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Abstract: The development of a rapid and convenient strategy to regulate the surface 

microenvironment of inert carbon supports, along with the physicochemical properties 

of their supported metal nanoparticles, is essential for enhancing catalytic performance.  

In this study, we describe a straightforward and efficient solid-state microwave method 

that utilizes a household microwave oven to achieve the co-doping of oxygen and 

nitrogen in unfunctionalized carbon black (ONCB) using urea as a nitrogen source. The 

microwave solid-state treatment of commercial carbon black (CB) with urea not only 

introduces a significant number of heteroatomic functional groups but also substantially 

increases the pore size and pore volume of the matrix. These enhancements facilitate 

the uniform growth and dispersion of ultrafine Ru nanoparticles on the surface of 

ONCB. Consequently, the Ru/ONCB catalyst provides abundant catalytic active sites 

and mass transfer channels, thereby improving catalytic performance for hydrogen 

evolution from ammonia borane hydrolysis (ABH). The turnover frequency of 

Ru/ONCB for ABH reaches 4529 ± 238 min-1 (determined based on Ru dispersion), 

surpassing a range of analogues and many previously reported carbon-supported Ru 

catalysts. This study presents a simple and rapid strategy to regulate the surface 

microenvironment of unfunctionalized carbon support, thereby enhancing the catalytic 

performance of its supported metal nanoparticles for catalytic hydrogen generation.

Keywords: Ruthenium nanoparticles; microwave-assisted solid strategy; surface 

microenvironment engineering; ammonia borane hydrolysis; hydrogen generation
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1. Introduction

The extensive consumption of fossil fuels has led to environmental issues such as the 

greenhouse effect, acid rain, and dust pollution, which have had a global impact on 

industrial production [1]. Consequently, there is a pressing need to explore high-energy, 

pollution-free, and sustainable clean energy sources to replace fossil fuels [2, 3]. 

Hydrogen is regarded as an ideal alternative fuel due to its cleanliness, non-polluting 

nature, and sustainability [4-7]. However, the large-scale application of hydrogen faces 

significant challenges, particularly in relation to hydrogen compression and 

liquefaction. Recent studies have concentrated on hydrogen generation through 

electrocatalytic hydrogen evolution reactions, photocatalytic hydrogen evolution, and 

the dehydrogenation of hydrogen storage materials for potential practical application 

[8]. Notably, hydrogen generation from hydrogen storage materials has attracted 

increasing attention. Among various hydrogen storage materials, ammonia borane (AB) 

stands out due to its high hydrogen content, superior stability, and excellent solubility 

[9-12]. Furthermore, AB can release hydrogen through thermal decomposition or 

hydrolysis, with catalytic hydrolysis of AB being considered a particularly promising 

method. The hydrolysis of AB (ABH) can occur even under ambient conditions with 

the presence of a suitable catalyst [13]. 

To accelerate hydrogen release, various noble metal catalysts, including Pt, Pd, Rh, 

and Ru, have been extensively studied [14-29]. Among these precious metals, Ru is 

particularly attractive due to its relatively low cost and abundance [30-37]. However, a 

significant challenge faced by metal nanoparticles (NPs) is their tendency to 
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agglomerate, which adversely affects the stability and activity of the catalysts. 

Generally, the selection of appropriate support materials can mitigate aggregation and 

facilitate the formation of ultrasmall metal NPs [38-40]. Previous literature indicates 

that carbon materials, such as activated carbon [41, 42], graphene [43], and carbon 

nanotubes [44], are commonly used as carrier materials due to their large specific 

surface areas, low cost, and stability. Furthermore, heteroatom-doped carbon materials 

(e.g., N, O, S, and P) have been shown to effectively immobilize metal NPs on the 

carbon skeletons and control their size [45]. Among these dopants, N and O have 

attracted considerable attention due to their excellent stabilization roles in regulating 

the geometric and electronic structures of metal NPs [46]. Notably, the co-doping of 

supporting materials with N and O can provide synergistic effects that enhance the 

catalytic performance of active metal sites. Typically, N/O doping can be achieved 

through two strategies: acid or base activation [47] and high-temperature pyrolysis [48]. 

