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A B S T R A C T

High-entropy materials, with their multi-element synergistic effects, offer abundant active sites, holding great 
promise for designing efficient catalysts for sodium borohydride (NaBH4) hydrolysis. Herein, we for the first time 
synthesize a metal-rich amorphous high-entropy compound Co3B‒HEA via a hydrothermal-chemical reduction 
method, constructing a novel “high-entropy matrix-boride” composite catalytic system. Experimental results 
demonstrate that Co3B‒HEA achieves a maximum hydrogen generation rate (HGR) of 8539.2 mL min− 1 gcat

− 1 at 
25 ◦C. Systematic characterizations reveal three key structural innovations: uniformly distributed multi-metallic 
active sites, a unique amorphous structure, and strong electronic interactions between Co3B and the HEA matrix. 
Kinetic studies demonstrate zero-order reaction behavior with respect to NaBH4 concentration and a low acti
vation energy (47.24 kJ mol− 1), indicating enhanced reaction efficiency. Based on the Michaelis–Menten model, 
we propose a novel multi-element synergistic activation mechanism: Ru, Co, Fe, Ni, and Mo collectively activate 
BH−

4 and H2O molecules, fundamentally boosting the NaBH4 hydrolysis rate. Moreover, hydrogen generated from 
NaBH4 hydrolysis by the Co3B‒HEA catalyst was used directly to drive a custom H2-air fuel cell, successfully 
lighting up small light bulbs and demonstrating its potential for practical applications. This work offers a novel 
strategy for designing high-performance catalysts for hydrogen production and their practical energy utilization.

1. Introduction

In recent years, high-entropy alloys (HEA) have emerged as novel 
catalytic materials, demonstrating significant potential in fields such as 
water splitting, CO2 reduction and dye degradation [1–3]. Current 
research on NaBH4 hydrolysis hydrogen catalysts primarily focuses on 
single-metal (e.g., Co‒B [4], Co@NHC [5]), bimetallic catalysts (e.g., 
PtCo/g-C3N4 [6], Co2B‒Fe2B [7]), and trimetallic catalysts (e.g., Ru/ 
Co‒Sm2O3 [8], Co/CuFe2O4 [9]). Although these catalysts exhibit 
excellent activity, their performance is often constrained by the inherent 
limitations of atomic-level activity in metals [10]. To overcome these 
limitations, the incorporation of multiple components has emerged as a 
powerful strategy for enhancing the catalytic performance of metal- 
based systems. Compared to traditional metal composites, HEA repre
sent a distinct class of multi-principal element alloys composed of five or 
more metallic elements [11]. Their unique advantages originate from 
four fundamental effects: the high entropy effect [12], the lattice 
distortion effect [13], the slow diffusion effect [14], and the mixed en
tropy effect [15]. These effects provide an effective pathway to address 

the aforementioned limitations: (1) Multi-element synergistic building 
of dual-functional activation sites for BH−

4 and H2O, increasing reaction 
efficiency [16]; (2) Lattice distortion modifies the d orbital electron 
density at metal active sites, improving adsorption energy and reducing 
reaction energy barriers [17]. This synergistic advantage of “high acti
vity–high stability” enables HEA to demonstrate exceptional application 
potential in the strongly alkaline environment of NaBH4 hydrolysis, 
offering a novel strategy for designing high-performance hydrogen 
storage catalysts.

Recent studies indicate that amorphous catalysts, owing to the 
abundance of unsaturated coordination sites arising from their disor
dered atomic structure, exhibit superior catalytic activity to crystalline 
catalysts in the hydrolysis reaction of NaBH4 [18]. Although HEA can 
generate synergistic multi-active sites through the combined effects of 
high entropy, lattice distortion, and sluggish diffusion, the majority of 
HEA are inherently crystalline and lack the electronic modulation ben
efits associated with borides. This structural constraint limits their cat
alytic performance to the intrinsic reactivity of constituent metal atoms, 
thereby impeding further enhancement of catalytic activity. Therefore, 
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the incorporation of boron, especially derived from boron-rich metal 
borides (MxB, x  > 2), into high-entropy materials can further enhance 
their structural stability and catalytic performance [19]. The electron 
transfer from boron atoms to adjacent metal atoms increases the elec
tron density in the d-orbitals of the metal sites, thereby improving the 
catalytic performance [20]. Transition metals Ru, Fe, Co, Ni, and Mo all 
exhibit significant activity in NaBH4 hydrolysis. Combining base metals 
such as Co, Fe, Mo, and Ni with the noble metal Ru promotes electron 
transfer and elemental synergistic effects [17]. The unique interplay 
between the multiple elements on the surface of HEA nano-catalysts and 
thus synergistic effect (often referred to as the cocktail effect) can create 
a diverse range of active sites with optimal binding energies for re
actants, intermediates, and products [21]. For example, recent theo
retical calculations have validated a pronounced synergistic effect 
arising from the multi-element composition of PtFeCoNiCu HEA nano
particles [14]. Consequently, introducing B into high-entropy systems to 
construct amorphous porous nanoparticle structures can significantly 
enhance. However, to the best of our knowledge, few works has focused 
on the HEA catalyzing the NaBH4 hydrolytic.

