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Developing heterostructured catalysts with highly active and reusable is an urgent task to achieve green
hydrogen production via NaBH4. Herein, we proposed a novel NaCl template method, which involves solid-state
physical grinding of metal salts, reducing agents and prepared carbon spheres with the participation of sodium
chloride to synthesize Ru-particles decorated CoB204 supported on hollow mesoporous carbon nanospheres (Ru/
CoB204@C) catalysts for efficient and durable Hy generation through alkaline hydrolysis of NaBH4. The opti-
mized catalyst with a Ru content of 3.0 wt% exhibits a high hydrogen generation rate of 8139 mL min " el and
a low activation energy of 33.2 kJ mol~! for NaBH, hydrolysis, which is one of the most efficient catalysts re-
ported recently. The extraordinary performance is mainly attributed to the synergistic effect between Ru and
CoB,04 species and abundant oxygen vacancies, which facilitate charge redistribution and provide more active
sites, thereby enhancing the catalytic activity. Density functional theory calculations support the proposed
Michaelis-Menten mechanism, where BH; and H;O are adsorbed on electron-rich Ru and electron-deficient
CoB,04 surfaces, respectively, and the reaction energy barrier for the rupture of the B-H bond as the rate-
determining step is only 1.37 eV, synergistically promoting the hydrolysis of NaBH4. Our study provides an

innovative method for designing efficient and stable catalysts for green hydrogen generation.

1. Introduction

Hydrogen (Hy) is widely recognized as an environmentally friendly
and sustainable alternative energy carrier compared to conventional
fossil fuels, owing to its cleanliness and high calorific value [1]. How-
ever, the implementation of hydrogen as a widespread energy carrier is
hindered by challenges in its transportation and storage [2-4]. To
address these issues, borohydrides, specifically sodium borohydride
(NaBHy), have been identified as a promising solution due to their high
hydrogen storage capacity (10.8 wt%) and excellent stability at room
temperature [5,6]. Furthermore, NaBH,4 is widely regarded as the
optimal choice for green hydrogen production due to its attractive
characteristics, including renewability [7], environmental friendliness
[8], and cost-effectiveness [9]. Notably, NaBH4 enables product recy-
cling through direct high-energy ball milling. The hydrogen production
process associated with NaBH4 does not generate greenhouse gases or
pollutants, making it environmentally advantageous and aligning well
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with the principles of green hydrogen production. Moreover, NaBH4
offers the advantage of lower raw material costs and a relatively simple
manufacturing process, contributing to the overall cost reduction of
hydrogen production compared to other methods. Nonetheless, the
sluggish reaction kinetics of NaBHy,'s self-hydrolysis limit its practical
use [10]. By employing an appropriate catalyst, the reaction of one
equivalent of NaBH4 with water can produce four equivalents of
hydrogen [11,12].

It is crucial to design a durable and high-performance catalyst to
develop a practice Hj storage and reuse process. According to recent
research, the most advanced catalysts for borohydrides hydrolysis
currently rely heavily on noble metals such as Palladium (Pd) and
Platinum (Pt) [13,14]. However, their scarcity and high cost pose a
challenge to large-scale applications. As a result, non-noble metal cat-
alysts have garnered a great deal of attention due to their lower cost [9],
as well as their better activity and stability, particularly when supported
on appropriate substrates [15], Nonetheless, these catalysts have limited
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selectivity and are susceptible to deactivation or degradation over time,
particularly in harsh reaction conditions or in the presence of impurities
[16].

Boron-containing compounds are known for their favorable physical
properties, including low cost, good electrical conductivity, and envi-
ronmental friendliness, in comparison to transition metal oxides [17],
hydroxides [18], and phosphides [19]. Moreover, boron (B) in these
compounds exhibits distinctive chemical properties when compared to
other common non-metal elements like sulfur (S), oxygen (O), and
phosphorus (P). The B element possesses the ability to modulate the
electronic structure and rearrange the electron cloud density. Meng et al.
have proposed that the introduction of quasi-metallic B atoms in metal
boride-based materials can effectively regulate the electronic properties
of complex metal sites, providing avenues for optimizing application
performance [20]. Boron, being a moderately electronegative semi-
metal element, exhibits diverse types of chemical bonds in boron com-
pounds, including ionic bonds (M-B) and covalent bonds (B-B). Due to
their unique properties, structural diversity, and compositional flexi-
bility, borates have a strong capacity to regulate the adsorption capacity
and local electronic structure of active sites on catalyst surfaces. These
characteristics create favorable conditions for the modification of redox
catalysts [21]. In recent studies, the addition of a small amount of
ruthenium (Ru) to the NaBH4 catalyst has been shown to offer several
advantages in chemical reactions [22]. The presence of Ru on the
catalyst surface can improve its catalytic activity, selectivity, and sta-
bility, resulting in faster reaction rates, higher yields, and reduced
catalyst deactivation [23,24].

