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Developing high-efficiency and stable catalysts for NaBH, hydrolysis is critical for safe, high-density and on-
demand hydrogen generation. Herein, a core-shell structured Co@SiO.@C composite was fabricated as sup-
port to immobilize Ru nanoparticles, which precisely regulates electron-metal-support interactions (EMSI). The
SiO; layer inhibits Ru aggregation and carbon layer accelerates electron transfer, synergistically optimizing Ru
electron density and boosting Co-Ru dual active sites. The composite catalyst Co@SiO2@C-Ru exhibits signif-
icantly enhanced catalytic performance, achieving a hydrogen production rate of 7783.2 mL min~! g~! at 25 °C,
substantially surpassing most previously reported catalysts. Furthermore, the catalyst retains excellent catalytic
activity after five cycles, demonstrating favorable structural and performance stability. Mechanism studies
confirm that EMSI drives electron transfer from Co to Ru, optimizing BH, adsorption and activation via
Michaelis-Menten kinetics. This work offers a facile strategy for constructing high-performance dual-metal core-

shell hydrolysis catalysts.

1. Introduction

The ongoing depletion of fossil fuel resources and the growing
severity of global environmental issues have urgently driven the pursuit
of sustainable and clean energy technologies to enable low-carbon en-
ergy transition [1]. Hydrogen, with its significantly higher energy den-
sity (120 MJ - kg™!) compared to gasoline (44 MJ-kg™1), and its
production of only water as a by-product when used, is considered one of
the most promising and environmentally friendly alternatives to tradi-
tional fossil fuels [2-4]. Common hydrogen storage candidates,
including formic acid, methanol, ammonia and ethanol, are limited by
flammability, corrosiveness and potential environmental risks [5]. In
contrast, sodium borohydride (NaBH,4) stands out as a promising
hydrogen supplier for organic synthesis and on-site hydrogen genera-
tion, benefiting from its high hydrogen capacity, non-toxicity, reliable
operation, tunable dehydrogenation behavior and convenient storage
and transportation [6-8]. Although the U.S. Department of Energy
(DOE) previously issued a non-recommendation regarding the use of
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NaBH,4 hydrolysis in vehicle-mounted systems—primarily due to the
high costs associated with its production and regeneration—the devel-
opment of low-cost synthesis and regeneration technologies by a Japa-
nese enterprise in 2019 has renewed interest in its potential for
large-scale applications [9,10]. Despite the above progress, NaBH, it-
self has obvious drawbacks: its hydrolysis proceeds very slowly under
ambient conditions, and the catalyst-free dehydrogenation process re-
quires a high temperature of around 565 °C [11,12], making the design
of high-performance catalysts essential to unlock its practical value.

In current research, ruthenium-based catalysts exhibit exceptional
catalytic activity in the hydrolysis of NaBH,4 due to their unique elec-
tronic structure and moderate water-dissociation energy [13]. However,
the scarcity and high cost of ruthenium severely limit its practical
deployment [14]. To address this issue, researchers have explored
combining ruthenium with other metals, with cobalt in particular shown
to significantly enhance ruthenium's performance in NaBH4 hydrolysis
through multiple synergistic effects [1,15,16]. Nevertheless, mono-
metallic Co nanoparticles suffer from severe agglomeration under
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reaction conditions, reducing the accessibility of active sites—an issue
that can be effectively mitigated by constructing core—shell architectures
with carbon encapsulation. Such structures suppress metal particle ag-
gregation through physical confinement while promoting dispersion and
long-term stability of active metal species [17]. For example, Li et al.
reported an Feyy@Cosg core-shell catalyst, where interphase electron
transfer between the Fe core and Co shell boosted active site activity
during ammonia borane hydrolysis, yielding exceptional hydrogen
evolution kinetics [18]. Hong et al. developed carbon-encapsulated Co
nanoparticle catalysts that leveraged the shell's physical confinement
and chemical protection to achieve high catalytic efficiency and recy-
clability for NaBH4 hydrolysis, addressing long-standing issues of ag-
gregation and poor reusability in monometallic catalysts [19].
Collectively, these studies demonstrate that core-shell architectures
enhance catalytic performance by optimizing active-site exposure, tun-
ing electronic interactions, and improving structural stability, thereby
providing a robust framework for designing high-performance borohy-
dride hydrolysis catalysts.