Based on the aforementioned design principles, this study pioneered 
the combination of borides with high-entropy materials through a 
hydrothermal-chemical reduction approach to synthesize an amorphous 
high-entropy Co3B-HEA catalyst, which substantially enhances the hy
drolysis efficiency of sodium borohydride. The synthesized catalyst's 
crystallinity, microstructure, porosity, and chemical states were inves
tigated using a wide range of characterization methods, such as X-ray 
diffraction (XRD), scanning electron microscopy (SEM), Brunauer- 
Emmett-Teller (BET) surface area analysis, zeta potential measure
ments, and X-ray photoelectron spectroscopy (XPS). According to 
experimental data, the amorphous Co3B–HEA catalyst exhibits high 
catalytic efficiency and significantly enhanced performance in the 
NaBH4 hydrolytic. Furthermore, by integrating insights from previous 
studies with the Michaelis-Menten kinetic model, we propose a plausible 
reaction mechanism, thereby providing a theoretical basis for under
standing the enhanced catalytic performance.

2. Experimental section

2.1. Materials

Ruthenium(III) chloride hydrate (RuCl3⋅xH2O, 99 %, Innochem), 
cobalt(II) nitrate hexahydrate (Co(NO3)2⋅6H2O, 99.0 %, Aladdin), iron 
(III) nitrate nonahydrate (Fe(NO3)3⋅9H2O, 99.0 %, Aladdin), nickel(II) 
nitrate hexahydrate (Ni(NO3)2⋅6H2O, ≥98 %, Aladdin), ammonium 
molybdate tetrahydrate ((NH4)6Mo7O24⋅4H2O, 99.0 %, Aladdin), cobalt 
(II) chloride hexahydrate (CoCl2⋅6H2O, ≥99.0 %, Aladdin), 2,5-dihy
droxyterephthalic acid (DOBDC), N, N-Dimethylformamide (DMF), so
dium borohydride (NaBH4, ≥98.0 %, Sinopharm Group), sodium 
hydroxide (NaOH, ≥96.0 %, Aladdin), anhydrous ethanol. All reagents 
are commercially available and can be used directly without further 
purification. All aqueous solutions were prepared with deionized water.

2.2. Ingredient design

In this work, Ru-containing high-entropy amorphous alloys were as 
boronization precursors for fabricating nanoporous alloy catalysts. 
Sufficient amorphous formation capability and unique SEP of constitu
ent elements were critical. Additionally, Ru content in the alloy should 
not be excessively high to ensure cost-effectiveness. Based on this 
principle, transition metals Co, Fe, Ni, Mo, and metalloids B were 
selected for alloying with Ru. Within this alloy system, the atomic sizes 
of Ru, Co, Fe, Ni, Mo and B are 0.133 nm, 0.125 nm, 0.124 nm, 0.125 
nm, 0.139 nm, and 0.098 nm, respectively. The mixed enthalpy between 
metal (Ru, Co, Fe, Ni, Mo)-metalloid (B) atom pairs ranges from − 24 to 
− 49 kJ mol− 1 (Fig. S1a). The significant size mismatch between atomic 
pairs, coupled with the large negative mixing enthalpy, jointly promotes 

the formation of the amorphous phase. On the other hand, the standard 
electrode potentials of Ru, Co, Fe, Ni, Mo and B (relative to the standard 
hydrogen electrode SHE) are 445 mV, − 277 mV, − 440 mV, − 230 mV, 
− 220 mV, and − 870 mV (Fig. S1b). The substantial standard potential 
differences among constituent elements render high-entropy alloys ideal 
precursors for fabricating nanoporous alloys [18]. The resulting five- 
component system exhibits high mixed entropy and thermodynamic 
stability, effectively suppressing agglomerative oxidation through 
composite structure formation with borides.

