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a b s t r a c t 

In the present work, a multi-element nanoglass (m-NG) of FeCoCrMoCBY is obtained first time by the

laser ablation combined with inert gas condensation (laser-IGC) technique. Compared with the con- 

ventional rapid-quenched metallic glass (MG) with identical composition, the Fe-based m-NG demon- 

strates a superior performance as a self-supported electrocatalyst for hydrogen evolution reaction (HER)

in acidic solution. The enhanced HER activity of m-NG is proposed to be closely related to its high en- 

ergy states, which is originated from the unique inhomogeneous nanostructures with a high density of

low-coordinated atoms. Additionally, the Fe-based m-NG exhibits an outstanding comprehensive catalytic

performance even beyond the commercial Pt/C catalyst in long-term test due to its self-optimization abil- 

ity. This work not only opens the way to the preparation of m-NGs by the novel laser-IGC technique, but

also makes a great contribution to developing low-cost, high-efficient, and super-durable HER electrocat- 

alysts in acidic environment.
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. Introduction

Acidic water electrolysis is a well-matured technique for hydro- 

en production due to the high current densities, high voltage ef- 

ciency, and rapid responses compared with the alkaline methods 

1–3] . However, the harsh corrosive environment requires efficient 

atalysts with the capabilities to resist acidic corrosion and sustain 

arge current densities. Only some noble metals such as Pt, Ir, and 

u, have been successfully applied in industrial production. As the 

carcest elements in the world, the high price and large consump- 

ion of noble catalysts restrict the widespread utilization of this 

echnology, leading to a critical demand for acidic electrocatalysts 

onsisting of earth-abundant elements [ 4 , 5 ]. 

Metallic glasses (MGs), as a category of metastable materi- 

ls with amorphous structures, possess superior properties to the 

rystalline counterparts, especially for electrochemical catalysis. 

he high energy states [6–8] and chemically isotropic microstruc- 

ures [ 9 , 10 ] strengthen the catalytic capability and corrosion resis- 

ance of MG compared with the corresponding crystalline alloys. 

onsequently, the MGs have been suggested as high-performance 
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atalysts and attracted considerable attention recently. For exam- 

le, MGs with the composition of Ni 40 Fe 40 P 20 [7] , Fe 40 Co 40 P 13 C 7 

11] , and Pd 40 Ni 10 Cu 30 P 20 [12] exhibited outstanding performances

n hydrogen evolution reaction (HER) and oxygen evolution reac- 

ion (OER). Fe-based MGs like Fe 78 Si 9 B 13 [13] were proven to have 

xcellent catalytic properties in wastewater remediation involving 

xidative degradation of organic pollutants. The Pt- and Pd-based 

Gs with outstanding corrosion resistance and high conductivity 

resented superior catalytic performances in methanol and ethanol 

xidation reactions [14–16] . 

Although MGs exhibit great potential for electrochemical catal- 

sis, it remains a big challenge to furtherly enhance the activity 

nd durability of MG electrocatalysts for practical applications. It 

s well known that inhomogeneous defects such as steps, kinks, 

nd edges are significant for crystalline catalysts [17] . Tailoring the 

efects through defect engineering methods, such as etching, dop- 

ng, dealloying, and ion intercalation, has been recognized as a uni- 

ersal strategy to optimize the performance of crystalline electro- 

atalysts. For example, vapor phase and electrochemical dealloying 

ethods have been widely utilized in fabricating high-performance 

orous electrocatalysts for water splitting [ 18 , 19 ]. However, owing 

o the long-range homogeneous amorphous structures, it is dif- 

cult to introduce “defects”, like grain boundary in crystals, into 

he amorphous matrix using post-treatment processes. Numerous 
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trategies, such as severe plastic deformation [ 20,  21 ], ion irradia-

ion [22],  and cryogenic thermal cycling [23],  have been thoroughl

tudied to overcome this barrier in recent years. For example, high- 

ressure torsion has been applied on MG ribbons with composi- 

ions of Pd 40 Ni 10 Cu 30 P 20 [24] and Fe 78 Si 9 B 13 [ 25,  26]  to introduce

nternally defective structures, leading to the enhancement of HER 

nd OER activity, respectively. However, these methods still face 

any problems such as small sample size, high energy consump- 

ion, and possible crystallization, limiting the widespread fabrica- 

ion and utilization. 

