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Crafting resilient catalysts that promote Hy production through the hydrolysis of hydrogen storage materials like
sodium borohydride stands paramount for the impending hydrogen economy. In this study, we propose a ver-
satile metal-organic framework (MOF)-assisted approach to systematically explore the impact of electron-metal
support interaction (EMSI) of Ru-modified Co-Smy03 (Ru/Co-Sm303) on Hj evolution from NaBH,4 hydrolysis.
Strategic annealing at 800 °C induces cobalt vacancies on the Ru/Co-Smy03 surface, optimizing the exposure of
active sites and amplifying mass-charge transfer efficiency. Consequently, the defect-enriched Ru/Co-SmyO3
showcases an impressive hydrogen generation rate (HGR = 0.430 mol min ! g{almlyst) and outstanding cycling
resilience, eclipsing the performance of most contemporary catalysts. Experimental findings reveal that Sm can
not only adjust the Ru lattice spacing to accommodate more BHy, but also modulate the Co vacancy concen-
tration, thus bolstering the charge transport and ameliorating the catalyst’s electrical conductivity. DFT calcu-
lations confirm that the Michaelis-Menten/Eley-Rideal mechanism is more appropriate to explain the hydrolysis

of NaBH,.

1. Introduction

Declining fossil fuel reserves, coupled with the environmental chal-
lenges of burning them, highlight the urgent need to explore sustainable
and clean energy alternatives [1]. In this context, hydrogen has garnered
significant interest due to its impressive energy density and high heat of
combustion [2]. Of the diversified methods for hydrogen production, the
hydrolysis of NaBH,4 has emerged as one of the predominant techniques,
attributed to its high hydrogen storage content (10.6 wt%), stability in
alkaline solutions, the purity of the hydrogen produced, and its non-
toxic nature [3,4]. Intriguing, the by-products of NaBH4 hydrolysis
can be regenerated using cost-effective materials and a rapid ball milling
method [5], paving the way for potential applications in sustainable
energy advancement. Nevertheless, challenges such as the slow kinetics
of NaBH4 hydrolysis and suboptimal hydrogen yields need to be
addressed before large-scale commercialization [6,7].

Although platinum-based catalysts show exceptional performance in
sodium borohydride hydrolysis, their broad-scale utilization is con-
strained by their limited availability and high cost [8,9]. Conversely, Ru-
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based catalysts, from the same metal family as Pt, also offer
commendable performance at just a third of the price and are more
abundant [10]. Yet, the efficacy of singular Ru catalysts remains sub-
optimal. One approach to bolster the performance of Ru-based catalysts
is through the metal-support effect, leveraging the resultant electron
metal-support interaction (EMSI). This interaction can adeptly manip-
ulate the electronic structure and boost the catalytic efficiency of the
loaded metal nanoparticles [11]. As an illustration, Tuan et al. utilized
EMSI engineering to anchor Ru nanoparticles onto octahedral ZIF-67,
resulting in notable activity in NaBHy4 hydrolysis [12]. Metal-organic
frameworks (MOFs), with their expansive surface areas and adaptable
morphologies, present distinct advantages [13]. Their diverse metal
nodes/organic ligands, along with their meticulously organized porous
structure, endows MOFs with a plethora of coordination sites. This
structure facilitates the induction of surface defects during annealing,
subsequently enhancing electron transfer and elevating catalytic per-
formance [14]. As a case in point, our team developed a Ru-decorated
MOF-derived CoOy@NPC core-shell structure that showcased exem-
plary NaBH4 hydrolysis activity [15]. Moreover, introducing vacancies
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represent a valid strategy to fine-tune the electronic structure and
charge carrier concentration in the catalyst, leading to heightened cat-
alytic activity [16]. The viability of this defect engineering approach
was affirmed through the creation of efficient NaBH4 hydrolysis cata-
lysts enriched with phosphorus and oxygen vacancies in our prior work
[17,18]. Further research indicates that expanding lattice spacing by
doping with other atoms can create more storage space for reactants,
augmenting the catalyst’s electrical conductivity and enhancing trans-
port and rate attributes [19].