2.3. Synthesis of HEA

The synthesis of RuCoFeNiMo started with the dissolution of 0.25 
mmol of RuCl3⋅xH2O, 0.25 mmol of Co(NO3)2⋅6H2O, 0.25 mmol of Fe 
(NO3)3⋅9H2O, 0.25 mmol of Ni(NO3)2⋅6H2O, 0.075 mmol of 
(NH4)6Mo7O24⋅4H2O, and 1.5 mmol of 2,5-dihydroxy terephthalic acid 
in the mixture of 22.5 mL of DMF, 3 mL of anhydrous ethanol, and 3 mL 
of DI water. Then, the mixture was sonicated for at least 60 min. Sub
sequently, the mixture was immediately transferred into a 100 mL 
autoclave and then heated to 120 ◦C for 48 h. The synthesized RuCo
FeNiMo precursor was washed with ultrapure DI water, DMF, and EtOH 
in sequence several times and dried for 12 h at 70 ◦C. (In the subsequent 
synthesis sections of this paper, when RuCoFeNiMo are used as carriers, 
we denote them by HEA).

2.4. Synthesis of Co3B‒HEA

At room temperature, 0.02 g of HEA and 0.08 g of CoCl2⋅6H2O in a 
beaker containing 30 mL of ethanol. Stir at 600 rpm for 1 h. After adding 
5 mL of 5 % NaBH4 solution, continue stirring for 30 min. The precipi
tated black particles were repeatedly washed with water and ethanol, 
then dried at 70◦C. This material was designated Co3B‒HEA. The Co3B 
catalyst was prepared following the same procedure, omitting only the 
HEA step.

3. Results and Discussion

3.1. Synthesis strategy and Microstructural analysis

The Co3B–HEA catalyst was synthesized by combining hydrothermal 
synthesis with a subsequent chemical reduction strategy. The stepwise 
synthesis procedure is illustrated in Fig. 1a. Initially, the HEA was pre
pared via a hydrothermal method by coordinating Ru3+, Co2+, Fe3+, 
Ni2+, and Mo6+ ions with the organic ligand 2,5-dihydroxy terephthalic 
acid (DOBDC), resulting in the formation of a multi-metallic complex. 
This HEA was subsequently used as a substrate for cobalt deposition by 
impregnation with CoCl2⋅6H2O. Finally, the Co2+–HEA precursor was 
chemically reduced using a 5 % NaBH4 solution to introduce B, 
obtaining the Co3B–HEA catalyst.

The HEA precursor exhibited a homogeneous spherical shape, ac
cording to scanning electron microscopy (SEM) (Fig. 2a). The Co2+–HEA 
precursor changed into evenly distributed porous nanoparticles after 
being impregnated with CoCl2⋅6H2O for an hour and then reduced with 
NaBH4 (Fig. 2b). The hydrolysis of sodium borohydride can be signifi
cantly facilitated by the porous structure of the nanoparticles, which 
exposes a large number of active sites, enhances atomic utilization ef
ficiency, promotes electrolyte infiltration, and accelerates ion and mass 
transport [22,23]. Additional, SEM images (Fig. S2) show that Co3B also 
exhibits irregular porous nanoparticles. TEM analysis further confirmed 
the morphological characteristics of the Co3B–HEA catalyst (Fig. 2c). 
The lack of distinct lattice fringes in the high-resolution TEM (HR-TEM) 
picture confirms that Co3B–HEA is amorphous (Fig. 2d). This amorphous 
structure is further substantiated by the diffuse and continuous halo ring 
observed in the selected area electron diffraction (SAED) pattern (inset 
in Fig. 2d) [24]. Amorphous compounds often exhibit loosely packed 
atomic arrangements and highly disordered structures, which might 
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facilitate quick ion diffusion paths in the NaBH4 hydrolytic [25]. 
Furthermore, elemental mapping and energy-dispersive X-ray spec
troscopy (EDS) analysis demonstrate the uniform distribution of Ru, Co, 
Fe, Ni, Mo, and B throughout the material (Fig. 2e and Table S1). This 

homogeneous elemental distribution is expected to promote synergistic 
interactions among the various metal components, contributing to 
improved catalytic performance [26].

The structural characteristics of the catalyst were analyzed using X- 

Fig. 1. (a) Schematic protocol of the synthesis strategy for Co3B‒HEA.