In addition to the chemical composition of a catalyst, its performance
is also significantly affected by the catalyst support material used [25].
Proper supports, such as carbon nanotubes [26], nickel foam [18,27],
and hollow carbon spheres [28], can improve metal dispersion, reduce
the amount of precious metals, decrease costs, enhance catalytic activ-
ity, and prolong the catalyst’s lifetime. Among these options, hollow
mesoporous carbon nanospheres are an excellent support material due
to their exceptional porosity, structural diversity, and large specific
surface area [29,30]. As a result, they have become a preferred substrate
for loading active ingredients [31], providing ample active sites and
facilitating the release of gases during NaBH4 hydrolysis. Incorporating
low-loading of highly catalytic noble metals such as ruthenium (Ru) into
supported catalytic systems can not only improve catalytic activity,
stability, and reusability but also effectively reduce costs [32].
Furthermore, the NaCl template method can be employed during the
synthesis process to achieve a more uniform metal dispersion on the
surface of carbon spheres, prevent agglomeration, and enhance the
catalyst’s performance [33].

In this work, we present an efficient and controlled approach to
synthesize Ru-particles decorated CoB;O4 on carbon sphere (Ru/
CoB204@C) for catalytic hydrolysis of sodium borohydride in alkaline
environments. The interaction between Ru and Co species is induced by
CoBy04 innovation, which results in strong electronic interaction. DFT
calculations reveal that electron interaction between Ru and CoB,04 can
facilitate charge transfer, leading to fast reaction kinetics. The excep-
tional hollow mesoporous structure of the catalyst creates a suitable
three-phase interface that promotes the reaction by providing a larger
specific surface area, reducing diffusion resistance, and exposing a high
density of active sites. Therefore, the optimized Ru/CoB,04@C catalyst
exhibits outstanding activity in alkaline sodium borohydride solution,
indicating its potential for application in energy storage and conversion
processes.

2. Experimental sections
2.1. Materials

Ethanol (CoHsOH > 99.7 %), formaldehyde solution (HCHO, 37.0 wt
%), tetraethyl silicate (TEOS > 28.0 %), resorcinol (CgHgO2 > 99.5 %),
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cobalt chloride hexahydrate (CoCly-6H20, 98 %) ammonium hydroxide
(NH40H, 25.0 wt%), sodium hydroxide (NaOH, 96 %), and sodium
borohydride (NaBH,4 > 98.0 %) were purchased from Xilong Chemical
Co., Ltd. Ruthenium(III) chloride hydrate (RuCls-xH20) was got from
Aladdin Industrial Corporation. All chemicals and reagents were of
analytical grade and used directly without further purification.

2.2. Synthesis of carbon spheres

The procedure for obtaining the hollow mesoporous carbon spheres
substrate was adapted from previous work [34]. Briefly, 3.5 mL of TEOS
was added to a stirred mixed solution containing 10 mL deionized water,
50 mL ethanol, and 2 mL NH4OH. After 10 min, 0.5 mL of formaldehyde
solution and 3.54 mmol C¢HgO were added sequentially. The mixture
was then vigorously stirred at room temperature for 24 h before being
centrifuged at 8000 rpm for 10 min to obtain solid brown powder. The
powder was washed with ethanol three times and dried in an oven at
70 °C.

The resulting brown powder was then annealed at 700 °C for 5h in a
nitrogen atmosphere with a ramping rate of 5 °C min~! to obtain
SiO,@C. Finally, the SiO, core was removed by soaking the sample in 3
M KOH at 60 °C overnight to obtain the hollow mesoporous carbon
spheres.

2.3. Synthesis of Ru/CoB204@C

During the synthesis, 30 mg of carbon spheres were dispersed in a
solution containing 0.13 mmol CoCly-6H20 and 0.04 mmol RuCl3-xH20
in 15 mL of ethanol. The mixture was ultrasonicated for 1 h, and then
transferred to a vacuum oven at 70 °C overnight to allow complete
evaporation of the ethanol. The remaining black powder was scraped off
and set aside.

