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A B S T R A C T

Rare-earth metal-based materials have rapidly gained attention as leading candidates for high-performance 
hydrogen storage, offering a promising direction for the advancement of clean energy technologies. In this 
study, a novel composite catalyst (Fe–Dy2O3/CoB) was constructed by introducing the rare-earth metals 
dysprosium (Dy), which significantly enhanced the catalytic performance of sodium borohydride hydrolysis. The 
experimental findings revealed that the Fe–Dy2O3/CoB catalyst demonstrated outstanding hydrogen generation 
efficiency (5512.4 mL min− 1 g− 1), accompanied by a notably low apparent activation energy (47.81 kJ mol− 1) at 
25 ◦C. Our results reveal that the incorporation of dysprosium not only optimized the electronic structure of the 
catalyst but also significantly improved the adsorption and activation of reactants. Additionally, the inclusion of 
iron imparted magnetic properties to the catalyst, facilitating easy separation and recycling via an external 
magnetic field. Notably, the hydrogen generated via this catalytic system is sufficient to power fuel cell-driven 
small vehicles, fully showcasing its practical application capability in on-demand hydrogen supply scenarios. 
This work highlights the untapped potential of rare-earth elements in tailoring the electronic structure of multi- 
component catalysts. It establishes a generalizable strategy for designing next-generation hydrogen generation 
systems based on NaBH4 hydrolysis.

1. Introduction

Hydrogen, which possesses high energy density (142 MJ kg− 1), is 
renewable and non-carbon, and is considered a promising energy carrier 
to replace traditional fossil fuels in the future [1]. However, the wide
spread adoption of hydrogen energy is severely hindered by critical 
challenges in on-demand storage and delivery: at ambient temperature 
and pressure, H2 exists as a low-density gas, requiring high-pressure 
tanks (70 MPa) or cryogenic storage (− 253 ◦C) for trans
portation—both of which are costly, energy-intensive, and unsafe for 
high-impact applications such as on-board fuel cell vehicles (FCVs), 
portable power devices for outdoor/emergency use, and distributed 
energy systems for remote areas [2–5]. Storing hydrogen in solid 
chemical hydrides offers a compelling alternative, potentially providing 
safer handling and higher volumetric density, with hydrogen released on 
demand through controlled reactions [6]. Among solid-state hydrogen 
carriers, sodium borohydride (NaBH4) stands out as a highly promising 

candidate owing to its exceptional gravimetric hydrogen storage ca
pacity (10.6 wt%) and advantageous operational requirements for 
hydrogen release [7]. Compared to other materials such as metal hy
drides, which often require high temperatures to release hydrogen [8], 
NaBH4 generates hydrogen via hydrolysis at ambient or moderately 
elevated temperatures. This feature aligns with the global transition 
toward sustainable and decentralized energy systems [9]. The practi
cality of NaBH4 is further evidenced by its applications in fuel cell ve
hicles, where NaBH4-based hydrogen generation systems provide a safe 
and efficient fuel supply [10,11]. Additionally, stationary power gen
eration systems utilizing NaBH4 hydrolysis have been developed for 
distributed energy applications, offering a reliable and environmentally 
friendly energy source [12]. These applications demonstrate the versa
tility and potential of NaBH4 hydrolysis in addressing the hydrogen 
storage and supply challenges within the hydrogen economy. However, 
due to the slow rate of hydrogen production from the direct reaction of 
NaBH4 with water, suitable catalysts are required to accelerate the 
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complete hydrolysis process [13].
In the search for advanced catalysts, there has been a shift away from 

traditional noble metals such as platinum (Pt) [14], rhodium (Rh) [15], 
and ruthenium (Ru) [16]. Although these metals exhibit high catalytic 
activity, their prohibitive costs and limited availability pose significant 
challenges for large-scale applications [17]. Non-noble metal catalysts, 
especially those incorporating Co and Fe, have gained prominence due 
to their cost efficiency and tunable catalytic properties [18,19]. Recent 
advances reveal that rare-earth elements serve as critical electronic 
modulators in these systems [20–22], with dysprosium (Dy) exhibiting 
unique advantages. Notably, compared to other rare-earth elements, 
Dy’s 4f orbit is more easily hybridized with the d orbit of transition 
metals (Co, Fe) [23]. This distinctive feature renders Dy an ideal 
“electronic modulation hub”: by regulating the electron density distri
bution at the catalyst surface, it can effectively optimize the adsorption 
and activation of reactants—key steps in catalytic reactions [24]. 
Despite the growing body of research on transition metal catalysts, the 
design and mechanistic understanding of catalysts that synergistically 
integrate rare-earth metals like Dy with transition metals for efficient 
and stable NaBH4 hydrolysis remain underexplored. This research gap 
presents a unique opportunity for pioneering contributions and sub
stantial progress within the field.