Beyond structural optimization through core-shell architectures,
regulating the electronic structure of active sites is critical for further
improving catalytic activity. Electronic metal-support interaction
(EMSI) has emerged as a powerful strategy for stabilizing ruthenium
nanoparticles and enhancing catalyst performance [20,21]. This
enhancement typically stems from interfacial electron transfer between
the metal and the support, a process that continues until their Fermi
levels equilibrate—analogous to the Mott-Schottky effect in metal-
-semiconductor heterojunctions [22,23]. Understanding how EMSI in-
fluences catalytic activity, selectivity, and stability has therefore become
a key focus in the design of high-performance catalyst systems. Inte-
grating the structural benefits of core-shell architectures with
EMSI-mediated electronic modulation thus represents a promising
pathway for overcoming the intrinsic limitations of existing catalysts.

Against this backdrop, we designed a Co@SiO2@C-Ru core-shell
catalyst incorporating a SiO,@C shell layer. The SiO, layer provides
robust confinement to suppress Co/Ru agglomeration, while the carbon
layer facilitates electron transfer and mediates EMSI among the Co core,
Ru sites, and the support. This architecture combines Co-Ru dual-site
synergy with EMSI-driven electronic modulation, optimizing the elec-
tron density of active sites to enhance reactant adsorption and activa-
tion. Experiments revealed that the optimized Co@SiO2@C-Ru catalyst
exhibited a high H, release rate of 7783.2 mL min~ ' ¢! and maintained
good stability after five cycles. This study demonstrates an effective
strategy for designing highly active core-shell catalysts for NaBH4 hy-
drolysis and broader applications in energy catalysis.

2. Experimental section
2.1. Materials

Cobaltous nitrate hexahydrate (Co(NO3)2-6H20, >99.0%, Aladdin),
1,4-dicarboxybenzene (CgHgO4, >99.0%, Aladdin), tetraethyl orthosi-
licate ((TEOS) CgHy004Si, >98.0%, Aladdin), resorcinol (CgHgOo,
>99.0%, Aladdin), ethylenediamine (CyHgNy, >99.0%, Aladdin), so-
dium borohydride (NaBH4, >98.0%, Sinopharm Group), ethanol
(CoHgO, >99.7%, Xilong Scientific), N,N-Dimethylformamide (DMF,
C3HyNO, >99.5%, Xilong Scientific), formaldehyde solution (HCHO, 37-
40%, Xilong Scientific), sodium hydroxide (NaOH, >96.0%, Aladdin),
Ruthenium(III) chloride hydrate (RuCls-xH20, >99.95%, Aladdin). All
reagents were commercially available and could be used directly
without further purification. All aqueous solutions were prepared with
deionized water.

2.2. Physical characterization

The field-emission scanning electron microscopy (SEM, FEI Quanta
200 FEG) and transmission electron microscopy (TEM, JEM-2100F)
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were used to characterize the morphology and microstructure of sam-
ples. The specific surface and pore size distribution of catalysts were
calculated by Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-
Halenda (BJH) methods, respectively. Electron paramagnetic reso-
nance (EPR) spectra were measured by Bruker E500 spectrometer. The
surface valence of material was analyzed by X-ray photoelectron spec-
troscopy (XPS, JPS-9010 Mg K a). The structural integrity of samples
was analyzed by X-ray diffraction (XRD, Rigaku 13 D/Max 2500 V/PC,
Japan). Metal contents were investigated by inductively coupled plasma
mass spectroscopy (ICP-MS, PekinElmer corporation, FLexar-
NexION300X). Ultraviolet photoelectron spectroscopy (UPS) was per-
formed using PHI5000 Versa Probe III. The Ag layer acted as a reference
to measure the kinetic energy corresponding to the Ef and then the E¢
was corrected to 0 eV.

2.3. Catalyst preparation

2.3.1. Synthesis of Co-MOF

According to the literature synthesis method [24], the Co-MOF
precursor was prepared as follows: First, 12 mL of an ethanol solution
containing Co (NO3)2-6H,O was added into 48 mL of a N,
N-dimethylformamide (DMF) solution of terephthalic acid (0.428 g),
and then stir the resulting mixture for 1 h. Next, transfer the stirred
mixture into a 100 mL Teflon-lined stainless steel autoclave, heat the
autoclave to 120 °C, and maintain this temperature for 12 h. Finally,
allow the autoclave to cool naturally to room temperature; a purple
powdery Co-MOF precursor is thus obtained.

