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ABSTRACT: Sodium borohydride (NaBH,) solution is a promising
liquid “fuel” for continuous hydrogen supply through catalytic
hydrolysis, offering a safer alternative to compressed hydrogen to
fuel cells. However, the harsh thermal and chemical environments of
concentrated NaBH, hydrolysis cause rapid catalyst deactivation.
Herein, we synthesized a high-entropy layered hydroxide (HELH,
FeCoNiCuZn@ZIF-67 (ZIF-67 = zeolitic imidazolate framework-67))
nanocatalyst via an in-situ etching-growth strategy with ZIF-67. The
mechanical structure of residual ZIF-67 inside ensures the
robustness of active centers and particles. The efficiency of
hydrogen generation is guaranteed by the synergy of different metals
in high-entropy structures, which involves borohydride adsorption
and H, release. Benefiting from this cooperative architecture, the
HELH catalyst achieves a high hydrogen generation rate of
8 L'-min~-g™" in a 25 wt.% NaBH, solution. Density functional theory

and electrochemical analyses reveal that abundant oxygen vacancies and multi-metal synergy optimize water activation
and lower the reaction barrier. This work provides an effective strategy for designing robust high-entropy catalysts for

extreme conditions.

KEYWORDS: high-entropy materials, hydrogen generation, sodium borohydride hydrolysis, metal-organic framework

(MOF)-derived catalyst, layered hydroxide, in-situ etching-growth

1 Introduction

Hydrogen fuel cells are ideal power sources for unmanned aerial
vehicles (UAV) due to the advantages of lightweight and low noise
[1-3]. However, the conventional H, supply of compressed
hydrogen tank has drawbacks such as high risk, low energy density,
and inconvenient long-distance refueling [4-7], which severely
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limits its deployment in complex environments such as disaster
rescue missions, field operations, and military actions [8-10]. In
contrast, sodium borohydride (NaBH,) is an appropriate hydrogen
carrier for emergency supply because of its stable physicochemical
properties, a high theoretical hydrogen storage capacity, and the
easiness of generating high-purity hydrogen via catalytic hydrolysis
[11-13]. Moreover, the reported efficient and cost-effective
regeneration methods pave the way for broadening the future
application landscape of NaBH, [14-16].

Although noble metal catalysts have excellent activity towards
NaBH, hydrolysis [17-19], noble-metal-free catalysts are more
economical but generally less active [20-23]. Currently, most
reported catalysts are evaluated under dilute NaBH, solution
systems [24-26], which leads to reduced fuel energy density.
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Concentrated solution systems are necessary for practical
applications. However, as illustrated in Eq. (1), the hydrolysis of
concentrated NaBH, solution is accompanied by intense local high
temperatures and vigorous bubble release [27, 28], which can
severely damage the structure of the catalyst. Facing such adverse
working conditions, how to enhance both the catalytic activity and
stability is a core challenge for the practical application of noble
metal free catalyst.

NaBH,(s) +2H,0(1) = NaBO,(s) + 4H,(g)
AH = —210.82 kJ - mol ™ (1)

The development of high-entropy catalysts (HECs) offers a new
pathway to address this challenge. HECs can significantly promote
the catalytic reactions through the synergistic effect of multiple
metal active sites and plenty of unsaturated defects [29]. Moreover,
the high configurational entropy brings about lattice stability that
contributes to the material’s robustness under various conditions
[30]. These merits are further amplified in high-entropy layered
hydroxides (HELHs), which combine the benefits of HECs with
intrinsic hydrophilicity and alkaline resistance, making them
exceptionally suitable for NaBH, hydrolysis [14, 31, 32]. To provide
a stable scaffold for these active HELHs, metal-organic frameworks
(MOFs) like ZIF-67 are ideal candidate precursor. Their ordered
metal-ligand networks can serve as both metal resource and
reinforcing supports for deriving catalysts [33]. Some research has
demonstrated that MOFs exhibit extraordinary structural stability
as carriers in the NaBH, hydrolysis [34, 35]. Additionally, the
strategy of constructing layered hydroxides on MOF substrates has
already proven advantageous in fields such as electrocatalysis and
electrochemical energy storage [36—38]. Given these attributes, in-
situ growth of HELHs on MOF scaffolds is an ideal strategy to
create a tightly integrated, highly durable, and active catalyst.