Building on the insights outlined above, we developed a novel 
Fe–Dy2O3/CoB catalyst that utilizes dysprosium as an electronic 
modulator to drive multi-component synergy, drastically enhancing 
hydrogen generation via NaBH4 hydrolysis. The catalyst’s unique 
structure and composition enabled Fe–Dy2O3/CoB to achieve an ultra- 
high hydrogen generation rate (HGR = 5512.4 mL min− 1 g− 1), out
performing many non-noble metal catalysts reported in the literature. X- 
ray photoelectron spectroscopy (XPS) analysis revealed that the intro
duction of dysprosium optimized the electronic structure of the catalyst, 
facilitating charge redistribution and boosting its catalytic activity. 
Additionally, thermodynamic analysis of the hydrolysis reaction pro
vided key insights into the reaction’s enthalpy (ΔH), entropy (ΔS), and 
Gibbs free energy (ΔG), further supporting the catalyst’s efficiency and 
offering foundational data for the thermal management and scale-up of 
reactor systems. This work demonstrates the critical role of Dy-induced 
electronic synergy in multi-component catalysts, providing an effective 
strategy for enhanced NaBH4 hydrolysis and facilitating the design of 
rare-earth-based catalysts for sustainable hydrogen production.

2. Experimental section

2.1. Materials

Sodium borohydride (NaBH4, ≥98.0 %, Sinopharm Group), dyspro
sium nitrate hexahydrate (Dy(NO3)3⋅6H2O, ≥99.8 %, Aladdin), potas
sium hexacyanoferrate (III) (K3Fe(CN)6, ≥99.5 %, Aladdin), cobalt 
chloride hexahydrate (CoCl2⋅6H2O, ≥99.0 %, Aladdin), urea 
(H2NCONH2, ≥99.0 %, Aladdin), polyvinylpyrrolidone (PVP), ethanol 
(C2H6O, ≥99.7 %, Xilong Scientific), sodium hydroxide (NaOH, ≥96.0 
%, Aladdin). All chemicals were obtained from commercial sources and 
employed without additional purification. Deionized water was utilized 
in the preparation of all aqueous solutions.

2.2. Synthesis of DyFe(CN)6

Based on the literature methodology [25], we have made appropriate 
adjustments to the synthesis programme. In a typical synthesis of DyFe 
(CN)6, 2 mmol each of K3Fe(CN)6 and Dy(NO3)3⋅6H2O were separately 
dissolved in 20 mL of deionized water and 20 mL of ethanol. To the K3Fe 
(CN)6 solution, 0.9 g of polyvinylpyrrolidone (PVP) was added. The two 
solutions were then mixed thoroughly and allowed to stir at room 
temperature (RT) for 12 h. Upon formation of an orange precipitate, the 
product was isolated by centrifugation at 8000 rpm for 2 min — a 
duration determined to be optimal for achieving complete separation. 

Subsequent washing with deionized water and ethanol was performed 
repeatedly to eliminate residual PVP and K3Fe(CN)6. The resulting DyFe 
(CN)6 was subjected to vacuum drying at 80 ◦C for 10 h.

2.3. Synthesis of Fe–Dy2O3

The DyFe(CN)6 were subjected to heat treatment in a tube furnace. 
The thermal treatment was initiated at ambient temperature, with the 
samples subsequently heated to 700 ◦C at a ramp rate of 2 ◦C⋅min− 1 and 
maintained at this temperature for 2 h under an argon (Ar) atmosphere. 
Following natural cooling to RT, the final products, Fe–Dy2O3 was 
obtained.