Combining the aforementioned insights, we engineered the Ru-
loaded Sm-doped Co spheres using a defect engineering approach,
resulting in a highly efficient catalyst named Ru/Co-Smy03. And then
rigorously assessed its efficacy in NaBH4 hydrolysis. The catalyst’s
intricate microsphere structure and ample cobalt vacancy led the Ruy 7/
Co-Smy03 to achieve an ultra-high hydrogen generation rate (HGR =
0.430 mol min~! g{altalyst) and brilliant reusability in alkaline NaBH4
hydrolysis, surpassing many noble metal catalysts documented in
existing literature. The UPS and XPS results showcased that the defect-
induced EMSI contributed to a significant charge redistribution be-
tween the charge carriers of Ru and Co-Smy03, which promoted charge
transport and improved the activity of the catalysts. Density functional
theory (DFT) calculations exhibited that the binding energy of the
Michaelis-Menten/Eley-Rideal mechanism (0.71 eV) for the rate-
determining step was significantly lower than that of the Langmuir-
Hinshelwood mechanism (1.88 eV), confirming that the Michaelis-
Menten/Eley-Rideal mechanism was the optimal mechanism for the
hydrolysis reaction of NaBH4. This research is poised to significantly
impact the methods of producing superior catalysts, emphasizing lattice
extensibility through defect engineering strategies.

2. Experimental section
2.1. Materials

Cobalt(II) nitrate hexahydrate (Co(NO3)2-6H20 > 99 %, Aladdin),
Sodium hydroxide (NaOH > 96.0 %, Xilong Science), Samarium(III)
nitrate hexahydrate (Sm(NO3)3-6H20 > 99.9 %, Aladdin), Ammonia
borane (NH3-BH3 > 97.0 %, Aladdin), Sodium borohydride (NaBH4 >
98.0 %, Sinopharm Group), Polyvinyl pyrrolidone ((C¢H9NO),, PVP,
Aladdin), N,N-Dimethylformamide (DMF) and Trimesic acid-1,3,5-
Benzenetricarboxylic acid (CoHgOg (H3BTC) > 98 %, Aladdin). All
chemicals were of analytical grade and did not require further purifi-
cation. All aqueous solutions were prepared with deionized water.

2.2. Synthesis of CoSm-BTC

Initially, 0.845 g Co(NO3)2-6H50, 0.043 g Sm(NO3)3-6H;0 and
0.120 g PVP were dissolved in 30 ml DMF. This solution was sonicated
for 15 min, and then 15 ml of DMF (containing 0.630 g of H3BTC) was
added dropwise. Stirring continued for an additional 30 min, the
mixture was transferred to a 100 ml Teflon-lined reactor and held at
160 °C for 24 h. After cooling to room temperature, the product was
centrifuged, washed thrice with DMF, and dried in a 60 °C oven over-
night to produce CoSm-BTC. Variants with different molar ratios (Co:
Sm=1:1,10:1, 20: 1, and 40: 1) were labeled CoSm-BTC-1, CoSm-BTC-
2, CoSm-BTC-3, and CoSm-BTC-4, respectively, and were synthesized
using the identical procedure.

2.3. Synthesis of Co-Smy03

A predetermined quantity of CoSm-BTC was placed in a quartz boat
and heated to 800 °C (alternatively, 700 or 900 °C) at a rate of 5 °C/min
in an argon atmosphere. After maintaining this temperature for 3 h, the
system was allowed to cool naturally to yield the black Co-SmyO3
powder.
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2.4. Synthesis of Ru/Co-Smy03

Specifically, 50 mg of Co-Smy03 was weighed and dispersed in 40 mL
of Hy0, while 9 mg (3, 6, 12 and 15 mg) of RuCl3 was added and son-
icated for 15 min, followed by stirring of the solution for 4 h at room
temperature. Then 5 mL of NH3-BH3 solution (0.13 M) was added
dropwise to the solution and stirring was continued for 30 min. After
centrifuging to collect the catalysts, wash it three times with deionized
water and ethanol, and then dry it under vacuum at 60 °C for 12 h to
obtain the Rug7/Co-Sm303 (Rug 4/Co-Smy03, Rus7/Co-Smy03, Rus e/
Co-Smp03 and Ruy;/Co-Smp03,) catalysts. As mentioned above,
different supports for Ruy 7/Co and Ru4 7/Smy03 catalysts were exper-
imentally prepared.