In order to resolve this challenge, a novel bottom-up method 

as been developed to synthesize MG with endogenously inhomo- 

eneous nanostructures, which is named as nanoglass (NG). NGs 

onsist of amorphous nanometer-sized grains connected by inter- 

aces (called glass/glass interfaces), introducing significant hetero- 

eneity into the isotropic amorphous architecture [27–29] . Com- 

ared with the rapid-quenched MG analogues, NGs possess loosely 

acked interfacial regions with a larger amount of low-coordinated 

toms and higher energy states [30] , resulting in superior me- 

hanical [31] , biochemical [32] , magnetic [33] , and electrochemical 

roperties [ 34 , 35 ]. Nevertheless, most of the NGs extensively stud- 

ed are binary or ternary alloy systems. Owing to the restriction 

f synthesis methods, the bulk NGs consisting of over 5 elements 

ave not been systematically researched, which probably have bet- 

er catalytic performances due to the synergistic effect of the com- 

lex elements. 

Here, we first report a multi-element nanoglass (m-NG) of Fe- 

oCrMoCBY synthesized by combining laser ablation and inert gas 

ondensation methods (Laser-IGC). As a new kind of self-supported 

lectrocatalyst with non-noble elements, the Fe-based m-NG ex- 

ibits promising electrochemical activity in acidic HER tests com- 

ared with the rapid-quenched MG counterparts. Furthermore, a 

elf-optimization behavior is observed in the m-NG during the 

urability test, resulting in prominent comprehensive HER perfor- 

ances even surpassing commercial Pt/C catalyst. This work not 

nly provides a novel strategy to significantly improve the catalytic 

roperties by introducing inhomogeneous nanostructures into MGs 

ut also reveals the correlation between energy states and electro- 

atalytic activity of m-NGs. 

. Materials and methods

.1. Materials synthesis 

FeCoCrMoCBY m-NG samples were fabricated by the Laser- 

GC technique. Detailed information on the laser-IGC system 

nd the preparation process is described in Ref. [36] . The 

e 41 Co 7 Cr 14 Mo 15 C 15 B 6 Y 2 (at%) amorphous alloy was selected as the

arget material, which is reported to have the good glass-forming 

bility [37] . The MG target was prepared by arc-melting a mixture 

f high-purity chemicals and then drop-casting into a copper mold. 

uring the powder production process, the atoms of the target 

ere evaporated by a laser beam and eventually coagulated into 

ano-sized amorphous particles by colliding with He atoms. Disk- 

haped m-NG samples (10 mm in diameter and 200 μm in thick- 

ess) were formed by in-situ consolidating the powder at 500 MPa 

nd then at 5 GPa for 3 min. The MG samples with the same com-

osition m-NG were synthesized by arc-melting and drop casting 

s well. The photographs of as-prepared m-NG and MG samples 

re demonstrated in Fig. S1 in the Supplementary Material. 

.2. Characterization 

The X-ray diffraction (XRD) was performed using a Bruker- 

XS D8 Advance X-ray diffractometer (Cu K α). The microscopic 
raphs, energy-dispersive X-ray spectroscopy (EDS) images, and se- 

ected area electron diffraction (SAED) patterns were obtained by 

EI Talos F200S G2 transmission electron microscope (TEM). The 

hermograph was measured with a Netzsch DSC 404 F3 high- 

emperature differential scanning calorimeter (DSC). A CS600 Car- 

on/Sulfur Determinator was applied to confirm the concentra- 

ion of C, while other elements were measured by Agilent 725 

CP-OES system. X-ray photoelectron spectroscopy (XPS) tests were 

onducted using a Thermo Scientific K-Alpha XPS system with a 

onochromatic Al K α X-ray source. The Brunauer–Emmett–Teller 

BET) test was performed using a Quantachrome Autosorb IQ2 

dvanced micropore size and chemisorption analyzer. The micro- 

raphs of surface morphology and the EDS images were mea- 

ured using a Zeiss Sigma500 field emission scanning electronic 

icroscope (SEM). 