2.4. Synthesis of Fe–Dy2O3/CoB

Wet impregnation of 0.03 g Fe–Dy2O3 in an ethanol solution con
taining 0.76 mmol CoCl2⋅6H2O was performed at room temperature 
under stirring until the solvent evaporated, facilitating the loading of 
metal ions onto the carrier. The mixture was then placed in a drying 
oven for 12 h. The dried powder was scraped and transferred to a 
mortar, where 2 g of urea was added. The resulting mixture was ground 
thoroughly for 30 min. Following this, 4 mmol of NaBH4 was added, and 
the sample underwent chemical reduction and etching treatment. The 
treated sample was transferred to a beaker, and an appropriate amount 
of deionized water was added. The mixture was centrifuged, washed 
three times with deionized water and ethanol, and vacuum-dried at 
60 ◦C for 12 h. The final catalyst was denoted as Fe–Dy2O3/CoB. The Fe/ 
CoB and Dy2O3/CoB were prepared using the same method without 
adding Dy(NO3)3⋅6H2O or K3Fe(CN)6.

3. Results and discussion

3.1. Structural and morphological characterizations

The synthesis route for Fe–Dy2O3/CoB is illustrated in Fig. 1a, and it 
can be divided into four main steps. First, DyFe(CN)6 was synthesized at 
room temperature. As shown in Fig. S1, the X-ray Diffraction (XRD) 
pattern of the prepared DyFe(CN)6 matches perfectly with the standard 
card (JCPDS 40-0525). Second, DyFe(CN)6 was transformed into 
Fe–Dy2O3 by heating at 700 ◦C in an argon atmosphere, and the for
mation of Fe–Dy2O3 was further confirmed by XRD analysis (Fig. 1b). 
Third, cobalt was loaded onto the Fe–Dy2O3, and finally, boronization 
was carried out using sodium borohydride in urea. The XRD pattern of 
Fe–Dy2O3/CoB (Fig. 1b) shows peaks at 28.6◦, 33.3◦, 48.0◦, and 56.9◦, 
which can be indexed to the Dy2O3 phase (JCPDS: 43-1006). Additional 
diffraction peaks at 44.4◦ and 63.4◦ correspond to the Fe phase (JCPDS: 
06-0696). Notably, the diffraction intensity of the Fe phase in 
Fe–Dy2O3/CoB is markedly weaker than that in pristine Fe–Dy2O3. This 
attenuation arises from the amorphous nature of CoB, which is formed in 
situ during the boronization process and uniformly anchored onto the 
Fe–Dy2O3 surface. The amorphous CoB layer both masks the crystalline 
Fe domains and suppresses Fe grain aggregation, thereby reducing Fe- 
phase diffraction signals [26,27]. The N2 adsorption–desorption 
isotherm presented in Fig. 1c displays a characteristic Type IV profile 
with a pronounced H3 hysteresis loop, unequivocally confirming the 
mesoporous architecture of the material [28]. Fe–Dy2O3/CoB exhibits a 
specific surface area of 19.7 m2 g− 1 and an average pore size of 14.7 nm, 
providing abundant channels for the diffusion of reactant molecules, 
electron transport, and mass transfer at the phase interface, thus accel
erating the reaction kinetics [29]. Fig. 1d demonstrates the zeta poten
tial values of Fe–Dy2O3, CoB, Dy2O3/CoB and Fe–Dy2O3/CoB in an 
alkaline solution of sodium borohydride. From the figure, it can be seen 
that Fe–Dy2O3/CoB has the most negative zeta potential, indicating that 
its particle surface carries the highest concentration of OH− /negative 
charges.

Fig. 2a shows irregularly aggregated nanoparticles of Fe–Dy2O3. 
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Fig. 2b presents the morphology of Fe–Dy2O3/CoB, which exhibits an interconnected network structure composed of hierarchical nanoscale 

Fig. 1. (a) Schematic diagram of the synthesis strategy for Fe–Dy2O3/CoB. (b) XRD patterns of Fe–Dy2O3/CoB and Fe–Dy2O3. (c) N2 adsorption-desorption isotherm 
with the inset showing the corresponding pore size distribution of Fe–Dy2O3/CoB. (d) Zeta potentials of Fe–Dy2O3/CoB, Dy2O3/CoB, CoB and Fe–Dy2O3.