3. Results and discussion
3.1. Synthesis strategy and microstructure analysis

Creating a microspherical structure in Ru/Co-SmyO3 catalysts ne-
cessitates the precise application of vacancy engineering. Hence, we
implemented a MOF-mediated pyrolysis-reduction strategy to realize
this goal. Fig. 1a schematically displayed the fabrication process of Ru/
Co-Smy03 spherical structure (see Experimental Section for details).
Firstly, porous CoSm-BTC spheres were synthesized using a straight-
forward hydrothermal technique, as shown in Fig. S1a. The CoSm-BTC
precursor was then pyrolyzed, resulting in a Co-SmpOs hybrid
featuring a textured surface (Fig. S1b). In the final step, the Ru precursor
was integrated into the Co-Smy0O3 through an impregnation reduction
method, yielding the Ru/Co-SmyOs catalysts (Fig. 1b). Impressively, the
surface of the microsphere was populated with derivative nanoparticles
culminating in a hierarchical micro/nanostructure. This design un-
derscores the effectiveness of our methodology in securing nanoparticles
uniformly [20]. This distinctive micro/nanoarchitecture maximizes the
electrochemical surface area, making it readily accessible [21]. As
projected, the Co and Sm elements within the carbonized MOF transi-
tioned into a Co-Smy03 heterojunction framework. Meanwhile, Ru®*
was reduced by amino borane to produce metal Ru-modified Ru/Co-
Smy03, with the resultant Ru content measuring at 4.7 wt% as
confirmed by ICP-AES analyses (Table S6).

The internal morphological structure of Rug 7/Co-Smy03 hybrid was
tracked by Transmission electron microscopy (TEM) (Fig. S2). Fig. 1c
illustrates the uniform dispersion of Ru nanoparticles on the Co-SmyO3
surface, with an average particle size of approximately 15.4 nm. This
size is smaller than that of Rug.7/Co (24.3 nm) and Rug7/Sm,03 (22.1
nm, Fig. S3). Notably, a smaller particle size typically presented more
active sites, enhancing activity. High-resolution TEM (HR-TEM) images
of the Ru4 7/Co-Smy03 catalyst revealed the presence of Ru, Co, and
Smy03 phases on the microspherical surface. The lattice spacings of
2.04, 2.43, and 3.10 A corresponded to the Co (111), Ru (100), and
Smy03 (222) crystal planes, respectively, as shown in Fig. 1d [22-24].
Concurrently, the Ru (1 00) lattice spacings for Ruy 7/Sm503 and Rug 7/
Co are 2.56 and 2.28 A, respectively, as depicted in Fig. le-f. Notably,
the Ru (1 00) lattice spacing in Ruy4 7/Co-Smy03 fell between 2.56 and
2.28 A. This suggests that Sm doping effectively modulates the lattice
expansion of Ru, creating optimal adsorption/desorption channels for
reactants and enhancing reaction kinetics [19]. The high-angle annular
dark-field scanning TEM (HAADF-STEM), along with the corresponding
elemental mapping (shown in Fig. 1g), indicated that while Co is at the
core of the microsphere, Sm and Ru elements were uniformly spread
across the entire surface structure. Intriguingly, Sm interacted closely
with Ru on the sphere’s surface, influencing the Ru lattice and revealing
more active sites. This interaction substantially enhances the catalyst’s
inherent activity [9].
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Fig. 1. (a) Schematic diagram of the synthesis of Ru/Co-Sm,O3. (b) SEM image, (c) TEM image (the inset depicted the particle size distribution of Ru particles) of Ru/
Co-Sm03. High-resolution (HR)-TEM images of (d) Ruy7/Co-Smy0s3, (€) Ruy 7/Sm,03 and (f) Rug 7/Co, as well as the intensity profile of corresponding areas. (g)
HAADF-STEM image and elemental mappings (Ru, Co, Sm and O) of Ruy 7/Co-Smy03.