.3. Electrochemical measurements 

All the electrochemical measurements were carried out us- 

ng a CHI600E electrochemical workstation with a standard three- 

lectrode system in 0.5 M H 2 SO 4 . A saturated calomel electrode 

nd a carbon plate (size 20 mm × 20 mm × 1 mm) were ap- 

lied as reference and counter electrodes respectively. In order to 

void the disruption caused by the dissolution of the carbon elec- 

rode, a two-compartment electrolysis cell and N117 Nafion mem- 

ranes were used to separate the electrodes. All the potentials pre- 

ented here were referenced to the reversible hydrogen electrode 

RHE) for compensating the solution resistance using the equation 

f E (vs RHE) = E ( vs SCE) + 0.059 × pH + 245 mV- IR s , where I is

he working current and R s is the electrolyte resistance measured 

y the electrochemical workstation. To prepare the working elec- 

rodes, 20 wt% Pt/C (5 mg) and FeCoCrMoCBY nanoparticles (5 mg) 

ere dispersed respectively in the mixture of ethanol (980 μL) and 

 wt.% nafion solution (20 μL). 10 μL of both catalyst inks were 

oaded onto the φ 5 mm glassy carbon electrodes respectively. In 

ddition, the bulk FeCoCrMoCBY m-NG and MG plates were cut 

nto a size of 5 mm × 10 mm × 0.2 mm and fixed on the elec-

rodes using conductive silver adhesive and Teflon paints respec- 

ively. 

. Result and discussion

Fig. 1 is the schematic diagram of the synthesis route of Fe- 

oCrMoCBY m-NG. A FeCoCrMoCBY MG target is evaporated by 

 pulsed laser and coagulated into nanoparticles in a helium at- 

osphere. Then the amorphous nano-powder is consolidated into 

ulk sample using the in-situ compression system. This process en- 

ows the m-NG with unique inhomogeneous nanostructures, as il- 

ustrated in the center blue circle of Fig. 1 (structure details will 

e discussed later). 

As shown in Fig. 2 (a), both XRD patterns of the initial Fe- 

oCrMoCBY m-NG and the corresponding MG have distinctive halo 

eaks without prominent crystalline peaks, indicating their amor- 

hous structure. The annealed states of both m-NG and MG spec- 

mens will be discussed later. DSC thermographs of the Fe-based 

-NG and MG samples were measured at a heating rate of 20 K

in 

–1 , as shown in Fig. 2 (b). The glass transition temperature ( T g )

nd the onset temperature of crystallization ( T x ) of MG are 825 K

nd 868 K, respectively. In contrast, the m-NG exhibits a higher

 x of 907 K, while the glass transition in the m-NG is not as pro-

ounced as the MG. In addition, the DSC curve of m-NG demon- 

trates an obvious exothermic signal ranging from 377 K to 573 K

nd a continuous exothermal behavior below the T x , indicating

hat the m-NG goes through a structural relaxation during this

emperature range, while no similar behavior is observed in MG.

he relaxation represents the atomic diffusion and rearrangement



Fig. 1. Schematic illustration of the fabrication process of the FeCoCrMoCBY m-NG.
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rocesses, implying amounts of loosely packed regions, i.e., free 

olume, existing in m-NG. These results indicate that the Fe-based 

-NG is in a higher energy state and then structure relaxation can

e easily stimulated by thermal energy [38] .

Therefore, both the m-NG and the corresponding MG specimens 

re annealed at 573 K for 2 h. The XRD patterns indicate that both 

-NG and MG specimens remain amorphous structures after the

nnealing without obvious crystallization peaks, further confirming

hat the thermal signal of m-NG in DSC corresponds with relax- 

tion instead of crystallization. TEM was performed to character- 

ze the microstructure of the m-NG samples before and after an- 

ealing. Spherical glassy cores (dark regions) and their interfaces

light regions) originated from in-situ compression of nanoparti- 

les are manifested in Fig. 2 (c). High-resolution TEM images in 

ig. 2 (d) demonstrate that both core and interfacial parts exhibit 

ypically maze-like amorphous atomic structure. The SAED pat- 

ern in Fig. 2 (f) shows broad diffraction rings, demonstrating the 

morphous structure of m-NG. After the low-temperature anneal- 

ng, the micrograph of the annealed m-NG still remains the unique 

anostructure with pronounced glass-glass interfaces in Fig. 2 (e). 

eanwhile, the amorphous structure of the annealed m-NG further 

emonstrates that the atomic diffusion and rearrangement pro- 

esses, instead of devitrification, occur in the temperature range 

ith an exothermic signal in DSC, implying that the m-NG is in a 

igh energy state. 