2.3.2. Synthesis of Co-MOF@SiO2@RF

The as-synthesized Co-MOF solution was stirred at room temperature
for 30 min and subsequently ultrasonicated for another 30 min to ach-
ieve uniform dispersion. A homogeneous TEOS solution was prepared by
dissolving 0.08 mL tetraethyl orthosilicate (TEOS) in a mixed solvent
consisting of 16 mL deionized water and 4 mL ethanol. This TEOS so-
lution was then introduced into the Co-MOF dispersion, and the resul-
tant mixture was stirred at 500 rpm for 8 h under ambient conditions to
yield the Co-MOF@SiO- solution. For the resorcinol-formaldehyde (RF)
solution preparation, 0.17 g resorcinol and 0.17 mL ethylenediamine
were dissolved in a 54 mL water/26 mL ethanol mixture. The solution
was stirred in a 30 °C water bath for 30 min, after which 0.26 mL
formaldehyde solution was added. Stirring was continued for an addi-
tional 30 min to form the RF solution. Subsequently, the Co-MOF@SiO»
solution was added to the RF solution, and the combined mixture was
stirred continuously for 48 h. The product was collected via centrifu-
gation, alternately washed with water and ethanol, and dried in a
forced-air oven at 80 °C to obtain the Co-MOF@SiO,@RF precursor.

2.3.3. Synthesis of Co@SiO,@C
Co-MOF@SiO2@RF was calcined in a tube furnace under argon at-
mosphere at 700 °C for 2 h (3 °C/min) to obtain Co@SiO,@C.

2.3.4. Synthesis of Co@SiO2@C-Ru

Forty milligrams of as-synthesized Co@SiO,@C was ultrasonically
dispersed in 20 mL deionized water containing 0.0723 mmol RuCls,
followed by stirring at room temperature for 4 h. Then, 15 mL of 0.09 M
NaBH, solution was added dropwise, and the mixture was reacted for
another 30 min. The product was collected by centrifugation, washed
with water and ethanol three times, and vacuum-dried at 60 °C for 12 h
(Co@SiO2@C-Rug 0434, Co@SiO2@C-Rug,0530, Co@SiO2@C-Rug 0723
and Co@SiO2@C-Rug go16) catalysts. As mentioned above, different
supports for Co-Ru and Co@SiO-Ru catalysts were experimentally
prepared.
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3. Results and discussion
3.1. Synthesis strategy and microstructure analysis

The specific synthesis procedure for the Co@SiO,@C-Ru catalyst is
illustrated in Fig. 1a. Briefly, Co@SiO2@C was obtained by calcining Co-
MOF@SiO,@RF at 700 °C under an argon atmosphere. Subsequently,
the Ru component was introduced onto Co@SiO,@C via a NaBH4
reduction, yielding the final Co@SiO@C-Ru catalyst. The scanning
electron microscopy (SEM) image shows that the Co-MOF possesses a
well-defined hexagonal morphology (Fig. 1b). After SiO, and RF
coating, followed by calcination and Ru loading, the derived
Co@SiO,@C-Ru catalyst displays uniformly sized spherical particles
(Fig. 1c), with Ru nanoparticles well dispersed across the surface. This
dispersion results from the confinement and stabilizing effects of the
Co@SiO2@C core-shell support, which also provides a favorable inter-
face for enhancing EMSI between Ru and the support. In contrast, the
Co-Ru catalyst exhibits pronounced irregular agglomeration (Fig. S1a),
due to the absence of a supportive interface capable of reinforcing EMSI
and suppressing particle aggregation. Co@SiO>-Ru shows a relatively
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loose morphology with reduced agglomeration, indicating that SiO,
alone partially mitigates particle clustering but cannot effectively
enhance EMSI (Fig. S1b). The transmission electron microscopy (TEM)
image of Co@SiO2@C-Ru (Fig. 1d) clearly reveals a core-shell structure
with uniform spherical features. The high-resolution TEM (HR-TEM)
image (Fig. 1e) and corresponding fast Fourier transform (FFT) patterns
identify the crystal structure of the Co@SiO,@C-Ru material. Lattice
spacings of 0.23 nm and 0.20 nm correspond to the (100) plane of Ru
and the (111) plane of Co, respectively (Fig. 1f). The selected area
electron diffraction (SAED) pattern in Fig. 1g confirms the same lattice
planes, further validating the successful synthesis of Co@SiO2@C-Ru.
Energy-dispersive X-ray spectroscopy (EDS) mapping shows a uniform
distribution of Ru, Co, and Si throughout the catalyst (Fig. 1h), and
quantitative EDS analysis (Table S1) further confirms their weight
percentages.