Herein, we developed FeCoNiCuZn HELH catalyst derived from
ZIF-67 through an in-situ etching-growth transformation. The
resulting hollow nanospheres reserved part of MOFs structure as
the internal support, which stabilizes the high-entropy hydroxide
shell. The catalyst achieves a hydrogen generation rate of
8 L.g’min™ in 25 wt.% NaBH, at 70 °C and excellent reusability.
Combined experiments and theoretical calculations reveal that the
collaboration of diverse metals in the HELH facilitates adsorbing
BH, and desorbing H, to promote the efficient progress of the
reaction. Moreover, the abundant oxygen vacancies in the material
help adsorb water, thereby accelerating the hydrolysis process.

2 Experimental

2.1 Materials and chemicals

All chemicals and reagents used were of analytical grade and were
used without further purification. 2-Methylimidazole (2-Melm),
cobalt nitrate hexahydrate (Co(NO,),6H,0), iron nitrate
nonahydrate (Fe(NO,);9H,0), and copper nitrate trihydrate
(Cu(NO,),:3H,0) were supplied by Aladdin Reagent Co., Ltd,
China. Methanol was provided by the Tianjin Yongda Chemical
Reagent Co., Ltd., China. The following chemicals were purchased
from Sinopharm Chemical Reagent Co., Ltd., China: Nickel nitrate
hexahydrate  (Ni(NO,),6H,0), zinc nitrate  hexahydrate
(Zn(NO,),6H,0), sodium hydroxide (NaOH), hydrochloric acid
(HCl), ethanol, and sodium borohydride (NaBH,).
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2.2 Analytical methods

The surface morphologies of the materials were characterized by a
scanning electron microscope (SEM; SU-8000) operated at 5.0 kV
and transmission electron microscopy (TEM; JEM2100PLUS,
JEOL, Japan) operated at 200 kV and room temperature. Fourier
transform infrared (FTIR; Micromeritics ASAP, USA) spectroscopy
and powder X-ray diffraction (XRD; Empyrean, PANalytical B.V.,
Netherlands) patterns were utilized to characterize the chemical
structure of catalyst. N, physisorption isotherm was measured on
an ASAP 2020 absorptiometer (Micromeritics, USA) at 77 K. The
Brunauer-Emmet-Teller (BET) was tested to obtain the specific
surface area of the samples, and the Barret-Joyner-Halenda (BJH)
method was used to gain the pore-size distribution based on the
desorption data. An X-ray photoelectron spectroscope (XPS; AXIS
Supra, Kratos, USA) was employed to analyze the surface chemical
composition, with the binding energy calibrated against the C 1s at
2846 eV with an experimental error of +0.2 eV. Inductively
coupled plasma optical emission spectrometry (ICP-OES) was
performed using an Agilent 5110 instrument (Agilent Technologies
Inc, USA), utilizing aqua regia to dissolve the catalyst. The
measurements were performed with a radio frequency power of
1150 W at a wavelength of 340.458 nm.

2.3 Catalyst preparation

2.3.1 Preparation of ZiF-67

ZIF-67 was synthesized according to the procedure reported with
minor modifications [39]. First, a potion of 0.582 g Co(NO,),-6H,0
and 0.985 g 2-MeIm was separately dissolved in 40 mL of methanol
to obtain the salt solution and ligand solution, respectively.
Afterwards, the salt solution was rapidly added to the ligand
solution. After stirring at room temperature for 24 h, the product
was centrifuged and washed three times with methanol. Finally, the
product was dried overnight in a vacuum oven at 60 °C and then
finely ground for later use. To facilitate practical utilization, ZIF-67
can also be grown on nickel foam, which was pretreated with dilute
hydrochloric acid (0.1 M), ethanol, and deionized water,
sequentially.

2.3.2 Preparation of HELH

To prepare the NiCoFeCuZn HELH framework, 50 mg of ZIF-67
was dispersed in 10 mL of ethanol containing four metal nitrates
(0.1 mmol Ni*, 0.15 mmol Zn*, 0.025 mmol Fe*, and 0.05 mmol
Cu*). After ultrasonication for 5 min, the mixture was transferred
to an oven and maintained at 90 °C for 2.5 h. The resulting product
was then separated by centrifugation and washed three times with
ethanol. Finally, it was dried in a vacuum oven at 80 °C for 12 h.
Bimetallic (Bi-), trimetallic (Tri-), and tetrametallic (Tetra-) layered
hydroxides (LH) were synthesized using a similar method by
varying the types and concentrations of metal salts in the ethanol
solution.