Fig. 2. (a) SEM image of HEA. (b) SEM image of Co3B‒HEA. (c) TEM image of Co3B-HEA. (d) HR-TEM image of Co3B-HEA. (e) HAADF-TEM image and elemental 
mappings of Co3B‒HEA and the corresponding elemental mappings (C, B, Ru, Co, Fe, Ni, Mo).
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ray powder diffraction (XRD). As shown in Fig. 3a, the precursor HEA 
exhibits two distinct diffraction peaks at approximately 43.9̊ and 50.9̊, 
corresponding to the (111) and (200) planes of a face-centered cubic 
(FCC) structure, thereby confirming the successful synthesis of the HEA 
phase [27,28]. However, due to the predominant amorphous nature of 
HEA, the diffraction peaks are not very pronounced. No diffraction 
peaks from metal oxides, or other impurity phases were detected, con
firming the absence of significant phase separation in the system. 
Fourier-transform infrared spectroscopy (FT-IR) further confirmed the 
chemical composition of the precursor HEA, as shown in Fig. S4. The 
XRD pattern of the Co3B–HEA sample (Fig. 3a) shows weak diffraction 
peaks that correspond to the Co3B phase (JCPDS: 12–0443), demon
strating that the Co3B–HEA compound is amorphous or low-crystalline. 
Additionally, a faint diffraction peak of the precursor HEA remains at 
43.9̊, confirming the successful synthesis of Co3B on the HEA phase. The 
reduced crystallinity may lead to the presence of more active sites and 
could facilitate charge transfer [29]. The high-resolution TEM research 
supports this conclusion. This low crystallinity can be attributed to the 
substantial volume expansion occurring during the reduction of sodium 
borohydride, which reduces crystallinity and hinders the formation of 
distinct diffraction peak [30]. Furthermore, the X-ray diffraction pat
terns of pure Co3B also exhibit significant differences from typical 
reference spectra (Fig. S5). Fig. 3b shows the relationship between the 
measured elemental composition and the calculated mixing entropy of 
the HEA. The elemental content falls within the range of 5 % to 35 %, 
satisfying the compositional criteria for HEA. Furthermore, the calcu
lated mixing entropy (ΔSmix), based on ICP–MS data (Table 1), is 12.34 
— well within the HEA range of 11 to 19.5 — supporting the classifi
cation of the precursor (Ru0.15Co0.21Fe0.11Ni0.20Mo0.19) as a high- 
entropy alloy rather than a medium-entropy alloy [10,31–33]. Addi
tionally, the composition of the Co3B–HEA product was also successfully 
determined (Table 1). Electron paramagnetic resonance (EPR) spec
troscopy was used to investigate the presence of structural defects 

(Fig. 3c) [34]. Compared to the reference sample, Co3B–HEA exhibits a 
stronger EPR signal (g = 2.14), which is attributed to a higher concen
tration of cobalt ion defects. These defects enhance electrical conduc
tivity by modulating the electronic structure and promoting efficient 
charge transfer, thereby significantly improving catalytic performance.

The N2 absorption/desorption isotherm of the Co3B–HEA is shown in 
Fig. 3d, which features IV isothermal curves, forming an H3 hysteresis 
loop, indicating the presence of mesopores. The N2 adsorption/desorp
tion measurements reveal that the Brunauer-Emmett-Teller (BET) sur
face area of Co3B–HEA is 63.04 m2 g− 1, with a pore size of 20.70 nm, 
substantially larger than that of the precursor HEA (Fig. 3d and Fig. S6). 
The enhanced surface area and mesoporous architecture contribute to a 
higher density of catalytically active surface sites, which is beneficial for 
improving catalytic performance [35,36]. The contact angle, which 
serves as a critical parameter for assessing surface hydrophilicity [37], 
was also measured. Co3B–HEA exhibited a contact angle of 10.1◦, 
significantly lower than that of the comparison sample, indicating 
enhanced interaction between the catalyst surface and hydroxyl groups. 
This result highlights the synergistic interaction between Co3B and the 
HEA substrate, which plays a pivotal role in enhancing catalytic per
formance (Fig. 3e). Zeta potential measurements were conducted to 

Fig. 3. (a) XRD pattern of HEA and Co3B‒HEA. (b) Calculated configurational entropy of HEA samples. The molar fractions of each element are derived from ICP-MS 
data. (c) EPR spectra of different catalysts. (d) N2 adsorption–desorption isotherms, with insets showing the corresponding pore size distributions of Co3B‒HEA and 
HEA. (e) Bubble contact angle images of different catalysts. (f) Zeta potential of different catalysts in NaBH4 solution.

Table 1 
Inductive coupled plasma mass spectroscopy (ICP-MS) results of Co3B‒HEA.