Fig. 2. SEM images of (a) Fe–Dy2O3 and (b) Fe–Dy2O3/CoB. (c) TEM image of Fe–Dy2O3/CoB. HR-TEM images of Fe–Dy2O3/CoB in (d) and (e). (f) SAED pattern of 
Fe–Dy2O3/CoB. (g) HAADF-TEM image and elemental mappings of Fe–Dy2O3/CoB (Co, Fe, Dy, B and O). (h) Bubble contact angle images of different catalysts.
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aggregates with abundant pores. In contrast, highly agglomerated 
irregular particles are observed in the Dy2O3/CoB catalyst (Fig. S2). 
Transmission Electron Microscopy imaging confirms that Fe–Dy2O3/ 
CoB retains the same interconnected porous network structure of hier
archical nanoscale aggregates as observed in SEM (Fig. 2c). High- 
resolution TEM (HR-TEM) images reveal the mixed crystalline/amor
phous nature of Fe–Dy2O3/CoB (Fig. S3). Specifically, the HR-TEM im
ages in Fig. 2d and e shows lattice spacings of 0.217 nm and 0.245 nm 
for Fe–Dy2O3/CoB, corresponding to the (332) plane of Dy2O3 and the 
(110) plane of Fe, respectively. The selected area electron diffraction 
(SAED) pattern in Fig. 2f identifies the same lattice planes, further 
verifying the successful synthesis of Fe–Dy2O3/CoB. The energy- 
dispersive X-ray spectroscopy (EDS) spectrum confirms the presence of 
Co, Fe, Dy, B, and O in Fe–Dy2O3/CoB (Fig. S4), with their relative 
atomic/mass percentages summarized in Table S1. High-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM) 
coupled with energy-dispersive EDS elemental mapping verifies the 
uniform distribution and spatial coexistence of Co, Fe, Dy, B, and O 
throughout the nanoparticles (Fig. 2g). To further understand the main 
factors affecting the hydrolysis of sodium borohydride, the hydrophi
licity of the catalyst was measured. The results are shown in Fig. 2h, 
where the contact angle of Dy2O3/CoB is 49.4◦. After doping with iron, 
the contact angles of Fe–Dy2O3/CoB and Fe/CoB were 18.2◦ and 17.5◦, 
respectively. This result confirms that Fe doping effectively enhances 
catalyst hydrophilicity [30], facilitating aqueous reactant wetting and 
BH–

4/H2O diffusion at the catalyst-water interface, thereby boosting 
sodium borohydride hydrolysis hydrogen generation kinetics.

The surface chemical properties of the synthesized catalysts were 
characterized by X-ray photoelectron spectroscopy (XPS). The high- 
resolution C 1s XPS spectrum (Fig. S5) was fitted into three peaks, C- 
sp3, C–O and C––O, located in 284.8 eV, 286.0 eV and 288.8 eV, 
respectively. The Co 2p spectrum of Fe–Dy2O3/CoB exhibits four sub
peaks assigned to CoB (778.28 eV), Co3+ (780.87 eV), Co2+ (783.01 eV), 
and a satellite (787.06 eV) (Fig. 3a) [31–33]. Crucially, upon Fe doping, 
the binding energies of the Co2+ and Co3+ peaks in Fe–Dy2O3/CoB show 
no significant shift compared to those in Dy2O3/CoB. This indicates that 
the formal oxidation state of cobalt remains largely unchanged. In 
contrast, clear evidence of electronic redistribution is observed for 
dysprosium. The Dy 4d spectrum (Fig. 3b) displays the characteristic 
doublet of Dy3+ at 150.26 eV (4d5/2) and 158.04 eV (4d3/2) [34]. In 
Fe–Dy2O3/CoB, the Dy 4d3/2 peak exhibits a distinct negative shift of 
0.29 eV, signifying an increased electron density around Dy [35]. 
Meanwhile, the Fe 2p spectrum (Fig. 3c) was rigorously deconvoluted 
into characteristic peaks at 712.92 eV (Fe 2p3/2) and 719.86 eV (Fe 