While the former approach can partially modify carbon materials, it has several 

drawbacks, including the high consumption of acids and alkalis and the potential 

emission of toxic gases during the treatment processes. The latter method involves 

selecting suitable nitrogen-containing carbon source materials as precursors and 

subjecting them to pyrolytic carbonization. Although this method is commonly 

employed for treating carbon materials, determining the optimal atmosphere and 

temperature remains a challenge. Therefore, developing a fast and convenient method 

for preparing O/N co-doped porous carbon materials to stabilize Ru NPs for hydrogen 

evolution from ABH is of significant scientific importance.
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In this study, O/N co-doped commercial conductive carbon (ONCB) was synthesized 

using urea as a nitrogen source in a household microwave oven, employing a rapid 40-

second microwaving process. This microwave-assisted strategy not only introduced 

abundant O and N functional groups but also generated numerous defects and a porous 

structure. These characteristics help to mitigate the overgrowth of ultrafine Ru NPs and 

foster strong electron interactions between Ru NPs and ONCB, contributing to the 

excellent catalytic activity of Ru/ONCB. With a Ru loading of 1.2 wt%, Ru/ONCB 

demonstrated the highest catalytic activity for ABH, achieving a turnover frequency 

(TOF) of 4529 ± 238 min-1 (determined based on Ru dispersion) at room temperature, 

thus surpassing other reported Ru-based catalysts (Table S3). The reaction kinetics for 

hydrogen evolution from ABH over Ru/ONCB were studied under different parameters, 

including catalyst dosage, substrate concentration and reaction temperature. 

Furthermore, the reusability of Ru/ONCB was assessed through five consecutive ABH 

reactions. The rate-determining step (RDS) for hydrogen production from ABH was 

investigated using isotope experiments. This work highlights the advantages of 

microwave-assisted solid-state synthesis of heteroatom-doped porous carbon materials 

for anchoring ultrafine metal NPs and achieving efficient catalysis of ABH for 

hydrogen production.

2. Experimental section

2.1. Chemicals and materials

RuCl3·nH2O (containing 35.0 wt% of Ru), urea (AR), deuteroxide (D2O, AR), 

ammonia borane, commercial carbon black, and sodium citrate (≥ 99.0%) were 
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purchased from Aladdin Industrial Inc. China. Sodium hypochlorite solution (NaClO, 

4.0%) was purchased from Macklin Co. Sodium nitroprusside (Na2[Fe(CN)5NO]·2H2O, 

≥ 98.0%) was purchased from Alfa Aesar Co. Ammonium chloride (NH4Cl, ≥ 99.5%), 

salicylic acid (≥ 99.5%), and sodium hydroxide (NaOH, ≥ 98.0%) were purchased from 

Chengdu Chron Chemicals Co. All chemicals were used directly without any further 

purification. Deionized water was used for all experimental tests.

2.2. Characterization

The morphology was analyzed using transmission electron microscopy (TEM) 

measurement conducted on a JEOL model 2010 instrument, which operated at an 

accelerating voltage of 200 kV, alongside a high qualitative scanning electron 

microscopy (SEM, PEI/Quanta250). Powder X-ray diffraction (XRD) patterns were 

recorded on a Rigaku X-ray diffractometer D/max-2200/PC equipped with Cu Kα 

radiation (40 kV, 20 mA). The samples were scanned at a rate of 0.02 step−1 over the 

range of 10–80°. The Brunauer−Emmett−Teller (BET) specific surface areas of the 

samples were determined from the N2 adsorption/desorption isotherm at liquid nitrogen 

temperature using a Micromeritics TriStar II instrument. Surface electronic states were 

characterized using X-ray photoelectron spectroscopy (XPS, Kratos XSAM800). The 

Raman spectra of the samples were recorded on a HORIBAJ system. The metal 

loadings of the catalysts were measured via inductively coupled plasma optical 

emission spectrometry (ICP-OES, PerkinElmer Optima 8000 equipment).

2.3. Preparation of ONCB and Ru/ONCB

A mixture of commercial carbon black (CB, 0.2 g) and urea (0.1 g) was added to a 
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100 mL beaker containing 20 mL of anhydrous ethanol. The mixture underwent 

ultrasonication for 20 min to achieve a uniform suspension. Subsequently, the 

suspension was stirred in a water bath at 80 °C until the solvent was completely 

evaporated. The resulting solid was then placed in a vacuum oven at 100 °C for 10 h. 