3.2. Crystallinity, porosity and defect analysis

The crystalline properties of the catalysts were assessed using pow-
der X-ray diffraction (XRD) spectra. As depicted in Fig. S4a, increasing
the Co content led to a weakened diffraction peak intensity of Sm-MOF.
Post high-temperature calcination, CoSm-MOF transitioned into Co
(JCPDS: 89-4307) and Smy03 (JCPDS: 42-1461) as shown in Fig. S4b
[25]. Notably, the SmyOg diffraction peak at 28.2° diminished with
rising Co content, confirming the emergence of the Co-Sm303 hetero-
geneous structure. However, after integrating Ru nanoparticles into Co-
Smy03, no distinct diffraction peaks were discernible, likely due to the
amorphous state or minimal Ru content (Fig. 2a) [12]. The Raman
spectrum showcased broad D (~1375 cm’l) and G (~1589 cm’l) car-
bon bands, corresponding to defective/disordered and graphitic carbon,
respectively [26].Typically, the intensity ratio between D and G bands
(In/Ig) was applied to evaluate the level of defects in nanomaterials
[27].InFig. 2b, the Ip/Ig values of Rug 7/Sm203, Rus 7/Co and Ruy.7/Co-
Smy03 were 0.71, 1.12, and 1.04, respectively. Higher Ip/Ig intensity
ratio of Ruy 7/Co-Sm,03 manifested the existence of structural defects,
which favored to adjust the electronic structure of the metal and
neighboring C atoms and bring in diversified active sites, thus boosting
the catalytic performance [28,29].

Electron paramagnetic resonance (EPR) further confirmed cobalt

vacancy presence in various samples (Fig. S5). Visibly, Co and Co-Sm203
acquired a nearly symmetric EPR signal around g = 2.05, while Sm303
did not, demonstrating the existence of cobalt vacancy that captured
unpaired electrons [30]. Interestingly, the intensity of the cobalt va-
cancy decreased with added Sm, pointing to significant electronic
interaction between Co and SmyOs3 [27]. Introducing Ru to the support
largely maintained defect levels, suggesting Ru had minimal impact on
Co defects, while Sm played a regulatory role (Fig. 2c) [31]. The rich
cobalt vacancies and associated unpaired electrons in Ruy 7/Co-SmyO3
substantially tuned the local electronic structure and orbital coupling,
facilitating to expose more active sites, which can optimize the
adsorption capacity of active intermediates [32]. Examination of Ny
adsorption—desorption isotherms revealed that Ruy 7/Co-Smy03 exhibi-
ted typical type IV curves with H3 hysteresis loops, indicative of mes-
oporosity (Fig. 2d) [28]. Such mesopores act as separators, inhibiting Ru
nanoparticle agglomeration and enhancing active site accessibility [33].
According to the Brunauer-Emmett-Teller (BET) analysis, the specific
surface area of Rug 7/Co-Smy03 was calculated to be 101.7 m?> g_1 witha
pore size distribution of 15.1 nm.

3.3. XPS and UPS analysis

Depth profile X-ray photoelectron spectroscopy (XPS) was employed
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Fig. 2. (a) XRD patterns, (b) Raman spectra, and (c) electron paramagnetic resonance (EPR) spectra of the different catalysts. (d) Nitrogen adsorption-desorption

isotherms and corresponding pore size distribution of Ruy 7/Co-Sm,03.

to elucidate the surface chemical state and electron structure of the
materials. The XPS survey spectrum of Ruy 7/Co-Smy03 confirmed the
presence of Ru, C, O, Co and Sm signals (Fig. S6). From the high-
resolution (HR) XPS spectra of C 1s + Ru 3d (Fig. 3a and Table S1),
the deconvolution peaks at 284.0, 284.80, 286.0, 288.80, and 291.91 eV
were identified, corresponding to C=C, C-C, C-O, C=0 and =n-n*%,
respectively, serving as calibration benchmarks [27,34]. Contemporary,
the Ru 3ds/» core level can be deconvoluted into two types of peaks at
281.40 and 283.41 eV, indexing to metallic Ru and Ru®" respectively,
and confirms 54.6 % metallic Ru in Ru/Co-Sm,03, validating successful
metallic Ru preparation [35]. Owing to the extremely small particle size
and large surface area of Ru, oxidation reactions inevitably occurred
when exposed to air, therefore inert gas shielding during catalyst