2p1/2), along with corresponding satellite peaks confirming the pre
dominant presence of Fe3+ [36]. The observed Fe3+ state likely origi
nates from the oxidation of metallic iron precursor during synthesis or 
handling, as elemental iron is readily oxidized in air. With its empty 3d 
orbitals, this oxidized Fe3+ acts as an efficient electron donor, and the 
favorable energy alignment between Fe 3d and Dy 4f orbitals drives 
directed electron transfer from Fe to Dy sites in Dy2O3—where Dy2O3 
serves as an electron-mediating bridge to facilitate interfacial charge 
transport [37]. For the O 1s spectrum in Fig. 3d, three peaks can be 
attributed to M − O (530.98 eV), C––O (531.76 eV) and H2Oads (533.26 
eV) [38]. The peaks at 188.22 eV and 192.26 eV in the B 1s spectrum are 
attributed to Co–B and oxidized boron, respectively (Fig. 3e) [39]. 
Collectively, these results delineate a clear electronic regulation 
pathway triggered by Fe doping: Fe3+ donates electrons to Dy3+, which 
indirectly modulates the local electronic environment of the Co active 
sites through interface synergy. This electronic redistribution is pro
posed to enhance the adsorption of BH–

4 and facilitate the cleavage of 
B–H bonds, thereby explaining the superior catalytic performance of 
Fe–Dy2O3/CoB in sodium borohydride hydrolysis.

3.2. Catalytic hydrolysis performance analysis

A typical drainage method was used to test the catalytic activities of 
the as-synthesized materials for NaBH4 hydrolysis [40]. First, NaOH was 
used as the stabilizing agent for NaBH4 in the aqueous solution to pre
vent hydrogen release randomly (Fig. S6a–b) [41]. A series of control 
experiments were first conducted to clarify the active components and 
their synergistic effects in the composite catalysts, with the results 
presented in Fig. 4a and b. Notably, no detectable hydrogen evolution 
was observed when Fe–Dy2O3 was used as the sole catalyst, confirming 
that Fe–Dy2O3 itself is inactive toward NaBH4 hydrolysis. In contrast, 
the Fe–Dy2O3/CoB composite catalyst exhibited significantly higher 
hydrogen production activity compared to the single-component 
modified counterparts (Fe/CoB and Dy2O3/CoB). This distinct activity 
enhancement strongly demonstrates the presence of strong electronic 
interaction and synergistic modulation among Fe, Dy2O3, and CoB in the 
Fe–Dy2O3/CoB catalyst. Such synergism is presumably responsible for 
optimizing the electronic structure of the active sites (CoB), facilitating 
the adsorption and activation of BH–

4, and thereby accelerating the hy
drolysis reaction kinetics [42,43]. To optimize the catalyst composition, 
the effect of Fe–Dy2O3/Co mass ratio on the hydrogen production per
formance was systematically investigated, as illustrated in Fig. 4c and d. 
Comparative experiments revealed that the catalyst with a Fe–Dy2O3/Co 
mass ratio of 1:6 achieved the optimal hydrogen production efficiency, 

Fig. 3. High-resolution XPS spectra of (a) Co 2p and (b) Dy 4d of the Fe–Dy2O3/CoB and Dy2O3/CoB. (c) Fe 2p and (d) O 1s of the Fe–Dy2O3/CoB. (e) B 1s of the 
Fe–Dy2O3/CoB and Dy2O3/CoB.
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delivering a maximum hydrogen generation rate (HGR) of 5512.4 mL 
min− 1 g− 1. The Fe–Dy2O3/CoB were further quantitatively analyzed by 
inductively coupled plasma atomic emission spectroscopy (ICP-MS), as 
shown in Table S2. At a constant 0.4 wt% NaOH (Fig. 4e), when the 

NaBH4 concentration increased from 100 mM to 200 mM, the rate of 
hydrogen production remained steady, indicating a zero-order reaction 
[44]. In addition, to illustrate the role of NaOH, we tested the catalytic 
performance of Fe–Dy2O3/CoB in solution containing 0~0.8 wt% NaOH 

Fig. 4. (a) The equivalent H2 per mole of sodium borohydride versus time with different catalysts and (b) the corresponding HGR values. (c) Stoichiometric H2 
evolution in 150 mM NaBH4 + 0.4 wt% NaOH solution by Fe–Dy2O3/CoB catalysts with different ratio of Fe–Dy2O3 to Co at 25 ◦C and (d) the corresponding HGR 
values. (e) Hydrogen evolution in NaBH4 hydrolysis with different NaBH4 concentration over Fe–Dy2O3/CoB at 298 K and the plot of H2 generation rate versus the 
concentration of NaBH4 on a natural logarithmic scale. (f) Effect of NaOH content on HGR with NaBH4 concentration of 150 mM at 25 ◦C.