For the as-synthesized Co@SiO,@C-Ru catalyst, its X-ray Diffraction
(XRD) pattern (Fig. 2a) shows distinct peaks at 44.0° and 51.5°, corre-
sponding to the (111) and (200) planes of metallic Co (PDF#15-0806),
respectively. Meanwhile, the characteristic Raman signals of SiO, are
hardly observed, which is attributed to the amorphous nature of silica in

@ Co?*

Ar, 700°C

Ru3*

Co-MOF@SiO,@RF Co@Si0,@C-Ru

Ru (100)

Fig. 1. (a) Scheme for the synthesis of Co@SiO,@C-Ru. SEM images of (b) Co-MOF and (c) Co@SiO>@C-Ru. (d) TEM image, (¢) HR-TEM image, (f) the lattice
spacing profiles of Ru and Co, (g) SAED pattern, and (h) HAADF-STEM images and the corresponding elemental mappings of Co@SiO,@C-Ru.
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Fig. 2. (a) XRD patterns, (b) Raman spectra, and (c) EPR spectra of the different catalysts. (d) N, adsorption-desorption isotherm of Co@SiO,@C-Ru (inset: cor-

responding pore size distribution curve).

the carbon spheres [25]. The XRD patterns in Fig. S2 further confirm the
successful synthesis of Co-MOF and verify that its structural integrity is
preserved after SiO, coating. Raman spectroscopy was employed to
characterize the degree of graphitization of the carbon framework. As
shown in Fig. 2b, two characteristic Raman peaks appear at ~1345 and
~1585 em™!, corresponding to the disorder-induced D band and the
tangentially stretched G band of carbon, respectively [1]. The intensity
ratio (Ip/Ig) is commonly used to evaluate the defect density of carbon
materials. The Ip/Ig ratios of Co@SiO,@C-Ru, Co@SiO,-Ru, and Co-Ru
were calculated to be 1.03, 0.62, and 1.12, respectively. Although
Co-Ru possesses the highest defect density, its severe Ru agglomeration
(Fig. Sla) prevents effective utilization of these defects.
Co@SiO,@C-Ru maintains a moderately high defect level (1.03), which
facilitates electron transfer while preserving structural integrity,
contributing synergistically to the catalytic performance [26,27]. Elec-
tron paramagnetic resonance (EPR) spectra reveal the presence of Co
defects at g = 2.17 in Co@SiO;@C-Ru (Fig. 2c¢). Compared with
Co@SiO2-Ru and Co-Ru, Co@SiO2@C-Ru exhibits a stronger EPR
signal [28]. The abundant cobalt vacancies and associated unpaired
electrons significantly modulate the local electronic structure and
orbital coupling, facilitating the exposure of more active sites and
improving the adsorption of reactive intermediates [29]. Additionally,
the Ny adsorption-desorption isotherms of Co@SiO,@C-Ru exhibit a
type-IV isotherm with a pronounced hysteresis loop, indicating the
coexistence of micropores and mesopores (Fig. 2d) [2,30]. Specifically,
the BET measurements further reveal that Co@SiO@C-Ru,
Co@SiO2-Ru, and Co-Ru possess specific surface areas of 139.10,
138.10, and 167.42 m?> g’l, with average pore sizes of 13.54, 9.24, and
10.95 nm, respectively (Fig. S3a-b). The high surface area and hierar-
chical porosity—particularly the enlarged pore size of
Co@SiO,@C-Ru—are expected to expose abundant active sites and
promote electrolyte penetration, thereby enhancing reaction kinetics
[25].