Following this, 0.1 g of the prepared powder was transferred to a quartz glass bottle, 

which was sealed and subjected to heating treatment in a microwave reactor at 1000 W 

for durations of 20 s, 30 s, 40 s, and 50 s. Finally, the treated carbon materials were 

washed with 100 mL of water to remove impurities. The resulting products were dried 

at 100 °C for 10 h, and the obtained black powders were designated as ONCB-20, 

ONCB-30, ONCB-40 (collectively abbreviated as ONCB), and ONCB-50, respectively. 

Furthermore, a control sample, which involved treating CB with 40-second microwave 

radiation, was named OCB.

To prepare Ru/ONCB, 10 mg of ONCB and the desired amounts of RuCl3⋅nH2O 

were dissolved in a 25 mL flask containing 4 mL of water. The resulting suspension 

was subjected to ultrasonic treatment to ensure the uniform dispersion of Ru3+ ions and 

ONCB. Subsequently, 1.0 mL of an aqueous AB solution (1.0 M) was injected into the 

flask under magnetic stirring to reduce Ru3+ ions and achieve a consistent distribution 

of Ru NPs on the ONCB surface. Upon completion of the reduction process, the 

suspension was processed through centrifugation, followed by washing with 100 mL 

of water to remove impurities from the catalyst surface. The sample was the subjected 

to vacuum drying at 80 °C for 24 h. The Ru loadings of the Ru/ONCB catalysts were 

determined by ICP-OES to be 0.4, 0.8, 1.2, and 1.6 wt%. Additionally, control samples 
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of Ru/ONCB-20, Ru/ONCB-30, Ru/ONCB-50, Ru/CB, and Ru/OCB, each with the 

same Ru loading as Ru/ONCB, were synthesized under identical protocols using 

ONCB-20, ONCB-30, ONCB-50, CB, and OCB as the supports.

2.4. Catalytic hydrolysis of AB

Typically, 10.0 mg of Ru/ONCB catalyst was added to a double-necked flask 

containing 4.0 mL of water. The mixture was ultrasonicated to create a uniformly 

dispersed suspension. Subsequently, 1.0 mL of AB solution (1.0 M) was injected into 

the flask to initiate the hydrolysis reaction. The volume of hydrogen released was 

measured using the drainage method, while the time was simultaneously recorded with 

a stopwatch. To investigate the chemical kinetics of ABH, control experiments were 

conducted, starting with 5.0 mL of AB solution (200 mM) at varying Ru concentrations 

(0.3, 0.6, 0.9, and 1.2 mM). Additionally, to examine the effects of AB dosages on 

catalytic ABH, control experiments were performed using 10.0 mg of Ru/ONCB (1.2 

wt% Ru) and 5.0 mL of AB solution at various concentrations (100, 200, 300, and 400 

mM) at 25 °C. To determine the activation energy (Ea) for ABH, reactions were 

conducted with 10.0 mg of Ru/ONCB (1.2 wt% Ru) and 5.0 mL of AB solution (200 

mM) at different reaction temperatures (20, 25, 30, and 35 °C). An isotopic kinetic 

experiment was also carried out by replacing water with D2O while maintaining all 

other conditions unchanged. The impact of NaOH dosages on ABH over Ru/ONCB 

was investigated by adding specific amounts of NaOH (0.30-0.75 g) without altering 

other reaction conditions. 

2.5. Reusability of Ru/ONCB for ABH
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The reusability of the Ru/ONCB catalyst for ABH was investigated using 10 mg of 

Ru/ONCB (1.2 wt% Ru) in conjunction with 5 mL of 200 mM AB solution, which 

composed of 1.0 mL of AB (1.0 M) and 4.0 mL of water) at 25 °C. After each cycle, 

the catalyst was recovered and reused in the subsequent run with 4.0 mL of fresh water 

and 1.0 mL of AB solution (1.0 M). The reusability test was repeated five times, and 

the recovered catalyst (named as r-Ru/ONCB) was subjected to characterization.