preparation was crucial to preserve Ru’s metallic phase [35]. For
example, Zhang et al. prepared Ru/C catalysts on Vulcan XC-72 carriers
using different methods, revealing various oxidation states of Ru [36].
High-temperature reduction and inert gas preservation could minimize
Ru oxidation during catalyst preparation. The XPS peak for metallic Ru
in Rug7/Co-Smy03 exhibited a positive shift (0.13 eV) compared to
Ruy7/Co, indicating a strong electron metal-support interaction in
Ruy 7/Co-Smy03 through Ru to Co-SmyOg3 electron transfer [37,38].
Regarding the Co 2p3/5 core level XPS spectrum of Ruy 7/Co-Sm30s3,
three distinct sub-peaks appeared at 777.55, 780.44, and 784.85 eV,
matching Co®, Co®" and a satellite peak, respectively (Fig. 3b, Fig. S7a
and Table S2) [39]. Furthermore, the absence of significant Co-C peaks
in the C 1s XPS spectrum (Fig. S7b) proved that Co-SmyOg rarely formed
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carbides during the high-temperature carbonization process [40]. A
discernible negatively binding energy shift (0.36 eV) for Co 2p in the
Ruy 7/Co-Smy03 catalyst was observed compared with Ruy 7/Co, high-
lighting the Sm species’ ability to tailor the catalyst’s electronic struc-
ture [41]. The HR Sm 3d spectra (Fig. S8a and Table S3) displayed two
primary peaks at 1082.75 and 1110.14 eV, related to Sm 3ds,2 and Sm
3ds/s, respectively [42]. The consistency in Sm binding energy empha-
sized that Sm doping effectively orchestrates the electronic states on the
catalyst’s surface [24]. Moreover, the HR O 1s XPS spectrum (Fig. S8b
and Table S4) of Rug7/Co-SmpO3 presented three peaks at 529.36,
530.91, and 531.75 eV, corresponding to metal-oxygen (M—O), car-
bon-oxygen (C-O/C=0), and adsorbed surface water molecules
(H204,45), respectively [43]. Collectively, these results emphasize the
robust interactions between the components of the Ruy7/Co-Smy03
catalyst, which induces diverse electron cloud densities and thus en-
hances the charge carrier transport rate. Underscores the significance of
charge-rich (Co-Smy03) and electron-deficient (Ru) sites in the Ru/Co-
Smy03 catalyst, pivotal for BH; and HO adsorption/desorption,
contributing to enhanced hydrolysis performance [41,44].

Ultraviolet photoelectron spectroscopy (UPS) measurements of the
work function (WF) shed light on the catalysts’ surface electronic at-
tributes. The work functions for the Co, Co-Smy03, SmyO3 and Ru
components were 2.53, 2.66, 2.99 and 4.57 eV, respectively (Fig. S9).
Differences in the WF of the catalysts indicated the transfer of electrons
from higher to lower energy levels at multiphase interfaces, resulting in
charge redistribution [45]. Therefore, there would be electron transfer
across the interface (from Co, Co-Smy03 or Sm,0O3 to Ru) derived from
the differences of WF values, which was in agreement with the XPS
analysis. Furthermore, the WFs of Ruy.7/Co, Ruy.7/Sm303, and Ruy 7/Co-
Smy03 were 3.14, 4.12, and 3.31 eV, respectively, as presented in
Fig. 3c. We highlight that the work function of Ru4 7/Co-Sm30Os3 lies at an
intermediate level (WF = Ruy.7/Sm303 > Ruy 7/Co-Smo03 > Ruy 7/Co).
This suggests the Ruy 7/Co-SmyO3 catalyst achieves a balanced capacity
for electron gain and loss, effectively regulating intermediate adsorp-
tion/desorption during catalysis [46,47].
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For exploration of the reduction behavior of the catalysts and the
EMSI between Ru species and carriers, Hy temperature-programmed
reduction (Hy-TPR) was performed. As depicted in Fig. 3d, the Ru/Co-
Smy03 showed two broad peaks at 182.2 and 281.5 °C, which were
ascribed to the strong interaction of RuOy species with Co-Smy03 sup-
port and the weak interaction of RuOx species on Co-SmyO3 support,
respectively [48]. Notably, the reduction temperature of RuOy species in
Ru/Co-Smy03 was lower than that of Ru/Smy03 (185.7 and 368.2 °C),
which implied that the contact between Ru and Co-Smy0O3 was stronger
than that between Ru and SmyO3 [49]. Furthermore, a shoulder peak
was observed at 126.3 °C, which was induced by oxygen adsorption
[50]. Meanwhile, two broad peaks appeared at 529.2 and 549.4 °C,
which may be attributed to the reduction of CoO to metallic Co [51]. The
strong EMSI effect of the Ru/Co-Smy03 catalyst was favorable to pro-
moting the rapid adsorption and desorption of the intermediate products
during the hydrolysis of NaBHj, accelerating the hydrogen generation
rate [41].