The compositions and surface chemical states of Co@SiO,@C-Ru,
Co@SiO2-Ru, and Co-Ru samples were examined by X-ray photoelec-
tron spectroscopy (XPS). The survey spectra (Fig. S4) clearly show
characteristic peaks corresponding to C, O, Ru, and Co, confirming the

presence of these elements in all samples. From the high-resolution XPS
spectra of C 1s + Ru 3d (Fig. 3a), the deconvoluted peaks at 284.80,
286.0, and 288.90 eV were assigned to C-C/C—C, C-O, and C=0,
respectively, serving as calibration benchmarks [31]. In the same
spectral region, ruthenium-related peaks were analyzed, revealing two
valence states: metallic Ru® and oxidized RuO». For the Co@SiO,@C-Ru
catalyst, the Ru® peak appears at 281.76 eV (Fig. 3a), representing a
0.21 eV positive shift relative to the Ru® peaks of Co@SiOo-Ru and
Co-Ru [32]. This positive shift in the Ru® binding energy is attributed to
a unique compressive strain effect: when subjected to strain, Ru atoms
are forced closer together, increasing d-orbital overlap and broadening
the d-band. To maintain the same electron filling degree, the d-band
center shifts to lower energy, decreasing the density of states at the
Fermi level and making Ru metal ionization more difficult—ultimately
leading to an increase in Ru XPS binding energy [33]. High-resolution
Co 2p XPS spectra (Fig. 3b) further complement the surface chemical
state analysis, showing characteristic peaks at 778.43, 781.46, and
786.50 eV corresponding to Co®, Co?*, and a satellite peak, respectively
[34,35]. Compared with Co@SiO,-Ru and Co-Ru, the co’ peak in
Co@SiO2@C-Ru exhibits a slight 0.26 eV positive shift. This shift arises
from electron transfer: Co donates electrons to both Ru and the carbon
layer, resulting in electron depletion in both Co and Ru—manifested as
synchronous positive shifts in their binding energies [36]. Additionally,
the high-resolution Si 2p XPS spectrum of Co@SiO;@C-Ru (Fig. S5)
exhibits a well-defined peak at ~103 eV, characteristic of Si** in Si0,,
confirming the presence of the silica layer in the core-shell structure.
Collectively, these XPS results confirm the existence of EMSI between Ru
nanocrystals and the Co@SiO,@C support. To further investigate sur-
face electron transfer behavior, ultraviolet photoelectron spectroscopy
(UPS) was conducted (Fig. 3c). The cutoff energies (Ecywoff) of
Co@SiO,@C-Ru, Co@SiO2-Ru, and Co-Ru were determined to be
17.71, 20.31, and 17.19 eV, respectively. Using the equation
WF = 21.22 eV—Ecypoff [37], the corresponding work function (WF)
values were calculated to be 3.51, 0.91, and 4.03 eV—indicating that the
electron escape ability of Co@SiO@C-Ru lies between those of
Co@8SiO>-Ru and Co-Ru [38]. This intermediate electron behavior is
associated with the SiO,@C multi-layer encapsulation: the carbon layer
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Fig. 3. High-resolution XPS spectra of (a) Ru 3d + C 1s and (b) Co 2p are shown for Co@SiO,@C-Ru, Co@SiO»-Ru, and Co-Ru. (c) UPS spectra and (d) corre-
sponding energy-band alignment diagram of Co@SiO,@C-Ru, Co@SiO»-Ru, and Co-Ru.

promotes electron delocalization, whereas the insulating SiO, layer re-
stricts electron transport, producing a balanced electron escape capa-
bility. Additionally, the valence band maximum (VBM) values of
Co@SiO,@C-Ru, Co@SiOs-Ru, and Co-Ru were measured as 3.93 eV,
6.25 eV, and 4.32 eV, respectively (Fig. 3d). Notably, the valence band
of Co@SiO,@C-Ru lies closer to the Fermi level (Ef), which enhances
the catalyst's adsorption capacity toward reactants [39].