Fast Fourier Transformation (FFT) was applied on the core and 

nterfacial regions in the micrographs of initial and annealed m- 

G samples respectively (Fig. S2). The intensity of FFT images is 

ntegrated using the Process Diffraction program [39] for detailed 

omparison. As illustrated in Fig. 2 (g), the profiles of core regions 
isplay pronounced peaks at a Q value of 28 nm 

–1 , which is absent

n that of interfaces, indicating that the local atoms in the glassy 

ores are more ordered than that in the interfaces [ 40 , 41 ]. At larger

 values (about 40–70 nm 

–1 ), the diffraction intensity of initial 

ores is higher than that of both interfaces and annealed cores, im- 

lying that the inter-atomic distance in cores is shorter than inter- 

aces and slightly expanded during the relaxation. Additionally, the 

urve of annealed interfaces exhibits a hump (marked by an arrow) 

t the same Q value range, indicating that the average distance be- 

ween the annealed interfacial atoms is shorter than that in the 

nitial one [ 40 , 42 ]. These results demonstrate that the inter-atomic 

istances in different regions are homogenized and the atomic dis- 

ribution in short ranges becomes more ordered during the anneal- 

ng. The excess free volume initially localized in the glass/glass in- 

erfaces spreads out into the cores and annihilates due to the vari- 

tion of atomic spacing, meanwhile combining with the decline of 

nergy state [ 27 , 43 ]. 

The high-angle annual dark field (HAADF) TEM image of as- 

repared Fe-based m-NG is shown in Fig. 3 (a). The alternating 

ark and bright domains in Fig. 3 (a) indicate the inhomogeneity 

f atomic packing density distributed on a nanometer scale [44] . 

he energy-dispersive X-ray spectroscopy (EDS) mapping images 

n Fig. 3 (b–h) demonstrate the distribution of different elements. 

he (Fe, Cr, Co)-rich, and Mo-rich spherical regions are manifested 

n the images of Fe, Co, Cr, and Mo in Fig. 3 (b–e) respectively.

he segregation of Y atoms in the interfacial regions around the 

ores is observed in Fig. 3 (f). The distribution of C and B atoms 

 Fig. 3 (g, h)) appears more homogeneous than the other metallic 

lements. For comparison, the chemical distribution after anneal- 

ng is illustrated in Fig. S3. The segregation of different elements is 



Fig. 2. (a) XRD patterns of the FeCoCrMoCBY m-NG and corresponding MG samples before and after annealing at 573 K for 2 h; (b) DSC curves of the m-NG and MG with a

heating rate of 20 K min –1 ; (c) TEM images of the m-NG sample; (d) high-resolution TEM (HRTEM) image of the m-NG and (e) the annealed samples; (f) the SAED pattern

of the m-NG sample; (g) the diffraction patterns obtained by intergrading the intensity of different FFT images.
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lmost the same as the initial one without any obvious homoge- 

ization. Since 573 K is not high enough for long-distance atomic 

iffusion and phase transformation, the rearrangement of atoms is 

ocalized in the form of varying atomic spacing and short-range or- 

ering, leading to the delocalization of the free volume mentioned 

bove. The composition of the Fe-based m-NG sample was mea- 

ured by combining the ICP-OES and inorganic carbon determina- 

ion. Compared with the designed target, the m-NG sample has a 

imilar composition with less B, Mo, Fe, and more other elements, 

s shown in Table S1. 