3.4. Catalytic hydrolysis analysis

The properties of the catalysts were evaluated in a 150 mM NaBHy4
(with 0.4 wt% NaOH) solution at 25 °C, and the reaction setup was
shown schematically in Fig. S10. According to published research,
NaBH4 aqueous solutions (pH = 7) undergo minor self-decomposition,
as shown in Fig. S11. However, this reaction was stabilized in an alka-
line environment (Fig. S12). Notably, owing to the initial catalyst wet-
ting and pore diffusion resistance, hydrogen evolution was delayed in all
samples [52]. As illustrated in Fig. 4a-b, the optimal Ruy47/Co-SmyOs3
catalyst performed the highest HGR values (HGR = 0.430 mol min*
g{altalyst), nearly 357 times that of its Co-Sm303 precursor. Concurrently,
the influence of different Co/Sm molar ratios on the catalytic Hy gen-
eration was investigated, finding that the HRG with Co/Sm = 30/1 was
the best (Fig. 4c-d). Meanwhile, the turnover frequency (TOF) value was
further calculated based on each exposed Ru atom to reflect its intrinsic
catalytic activity. The Ru/Co-SmyO3 catalyst yielded a TOF value of
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2.39 x 10* moly, min ! molﬁ& (Table S5), which was higher than those
of Ru/Co (1.93 x 10* moly; min~" molgy) and Ru/Smz03 (2.08 x 107
moly, min~! molgy). Additionally, the optimal calcination temperature
was fixed at 800 °C (Fig. S13). The aforementioned findings highlighted
the pivotal role of Ru as a primary active site for catalyzing sodium
borohydride hydrolysis, emphasizing the significance of determining the
ideal Ru content. Fig. 4e-f revealed that a catalyst with a 4.7 wt% Ru
content achieves the best HGR. Generally, the Ru content was positively
related to the number of active sites. However, the relationship between
Ru concentration and HGR follows a bell curve: while an initial increase
in Ru concentration boosted HGR, further increases caused a decline.
This downturn can be attributed to excessive Ru leading to agglomera-
tion, reducing the number of active sites and HGR [10]. Comparatively,
as illustrated in Fig. 4g, the HGR values of the optimized Ruy7/Co-
Smy03 outperform most similarly reported catalysts (Table S7). In a
word, the exemplary performance of NaBH4 hydrolysis catalysts stem-
med from a harmonious combination of an optimal support structure
and the ideal Ru content, together optimizing the catalytic efficiency
[12].

Given that NaOH can effectively suppresses the self-hydrolysis of
NaBH4, understanding its influence on HGR is essential. As delivered in
Fig. 5a, varying NaOH concentrations (ranging from 0 to 0.8 wt%) did
not significantly alter the HGR of the catalyzed hydrolysis. This sug-
gested that an alkaline environment mainly stabilized NaBH4, aligning
with previous studies [53]. As the NaBH,4 concentration magnified (from
50 to 200 mM), the time for complete H; catalytic production extended
(Fig. S14). Fig. 5b displayed that the slope value of the linear fit for In
(rate) and In (NaBH4 concentration) was 0.069, approaching to zero.
The results demonstrated that the hydrolysis of NaBH4 was a zero-order
reaction, which can be corroborated from related reports [9]. Observing
the n(Hy)/n(NaBH,4) curves against time for NaBH4 hydrolysis at tem-
peratures from 298 to 318 K (shown in Fig. 5¢ and Fig. S15), the HGR
notably increases with temperature. The reaction completion time
dropped from 3.1 min at 298 K to just 1.0 min at 318 K. From the
Arrhenius plot in Fig. 5d, the apparent activation energies (E,) for the
hydrolysis of NaBH4 catalyzed by Ruy4 7/Co, Rug.7/Smy03 and Ruy 7/Co-
Smy03 were 45.7, 57.8 and 53.2 kJ mol 1, respectively. However,
hydrogen production efficiency depends on multiple factors, including
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catalyst activity, component synergy, and reaction conditions, chal-
lenging direct comparisons based solely on activation energy. XPS and
UPS analyses revealed a moderate electronic state for the Ru/Co-SmyO3
catalyst, attributed to steric effects from interactions among Ru, Smy03,
and Co vacancies, resulting in moderate kinetics of hydrogen generation
[54].