The powder was ground together with 17 mmol of NaCl and 16.7
mmol of CH4N0, transferred to a clean beaker, and dried in an oven for
4 h. The dried precursor was mixed with 2.6 mmol of NaBH,4 and
thoroughly ground in an agate mortar to ensure complete solid-state
reaction. The catalyst was separated by centrifugation, washed with
deionized water several times, and dried overnight at 70 °C. To compare
the performance of different Ru doping levels, the Ru/Co molar ratio
was varied (1:2, 1:3, 1:4, 1:5) during the synthesis process.

2.4. Synthesis of CoB204@C and Ru@C

The CoB204@C and Ru@C catalysts were prepared using a similar
method as described for Ru/CoB,04@C above, with the exception that
only CoCly-6H50 or RuCl3-xH,0 were added during the synthesis.

2.5. Synthesis of Pt/CoB204@C, Pd/CoB204@C and Rh/CoB204@C

The synthesis protocol mirrors that employed for Ru/CoB,04@C,
with the sole variation being the substitution of RuCls xH20 with the
relevant precious metal salts.

2.6. Catalytic measurements

The catalytic activity, cycle stability and activation energy of the
catalytic material were obtained by the following methods. Typically,
25 mL mixture solution (contained 150 mM NaBH4 + 0.4 wt% NaOH)
was kept in a three-necked round-bottom flask (50 mL), which was
placed in a water bath at 25 °C. The volume of H, was monitored by a
drainage which was connected to a computer to record the instantly
changed water quantity. The catalytic reaction was started when the
catalyst was added into the flask under constant magnetic stirring con-
ditions. In order to test the recyclability of the catalyst, we continued to
use the fresh NaBHy4 solution instead of the fully decomposed NaBH4
solution for five consecutive cycles at 25 °C. After each stability test, we
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centrifuged the catalytic material, dried it under vacuum condition at
room temperature, and weighed the catalytic material. All performance
tests were conducted three times under identical conditions, and the
experimental results were averaged to ensure accuracy. The activation
energy of the designed catalyst was evaluated in the same device in the
temperature range of 25-45 °C.

3. Results and discussion
3.1. Structural and morphological characterizations

The Ru/CoB04@C catalyst was prepared through a series of steps
including impregnation, NaCl template regulation, and chemical
reduction method to load the Ru/CoB304 onto hollow porous nano-
spheres, as depicted in Fig. 1a. Initially, a quantity of carbon spheres
were submerged in an ethanol solution containing CoCly-6H20 and
RuCl3-xH20 to uniformly coat them with Co and Ru species. Subse-
quently, the mentioned precursors were combined with NaCl and
CH4N0 for a solid-state reaction. Upon mixing and grinding all the
materials, CoB,0O4 nucleates on the surface of the water-soluble NaCl
particles, which possess a face-centered cubic crystal structure, within
an agate mortar. This nucleation process leads to the aggregation of
CoBy04 along the cubic crystal structure. As a result, the assembled 3D
structure comprising small particles of CoB204 can be easily obtained by
removing NaCl using distilled water [35]. Finally, the Ru particles were
reduced onto the CoB;04@C (Ru/CoB,04@C) via NaBHj.