A prominent HER performance is observed in the as-prepared 

e-based m-NG samples measured in 0.5 M H 2 SO 4 . The details of 

lectrochemical characterization are presented in the experimental 

ection. Linear sweep voltammetry (LSV) was studied with a scan 

ate of 5 mV s –1 on MG, m-NG, and its precursor nanoparticles. 

ccording to the polarization curves illustrated in Fig. 4 (a), the MG 

lectrodes exhibit sluggish responses to the increasing potential. 

owever, the m-NG exhibits a rapidly increasing electrolyzation 

urrent at a much smaller overpotential. The overpotential of m- 

G at a current density of 10, 50, and 100 mA cm 

–2 is 62, 152, and
78 mV, respectively, while that of the corresponding MG needs 

uch higher values of 340, 416, and 468 mV, respectively. This 

henomenon indicates that the HER catalytic activity of m-NG is 

uperior to MG in acidic solution. Additionally, the LSV profile of 

he precursor nanoparticles exhibits a moderate catalytic activity 

ith an overpotential of 381 mV at 100 mA cm 

–2 in the same cir- 

umstance, implying that the high performance of m-NG originates 

rom its special nanostructure rather than the large surface area of 

anoparticles. 

After 2-hour annealing at 573 K, the polarization curves demon- 

trate a severe decline in the catalytic efficiency of m-NG in 

ig. 4 (b), which can be attributed to the structural relaxation- 

nduced energy reduction mentioned above. The overpotential 

riving a negative current density of 100 mA cm 

–2 increases from 

78 to 378 mV after annealing. For the MG samples, the negative 

otential only slightly changes from 468 to 483 mV at 100 mA 

m 

–2 . To render a deeper insight into the electrocatalytic pro- 

ess, electrochemical impedance spectroscopy (EIS) tests were per- 

ormed at the open circuit potential from 100 kHz to 0.01 Hz in the 

.5 M H SO solution. The Nyquist plots of m-NG and correspond- 
2 4 



Fig. 3. The chemical distribution of as-prepared FeCoCrMoCBY m-NG. (a) HAADF-STEM image; (b–h) the EDS-mapping images of Fe, Co, Cr, Mo, Y, C, and B elements.

Fig. 4. (a) Polarization curves of MG, m-NG, and corresponding nanoparticles; (b) Polarization curves of m-NG and MG measured before and after annealing; (c) EIS plots

for m-NG (insert) and MG measure before and after annealing; (d) the C dl of m-NG extracted from the curves of current density ( �J /2) vs scan rate.
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ng MG in Fig. 4 (c) were fitted using equivalent circuit models il- 

ustrated in Fig. S4. According to the fitting parameters in Table S2, 

he charge transfer resistance ( R ct ) of m-NG is much smaller than 

hat of MG. The small value of R ct indicates a rapid electron trans- 

ort process and enhanced catalytic kinetics, leading to the better 

ER performance of m-NG. Besides, the R ct of m-NG increases over 

0 times after annealing at 573 K for 2 h, indicating a serious de- 
erioration of electron transportation and catalytic kinetics, which 

s consistent with the decline of HER activity observed in annealed 

-NG.

The electrochemical surface area (ECSA) of the initial and an- 

ealed specimens was evaluated according to the double-layer ca- 

acitance ( C dl ) values measured by cyclic voltammetry (CV) curves 

t different scan rates (Fig. S5), due to the linear proportionality 
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etween C dl and ECSA. As shown in Fig. 4 (d), the calculated C dl 

alue of m-NG is 496 mF cm 

–2,  which is obviously higher than

hat of MG shown in Fig. S6, representing a considerably larger 

CSA value of m-NG. After annealing, the C dl of annealed m-NG 

educes to 46 mF cm 

–2,  which is less than 10% of that of m-NG
hile that of the C dl of annealed MG remains almost unchanged 

ompared with MG. This different behavior between m-NG and 

G after annealing represents different structure evolution dur- 

ng annealing, i.e., more free volume annihilation and low coor- 

inated sites disappearance in m-NG, which is consistent with the 

bvious deterioration of HER performance of annealed m-NG. To 

nderstand the probable effect of geometrical surface area on C dl, 
he specific surface area of m-NG was determined by the nitrogen 

dsorption/desorption isotherm plots. As illustrated in Fig. S7, the

urface area of m-NG is 5.04 m 

2 g –1 initially and 6.18 m 

2 g –1 after 

nnealing. Additionally, the pore size distributions of m-NG stay 

lmost the same (Fig. S8), while the specific surface areas become 

ven slightly larger after annealing. Therefore, the decline of ECSA 

s not caused by the variation of geometrical surface area, which 

an be attributed to the thermal relaxation, structural homogeniza- 

ion and combined with the amount of low coordinated sites de- 

line mentioned above. It demonstrates the high energy state de- 

ived from the heterogeneous nanostructure makes a great contri- 

ution to the upgraded HER performance of m-NG compared with 

he annealed one. 