2.6. Calculation

The TOF value was calculated using the method previously reported in the 

literature (Eq. 1) [49]:

TOF =  
PatmVH2/RT

nRu t            (Eq.1)

where Patm is the atmospheric pressure (101325 Pa), VH2 is the volume of generated 

hydrogen at a conversion of 50%, R is the ideal gas constant (8.314 J mol−1·K−1), T is 

the reaction temperature (K), nRu is the total number of moles of Ru atoms in the catalyst, 

and t is the reaction time. The corresponding TOF values were further calculated based 

on the Ru dispersion determined by H2-TPD measurements.

3. Results and discussion

The preparation process for the Ru/ONCB catalyst is illustrated in Fig. 1. The ONCB, 

a porous carbon doped with oxygen and nitrogen, was synthesized by mixing CB and 

urea in a microwave oven reactor, followed by a short-time microwave irradiation. 

Subsequently, Ru NPs were deposited onto the ONCB matrix to facilitate efficient 

hydrogen production through ABH. TEM was utilized to determine the morphology 

and microstructure of CB, ONCB, Ru/CB, and Ru/ONCB. The CB and ONCB matrices
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Fig. 1. Schematic diagram of synthetic program of Ru/ONCB for ABH.

exhibited similar spherical particle assemblies, indicating that the introduction of 

additional O and N dopants via microwave irradiation did not alter the properties of the 

pristine carbon matrix (Fig. 2a and 2d). The enlarged TEM image of Ru/ONCB 

revealed a uniform distribution of ultrafine Ru NPs with an average diameter of 2.2 ± 

0.0 nm on the ONCB carrier (Fig. 2a-2c). In Ru/CB, the Ru NPs were also well 

distributed on CB; however, their particle size (3.1 ± 0.1 nm) was significantly larger 

(Fig. 2d-2f) compared to those in Ru/ONCB. The high-resolution TEM (HRTEM) 

image of Ru/ONCB displayed clear lattice fringes with a d-spacing of 0.22 nm (Fig. 2b 

inset), corresponding to the Ru (100) plane. Elemental mapping images of Ru/ONCB 

demonstrated an even distribution of N, O, and Ru throughout the ONCB carbon 

skeleton (Fig. 2g-2k). These results indicate that dual-doping of CB with O and N 
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promotes the formation of ultrasmall and uniformly distributed Ru NPs in Ru/ONCB, 

thereby enhancing the exposure of abundant surface-active sites for the reaction.

Fig. 2. TEM and HRTEM images of (a, b) Ru/ONCB and (d, e) Ru/CB. Size 

distribution of Ru for (c) Ru/ONCB and (f) Ru/CB. (g-k) Elemental mappings for 

Ru/ONCB. (Three repeated experiments were conducted under identical conditions)

The crystal structures of CB, ONCB, Ru/CB, and Ru/ONCB were characterized 

using X-ray diffraction (XRD). The XRD pattern of CB revealed two distinct 

diffraction peaks corresponding to the (002) and (010) planes of graphite carbon (Fig. 

3a). Furthermore, the XRD patterns of ONCB and CB showed no significant 

differences, indicating that the introduction of N and O dopants did not alter the 

structure of CB. Additionally, the XRD pattern of Ru/ONCB did not exhibit any 
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obvious diffraction peaks of Ru species because of the low metal loading and/or high 

dispersion of Ru NPs. However, a weak characteristic peak of Ru was observed in the 

pattern of Ru/CB, suggesting the presence of relatively large Ru NPs, which is 

consistent with the TEM results. Fig. 3b presents the Raman spectra of Ru/ONCB and 

Ru/CB. The two diffraction peaks of Ru/ONCB at 1334.6 and 1583.4 cm-1 were 

ascribed to lattice defects (D band) of carbon and in-plane tensile vibration (G band) of 

sp2 hybrid carbon, respectively. The ID/IG ratio of Ru/ONCB (1.3 ± 0.0) was 

significantly higher than that of Ru/CB (1.0 ± 0.0), reflecting an increase in defects due 

to microwave irradiation. Generally, a higher content of carbon defects can provide 

more anchoring sites for the active components, facilitating the formation of ultrafine 

and highly dispersed Ru NPs on the matrix [50]. The specific surface area, pore volume, 

and pore size distribution of Ru/ONCB and CB were investigated using N2 

adsorption/desorption measurements. The isothermal curves of Ru/ONCB exhibited 

typical type II isotherms with H3 hysteresis loops, indicating the presence of abundant 

mesopores and macropores, as well as a few micropores (Fig. 3c). The likelihood of Ru 

NPs entering the pores of ONCB increases with the enlargement of the mesopores. This 

pore confinement effect enhances the full exposure of the active sites, leading to a high 

performance [51]. In comparison to CB, ONCB displayed several prominent peaks 

corresponding to the meso/macro pores (10-100 nm) on the pore distribution curve (Fig. 