24 Catalyst activity test conditions

A portion of 5 mL solution containing 25 wt.% NaBH, and 3M
NaOH was injected into a 25 mL round-bottom flask and then
placed in an oil bath. After reaching 70 °C, 5 mg catalyst was placed
in the solution. The volume of gas produced was measured using
the drain gas collection method.

25 Kinetics tests for hydrolysis of NaBH, over catalysts

The reactions were carried out with vigorous stirring at the
temperatures of 50, 60, 70 and 80 °C.

B) 72w | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2026.94908464
https://www.sciopen.com/article/10.26599/NR.2026.94908464
https://www.sciopen.com/article/10.26599/NR.2026.94908464
https://www.sciopen.com/article/10.26599/NR.2026.94908464
https://www.sciopen.com/article/10.26599/NR.2026.94908464
https://www.sciopen.com/article/10.26599/NR.2026.94908464
https://www.sciopen.com/article/10.26599/NR.2026.94908464
https://www.sciopen.com/article/10.26599/NR.2026.94908464

Nano Research | Vol. 19, No. 4

Chen et al.

The kinetic curves were fitted with a pseudo zero(th) order
reaction, and the good linear correlation coefficient confirms the
zero(th) order assumption. The kinetic constants are calculated
according to the equation

C=kt (2)

where C is the concentration of NaBH, consumed at reaction time
t and k is the rate constant.

In addition, apparent activation energy (E,) is calculated by the
Arrhenius equation

E
Ink=——=+1InA 3
n zp T (3)
where k is the rate constant; A is the pre-exponential factor; R is the
molar gas constant (8.314 J-mol™"-K™); T is the reaction temperature
(K.

3 Results and discussion

3.1 Characterization of catalyst

The schematic illustration in Fig. 1(a) outlines the material
preparation process. Firstly, the precursor ZIF-67 was synthesized
via room-temperature stirring, and its morphology exhibits a
truncated octahedron with a uniform particle size of about 250 nm
(Figs. 1(b) and 1(c)). The XRD pattern of ZIF-67, consistent with
the simulation pattern, confirms the successful synthesis (Fig. S1 in
the Electronic Supplementary Material (ESM)). Subsequently, the

Stirring, 25 °C

HELH hollow spheres were fabricated via solvothermal treatment
of ZIF-67 dispersed in an ethanol solution containing four metal
nitrate precursors (Fe*, Ni*, Cu*, and Zn*), whose amounts were
adjusted according to their solubility product constants (K, Table
S1 in the ESM). From the SEM (Figs. 1(b)-1(d)) and Fig. S3 in the
ESM) and TEM images (Figs. 1(e)—1(h)), it can be clearly seen that
the microstructure of the material is in hollow nanospheres
morphology of around 300 nm, which indicates that the HELH was
obtained by in-situ etching-growth using ZIF-67 as a template. This
synthetic method ensures that layered hydroxide firmly adheres to
the surface of MOFs to prevent its detachment. As highlighted in
the blue circle in Fig. 1(f), the outer shell of the material displays
lamellar structure characteristic of layered hydroxides. At higher
magnification, the crystal lattice fringes with a spacing of 2.54 A and
some amorphous regions can be observed (Fig. 1(g)). In addition,
the EDS elemental mapping in Fig. 1(h) reveals the uniform
distribution of five metals throughout every single particle.

As shown in Fig. 2(a), XRD analysis was performed to investigate
the structural characteristics of the HELH. The peak of 26 = 7.3°
indicates the residual ZIF-67, while the signals at 12.7°, 25.7°, and
35.2° are characteristic peaks of the HELH phase, with the peak of
35.2° corresponding to the (031) planes as identified in Fig. 1(g).
Due to the partial amorphous region, the characteristic peaks are
relatively broad and less intense. To definitely exhibit the features of
the layered hydroxides, the sample with a fourfold increase in
nitrate concentration was prepared through deeper -etching,
denoted as HELH,;. As shown in the SEM images and EDX
mapping (Fig. S2 in the ESM), HELH, still exhibits the lamellar

0000

Solvothermal, 90 °C
(Fe**, Ni**, Cu?*, and Zn**)

Figure1 (a) Schematic diagram for synthesis of HELH through co-deposition and in situ conversion from ZIF-67. SEM images of ((b) and (c)) ZIF-67 and (d) HELH.