Catalysts Ru 
(wt. %)

Co 
(wt. %)

Fe 
(wt. %)

Ni 
(wt. %)

Mo 
(wt. %)

HEA 15.44 21.29 11.42 20.64 19.71
Co3B-HEA 10.93 42.86 7.92 14.22 13.08
Co3B-HEA − 5th 5.67 35.98 6.22 10.44 9.22

Note: The catalyst sample of 2.0 mg was weighed and dissolved in 8 mL aqua 
regia solution, followed by taking 80 μL solution to 100 mL volumetric flask with 
a pipette and diluted to 200 µg L− 1 before ICP testing. The standard solution of 
Ru, Co, Fe, Ni, Mo was purchased from commercial company and used directly.
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examine the effects of a mixed solution (150  mmol/L NaBH4 + 0.4 wt% 
NaOH) on the surface potentials of the catalysts shown in Fig. 3f, Co3B- 
HEA exhibited optimized adsorption of OH− /BH−

4 , with a higher nega
tive potential of − 12.5  mV than Co3B and HEA, suggesting a stronger 
electrostatic adsorption toward negatively charged BH−

4 ions. This 
property is particularly advantageous for NaBH4 hydrolysis, where 
enhanced ion adsorption plays a critical role in boosting catalytic effi
ciency [38]. Finally, thermogravimetric analysis (TGA) and differential 
thermogravimetric analysis (DTG) were used to assess the thermal sta
bility of the synthesized catalysts, as shown in Fig. S7. The total weight 
loss for HEA and Co3B–HEA was found to be 44.85 % and 19.73 %, 
respectively, demonstrating the superior thermal stability of the 
Co3B–HEA catalyst.

The electronic states and surface composition of the Co3B–HEA 
catalyst were comprehensively analyzed using X-ray photoelectron 
spectroscopy (XPS). The survey spectra confirmed the presence of Ru, 
Co, Fe, Ni, Mo, and B, which is consistent with the elemental mapping 
results (Fig. S8). High-resolution XPS analysis of the C 1s region was 
performed using standard peak assignments for C‒C (284.80 eV), C‒O 
(286.20 eV), and C=O (288.50 eV), as shown in Fig. 4a [39]. The Ru 3d 
XPS spectrum was deconvoluted into two peaks at 281.44 eV and 
282.21 eV, corresponding to metallic Ru and RuO2, respectively, con
firming the presence of metallic Ru in the catalyst (Fig. 4a) [40]. 
Compared to HEA, the Ru peak in Co3B–HEA showed a 0.29 eV negative 
shift. As shown in Fig. 4b, the high-resolution Co 2p spectrum of 
Co3B–HEA was fitted to components corresponding to Co–B (776.02 
eV), Co3+ (780.74 eV), Co2+ (782.48 eV), and associated satellite peaks 
[41]. These results confirm that both Co2+ and Co3+ species coexist in 
the catalyst structure [42]. Notably, compared to the precursor HEA, the 
target sample Co3B–HEA exhibits a Co–B peak, indicating the successful 
incorporation of boron, which enhances the structural stability and 

catalytic activity of these materials [19]. Fig. 4c shows the high- 
resolution Fe 2p spectrum, which was deconvoluted into Fe2+ (711.76 
eV), Fe3+ (714.49 eV), and satellite peaks [43,44]. Compared to HEA, 
the Fe2+ peak in Co3B–HEA showed a 0.54 eV positive shift. Similarly, 
the high-resolution Ni 2p spectrum in Fig. 4d revealed Ni2+ peaks at 
856.05 eV and 873.52 eV along with corresponding satellite peaks [45]; 
Ni2+ also exhibited a 0.01 eV positive shift relative to HEA. In Fig. 4e, 
the Mo 3d spectrum was fitted into Mo4+ (231.35/234.35 eV) and Mo6+

(232.42/235.54 eV) components [46], with a 0.35 eV positive shift in 
the Mo4+ peak compared to HEA. These observed shifts in binding en
ergy for Ru 3d, Co 2p, Fe 2p, Ni 2p, and Mo 3d indicate strong electronic 
interactions among the metal components within the HEA matrix after 
the introduction of boron. Specifically, the increases in binding energy 
suggest that Co, Ni, Fe, and Mo serve as electron donors [47], while Ru is 
likely to act as an electron acceptor [48]. This redistribution of electrons 
effectively reduces the kinetic barrier of the hydrolysis reaction by 
promoting the nucleophilic attack of water molecules [49]. The B 1s 
spectra for all samples show a peak at 191.86 eV, corresponding to B–O 
bonds. In Co3B–HEA, a distinct peak observed at 187.27 eV is attributed 
to M− B bonding (Fig. 4f), which is shifted by approximately 0.27 eV 
from elemental boron (187.00 eV). This change indicates that electrons 
are transferred from the boron atoms in the alloy to the empty orbitals of 
transition metals (Co, Fe, Ni, and Mo), which causes an electron shortage 
in boron and enrichment of the metal centers. These results demonstrate 
that each metal element in the catalyst has changing valence states 
(valence state oscillation) [50], which can improve charge carrier 
mobility, alter the density of the electron cloud, and eventually lead to 
better catalytic performance. Moreover, the modified binding energies 
and rearranged electron distributions in high-entropy alloy systems 
enhance reaction kinetics, promote effective electron transfer 
throughout the catalytic process, and effectively reduce the reaction 

Fig. 4. High-resolution XPS spectra of Co3B‒HEA, HEA, and Co3B for (a) C 1s + Ru 3d, (b) Co 2p, (c) Fe 2p, (d) Ni 2p, (e) Mo 3d, and (f) B 1s.
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energy barrier for hydrolysis reactions [51].