3d), suggesting that microwave irradiation plays a critical role in the formation of these 

unique pores. Previous literature indicates that increased porosity can enhance ion 

diffusion and mass transfer, thereby accelerating catalytic reactions [52]. Compared to 
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the original CB, ONCB exhibited slight increases in both pore volume and average pore 

size, likely benefiting from the introduction of nitrogen and the unfolding of the carbon 

structure [53]. However, the specific surface area decreased, which may be attributed 

to the occupation of carbon pores by Ru NPs [54] (Table S1). These findings suggest 

that urea functions not only as the nitrogen source but also as a pore-forming agent due 

to the generation of ammonia gas during Joule heating. Additionally, the specific 

surface area, pore volume, and pore diameter of Ru/ONCB were measured at 146.6 ± 

5.2 m2/g, 0.6 ± 0.0 cm3/g, and 14.8 ± 0.5 nm, respectively. These results demonstrate 

that the synthesized Ru/ONCB possesses a large specific surface area and high porosity, 

which can provide more surface-exposed active sites and facilitate electron transfer, 

while also restricting the aggregation of Ru NPs. Consequently, this contributes to the 

effective transfer of reactants and products [55], ultimately enhancing catalytic 

performance.
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Fig. 3. (a) XRD patterns, (b) Raman spectra, (c) N2 adsorption/desorption isotherm and 

(d) pore size distribution for the samples. (Three repeated experiments were conducted 

under identical conditions)

The elemental composition and surface chemical environment of Ru/ONCB and 

Ru/CB were analyzed using X-ray photoelectron spectroscopy (XPS). The presence of 

C, O, Ru and N in Ru/ONCB was clearly observed (Fig. 4a), confirming the successful 

incorporation of N and O onto the CB matrix. Furthermore, Ru/ONCB exhibited a 

nitrogen content of 2.1 ± 0.1 wt% and a higher oxygen content (6.3 ± 0.3 wt%) 

compared to Ru/CB (4.8 ± 0.4 wt%) (Table S2). This indicates that nitrogen was 

successfully incorporated into Ru/ONCB, and the carbon surface experienced an 

increase in oxygen-containing functional groups after microwave irradiation. The C 1s 
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spectra displayed four peaks (Fig. 4b), corresponding to C = C (284.7 eV), C-C (285.5 

eV), C-O (286.5 eV), and -COO (289.6 eV) [56-58]. The contents of C-O and-COO 

groups on the surface of Ru/ONCB were 10.4% and 7.9%, respectively, while those on 

Ru/CB were 6.9% and 3.2%, respectively. Therefore, microwave irradiation facilitated 

the introduction of more oxygen-containing functional groups into ONCB. The O 1s 

spectra exhibited three peaks at 531.7 eV, 532.7 eV, and 534.1 eV (Fig. 4c), attributing 

to C = O, C-OH/C-O and O-C = O [56, 57, 59], respectively. Additionally, the O 1s 

binding energy of Ru/ONCB was negatively shifted by about 0.3 eV compared to 

Ru/CB, indicating a stronger electron interaction in Ru/ONCB [60]. The Ru 3p 

spectrum of Ru/CB (Fig. 4d) revealed four components: two peaks at 462.7 eV and 

484.5 eV were assigned to Ru0 3p3/2 and Ru0 3p1/2, while the other two peaks at 466.7 

eV and 488.7 eV were ascribed to Run+ 3p3/2 and Run+ 3p1/2 [61], respectively. Moreover, 

the binding energies of Ru0 3p3/2 and Ru0 3p1/2 in Ru/ONCB were relatively elevated, 

consistent with the observed shift in binding energies of O 1s. The N 1s spectrum of 