In addition to the catalytic performance of NaBH,4 hydrolysis for
hydrogen production, the recyclability of the catalyst was also an
essential factor in the feasibility of large-scale applications. Over time,
the HGR diminished, with the fifth cycle’s HGR being 74.2 % of the
initial cycle (Fig. 5e-f). An in-depth analysis of the catalyst’s impressive
reusability, based on its post-use morphology and surface electronic
states, revealed negligible changes after five cycles (Figs. S16-S18).
Nevertheless, post-reaction XPS indicates higher metallic Ru content in
Ru/Co-Sm,05-5th catalyst, possibly due to Ru>* reduction by NaBH,4
solution. Possible factors for the decline in circulatory performance were
the slight flaking of the Ru particles and the possibility of some by-
products (BOz’) of the catalytic process (Table S6) [10].

3.5. DFT calculation and mechanism analysis

Furthermore, density functional theory (DFT) calculations were
performed to investigate the potential mechanism of catalyzing NaBH4
hydrolysis by Ru/Co-Smy03 catalyst. The charge difference of Ru/Co-
Smy03 revealed electron accumulation at Ru edges and a lack of elec-
trons around Co species, which was consistent with XPS results, con-
firming a significant electronic interaction between Ru and Co-SmyO3
support (Fig. 6a). This also implied a higher electron density on Ru than
on Co. Consequently, BH4 groups were preferentially adsorbed on the
negatively charged active site, and a high molar ratio of [BH;]/[Rul]
facilitated electron transfer of BH4 ions via Ru/Co-Sm30Os, resulting in
the desorption of H™ from BHy ions. Due to the more vacant Ru 4d or-
bitals in Ru/Co-Smy03, the activated Ru nanoparticles can easily adsorb
H™ [55]. Meanwhile, H,O molecules tended to adsorb on hydrophilic
Co-Smy03, leading to the weakening H-OH bond and promoting the
dissociation of HyO [8]. The hydrolysis mechanism of NaBH,4 involved
two commonly used kinetic models, namely, Langmuir-Hinshelwood
and Michaelis-Menten/Eley-Rideal mechanisms [56]. As shown in
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Fig. 5. (a) Effect of NaOH content on HGR with NaBH,4 concentration of 150 mM at 25 °C. (b) The plot of In (rate) versus In (NaBH,4 concentration). (c) Relationship
between the H, generation rates and reaction time of different reaction temperatures (298 ~ 318 K). (d) Summarized Arrhenius diagram from (c). (e) Reusability test
of Ruy 7/Co-Sm,03 catalyst at 25 °C. (f) Summarized HGR from (e). All tests were performed in 150 mM NaBHy4 + 0.4 wt% NaOH solution.
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Fig. 6b and Fig. S19, the rate-determining step of the Michaelis-Menten/
Eley-Rideal mechanism (0.71 eV) required significantly less energy than
the Langmuir-Hinshelwood mechanism (1.88 eV). Therefore, we pro-
posed that Ru/Co-Smy03 should follow the Michaelis-Menten/Eley-
Rideal mechanism to catalyze the hydrolysis of NaBH4 to generate Hy
[57], as illustrated by the hydrolysis schematic in Fig. 6¢c. Specifically,
the B-H bond broke firstly to produce adsorbed hydrogen (Hags). Then,
H,4s combined with another H in the HyO molecule, releasing a Hy and
producing BH30OH. The catalytic hydrolysis reaction proceeded until the
remaining H atoms in the borohydride were replaced by OH™ ions and B
(OH)4 was finally dissociated [58].

4. Conclusion

Upon thorough evaluation of the provided data, we implemented a
rational manipulation strategy to construct Ruy47/Co-SmyO3 micro-
spheres via a MOF-engaged pyrolysis-reduce method, in which Ru
nanoparticles were integrated into the Co-Sm30O3 support, obtaining an
intimately contacted superstructure. Pyrolysis treatment at 800 °C
created vacancies in Ru/Co-SmyO3 catalysts, which were effective in
trapping and strongly coupling to Ru species, thus optimizing charge
transfer and catalytically active sites. Systematic studies unveiled that
the defect-induced EMSI between Ru and Co-Smy0j3 carriers not only
achieved a controlled interface, but optimized the adsorption of in-
termediates species, resulting in exceptional hydrolysis performance.
Specifically, the optimized Ru/Co-SmyO3 exhibited superior HGR value
of 0.430 mol min~! g{alta]yst, along with strong cycling stability in NaBH4
hydrolysis, surpassing those of its counterparts and most published
catalysts. The data-driven insights presented could inform the optimi-
zation strategies for further enhancing the catalyst’s performance and
longevity.
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