The crystalline characteristics of the prepared catalysts were
analyzed by X-ray diffraction (XRD) patterns, which showed a broad
peak at around 22.0° belonging to (00 2) facets of graphitic carbon [36],
and diffraction peaks at around 31.0°, 36.8°, 44.6°, 59.2°, and 65.2°
assigned to CoB204 (JCPDS: 01-1145) [21]. The diffraction peak of Ru
in the spectrum was not prominent due to its low-loadings, except for the
peak attributed to the (101) crystal plane, which was around 44.0°
(Fig. 1b) [37]. This particular observation was consistent across pure Ru,
CoB204@C, and Ru/Co catalysts with different ratios (Fig. S1). The Ru
content on the Ru/CoB;04@C was found to be 3.0 wt% tested by
inductively coupled plasma mass spectroscopy (ICP-MS) (Table S1).
Electron paramagnetic resonance (EPR) spectra demonstrated that the
signal intensity of the broad signal, which serves as an evaluation index
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for the degree of vacancies in the composite, was stronger in Ru@C
compared to Ru/CoB204@C, indicating that the Co species occupied
some of the oxygen vacancies [32]. The Co** ions, converted to Co®t
through a process involving electron deficiency created by oxygen va-
cancies, occupy some of the oxygen vacancies in the composite. How-
ever, the introduction of oxygen vacancies altered the electronic
properties of Ru/CoB204@C, enhancing the catalytic activity [38,39].
The Ny adsorption—desorption isotherm demonstrated a reversible IV-
type isotherm with an evident hysteresis loop, indicating the meso-
porous structure of Ru/CoBy04@C (Fig. 1d) [40,41]. Comparative
samples, such as Ru@C and CoB04@C, mirrored these structural traits
(Fig. $2). BET analyses determined specific surface areas of 2316.5 m>
g’1 for CoB,04@C, 217.2 m? g’1 for Ru@C and 328.1 m? g’1 for Ru/
CoB204@C. This data suggests that the presence of Ru obstructed some
of the surface areas of the CoB204. Such observations echo findings from
recent scholarly articles [42,43]. The superior data were attributed to
the hollow structure of carbon nanospheres, which facilitated the
exposure of active sites in the catalytic process [44]. Furthermore, the
presence of mesopores of approximately 9.3 nm on the surface of the
carbon spheres prevented Ru and CoB204 NPs from stacking and facil-
itated gas transport, increasing the catalytic rate at the active site (inset
in Fig. 1d) [45]. Raman spectroscopy was employed to gauge the degree
of carbon disorder, attributable to the carbon carriers, via the intensity
ratio of the D band to the G band (Ip/Ig). (Fig. S3a). The Ip/Ig values for
Ru/CoB,04@C, CoB;04@C and Ru@C are 0.98, 0.97 and 0.96,
respectively. This consistency suggests that the surface disorder induced
by the metal loading is fairly uniform across samples. Notably, the B-O
stretching vibration is represented by the peak at 903 cm™! [46].
The Fourier Transform Infrared (FTIR) spectra for Ru/CoBy04@C,
CoB204@C and Ru@, spanning the wavenumber range of 500-4000
em™!, are depicted in Fig. S3b. The bands discerned at around 704 and
1250 cm ! are mainly due to Ru-O bond and B-O bond in RuO, and
B,03 ", respectively [47,48].  The thermodynamic  stability
of samples was detected in Fig. S4.

The morphology of material was examined using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The
SiO»,@C material had a smooth, spherical structure, whereas the surface
of the carbon spheres became rough and porous after etching with
alkaline KOH solution (Fig. S5). As shown in Fig. 2a-b, the Ru/CoB04
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Fig. 1. (a) Schematic illustration of preparation Ru/CoB,04@C. (b) XRD patterns of Ru/CoB>04@C. (c) EPR spectra of Ru/CoB,0,@C, CoB,04@C, Ru@C and
carbon spheres. (d) N, adsorption—desorption isotherm with the inset showing the corresponding pore size distribution of Ru/CoB,04@C.
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Fig. 2. (a) SEM and (b) TEM image of Ru/CoB,04@C, (c) TEM (histogram of particle size distribution of Ru particles on catalyst surface). (d-e) HR-TEM and the
corresponding lattice spacing profiles of the dotted line regions. (f) HAADF-STEM images and the corresponding elemental mappings of Ru/CoB>04@C.

catalyst was uniformly dispersed on the surface of the hollow meso-
porous carbon spheres, forming a particulate structure (Ru/CoB204@C).
This dispersion helped to mitigate the performance degradation caused
by CoB204 agglomeration to some extent. As shown in Fig. 2¢, the Ru
particles with an average particle size of about 2.20 nm, as determined
from statistical analysis of a significant number of Ru particles, are
uniformly dispersed on the CoB204 (the inset presents the histogram of
the Ru particle size distribution). High-resolution TEM (HR-TEM) im-
ages showed lattice fringes of Ru/CoB304@C (Fig. 2d-e), with a spacing
of 0.16 nm corresponding to the (102) crystal plane of Ru [49], and a
spacing of 0.24 nm belonging to CoB,04 species [21]. The presence of
Ru and CoB,0y4 in the Ru/CoB,04@C composite is further corroborated
by the selected area electron diffraction (SAED) pattern (Fig. S6). The
pronounced diffraction spots predominantly correspond to the CoB204
and Ru (102) phases. The energy dispersive X-ray (EDX) spectrum

shows Co, Ru, B, O and C signals in Ru/CoB204@C (Fig. S7). Further-
more, high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) confirmed the presence of the hollow
mesoporous structure, and corresponding element mappings demon-
strated even distribution of C, O, B, Co, and Ru on the surface of Ru/
CoB,04@C (Fig. 2f).