Ru/ONCB was deconvoluted into three peaks at 398.3 eV, 399.9 eV, and 401.0 eV 

corresponding to pyridine N, pyrrole N and graphite N, respectively (Fig. 4e) [62]. The 

contact angles of CB and ONCB were measured to investigate the changes in 

hydrophilicity after microwave irradiation. Compared with CB (124 ± 3 °), the contact 

angle of ONCB exhibited a slight decrease (101 ± 4 °), indicating that microwave 

irradiation treatment enhances the hydrophilicity of the carbon matrix (Fig. 4f). The 

introduction of abundant O and N functional groups not only facilitates the anchoring 

of Ru ions and prevents the aggregation of Ru NPs but also improves the hydrophilicity 
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of the catalyst, thereby alleviating mass transfer limitations [56].

Fig. 4. (a) XPS survey spectra of Ru/CB and Ru/ONCB. High-resolution XPS spectra 

of (b) C 1s, (c) O 1s, (d) Ru 3p, and (e) N 1s for Ru/ONCB. (f) The contact angle of 

CB and ONCB. (Three repeated experiments were conducted under identical conditions)

The catalytic performance of the Ru/ONCB-20, Ru/ONCB-30, Ru/ONCB, and 

Ru/ONCB-50 catalysts, prepared using ONCB supports treated with varying 

microwave irradiation times, was investigated for hydrogen generation from ABH. 

Among these catalysts, Ru/ONCB demonstrated the highest catalytic activity, 

achieving a high TOF of 1763 ± 55 min-1 (Fig. 5a and 5b). This finding suggests that 

the duration of microwave treatment influences the surface microenvironment of 

carbon materials through the doping of O and N atoms, thereby regulating the catalytic 

activity of Ru NPs supported on heteroatom-modified carbon matrices. To identify the 

optimal metal loading in Ru/ONCB, control samples with different Ru loadings (0.4 

wt%, 0.8 wt%, 1.2 wt%, and 1.6 wt%) were utilized as catalysts for hydrogen evolution 
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from ABH. As the Ru loading increased from 0.4 wt% to 1.2 wt%, the rate of H2 

production from ABH also increased, along with the corresponding TOF values (Fig. 

5c and 5d). This enhancement can be ascribed to the increase in active sites available 

for the reaction. However, when the Ru loading reached 1.6 wt%, the catalyst exhibited 

a lower TOF value and only a slight improvement in the rate of ABH compared to the 

sample with a 1.2 wt% Ru loading. This decline may be due to the potential aggregation 

and size increase of Ru NPs [35]. Consequently, Ru/ONCB with a 1.2 wt% Ru loading 

was selected as the optimal catalyst for subsequent tests. To further elucidate the high 

activity of Ru/ONCB, a series of comparative experiments were conducted. The 

catalytic activity of CB, OCB, and ONCB materials for ABH was minimal, indicating 

that Ru was the active component (Fig. 5e). Upon the incorporation of Ru onto these 

materials, the Ru/ONCB catalyst exhibited superior catalytic activity (1763 ± 55 min-1) 

compared with that of Ru/CB (548 ± 15 min-1) and Ru/OCB (1067 ± 46 min-1) (Fig. 

5f). This observation indicates that the dual doping of O and N synergistically enhances 

the number of surface-exposed active sites and improves mass transfer during the 

reaction, thereby augmenting catalytic activity.
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Fig. 5. (a) H2 generation volume versus time over Ru/ONCB prepared at different 

microwave times for ABH, (b) the corresponding TOF values of (a). (c) H2 generation 

volume versus time over Ru/ONCB prepared at different Ru loadings for ABH, (d) the 

corresponding TOF values of (c). (e) H2 generation volume versus time over different 

catalysts for ABH, and (f) the corresponding TOF values of (e). (Three repeated 

experiments were conducted under identical conditions)

The hydrolysis kinetics of ABH were investigated under various concentrations of 

Ru, substrate contents, and reaction temperatures. It was initially observed that the rate 

of H2 generation increased with higher Ru concentrations, indicating an increase in the 

number of surface-exposed active sites (Fig. 6a). The maximum TOF value of 1899 ± 

36 min-1 was achieved at a Ru concentration of 0.9 mM. A linear relationship between 

the H2 generation rate and Ru concentration was established (Fig. 6b), with a slope of 