3.2. Catalytic hydrolysis performance analysis

Hydrogen gas produced by the NaBH4 hydrolytic in an alkaline 
media at 25 ◦C was quantified using the drainage technique (Fig. S9). It 
was observed that 150  mM NaBH4 undergoes self-hydrolysis in aqueous 
solution even in the absence of a catalyst (Fig. S10a). To suppress this 
self-hydrolysis and achieve controlled reaction kinetics, NaOH was 
introduced as a stabilizer. Experimental results indicated that the 
addition of 0.4 wt% NaOH significantly reduced self-hydrolysis, with 
only negligible hydrogen release (Fig. S10b). A preliminary study was 
conducted to compare the catalytic hydrolysis performance of NaBH4 
using different catalysts, including Co3B–HEA, Co3B, and HEA. Among 
these, Co3B–HEA demonstrated the most rapid hydrogen evolution ki
netics, achieving a hydrogen generation rate (HGR) of 8539.2 mL min− 1 

gcat
− 1, significantly outperforming the other catalysts (Figs. 5a and 5b). 

This finding highlights the significant role played by the unique elec
tronic structure and surface-active sites resulting from the synergistic 
interaction between Co3B and the multi-metallic HEA matrix [52]. The 
amorphous nature of the catalyst and the rearrangement of electrons 
also accelerate the hydrogen release process. Furthermore, to elucidate 
the roles of individual metal elements within the catalytic system, 
single-metal-absence experiments were conducted (Fig. S10). Results 

indicate that the absence of either Ru or Co leads to an order-of- 
magnitude decrease in catalytic performance, confirming both as core 
components essential for sustaining high catalytic activity. Mechanistic 
studies reveal that Ru sites preferentially adsorb BH−

4 due to edge 
electron enrichment, thereby regulating the system's electron density 
[8]. Co sites strongly adsorb OH–, promoting water molecule adsorption 
and O–H bond cleavage [53]. The absence of Fe, Ni, or Mo also causes 
significant performance degradation, as these elements synergistically 
regulate activity by promoting electron transfer and enhancing electron 
density at active sites [54–56]. Thus, the loss of any single element 
disrupts the synergistic “activity-regulation-stability” network, leading 
to substantial performance decline.

To further optimize catalytic performance, the effect of varying the 
mass ratio of Co to HEA during catalyst synthesis was investigated 
(Figs. 5a and 5b). The optimal HGR of 8539.2 mL min− 1 gcat

− 1 was ob
tained at a Co:HEA molar ratio of 2:1. However, increasing the cobalt 
ion concentration beyond this optimal ratio led to a gradual decline in 
catalytic activity. This decrease is attributed to nanoparticle aggregation 
at higher cobalt concentrations, which reduces the number of accessible 
active sites, thereby diminishing catalytic efficiency [30]. Furthermore, 
the effect of catalyst dosage (ranging from 5 mg to 20 mg) on HGR was 
investigated (Figs. 5c and 5d). The results revealed that 10 mg of 
Co3B–HEA yielded the highest HGR. However, increasing the catalyst 
mass to 20 mg led to a significant decline in performance. This decrease 

Fig. 5. (a) The equivalent H2 per mole of sodium borohydride versus time with different catalysts and (b) the corresponding HGR values. (c) The equivalent H2 per 
mole of sodium borohydride versus time with different masses of catalyst and (d) the corresponding HGR values. All tests were performed in 150 mM NaBH4 + 0.4 wt 
% NaOH solution.
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is probably the result of the solution's increased viscosity, which pre
vents the by-product NaBO2 from diffusing effectively. The deposition of 
NaBO2 on the catalyst surface may impede reactant interaction and 
reduce catalytic activity by blocking active sites [57,58].