X-ray photoelectron spectroscopy (XPS) was utilized to examine the
chemical states and composition of elements. The survey XPS spectra
(Fig. S8a) indicated that the catalysts were mainly composed of Co, O,
C, Ru, and B elements. The high-resolution C 1 s + Ru 3d spectra were
deconvoluted into four peaks at 284.0, 284.8, 286.0, and 288.65 eV,
which were indexed as C =C, C — C, C — O and C = O, respectively [50].
The Ru 3d XPS spectrum of Ru/CoB204@C revealed peaks at approxi-
mately 279.9 and 284.1 eV, denoting metallic Ru’. Conversely, peaks at
280.9 eV and 285.1 eV can be attributed to RuO; (Fig. 3a) [51]. The Ru
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Fig. 3. High-resolution XPS spectra of (a) C 1 s + Ru 3d, (b) Ru 3p, (c) Co 2p, (d) B 1 s and (e) O 1 s regions of Ru/CoB,04@C, Ru@C and CoB,0,@C.
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3p spectrum (Fig. 3b) showcased two sets of peaks: those centered at
462.7 and 484.9 eV correspond to Ru 3ps,2 and Ru 3p; /2, respectively.
The secondary peaks at 466.3 and 487.9 eV are linked to RuO3 3ps,2 and
RuO2 3pj,2. These are likely the result of Ru surface oxidation during
catalyst preparation [52]. The binding energies of Ru’ in both the 3d and
3p orbitals were found to shift negatively by 0.23 eV and 0.34 eV,
respectively, in comparison to Ru@C. The Co 2p spectrum of Ru/
CoB204@C (Fig. 3c) was fitted into three peaks: Co-B (775.1 eV), Co-O
(781.3 eV), and satellite (785.2 eV) [53,54]. The binding energy of Co-O
was positively shifted by 0.33 eV in comparison to CoB,04@C, indi-
cating that electrons were transferred from Co®" to Ru, which resulted in
enhanced hydrolysis activity [55,56]. The interaction generated by
charge redistribution was noteworthy. The B 1 s peak for Ru/
CoB,04@C, observed at 191.2 eV, corresponds to B3+ in borate (Fig. 3d).
The O 1 s spectrum exhibited three prominent peaks at 530.2, 531.1 and
532.5 eV, which could be assigned to lattice oxygen (Or), oxygen va-
cancy (Oy) and absorbed oxygen (Op), respectively. The presence of
strong Oy peaks was consistent with the EPR results (Fig. 3e) [57].
Furthermore, the high-resolution C 1 s and B 1 s spectra of CoB;04@C
were presented in Fig. S8b-c, and they exhibited similar bonding states
to Ru/CoB504@C.

3.2. NaBHj hydrolysis performance

Hydrogen generation via the hydrolysis of NaBH4 was carried out in
an alkaline environment at 25 °C, and the amount of hydrogen produced
was determined using the drainage method (Fig. S9). To avoid the
autohydrolysis of NaBH, (Fig. S10a), NaOH was used as a stabilizing
agent to achieve controlled hydrolysis, which only occurs under the
catalytic action (Fig. S10b). Furthermore, we explored the relationship
between different NaOH concentrations and the hydrogen generation
rate (Fig. S10c). Interestingly, we found that the hydrogen generation
rate was minimally affected by the NaOH concentration, consistent with
previous reports [32]. As a result, we selected 0.4 wt% NaOH, in
accordance with the principles of green chemistry, as the stabilizer for
the hydrolysis process. The effect of different molar ratios of Ru and Co
in the catalyst preparation was investigated to optimize the catalytic
performance for sodium borohydride hydrolysis. The catalyst exhibited
the best performance when the Ru:Co ratio was 1:3 (Fig. 4a). The
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catalyst’s hydrogen generation rate and turnover frequency displayed a
volcano-like trend based on varying ratios of the two metals. Peak values
reached 8139 mL min~* 2.4 and 82 moly, min~? mo]l(,ll, as illustrated in
Fig. 4b. The Ru content in Ru/CoB204@C was a mere 3.0 wt%, which is
comparatively lower than many analogous catalysts reported in refer-
ences [58,59]. This parameter was kept constant during the rest of the
optimization process. It is evident that the catalytic activity of sodium
borohydride hydrolysis of Ru/CoB204@C is much superior to all other
control samples (Fig. 4c). The TOF values of Ru / CoB204@C,
CoB204@C, and Ru@C are fully presented in Fig. 4d and Table S2, and
the catalyst also outperforms most of the previously reported catalysts
(Table S3). At the same time, we also explored the catalytic activities of
different noble metals, including Pt, Pd and Rh, under the same reaction
conditions. As shown in Fig. S11, while the efficacy of our target cata-
lyst, Ru/CoB204@C, marginally trails that of Pt/CoB204@C, it surpasses
the performances of both Pd/CoB204@C and Rh/CoB204@C. Given the
economic implications tied to the catalyst’s cost, a catalyst with a low
loading of the more affordable noble metal Ru emerges as the most
judicious choice.