(e)-(g) TEM images of HELH. (h) STEM image and EDS elemental mapping of HELH.
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morphology with a uniform distribution of metals. With the
increasing etching depth, the characteristic peaks of HELH, are
significantly enhanced in the XRD patterns and the signal of ZIF-67
is still distinguishable. Furthermore, compared with reference metal
hydroxides (Fig. 2(a) and Fig. $4 in the ESM), it is found that the
characteristic peaks of HELH are closest to the standard spectrum
of FeO(OH) but shift 1.2° towards a lower angle. This is because the
lowest solubility of FeO(OH) leads to preferential nucleation, and
the larger radii of the divalent ions than Fe* cause lattice distortion
(Table S2 in the ESM), resulting in an increase in lattice spacing.
This distortion generates structural defects that enhance substrate
adsorption, while the entropy-stabilized crystal structure
strengthens the structural robustness. The FTIR spectra in Fig. 2(b)
further verify the residual ZIF-67 in the material. The peak at
1580 cm™ corresponds to the aromatic ring stretching of imidazole,
while the peaks at 3130 and 2926 cm™ are attributed to the C-H
stretching modes of the aromatic ring and aliphatic chain of
imidazole, respectively [40, 41]. The N, adsorption/desorption
isotherm of HELH from Fig. S5 in the ESM exhibits a typical type I
adsorption profile with a hysteresis loop, reflecting a hierarchical
micro-mesoporous structure. The pore size distribution curve
obviously demonstrates that micro-pores at around 1.2 nm are
derived from ZIF-67 [42], and the meso-pores at around 35 nm are
stacking pores of layered hydroxides [43]. The electron
paramagnetic resonance (EPR) spectra of ZIF-67, HELH and
HELH,; were recorded to verify the existence of the oxygen
vacancies (Fig. 2(c)). HELH,; shows the most intense signal peak at
g = 2.001 attributed to the highest content of hydroxides [44].
Besides, an extra signal with a g = 2.06 appears, which is assigned as
surface transition metal ions with the lattice oxygen loss [45]. In the
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contact angle test as shown in Fig. 2(d), the hydroxides exhibit
superior hydrophilicity compared to ZIF-67 (the angle of 35.7° for
HELH,;), which helps to wet the catalyst surface. Based on the
elemental composition of HELH determined by ICP-OES (Table S3
in the ESM), the configurational entropy was calculated (AS. =
—R¥xlnx; where R denotes the universal gas constant, and x; is the
mole fraction of the i-th component) as 1.588R (> 1.5R),
confirming the high-entropy nature of materials [46].

XPS was employed to analyze the elemental composition and
chemical valence state of the catalyst surface. The survey scan
spectrum of HELH confirmed the coexistence of Zn, Co, Ni, Fe,
Cu, and O elements (Fig. S6 in the ESM), consistent with the EDS
mapping results. As shown in Fig. 3(a), the peak of O 1Is is
deconvoluted into four peaks at 529.8, 531.2, 532.2, and 533.1 eV,
which can be ascribed to lattice oxygen (O4), defect sites with low
oxygen coordination (O3), surface hydroxyl group (O2) and
adsorbed water (O1), respectively [47]. The high proportion of O3
verifies the material has rich oxygen vacancies, which is beneficial
for substrate adsorption. The Fe 2p spectra shown in Fig. 3(b)
demonstrates that Fe species exist in the form of Fe* and Fe*, while
the position of the satellite peak is at 718.3 eV, proving that the
main form is Fe* [48]. Combined with the XRD results, this
illustrates a template effect of FeO(OH), which acts as a seed crystal
to induce the formation of HELH. The high-resolution Co 2p
spectra were fitted to investigate the oxidation states of cobalt
(Fig. 3(c)).

The two fitted peaks for Co 2p,, are assigned to Co* (780.9 eV)
and Co™ (782.9 eV), revealing a Co*/Co* ratio of 2.44 [46]. In the
high-resolution Ni 2p spectrum (Fig. 3(d)), the peaks at 857.3 eV
(Ni**) and 855.5 eV (Ni*) indicate that the ratio of Ni*/Ni* is

(b)

CA=068.5°

L

A
— -
CA =357
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2“- .
l]_

HELH HELH,, ZIF-67

)
=
1

Figure2 (a) The XRD patterns of ZIF-67, HELH and HELH,,. (b) The FT-IR spectra of ZIF-67, HELH and HELH,;. (c) The EPR spectra of ZIF-67, HELH and

HELH,, (d) Static water contact angle of ZIF-67, HELH and HELH,;.
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Figure 3 XPS spectra of (a) O 1s, (b) Fe 2p, (c) Co 2p, (d) Ni2p, (e) Cu 2p, and (f) Zn 2p in HELH.