In the long-term characterization, m-NG exhibits prominent 

omprehensive HER performance even better than the commercial 

t/C catalyst. As illustrated in Fig. 5 (a), durability tests of m-NG, 

G, and commercial Pt/C catalysts were carried out by means of 

hronopotentiometry measurement at a constant current density 

f 50 mA cm 

–2 for 120 h. The overpotential of m-NG decreases 

bviously from 140 mV to 125 mV at first and then continuously 

eclines with a small slope during the following long-term test. On 

he contrary, the overpotentials of MG and commercial Pt/C cata- 

ysts increase rapidly in the first 20 h and then keep rising over 

he whole measurement. In only 7.5 h, the overpotential of Pt/C 

as becoming higher than that of m-NG, representing that the HER 

ctivity of m-NG surpasses that of Pt/C during the durability test. 

fter the chronopotentiometry test, the overpotential of m-NG at 

00 mA cm 

–2 decreases from 178 to 146 mV, implying that the ac- 

ivity of the m-NG is somehow self-improved. 

As illustrated in Fig. 5 (b), the LSV curves of m-NG shift toward 

he direction of smaller negative potential with the increasing cir- 

les of CV tests. In contrast, the LSV curves of MG and commercial 

t/C show an opposite trend in Fig. 5 (c, d). The overpotential of m-

G driving the current density of j = 100 mA cm 

–2 declines from 

78 to 169, 161, and 154 mV after 10 0 0, 50 0 0, and 10 0 0 0 times of

V cycles in the range of –0.1 V to –0.4 V (vs RHE), while that of

G increases from 468 to 492, 503, and 524 mV under the same 

ircumstance. LSV after 120 h chronopotentiometry test was also 

onducted, it is inspiring that the overpotential of m-NG is low to 

46 mV at 100 mA cm 

–2 much smaller than 360 mV of commer- 

ial Pt/C. The overpotentials of all the different sam ples at j = 10, 

0, and 100 mA cm 

–2 are listed in Table S3. Both CV circles and

hronopotentiometry tests demonstrate the superior durability and 

nique self-optimization capability of m-NG. 

The Tafel plots are demonstrated in Fig. 5 (e). As an intrin- 

ic characteristic of electrocatalysts, the Tafel slope can be calcu- 

ated by fitting the faradic reaction parts of the LSV curves with 

he Tafel equation, η = βlog j + α, where η is the overpoten- 

ial, j is the current density, and β is the Tafel slope. As demon- 

trated in Fig. 5 (e), the Tafel slope of m-NG is 37 mV dec –1 ini-

ially and then declines to 30 mV dec –1 after the durability test, 

mplying that the hydrogen generation process on the surface of 

-NG probably corresponds to the Volmer–Heyrovsky mechanism.

oreover, the Tafel slopes of MG and Pt/C have initial values of
2 mV dec –1 and 19 mV dec –1 and then increase to 104 mV 

ec –1 and 65 mV dec –1 after the long-term reaction, respectively, 

onsisting of the decline of their HER activity. Therefore, the m- 

G specimens have robust HER performance and higher reactivity 

han the other specimens after 120 h, implying excellent durability 

nd significant self-optimization ability in acidic solution, which 

s absent in corresponding MG and commercial Pt/C catalysts. It 

s worth noting that the prominent HER performance of the non- 

recious element m-NG is among the group of state-of-the-art cat- 

lysts, especially after the long-period durability test ( Fig. 5 (f) and 

able S6). 