The effect of temperature on the hydrolysis of catalytic NaBH4 was
investigated by measuring the catalytic performance of Ru/CoB204@C
and Ru@C under different conditions. The results showed that the
generation rate of Hj increased significantly with increasing hydrolysis
temperature (Fig. 5a and Fig. S12). The activation energy of Ru/
CoB,04@C was calculated to be 33.2 kJ mol ™!, which was superior to
that of Ru@C (42.3 kJ mol™!) and most of the previously reported
catalysts (Fig. 5b-c), indicating excellent catalytic performance of Ru/
CoB204@C. Furthermore, the reusability capacity of Ru/CoB204@C for
catalytic hydrogen production was demonstrated to be superior, with
90.7 % of its initial activity retained after the fifth cycle (Fig. 5d and
Fig. 5e). This excellent reuse stability is superior to most previously
reported catalysts (Fig. 5f). However, a slight decline in catalytic per-
formance was observed, which was mainly attributed to the poisoning of
active sites by the generated BO3 [10,60], as well as the agglomeration
and exfoliation of catalytically active components (Table S4).

To gauge the robustness and endurance of the catalyst during the
reaction, the spent Ru/CoB,04@C catalyst, post five cycles, underwent
meticulous examination using SEM, TEM, XRD, and XPS techniques.
SEM images illustrated that the morphology of the spent catalyst
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predominantly mirrored its original state, albeit with minor damage
observed on a few carbon spheres-a plausible consequence of gas evo-
lution during the reaction (Fig. S13a). Insightful observations from TEM
and XRD highlighted that the catalytic components were consistently
distributed across the catalyst’s surface, and the crystalline nature of the
material remained largely unaltered, emphasizing the inherent stability
of the catalyst (Fig. S13b-c). Furthermore, the EDX analysis substanti-
ated the continued presence of Co, Ru, B, O, and C elements in the spent
Ru/CoB204@C catalyst (Fig. S13d). XPS qualitative analysis indicated
that the original elemental composition of the catalyst was retained after
catalytic hydrolysis, demonstrating its stability (Fig. S14) [61]. It is
noteworthy that the proportion of metallic Ru on the catalyst surface
slightly increased from 42.5 % to 55.1 % due to the reduction of NaBHa,
while the Ru content decreased from 3.0 wt% to 2.1 wt% after five cycles
due to Ru exfoliation. A small amount of metal (Co, Ru) was detected in
the reaction solution after circulation, which further confirmed the
exfoliation of the material (Table S4).

3.3. DFT calculations and catalytic mechanism analysis

Density functional theory (DFT) calculations were performed to
investigate the potential mechanism of hydrogen production from
NaBH4 catalyzed by Ru/CoB204@C catalyst. Our calculations showed
an electron accumulation at the edge of Ru and electron deficiency
around Co species, which corroborates the XPS results and confirms a
charge synergy between Ru and Co species (Fig. 6a). We also evaluated
the Bader charges of Ru and Co atoms on various catalysts to determine
the adsorption sites for BHz and H,O (Fig. 6b). Our data indicated that
the Ru/CoB204@C catalyst, containing Ru and Co, exhibited the highest
electron affinity and lowest electron deficiency compared to other
investigated catalysts. Consequently, a high molar [BH41/[Ru] ratio
facilitates the removal of H™ ions from BH4 ions by electron transfer
from the BHy ions through Ru/CoB;04. Meanwhile, H-OH bonds of the
Ho0 absorbed on the surface of CoByO4 are weakened, favoring the
reduction of H' through the transferred electron from BHj ions. The
combination of H" and H™ immediately leads to the liberation of Hy
(Fig. S15) [60].