Fig. 5. (a) Relationship between the H2 generation rates and reaction time of different reaction temperatures (298~318 K). (b) Summarized Arrhenius diagram from 
(a). (c) Reusability test of Fe–Dy2O3/CoB catalyst at 25 ◦C. (d) Summarized HGR from (c). (e) Eyring plots of ln(κ/T) versus 1/T toward the catalytic reaction of 
NaBH4 hydrolysis at room temperature. (f) Magnetic display picture after Fe–Dy2O3/CoB catalyst reaction. (g) Proposed catalytic mechanism schematic of Fe–Dy2O3/ 
CoB catalyst for H2 generation by hydrolysis of alkalized NaBH4 solution. (h) Optical image of a fuel cell car driven by hydrogen (from Fe–Dy2O3/CoB catalyzed 
NaBH4 hydrolysis) via a H2-air fuel cell. All tests were performed in 150 mM NaBH4 + 0.4 wt% NaOH solution.
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and verified that the addition of NaOH promoted hydrogen production, 
further indication of the beneficial effect of OH− on NaBH4 dehydro
genation [45–47].

Fig. 5a and Fig. S7 illustrates the catalytic activity of NaBH4 hy
drolysis over Fe–Dy2O3/CoB and Dy2O3/CoB catalysts at various tem
peratures. As the temperature increased, the hydrogen generation rates 
also improved. This enhancement was attributed to the faster trans
mission of BH–

4 ions at higher temperatures [48]. The apparent activa
tion energy (Ea) is a crucial parameter for investigating the rate-limiting 
step in hydrogen generation reactions. As shown in Fig. 5b, the 
Fe–Dy2O3/CoB catalyst exhibits a lower activation energy (47.81 kJ 
mol− 1) for NaBH4 hydrolysis compared to the Dy2O3/CoB catalyst 
(53.24 kJ mol− 1). Lower activation energies significantly increase the 
rate of hydrogen production through sodium borohydride hydrolysis 
[12]. Although this activation energy is higher than those of some 
state-of-the-art noble-metal-based catalysts (Table S3), it is competitive 
among non-noble multi-component systems and aligns with our design 
strategy that prioritizes electronic modulation via Dy incorporation, 
together with practical magnetic recoverability and structural stability. 
The durability of the catalyst is crucial for its practical application in 
hydrogen production. As shown in Fig. 5c and d, Fe–Dy2O3/CoB 
retained most of its initial activity after five reactions with alkaline 
NaBH4 solution. To further investigate the root cause of the decrease in 
catalytic activity, TEM and XPS analyses were conducted on the recov
ered Fe–Dy2O3/CoB after the fifth reaction. TEM images showed that 
some large-sized particles in the recovered catalyst were agglomerated 
after five cycles (Fig. S8). The XPS spectra of the Fe–Dy2O3/CoB catalyst 
showed minimal changes after five cycles, demonstrating the structural 
integrity of the catalyst after recycling (Fig. S9). Thus, the decrease in 
reaction rate may be due to the partice agglomeration as well as the 
absorption of BO–

2 on the surface of Fe–Dy2O3/CoB, which inhibits the 
adsorption of H2O and BH–

4 during the process of NaBH4 hydrolysis [49].
To further investigate the thermodynamic properties of the catalytic 

hydrolysis of NaBH4 solution catalyzed by Fe–Dy2O3/CoB, the activa
tion entropy (ΔS, J⋅mol− 1 K− 1), activation enthalpy (ΔH, kJ mol− 1), and 
Gibbs free energy of activation (ΔG, kJ mol− 1) were determined based 
on the relevant thermodynamic equations (eqs. (1) and (2)) 

ln
(

k
T

)

= ln
(

KB

h

)