3.2. Catalytic hydrogen production from NaBH4 hydrolysis

The catalytic activity of the catalysts for NaBH4 hydrolysis was
evaluated at 25 °C. Previous studies have shown that aqueous NaBH4
solutions undergo slight self-decomposition (Fig. S6a), whereas the
system exhibits superior stability in alkaline media (Fig. S6b) [40].
Therefore, an alkaline NaBH4 solution was selected for subsequent cat-
alytic tests, as it effectively suppresses spontaneous decomposition and
prevents interference with catalytic activity evaluation. Experimental
results (Fig. 4a and b) indicate the following order of hydrogen pro-
duction rates: Co@SiO2@C-Ru > Co-Ru > Co@SiO2-Ru > Co. Among
these, the Co@SiO2@C-Ru catalyst exhibits the highest hydrogen pro-
duction rate (7783.2 mL min~! g’l), which is attributed to the syner-
gistic effect between Co and Ru dual active sites—modulated by EMSI
[41]. Further investigation of Ru loading (Fig. 4c-d) shows that
Co@SiO2@C-Ru catalysts with different Ru contents exhibit similar Hy
evolution behavior: a rapid initial increase followed by a plateau. This is
because excessive Ru tends to aggregate into larger particles, reducing
the interfacial contact area between Ru and Co@SiO,@C, weakening
EMSI, and thus limiting catalytic activity. Considering both cost and
hydrogen production efficiency, 0.0725 mmol Ru was determined to be
the optimal loading. The Ru content in the optimized Co@SiO»@C-Ru
catalyst, determined by ICP-MS (Table S2), was 7.9 wt%. Table S3
compares the catalytic performance of Co@SiO>@C-Ru with other
Ru-based catalysts reported for NaBH4 hydrolysis. From the Hj evolu-
tion profiles in Fig. 4e and f, the catalytic activity increases with
increasing catalyst mass. Balancing catalytic efficiency and economic
considerations, 10 mg was selected as the optimal catalyst dosage.
Similarly, the effect of NaOH concentration was examined (Fig. 4g). The
results show that varying NaOH concentration (0-0.8 wt%) does not

significantly influence the hydrogen generation rate (HGR) [42].
Therefore, in this work OH™ primarily serves as a stabilizer to prevent
NaBH4 self-hydrolysis, while its direct kinetic regulation on
Co@SiO,@C-Ru is negligible over the tested concentration range.
Fig. 4h displays the Hy evolution curves at various NaBH4 concentra-
tions using Co@SiO>@C-Ru. Although the total hydrogen volume in-
creases with NaBH4 concentration, the hydrogen evolution rate
increases only marginally. The corresponding logarithmic plot shows a
slope of 0.046, indicating that the hydrolysis reaction is close to
zero-order with respect to NaBH, concentration (Fig. 4i) [43].
Combining this kinetic feature with the structural evidence from XPS
and UPS, we can now clearly rank the contributions of different factors.
The porous structure and carbon defects play supportive roles in mass
transfer and electron transport, whereas the EMSI-modulated Co-Ru
dual-site synergy is the dominant contributor to the high hydrogen
generation rate.

To further investigate the catalyst's activation energy, HGR was
measured over the temperature range from 298 K to 313 K. As shown in
Fig. 5a and Fig. S7, the hydrogen production rates of both
Co@SiO2@C-Ru and Co-Ru (reflected by the slopes of the Hy evolution
curves) increase significantly with rising temperature. Fig. 5b shows that
the activation energies for Co@SiO,@C-Ru and Co-Ru are 57.07 and
42.78 kJ mol ™! respectively. Although Co@SiO,@C-Ru has a higher
activation energy than Co-Ru, its superior performance can be attrib-
uted to multiple factors, including a higher density of surface-active
sites, a synergistic effect between Co and Ru dual active sites, and an
optimized electronic structure via EMSI that facilitates electron transfer
and reactant activation [44]. The Co@SiO2@C-Ru catalyst retains 62%
of its initial hydrogen generation rate after five consecutive cycles
(Fig. 5¢ and d), demonstrating moderate recycling stability. To further
clarify the activity decay behavior, the structural and surface electronic
properties of the fresh and cycled catalysts were systematically
compared. XRD characterization indicates that the phase composition of
the used Co@SiO2@C-Ru catalyst remains nearly unchanged compared
with the fresh catalyst (Fig. S8), confirming its structural stability during
reaction. In contrast, XPS analysis reveals a significant reduction in the
intensity of Ru characteristic peaks after reaction (Fig. S9 and Fig. S10),
indicating that Ru species detach from the catalyst surface. The decline
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Fig. 4. (a) Time-dependent H, evolution curves of different catalysts. (b) Histogram of hydrogen generation rate for different catalysts. (c) Time-dependent Hy
evolution volume profiles over Co@SiO,@C-Ru catalysts with different Ru loadings (the subscripts denote the molar amount of Ru). (d) Histogram of hydrogen
generation rate derived from the time-dependent profiles over Co@SiO,@C-Ru catalysts with different Ru loadings. (e) H; evolution over time with varying catalyst
masses. (f) HGR as a function of catalyst mass. (g) Hz evolution over time under different NaOH concentrations. (h) H, evolution over time under different NaBH,
concentrations. (i) The plot of H, generation rate versus the concentration of NaBH,4 on a natural logarithmic scale.