Two mechanisms are widely recognized for the catalytic hydrolysis
of NaBH4, namely the Langmuir-Hinshelwood and the Michaelis-Menten
mechanisms (Fig. S16, Fig. 6e) [62,63]. Based on these mechanisms, we
calculated the adsorption energy required for each step in the catalytic
hydrolysis process of Ru/CoB204@C. As shown in Fig. 6¢, the energy
required for the rate-determining step in the Michaelis-Menten mech-
anism is 1.37 eV, which is less than 2.62 eV in the Langmuir-
Hinshelwood mechanism. Therefore, we concluded that Ru/
CoB204@C follows the Michaelis-Menten mechanism when catalyzing
the hydrolysis of NaBH4 to produce Hy.

*BH; ~*BHj3 + *H~ (€8]
*H™ + H,O H, + *OH™ (2)
*OH~ + *BH3 = *BH30H 3)
*OH™ + *BH(OH); = B(OH), “@

To better understand the kinetics of the NaBH4 hydrolysis reaction,
the reaction barriers of various catalysts for each elementary step were
calculated, including the barriers for the adsorption of BH; and H>O and
the dissociation energies of the products (Fig. 6d). Previous reports have
indicated that the breaking of the B-H bond in the hydrolysis is likely the
rate-determining step [64], which is consistent with the reaction process
represented by AG4. Accordingly, the energy barrier (AGy) for the rate-
determining step in the Ru/CoB204@C catalyst was determined to be
1.37 eV, which is lower than that of Ru@C (1.84 eV) and CoB,04@C
(1.97 eV). This indicates that Ru/CoB,04@C facilitates the formation of
transition state intermediates and promotes the hydrolysis reaction ki-
netics of sodium borohydride (Table S5). Based on the experimental and
theoretical results, a proposed alkaline hydrolysis mechanism for the
Ru/CoB204@C catalyst is illustrated in Fig. 6e: (I) BH; is adsorbed on
the surface of Ru sites in the Ru/CoB,04 catalyst; (II) the B-H bond of
*BHj dissociates at the Ru metal sites, producing *H™ and *BH3, along
with electron transfer (Eq. (1)); (III) to facilitate the hydrolysis process,
H,0 is adsorbed on the surface of the Co species of the catalyst; (IV) the
*H™ on the Ru surface interacts with one of the protonic H" of Hy0,
resulting in the release of one molecule of Hy (Eq. (2)), and the
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remaining *OH~ combines with adsorbed *BHj3 to form *BH30H™ (Eq.
(3)); and (V) the H in BH3OH ™ generated in the previous step continues
to adsorb onto Ru, similar to step (I). Through the involvement of Ru/
CoB,0y4, this cycle ultimately produces four hydrogen molecules and
tetrahydroxyboronic acid B(OH)4 as the end-product from a single BHy
molecule and H,0 (Eq. (4)) [61].

4. Conclusions

In summary, we have demonstrated a novel NaCl template strategy
to induce hydrolysis of borohydride using Ru/CoB204 modified hollow
mesoporous carbon nanospheres at room temperature. The optimized
Ru/CoB204@C composite exhibits excellent hydrolysis of NaBH4 ac-
tivity, with a hydrogen generation rate of 8139 mL min~? gk, sur-
passing that of recently reported transition metal-based catalysts. XPS
analysis shows that the superior NaBH,4 hydrolysis performance is
attributed to the strong synergistic effect between Ru and CoB204 spe-
cies. Moreover, TEM and BET characterizations confirm that the hollow
mesopores structure with high specific surface area of Ru/CoB204@C
can expose a high density of active sites, facilitating gas transport and
accelerating reaction kinetics. The TOF value can reach 82 moly» min~!

moly,!, and the catalyst exhibits superior reusability, with no significant

decay in catalytic performance after five cycles. These results demon-
strate the promising potential of Ru/CoB204@C for NaBH4 hydrolysis
applications.
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