0.33 [49]. Cobalt and nickel have opposite trivalent and divalent
ratios, indicating the layered hydroxide structure. As observed from
the Cu 2p spectra in Fig. 3(e), the peak at 934.5 eV is attributed to
Cu*, and the peak at 932.9 eV is assigned to Cu’, likely resulting
from the reduction by Ar plasma [47]. Additionally, two
characteristic peaks at 1045.0 and 1021.9 eV correspond to Zn*
2py, and Zn* 2p,, [50]. Based on the above characterization, the
structure of materials can be identified as HELH hollow
nanospheres internally supported by ZIF-67, with iron acting as the
template agent for in-situ transformation. Moreover, abundant
oxygen vacancies and good hydrophilicity of the material can better
promote the progress of hydrolysis reactions.

3.2 Catalyst performance test

HELH catalysts were evaluated under a series of concentration
gradients to investigate the hydrogen generation at different NaBH,
concentrations. As shown in Figs. 4(a) and 4(b), the hydrogen
generation accelerated with increasing concentration in dilute
solution (2%-10%), but remained nearly constant at higher
concentrations (10%-25%). This preliminarily indicated that the
process of NaBH, hydrolysis followed pseudo-zero-order kinetics in
concentrated solutions. Regarding the optimization of catalytic
reaction conditions, Fig. 4(c) clearly shows that the hydrogen
production increased sharply with the rising reaction temperature.
In the absence of catalyst, the hydrogen generation was only
0.15 mL-min™ at 80 °C as shown in the inset of Fig. 4(c). This result
indicates that the hydrogen production rate of NaBH, solution
catalyzed by HELH is 400 times faster than spontaneous hydrolysis.
Additionally, Fig. 4(d) illustrates the relationship between the
hydrolysis rate and NaOH concentration. The hydrogen
production rate exhibited a volcano-shaped distribution depending
on the concentration of NaOH solution and peaked at 3 M. At
higher concentrated NaOH, the hydrolysis of NaBH, was inhibited.
In the absence of catalysts, NaBH, did not undergo spontaneous
decomposition in 5 M NaOH even at 70 °C (inset of Fig. 4(d)).
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Opverall, these performance evaluations demonstrate that NaBH,
exhibits excellent stability in alkaline environments, but it rapidly
hydrolyzes upon catalyst addition, highlighting its potential as a
stable liquid hydrogen source.

To evaluate the effect of configurational entropy to the hydrogen
generation activity, a series of catalysts (Tetra-LH, Tri-LH, and Bi-
LH) were synthesized using the same method for comparison with
HELH (Figs. 5(a)-5(c)). The results indicate that each material
exhibited individually good catalytic activity, but none surpassed
HELH. This demonstrates the unique superiority of the high-
entropy composition, beyond a simple accumulation of specific
metal components. Generally, catalysts containing both Co and Ni
displayed enhanced activity, which was further improved by the
incorporation of Fe and Zn. Regarding the influence of structure,
the performance of HELH, HELH,;, and ZIF-67 was compared
(Fig. 5(d)). The catalytic activity of ZIF-67 was intermediate
between that of HELH and HELH,, which is inconsistent
with the positive synergistic effects typically expected from high-
entropy materials. This suggests that the outstanding activity of
HELH cannot be solely attributed to the presence of multiple
metals but also to its unique structural configuration. The SEM
images of the catalysts after reaction revealed that HELH
retained a relatively intact morphology, whereas HELH,; exhibited
significant agglomeration (Figs. S7(a) and S7(b) in the ESM).
Therefore, the inferior performance of HELH, is attributed to the
instability of its lamellar structure at elevated temperatures, which
reduced the number of exposed active sites and consequently
impaired the catalytic activity. These findings underscore that
structural robustness also plays a crucial role in catalytic
performance, verifying the importance of the reserved MOF core.
Furthermore, HELH maintained a high hydrogen generation rate
of 6000 mL-min™-g" after ten consecutive cycles, demonstrating its
long-term stability (Fig. S7(c) in the ESM).