in catalytic activity during recycling arises mainly from two factors:
first, the accumulation of reaction by-product NaBO5 that covers the
metal active sites [45]; second, the detachment of Ru species from the
catalyst surface.

3.3. Catalytic hydrolysis mechanism

Based on the hydrolysis results, the Co@SiO,@C-Ru catalyst ex-
hibits superior performance, and thus the possible catalytic hydrolysis
mechanism is proposed according to the Michaelis-Menten model
[46-49] and illustrated in Fig. Se Specifically, BH, preferentially ad-
sorbs on the Ru active sites—benefiting from the optimized electron
density arise from EMSI, which enhances the affinity of Ru for BH;. This
adsorption triggers the dissociation of B-H bonds into *H™/*BHj in-
termediates, accompanied by electron transfer. Meanwhile, HO mole-
cules adsorb onto Co active sites and dissociate into H" and *OH . The
*H~ species on Ru sites subsequently react with H" generated on Co sites
to release Hy, whereas *“BH3 combines with *OH™ to form the *BH30H™
intermediate, which then re-adsorbs onto Ru sites for further cyclic B-H
bond cleavage. Ultimately, each BH; molecule is converted into four Hp
molecules and B(OH),. Notably, the porous Co@SiO»@C shell acceler-
ates mass transfer, while EMSI-driven electron redistribution between
Ru and Co ensures efficient activation of both BH, and

Hy0—collectively enhancing the overall catalytic activity.
4. Conclusions

In summary, a core-shell Co@SiO,@C composite was synthesized as
a support to anchor Ru nanoparticles, allowing precise modulation of
the EMSI between Ru and the support. Through the synergistic effect
between Co and Ru, combined with experimental verification from XPS
and UPS, it was confirmed that the electronic structure of Ru was
effectively tuned, leading to the formation of active sites with optimized
electron density. The resulting Co@SiO,@C-Ru catalyst demonstrated
outstanding catalytic performance in NaBH4 hydrolysis, achieving an
ultrahigh hydrogen generation rate of 7783.2 mL min~' g~!. Moreover,
the catalyst exhibited good stability over five consecutive reaction cy-
cles. This work presents a dual-site regulation strategy for Ru-based
catalysts, offering valuable insights into the rational design of high-
performance catalysts with improved metal utilization efficiency. It
also contributes to the scientific foundation for efficient hydrogen
storage and on-demand release systems.
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Data will be made available on request.



C. Shang et al. International Journal of Hydrogen Energy 255 (2026) 156439
a b4 C 400
350 -| - E Co@SiO,@C-Ru
—_ _ i B Co-Ru —_
- 300 6.0 7 300
= 250 £
f= c
2 2001 Co@Si0,@C-Ru $ 200
5 5 ]
S 150 - —9—208K °
3 100 303K 3 ,
= 1 —0—308 K 100+
50 - —0—313K
—2—318 K qst ond 3rd 4th
o T T T T T 4-0 T T T T T 0 1 T T T T T
0 1 2 3 4 5 6 315 320 325 3.30 3.35 0 4 0 4 0 4 0 4 0 4
Time (min) 1/T (102 K™) Time (min)
d10000
< 8000 - < - - - ‘
o L] e - e ] ’
—. Lo el p SRS
.S 6000 - o &= o r L))
E <t P oy cr
« e\ S HO (€S2 3H,0 (4%
E 4000 - . RS- ‘%‘:‘ » t‘\\, g \\,
: TR o T
Q 2000 -
0 CRu €SO, 0 _ H @B

Cycle (n)
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Menten mechanism.
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