+
ΔS
R

−

(
ΔH
R

)

⋅T− 1 (1) 

ΔG=ΔH − TΔS (2) 

Among them, eq. (1) is the Eyring equation, where KB is the Boltz
mann constant (1.381 × 10− 23 J K− 1), and h is the Planck constant 
(6.626 × 10− 34 J s− 1). Fig. 5e presents the Eyring plots of ln(k/T) versus 
T− 1. According to eq. (1), ΔH andΔS is calculated to be 45.29 kJ mol− 1 

and − 60.19 J mol− 1 K− 1, respectively. Subsequently, based on eq. (2), 
the value of ΔG can be further calculated to be 63.23 kJ mol− 1 toward 
the catalytic reaction of NaBH4 hydrolysis at room temperature (298 K). 
Therefore, it can be illustrated that the catalytic process is an endo
thermic reaction in terms of the positive ΔH value, and it is non- 
spontaneous on the basic of the positive ΔG value. In a study of the 
hydrolysis reaction of sodium borohydride solution catalyzed by 
Fe–Dy2O3/CoB catalysts, it was observed that the catalyst as a whole 
adhered to the magnets at the end of the reaction (Fig. 5f). This phe
nomenon highlights the robust magnetic properties of the catalysts. 
Such a pronounced magnetic response enables efficient separation of the 
catalyst from the reaction mixture via external magnetic fields, greatly 
simplifying its recovery and reuse process—a key advantage for prac
tical applications. Notably, we propose a distinct Michaelis–Menten 
mechanism for the Fe–Dy2O3/CoB catalyst in facilitating H2 generation 
via NaBH4 hydrolysis [50], as illustrated in the reaction scheme 
(Fig. 5g). The mechanism initiates with the cleavage of B–H bonds at 
CoB active sites, generating adsorbed hydrogen species (Hads). These 
Hads then react with a hydrogen atom from H2O, releasing H2 and 
forming BH3OH as an intermediate. The catalytic cycle proceeds with 

successive substitution of remaining hydrogen atoms in the borohydride 
moiety by OH− , ultimately leading to the dissociation of B(OH)

–
4. 

Importantly, Fig. 5h directly demonstrates the practical utility of this 
system: hydrogen produced by the catalyst successfully powers a small 
fuel cell vehicle, bridging the gap between fundamental catalytic per
formance and real-world energy applications.

4. Conclusions

In summary, we have demonstrated that the incorporation of 
dysprosium as an electronic modulator into a multi-component 
Fe–Dy2O3/CoB catalyst substantially enhances the catalytic hydrolysis 
of sodium borohydride for hydrogen production. The unique structural 
and electronic synergy between Fe, Dy2O3, and CoB optimizes charge 
redistribution, thereby accelerating reaction kinetics. The catalyst ex
hibits an exceptionally high hydrogen generation rate of 5512.4 mL 
min− 1 g− 1 with a low apparent activation energy of 47.81 kJ mol− 1, 
outperforming benchmark non-noble metal systems. Comprehensive 
XPS, TEM, and adsorption analyses reveal that Dy-induced electronic 
effects reorganize the local electron density and stabilize catalytic sites 
during cycling. Furthermore, the incorporation of iron imparts excellent 
magnetic responsiveness to the catalyst, enabling its rapid recovery and 
reuse under an external magnetic field. Notably, the on-demand 
hydrogen generated by this catalytic system is capable of powering 
fuel cell-driven small vehicles, underscoring its tangible practicality. 
This work not only establishes dysprosium as an effective hub for elec
tronic modulation but also provides a design strategy for engineering 
synergistic catalysts of rare-earth and transition metals. These findings 
open new avenues for advancing sustainable hydrogen storage and 
release technologies within the hydrogen economy.
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[43] Şişmanoğlu S, Abed LDA, Mert ME, Doğru Mert B. Lignocellulosic biomass based 
catalysis for hydrogen generation effect of pistachio shells and Raney nickel in 
NaBH4 hydrolysis. Sci Rep 2025;15:27567.

[44] Liu BH, Li ZP. A review: hydrogen generation from borohydride hydrolysis 
reaction. J Power Sources 2009;187:527–34.