See Fig. 6a shows that the hydrogen generation rate varies very little 
when the NaOH concentration is increased from 0 wt% to 0.8 wt%. This 
observation aligns with previous studies and confirms the remarkable 
stability of NaBH4 in alkaline conditions. Additionally, we investigated 
the influence of NaBH4 concentration on the hydrolysis reaction rate 
(Fig. 6b). The plot of ln(rate) against ln([NaBH4]) is shown in the inset of 
Figs. 6b, and a slope of 0.068 was found. This nearly zero slope shows 
that the hydrolysis reaction catalyzed by Co3B–HEA has zero-order ki
netics and is unaffected by the concentration of NaBH4 [59]. To evaluate 
the thermal dependence of the catalytic reaction, hydrolysis tests were 
carried out at different temperatures (298, 303, 308, 313, and 318 K) 
while keeping the concentrations of the Co3B‒HEA catalyst and alkaline 
NaBH4 solution constant (Fig. 6c and Fig. S11). The results indicated 
that the hydrogen generation rate increased significantly with temper
ature and exhibited an approximately linear relationship with reaction 
time at each tested temperature (Table S2-3) [60]. Co3B‒HEA and Co3B 
were shown to have apparent activation energies (Ea) of 47.24 and 
52.02 kJ/mol, respectively, as determined from the Arrhenius plots. 
Among these, Co3B‒HEA exhibited the lowest activation energy, high
lighting its superior catalytic efficiency and significantly lower than the 
values reported for some non-noble or noble mental catalysts in previous 
literature (Table S4). This improvement can be attributed to a high 
density of surface-active sites, synergistic interactions among the multi- 
metallic components, and the redistribution of electronic structures, 
which collectively facilitate electron transfer and enhance reactant 
activation [30].

The stability of a catalyst is a crucial factor in determining its suit
ability for large-scale hydrogen production via NaBH4 hydrolysis, in 
addition to its catalytic activity. Experimental results indicate that the 

Co3B–HEA catalyst requires only about 4.1, 5.0, 6.0, 6.9, and 7.8 min to 
complete the reaction for the consecutive five runs (Figs. 6e and 6f), 
respectively. To elucidate the reasons for this performance decline, the 
Co3B–HEA catalyst after five catalytic cycles was thoroughly charac
terized using XRD (Fig. S12), SEM, XPS, and ICP-MS. SEM analysis 
revealed surface aggregation on the catalyst after repeated use 
(Fig. S13), suggesting morphological changes that may hinder reac
tivity. XPS analysis confirmed the continued presence of Ru, Co, Fe, Ni, 
Mo, and B (Fig. S14), with no significant compositional changes before 
and after cycling. Furthermore, high-resolution XPS spectra of C 1s + Ru 
3d, Co 2p, Fe 2p, Ni 2p, Mo 3d, and B 1s showed no notable shifts, 
indicating that the chemical states of the active components remained 
largely stable throughout the cycling process (Fig. S15). However, 
ICP–MS analysis (Table 1) revealed a gradual decline in the overall 
metal content after five cycles. This loss may be due to minor leaching or 
peeling of metal components during the reaction, which results in a 
decrease in the number of catalytically active sites. Furthermore, the 
formation of by-products such as NaBO2 during hydrolysis may cause 
physical blockage of these active sites, thereby further contributing to 
the observed decline in catalytic performance [8,57,61].

As discussed above, the Co3B–HEA catalyst exhibits outstanding 
catalytic activity, primarily due to its unique amorphous structure, 
multicomponent composition, and the strong electronic interactions 
among its constituent elements. Building on the experimental findings 
and applying the Michaelis–Menten kinetic model, we propose a plau
sible reaction mechanism for NaBH4 hydrolysis leading to hydrogen (H2) 
generation (Fig. 7a). According to previous studies, BH−

4 ions preferen
tially adsorb onto the Ru sites present on the surface of Co3B–HEA [53]. 
Furthermore, to investigate the adsorption sites for water molecules, the 
zeta potential of the single-metal catalysts in aqueous solutions were 
measured (Fig. S16). Notably, the zeta potential of Co3B/Co–BDC was 
significantly more negative than those of Co3B/Fe–BDC, Co3B/Ni–BDC, 
and Co3B/Mo–BDC, indicating a stronger electrostatic attraction for 

Fig. 6. (a) Effect of different NaOH contents on the HGR of the Co3B‒HEA at the same NaBH4 concentration (150 mM). (b) Effect of different NaBH4 contents on the 
HGR of the Co3B‒HEA at a fixed NaOH concentration (0.4 wt%). (c) Curves of the hydrolysis of alkaline NaBH4 solution at different reaction temperatures in the 
range of 298–318 K. (d) Arrhenius plots of the different catalysts. (e) Reusability test of the Co3B‒HEA catalyst in alkaline NaBH4 solution at 25 ◦C and (f) the 
corresponding HGR values in the different cycles. All tests were performed in 150 mM NaBH4 + 0.4 wt% NaOH solution.
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negatively charged hydroxide ions (OH− ). This suggests that water 
molecules preferentially adsorb onto the cobalt species within the 
catalyst matrix. While NaBH4 dissociates into Na+ and BH−