To further elucidate the effect of configurational entropy on
catalytic reaction kinetics and thermodynamics, the NaBH,
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catalyst).

hydrolysis activity was investigated over HELH, Tri-LH (CoNiFe,
low entropy), and Tetra-LH (CoNiFeZn, medium entropy). As
shown in Figs. 6(a)-6(c)), the reactions on all three materials
conform to pseudo-zeroth-order kinetics at 50, 60, 70, and 80 °C,
indicating the identical reaction pathway. The apparent activation
energies (E,) were derived from the Arrhenius plots for hydrogen
production over catalysts (Fig. 6(d)). The E, with HELH (42.10 +
3.33 kJ-mol™) was significantly lower than those with Tetra-LH
(50.78 + 3.33 kJmol") and Tri-LH (53.88 + 3.13 kJ-mol?),
demonstrating that higher configurational entropy enhances the
catalytic activity. Notably, including the data at 40 °C in the fitting
reduced the accuracy of the calculated E,, as evidenced by a lower R?
value (0.976, Fig. S8(a) in the ESM). This discrepancy can be
attributed to the different dissolution behaviors of the reactant and
product at this temperature. As shown in Fig. S8(b) in the ESM,
crystals visibly precipitated from the solution during hydrolysis at
40 °C due to solvent (H,0) consumption and byproduct (NaBO,)
formation, even though the reactant (NaBH,) was initially fully
dissolved before the reaction. Therefore, the hydrolysis of
concentrated NaBH, should be maintained at a relatively high
temperature to prevent the precipitation of NaBO, on the catalyst
surface, which would block the active sites and hinder the contact
with the reactants.

3.3 Catalytic mechanism analysis

According to previous reports [51, 52], hydrogen generation in the
NaBH, hydrolysis reaction proceeds via cleavage of the B-H bond
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in BH, to form H*, which subsequently reacts with H,O,
resembling the hydrogen evolution reaction (HER). To further
explore the electron transfer from H* to H,O, the materials were
evaluated following the HER test of the electrocatalysts. As shown
in Fig. 7(a), the electrochemical activities of ZIF-67, Tri-LH
(CoNiFe, low entropy), and HELH were assessed by linear sweep
voltammetry (LSV) in a 3 M NaOH solution at a scan rate of
0.2 mV-s™. ZIF-67 exhibited the highest overpotential (0.46 V) at
30 mA-cm? significantly greater than those of HELH (0.34 V) and
Tri-LH (0.36 V). The superior HER activity of HELH is attributable
to the favorable hydrophilicity of the layered hydroxides and their
abundant oxygen vacancies, which facilitate H,O adsorption. This
result indicates the efficacy of layered hydroxides in promoting H,O
reduction by lowering the effective energy barrier, which is
consistent with the enhanced performance observed in NaBH,
hydrolysis. To gain further insight into the reaction kinetics, Tafel
slope analysis was conducted in the kinetic region of the LSV near
the onset potential (Fig. 7(b)). All three materials exhibited Tafel
slopes greater than 30 mV-dec™, confirming that the HER process
follows the Volmer-Heyrovsky mechanism in which H> directly
reacts with H,O. Additionally, the Tafel slopes followed the order:
HELH < Tri-LH < ZIF-67, verifying the fastest charge transfer
kinetics for HELH, which aligns with the trend observed in the
activation energies for NaBH, hydrolysis. These consistencies reveal
a strong similarity in the active sites and mechanisms between
chemical hydrogen production via NaBH, hydrolysis and HER.
Moreover, electrochemical impedance spectroscopy (EIS) was
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Figure7 (a)-(c) Electrochemical analysis of HELH, Tri-LH (CoNiFe), and ZIF-67: (a) linear sweep voltammetry (LSV) curves in 3 M NaOH electrolyte;
(b) corresponding Tafel plots; (c) electrochemical impedance spectroscopic analysis in 3 M NaOH electrolyte. (d) Adsorption energy of BH, on five metals. (e)
Desorption energy of H, on five metals. (f) Comparison of E,, and E,, on five metals. (g) Schematic representation of hydrolysis mechanism.

employed to investigate the charge transfer resistance (Fig. 7(c),
inset shows the equivalent circuit). The Nyquist plots for all
materials exhibited a semicircular shape, where the diameter
corresponds to the charge transfer resistance (R,). HELH displayed
the smallest semicircle, indicating the lowest R, which
demonstrates that the high-entropy structure facilitates rapid
electron transfer. However, the relatively large R, values observed
for all materials further suggest that H” directly reacts with H,O.
Hence, the efficient interaction between H* (generated from BH,)
and H,O is particularly crucial for the hydrolysis reaction.