[45] Loghmani MH, Shojaei AF, Khakzad M. Hydrogen generation as a clean energy 
through hydrolysis of sodium borohydride over Cu-Fe-B nano powders: effect of 
polymers and surfactants. Energy 2017;126:830–40.

[46] Liao J, Shao Y, Feng Y, Zhang J, Song C, Zeng W, et al. Interfacial charge transfer 
induced dual-active-sites of heterostructured Cu0.8Ni0.2WO4 nanoparticles in 
ammonia borane methanolysis for fast hydrogen production. Appl Catal B Environ 
Energy 2023;320:121973.

[47] Wang Q, Fu F, Yang S, Martinez Moro M, Ramirez MdlA, Moya S, et al. Dramatic 
synergy in CoPt nanocatalysts stabilized by “Click” dendrimers for evolution of 
hydrogen from hydrolysis of Ammonia borane. ACS Catal 2019;9:1110–9.

[48] Guan S, An L, Chen Y, Li M, Shi J, Liu X, et al. Stabilized cobalt-based nanofilm 
catalyst prepared using an ionic liquid/water interfacial process for hydrogen 
generation from sodium borohydride. J Colloid Interface Sci 2022;608:3111–20.

[49] Li X, Zhang H, Li X, Hu Q, Deng C, Jiang X, et al. Janus heterostructure of cobalt 
and iron oxide as dual-functional electrocatalysts for overall water splitting. Nano 
Res 2023;16:2245–51.

[50] Li H, Hu X, Wang L, Shi L, Isimjan TT, Yang X. Kinetically promoted hydrogen 
generation by Ru nanoparticles decorated CoB2O4 on mesoporous carbon spheres 
with rich oxygen vacancies for NaBH4 hydrolysis. Chem Eng J 2024;481:148547.

C. Shang et al.                                                                                                                                                                                                                                   International Journal of Hydrogen Energy 211 (2026) 153706 

7 

http://refhub.elsevier.com/S0360-3199(26)00343-5/sref3
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref3
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref3
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref4
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref4
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref4
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref4
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref5
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref5
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref5
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref6
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref6
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref6
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref6
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref7
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref7
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref7
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref8
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref8
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref8
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref9
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref9
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref9
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref10
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref10
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref11
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref11
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref11
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref12
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref12
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref12
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref13
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref13
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref13
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref14
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref14
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref14
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref15
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref15
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref15
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref16
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref16
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref16
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref17
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref17
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref17
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref18
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref18
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref18
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref19
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref19
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref19
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref20
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref20
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref21
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref21
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref21
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref22
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref22
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref22
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref23
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref23
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref23
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref23
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref24
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref24
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref24
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref25
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref25
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref25
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref26
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref26
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref26
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref27
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref27
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref28
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref28
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref28
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref29
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref29
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref29
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref30
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref30
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref30
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref30
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref31
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref31
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref31
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref32
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref32
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref32
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref33
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref33
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref33
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref34
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref34
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref34
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref35
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref35
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref36
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref36
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref36
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref37
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref37
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref37
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref38
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref38
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref39
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref39
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref39
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref40
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref40
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref40
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref41
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref41
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref41
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref42
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref42
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref42
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref43
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref43
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref43
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref44
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref44
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref45
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref45
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref45
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref46
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref46
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref46
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref46
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref47
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref47
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref47
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref48
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref48
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref48
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref49
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref49
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref49
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref50
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref50
http://refhub.elsevier.com/S0360-3199(26)00343-5/sref50

	Dysprosium-driven electronic regulation in Fe/CoB catalysts: Efficient hydrogen generation from NaBH4 hydrolysis
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Synthesis of DyFe(CN)6
	2.3 Synthesis of Fe–Dy2O3
	2.4 Synthesis of Fe–Dy2O3/CoB

	3 Results and discussion
	3.1 Structural and morphological characterizations
	3.2 Catalytic hydrolysis performance analysis

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