4 ions, In
termediate species develop as a result of the BH−

4 anion being attacked 
by water molecules [62]. Thus, the reaction mechanism can be sum
marized in the following steps: (I) Adsorption and activation: BH−

4 ions 
adsorb onto Ru sites on the Co3B–HEA surface, while H2O adsorbs onto 
Co sites. The B–H bond is cleaved, producing adsorbed hydride species 
(*H-) and an intermediate *BH3; (II) Hydrogen generation: The adsorbed 
hydride species react with protons derived from water molecules 
adsorbed at Co sites, releasing H2 while generating OH– ions; (III) In
termediate conversion: The remaining OH− ions interact with the *BH3 
species to form BH3OH-; (IV) Final hydrolysis: Continued substitution of 
hydrogen atoms in BH3OH- by OH– results in the formation of tetrahy
droxyborate (B(OH)

−
4 ), completing the hydrolysis reaction [63,64]. 

BH4
− ⇌ BH3 + H− (1)                                                                           

H− + H2O ⇌ H2 + OH− (2)                                                                 

OH− + BH3 ⇌ BH3OH− (3)                                                                  

OH− + BH(OH)3
− ⇌ B(OH)4

− + H− (4)                                                  

This mechanistic pathway elucidates the role of the Co3B–HEA 

catalyst in promoting efficient NaBH4 hydrolysis through the effective 
adsorption and dissociation of BH−

4 and H2O molecules. Furthermore, 
experimental results indicate that the Co3B–HEA catalyst can generate 
sufficient hydrogen to power a hydrogen–air fuel cell, as confirmed by 
the successful illumination of small light bulbs (Figs. 7b and 7c). These 
findings underscore the catalyst's potential to enhance both hydrogen 
production efficiency and fuel cell performance. Despite this degrada
tion, the Co3B–HEA catalyst still demonstrates superior catalytic per
formance compared to numerous reported noble and non-noble metal- 
based catalysts, underscoring its significant potential for practical 
hydrogen generation applications (Fig. 7d and Table S4). Furthermore, 
as shown in Fig. S17, the catalyst exhibits excellent magnetic properties, 
enabling facile magnetic separation and recycling in practical 
applications.

4. Conclusions

In summary, we have developed an amorphous Co3B–HEA catalyst 
that exhibits superior catalytic activity and stability for hydrogen pro
duction via NaBH4 hydrolysis under mild alkaline conditions. The 
enhanced performance stems from the unique amorphous structure and 
the synergistic interaction between metals, which facilitates electron 
redistribution, active site exposure, and efficient adsorption and 

Fig. 7. (a) Proposed mechanism diagram of NaBH4 hydrolysis for H2 generation. (b-c) Working photo of a light bulb powered by a custom H2-air fuel cell. (d) 
Comparison of HGR values for different catalysts (Table S2).
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activation of BH−
4 and H2O. Based on the reaction process and a number 

of characterization studies, a trustworthy catalytic mechanism has been 
suggested. The catalyst continues to outperform the majority of reported 
non-noble and noble metal-based systems, even when partial metal 
leaching and by-product buildup reduce activity after several cycles. 
Furthermore, a tailored H2–air fuel cell was successfully powered by 
hydrogen generated by the hydrolysis of NaBH4 catalyzed by the 
Co3B–HEA catalyst, proving that it is feasible to transfer chemical en
ergy into electrical energy in a cheap and efficient manner. These results 
open the door for the logical development of next-generation multi- 
metallic catalytic materials and highlight the potential of HEA-based 
boride catalysts in realistic hydrogen production.

However, this study still has limitations. First, the hydrothermal- 
chemical reduction method involves harsh reaction conditions, mak
ing large-scale production prone to phase deviation and particle 
agglomeration due to uneven heat and mass transfer, thus limiting short- 
term industrial application. Second, the deposition of NaBO2 byproducts 
and minor metal leaching remain core issues for long-term use. Finally, 
while the inclusion of trace Ru enhances activity, it increases costs, and 
the elemental ratios have not been optimized through high-throughput 
experiments or theoretical calculations. Subsequent efforts will further 
focus on developing high-entropy materials: First, through “non- 
metallic doping regulation” (e.g., with B or P elements), optimize the 
electronic structure of non-precious metals like Co and Fe to compensate 
for the activity shortcomings of Ru-free systems; second, adopt a “high- 
entropy dilution strategy” by substituting Ru with trace rare earth ele
ments (e.g., Ce or La) to stabilize active sites via high-entropy effects. 
Third, developing “catalyst recycling processes” to recover Ru from 
spent catalysts via acid leaching-recrystallization, thereby reducing 
resource consumption.
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