To investigate the origin of the outstanding durability of m-NG, 

EM was carried out to characterize the surface morphology be- 

ore and after the durability test. As illustrated in Fig. 6 (a, b), the

urface of MG almost remains unchanged after the long-term reac- 

ion, while the m-NG forms a nanoporous structure on the surface. 

he cross-section images in Fig. 6 (c) reveal the nanoporous layer 

ith a thickness of approximately 36 μm. The detailed morphol- 

gy is illustrated in a cross-section SEM micrograph with higher 

esolution in Fig. S9. The EDS was also carried out on both m- 

G and MG samples to characterize the overall composition before 

nd after the long-term reactions. Considering that the concentra- 

ion of C is probably disturbed by the adventitious contaminants 

nd B is hardly recognized in the spectrum, the concentration of 

he other 5 metallic elements are listed in Table S4 along with the 

DS spectrum illustrated in Fig. S10. The initial composition of m- 

G and MG is close to the design values. After the reaction, the 

omposition of MG stays almost the same as the initial one, consis- 

ent with the micrograph in Fig. 6 (a). However, the m-NG exhibits 

 sharp decline in the concentration of Fe and Y elements, while 

hat of Mo increases evidently compared to the initial value. This 

ehavior indicates a selective dissolution of specific elements. The 

toms in m-NG have anisotropic chemical states due to the hetero- 

eneous structure, resulting in the various leaching rates of differ- 

nt elements and the formation of galvanic cells, which can accel- 

rate the dealloying process on the surface [45] . Besides, the glass- 

lass interfaces can serve as the preferential corrosion sites due 

o the high energy state mentioned above, leading to the unique 

anoporous surface morphology. The XRD pattern measured after 

 120-h reaction as shown in Fig. S11 exhibits sharp devitrifica- 

ion peaks, matching with (111), (200), and (220) crystal planes 

f face-centered cubic (FCC) Fe phase. This phenomenon is prob- 

bly caused by the long-term dealloying process in acidic solution, 

hich destroys the amorphous structure and generates crystalline 

hases on the surface of m-NG [46–48] . In order to clarify the ef- 

ects of crystallization behaviors on HER reactivity, both m-NG and 

G samples were annealed to 1073 K for 30 min. As illustrated 

n Fig. S12, both crystallized samples exhibit deteriorated perfor- 

ances, especially for the m-NG, the overpotential driving the cur- 

ent density of j = 100 mA cm 

–2 increases from 178 to 235 mV. 

his phenomenon suggests that the enhanced catalytic activity of 

-NG in long-term reaction is probably not originated from the

rystallites on the surface. The dealloying reaction promotes the

xposure and utilization of more active sites owing to the enlarged

urface areas, corresponding with the self-optimization behavior of

-NG shown in the long-period durability tests. In contrast, the

G is uniformly corroded during the long-term reaction owing to

he relatively homogeneous structure originating from the rapid- 

uenching process. 

XPS measurements were performed on the initial and after-HER 

pecimens to investigate the chemical state of the catalysis surfaces 

f m-NG and MG. The high-resolution spectrum of Fe 2p, Cr 2p, Mo 

d, Co 2p, O 1s, and C 1s are demonstrated in Fig. 6 (d–i), while

he binding energy of main deconvolution peaks are listed in Table 

5. As for the MG, the relative intensity of Fe 0 , Cr 0 , Co 0 , and Mo 0 

eaks increases after the reaction along with the negative shift of 



Fig. 5. (a) Time-dependent potential (vs. RHE) plots of m-NG, MG, and commercial Pt/C catalysts; (b–d) Polarization curves of m-NG, MG, and commercial Pt/C measured

after different CV circles and durability test; (e) Tafel plots of MG, m-NG, and Pt/C measured before and after durability tests; (f) Tafel slop vs overpotential at 100 mA cm 

–2

for more than 40 kinds of catalysts (e.g., Ni-, Mo-, Co-based catalysts, etc.) for acidic HER.
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he spectrum, implying the reduction of metal oxides on the sur- 

ace of MG, which is in agreement with the decline of metal oxide 

eak shown in O 1s spectra. The plots of m-NG display a relative 

ecline in the Fe 0 , Co 0 , Cr 0 , and Mo 0 peaks, along with enhanced

e 2 + , Fe 3 + , Co 2 + , Cr 3 + , and Mo 6 + peaks. This variation implies that

he metallic elements in m-NG were oxidized during the hydrogen 

eneration process, which is beneficial for upgrading the reactivity. 

he O 1s plots of m-NG also exhibit an enhancement on the metal 

xides peak, which is in agreement with the variations of other 

etallic elements. 

