGs

To verify the general applicability of the UV loading strategy, Pd- 
based MGs (Pd-MG) were further investigated. The energy state 

Fig. 4. The HRTEM images of the as-cast (a), Tg-3 h (b), and UV50J-Tg (c), along with their corresponding Fourier transform images. (d) The distribution and size of 
the nanocrystals of Tg-3 h sample and UV50J-Tg sample. (e) The EDS of UV50J-Tg sample.
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evolution of Pd-MG is consistent with Pt-MG: aging reduces the energy 
state, while UV loading restores it (Fig. S21a). Specifically, after 
annealing, the ΔHrel of Pd-MG decreases from 0.531 kJ/mol to 0.158 kJ/ 
mol (Pd-MG-Tg); UV loading recovers ΔHrel to 0.319 kJ/mol (Pd-MG- Tg- 
UV).

Under identical experimental conditions, the HER activity trend of 
Pd-MG mirrors its energy state evolution (Fig. S21b). After annealing, 
η10 of Pd-MG increases from 87 mV to 106.9 mV (Pd-MG-Tg); UV loading 
reduces η10 to 67.0 mV (Pd-MG-Tg-UV)—representing a 39.9 mV 
reduction compared to Pd-MG-Tg and a 20.7 mV reduction compared to 
pristine Pd-MG. Tafel slope characterization (Fig. S21c) confirms this 
enhancement: the slope increases from 90.55 mV dec− 1 (Pd-MG) to 
98.62 mV dec− 1 (Pd-MG-Tg) after annealing, and decreases to 78.65 mV 
dec− 1 after UV loading (Pd-MG-Tg-UV).

At an overpotential of − 70 mV (RHE), the SA value of Pd-MG sam
ples (Fig. S21d, calculated via Figs. S22, S23) follows the same trend as 
η10 (Fig. S21b). The Pd-MG-Tg-UV sample exhibits the highest SA of 
1.04 mA/cm2

metal—1.31 times higher than pristine Pd-MG (0.45 mA/ 
cm2

metal) and 2.25 times higher than Pd-MG-Tg (0.32 mA//cm2
metal). This 

confirms that the UV loading strategy effectively enhances the single- 
site catalytic activity of Pd-MG.

In conclusion, the UV loading strategy exhibits broad applicability, 
being effective for both Pt-based and Pd-based MGs.

2.6. Investigating the effect of UV loading on the catalytic properties of 
MGs

Figs. 3 and 4 illustrate the reverse aging process and the associated 
enhancement in catalytic performance achieved through the UV loading 
strategy. These intriguing phenomena are analyzed and interpreted 
within the framework of the potential energy landscape (PEL) theory, as 
shown in Fig. 5. The PEL illustrates the potential energy minima/ 

metabasins associated with various configurations. The deepest energy 
minima correspond to stabilized crystalline phases, while the shallower 
minima represent metastable glassy states. [79]

As-cast MGs are formed through the rapid cooling of the melt, during 
which deep and narrow potential energy pits are easily bypassed due to 
the fast cooling rate, trapping the material in a relatively high-energy 
metastable state (black dot in Fig. 5). During the annealing process at 
Tg, atomic mobility increases, allowing the as-cast MGs to transition 
toward a more thermodynamically stable state by moving to lower- 
energy basins in the PEL. With sufficient aging time (3 h in this 
study), the energy state of the aged MGs reaches a relatively low level 
(blue dot labeled “Fully Aged” in Fig. 5), resulting in the disappearance 
of the exothermic peak in the DSC curve (blue curve for Tg-3 h sample). 
The reduction in energy is accompanied by an increase in surface 
modulus (Fig. 3h), suggesting a decrease in surface atomic activity. This 
reduction in surface atomic activity leads to a decline in the catalytic 
activity of individual active sites and an increase in overpotential, ulti
mately resulting in diminished overall catalytic performance.

Interestingly, application of UV loading can excite the system from 
the low-energy state after aging to a higher energy state by imparting 
mechanical energy, driving atomic rearrangement and jumping to 
higher-energy metastable basins (red dot labeled “Reverse Aging” in 
Fig. 5). This energy elevation reduces the hardness and modulus to levels 
comparable to those of the as-cast sample (Fig. 3h) and induces the 
reappearance of the exothermic peak (red curve for UV50J-Tg sample in 
Fig. 5). These changes enhance the catalytic activity of samples.

Notably, compared with the as-cast sample possessing a single 
amorphous structure, the UV loading sample (UV50J-Tg) exhibits a 
higher proportion of A/C composite structure (see Figs. 4 and S18). 
Concurrently, its specific activity (SA) is 11.7% higher than that of the 
as-cast sample, with a lower overpotential as well (see Figs. 2d and e). 
This finding effectively precludes the possibility that the catalytic 

Fig. 5. Explain the annealing process of MGs and UV loading -induced reverse aging, as well as the relationship with catalytic performance. The diagram of the 
leftmost orange background is Schematic diagram of the potential energy landscape of MGs. The change in the energy state of MGs during aging (blue arrows). The 
change in the energy state of aged MGs during UV loading (red arrow). The histogram in the middle is the SA value of the as-cast sample, Tg-3 h sample and UV50J-Tg 
sample, and the corresponding overpotential change. The three illustrations below are the DSC curves of MGs.
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enhancement of UV50J-Tg arises solely from aging reversal and energy 
state recovery. Rather, it provides direct evidence that UV irradiation 
not only restores the fully relaxed sample to its pre-aging energetic state, 
but also introduces A/C composite structure. Through the synergistic 
effect of the high conductivity of the crystalline phase and the abundant 
active sites in the amorphous phase, the intrinsic activity of active sites is 
further enhanced, thereby achieving superior catalytic performance 
compared to the pristine as-cast sample.

To further highlight the superiority of the UV loading samples, the η₁₀ 
and Tafel slope of UV50J-Tg for HER were compared with those of 
various electrocatalysts documented in the literature, including Pt- 
based, Ag-based, Pd-based, Rh-based, and Ir-based metals. The 
detailed comparison is presented in Fig. S24 and Table S2. It was found 
that UV50J-Tg exhibits lower overpotentials for HER in alkaline media 
and demonstrates exceptional catalytic performance among the 
compared materials. This underscores the great potential of UV loading 
MGs as high-performance catalysts in electrolytic systems.

3. Conclusions

This work develops an UV loading strategy to address catalytic 
degradation of fully aged MGs. UV loading reverses structural relaxa
tion, restoring MGs' high-energy state (ΔHrel up to 0.119 kJ/mol) and 
inducing nanocrystal formation, constructing amorphous/crystalline 
dual-phase structures. These effects synergistically boost HER perfor
mance, with UV50J-Tg showing η₁₀ of 47.8 mV (lower than aged and as- 
cast MGs). Notably, this strategy works for both Pt- and Pd-MGs, offering 
a versatile tool to regulate MGs surface energy and paving new ways for 
designing high-performance amorphous catalysts.
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