To elucidate the catalytic mechanism of HELH, the hydrogen
generation pathway from NaBH, was investigated with density
functional theory (DFT) calculation, which simulates the
production and consumption processes of H”. The adsorption
energies of BH, on the five metal sites are shown in Figs. 7(d) and
7(f) and Fig. S9 in the ESM. The lowest energies on Co (-2.64 V)
and Ni (-2.74 eV) indicate that BH,™ preferentially adsorbs on these
sites and subsequently decomposes to generate H”. Similarly, the
calculation results reveal that H, tends to desorb from Fe, Co, and
Cu, as their desorption energies of H, are 0.58, 0.73, and 0.78 eV,
respectively (Figs. 7(e) and 7(f) and Fig. S10 in the ESM).
Combining simulation and experimental results, a plausible
catalytic mechanism for HELH in concentrated NaBH, solution can
be proposed as illustrated in Fig. 7(g): (1) BH, is preferentially
adsorbed on Ni and Co sites due to the favorable adsorption
energy; (2) the B-H bond in BH,™ cleaves to generate H*; (3) H,O is
adsorbed at oxygen vacancies in the catalyst; (4) owing to the
uniform element distribution in the high-entropy material, the
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active H species undergoes surface spillover [53, 54], migrating
from Ni/Co sites to Fe/Cu sites; (5) H> reacts with the adsorbed
H,O, and H, is released from Fe and Cu sites. Furthermore, the
presence of Zn*, which has the largest ionic radius (Table S2 in the
ESM), enhances lattice distortion, promoting the formation of more
oxygen vacancies and thereby accelerating step (3). In summary, the
synergistic interplay among the elements in the high-entropy
material optimizes the hydrolysis pathway, which lowers the
activation energy and enhances the long-term durability of the
catalyst.

34 Application in continuous flow reactor

Finally, a prototype hydrogen supply unit for fuel cells was
designed, as shown in Fig. S11 in the ESM. The reactor adopted a
plate-type configuration, in which a silicone gasket served both as a
seal and as a flow channel for the reaction mixture. A gas-liquid
separator was positioned downstream of the reactor to
preliminarily separate the generated mixture, after which the
hydrogen was directed into the fuel cell through a drying tube. To
effectively utilize the catalyst, customized materials were prepared
by loading ZIF-67 onto nickel foam and subsequently converting it
into HELH (Figs. 8(a)-8(c)). The reactor performance was
evaluated under a flow rate of 2 mL-min™ at 70 °C (Fig. 8(d)). The
hydrogen production rate reached a maximum of 4.16 L-min™g"'
after approximately 10 min of activation. After 100 min, the catalyst
activity gradually declined, with the hydrogen generation decreasing
by only 21% at the 120-min mark. This study successfully
demonstrates the feasibility of HELH in practical scenarios.
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4 Conclusions

In summary, we synthesized a hollow nano-spherical HELH
catalyst via the in-situ etching conversion of ZIF-67. This catalyst
demonstrates high efficiency and robust stability for hydrogen
generation from concentrated NaBH, solutions. The retained built-
in MOF framework reinforces the active high-entropy hydroxide
shell, maintaining both activity and structural stability. Combining
catalyst performance, simulated calculations, and electrochemical
analysis, it was found that the multi-metal synergy and abundant
oxygen vacancies in HELH optimize the hydrolysis pathway
through facilitating charge transfer and reducing the activation
energy. Consequently, the catalyst achieved a hydrogen generation
rate of 8 L-min™g™ in 25 wt.% NaBH, with 3 M NaOH solution at
70 °C and retained stable performance after 10 cycles. A prototype
hydrogen generation module based on this catalyst was fabricated
and stably operated for at least 2 h with 3.3 Lmin™g® H,
production, highlighting the potential of HELH catalyst for
practical hydrogen-on-demand systems.

Electronic Supplementary Material: Supplementary material
(electrochemical measurements, DFT calculations, supplementary
characterization and explanatory notes for relevant materials,
catalyst cycling performance tests, calculation simulation model
diagrams, and physical pictures of the reaction device) is available
in the online version of this article at https://doi.org/10.
26599/NR.2026.94908464.
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