As a consequence, the comprehensive enhancement of the cat- 

lytic performances of m-NG can be attributed to the unique 

anostructures which is similar to the defects in crystalline cat- 
lysts. Heterogeneous defects such as steps, kinks, and edges are 

sually more reactive than the flat surface [49–51] . Defects could 

reak the periodic structure and modulate the surface electronic 

tructures and energy states by redistributing the localized elec- 

rons, leading to the modification of adsorption and activation en- 

rgy [52] . This endows the atoms in defect sites with preferen- 

ial adsorption/desorption capability of specific molecules and ions. 

ccording to the principles of catalysis, the rate of reactions in- 

olving several adsorption species or multistep reactions is closely 

ssociated with the most difficult adsorption or desorption pro- 

ess. It is consequently possible to manipulate the reaction rates 

y altering the energy states and electron structures of the defect 

ites on the surfaces [53–55] . Additionally, the defect sites with a 



Fig. 6. SEM micrographs and XPS spectra of m-NG and MG samples: (a, b) the high-resolution images of surface morphologies obtained before and after the durability test;

(c) the cross-section micrograph of nanoporous layer on the surface of m-NG after the long-term test; (d–i) the XPS high-resolution spectrum measured before and after

HER tests.
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arge number of low-coordinated atoms improve the energy state 

f surfaces, which reduce the activation energy barriers and up- 

rade the catalytic reactivity. Therefore, the high-energy surfaces 

ith a high density of defects provide a low-barrier reaction path- 

ay for catalysis processes [56] . For example, it has been deter- 

ined by a calculation that the reactivity of step sites on Ru(0 0 01)

urfaces is over 9 orders of magnitude higher than that of (111) 

errace sites in the ammonia synthesis reactions [57] . With respect 

o m-NG, the low-density interfacial regions introduce significant 

eterogeneity into the isotropic amorphous matrix of MG, playing 

 similar character as the defects in the crystalline catalysts. The 

lass/glass interfaces with excess free volume are originated from 

he high-pressure consolidation at room temperature, consisting of 

oosely packed atoms with low coordination numbers. Gibbs free 

nergy of the interfacial atoms is substantially increased due to 

ore disorder packing in the interface region than the adjacent 

lassy clusters, resulting in a global lower activation energy bar- 

ier than that of the rapid-quenched MG [27] . The interfaces can 

erve as active sites to break the chemical bonds and interact with 

olecules, ions, and atoms, and the preferential corrosion sites to 

romote the generation of the nanoporous structures as well. As 

or the annealed m-NG, although without appreciable crystalliza- 

ion, chemical redistribution, and reduction of specific surface area, 

t exhibits severe deterioration of HER activity due to the struc- 

ural homogenization and energy decline observed above. Thus, the 

lass/glass interfaces play a vital role in the activity of NGs, just 

ike grain boundary and defects in the catalytic performance of 

rystalline materials. 
. Conclusion

In summary, a multi-element MG, i.e., FeCoCrMoCBY m-NG was 

uccessfully fabricated for the first time by the laser-IGC technique. 

he Fe-based m-NG shows a unique inhomogeneous nanostruc- 

ure consisting of glassy cores and glass/glass interfaces. The re- 

arkable exothermal behavior accompanying structural relaxation 

ndicates its higher energy states than MG. An outstanding en- 

ancement of HER catalytic activity was discovered on m-NG in 

he acidic solution, as indicated by a much lower overpotential of 

78 mV at 100 mA cm 

–2 than 468 mV of MG. Besides, the m-NG 

xhibits robust comprehensive performance and self-optimization 

bility in the long-term tests, even better than the commercial 

t/C catalyst. Our work illustrates that introducing inhomogeneous 

anostructure into MG might be an effective method to promote 

he electrocatalytic properties and reveals the correlation between 

he energy states and HER catalytic reactivity of the non-precious 

lements Fe-based m-NG. 
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