1.01, indicating that the ABH reaction follows first-order kinetics with respect to Ru 

concentration, consistent with previous reports [63]. The initial rate of H2 release 

showed minimal variation with increasing AB concentration (Fig. 6c). Moreover, the 
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logarithmic plot of the H2 release rate against initial AB concentration yielded a slope 

of 0.08 (Fig. 6d), demonstrating that ABH follows a zero-order reaction regarding AB 

concentration [62]. The H2 release rate gradually increased as the reaction temperature 

was raised from 20 °C to 35 °C (Fig. 6e), which can be attributed to the enhanced 

collision probability of reactants and intermediates at elevated temperatures. 

Additionally, the Ea value calculated using the Arrhenius equation was determined to 

be 31.2 kJ/mol (Fig. 6f), which is lower than that of most reported Ru-based catalysts 

(Table S3), indicating a reduced energy barrier for hydrogen evolution from ABH. 

Furthermore, the Ru/ONCB catalyst exhibited the optimal TOF of 1899 ± 36 min-1, 

significantly surpassing that of Ru0.85Pd0.15/gC3N4 (948 min-1) [61], Ru@Co/C (320 

min-1) [64], Ru0/ZrO2 (173 min-1) [35], and Ru/graphene (600 min-1) [65]. Additional 

comparative results are presented in Table S3.

Fig. 6. H2 generation volume versus time for ABH over Ru/ONCB under various (a) 

Ru concentrations, (c) AB contents, and (e) reaction temperatures. The logarithmic 

plots of (b)ln k versus ln [Ru] and (d) ln k versus ln [AB], and (f) the Arrhenius plot (ln 
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k versus 1/T).

To elucidate the mechanism of the ABH reaction, two aspects of the studies were 

implemented. Firstly, a kinetic isotope experiment was carried out using D2O as the 

reaction solvent. The catalytic efficiency of the Ru/ONCB catalyst was significantly 

diminished when D2O replaced H2O (Fig. 7a). The corresponding TOF of 820 ± 13 

min-1 was substantially lower than that in H2O (1899 ± 36 min-1) (Fig. 7b). Additionally, 

the calculated kinetic isotope effect (KIE) value of 2.13 ± 0.10 (Fig. 7b) further 

confirms that the RDS in the ABH reaction catalyzed by Ru/ONCB is the oxidative 

cleavage of O-H bonds in H2O [66]. Secondly, the influence of OH- on the catalytic 

performance of Ru/ONCB for ABH was investigated by varying the dosage of NaOH, 

with the optimal dosage reaching 0.60 g, resulting in a TOF of 5742 ± 81 min-1, which 

is approximately three times higher than that observed without NaOH addition (Fig. 

7d). However, the TOF value began to decline when the NaOH dosage was further 

increased. To ensure complete hydrogen production from ABH in an alkaline 

environment, the potential for ammonia production from ABH was examined using the 

indigo phenol blue method [67]. A more detailed description of the test method is 

provided in Text S1. Based on the UV-Vis absorption spectra and calibration curves of 

the standard concentration NH4
+ solution (Fig. S1), only a trace amount of ammonia 

(1.3 × 10-5 mmol) was detected, indicating that AB was almost entirely converted to 

hydrogen. The effect of adding NaOH can be attributed to the interaction of an optimal 

quantity of OH- ions with the surface of active Ru NPs, which creates an electron-rich 

environment and promotes the oxidation of H2O [68]. However, an excessively high 
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concentration of NaOH can lead to over-coordination, wherein OH- ions occupy too 

many active sites, resulting in a decrease in catalytic activity [69].

Fig. 7. (a) H2 generation volume versus time for ABH over Ru/ONCB in H2O and D2O 

and (b) corresponding TOFs of (a). (c) H2 generation volume versus time for ABH by 

Ru/ONCB under different NaOH dosages and (d) corresponding TOFs of (c). (Three 

repeated experiments were conducted under identical conditions)

The reusability of the ABH for hydrogen production over the Ru/ONCB catalyst was 

investigated through five consecutive cycles. During these reusability tests, a slight 

decline in the H2 generation rate was observed (Fig. 8a). Notably, the Ru/ONCB 

catalyst retained 68 ± 1% of its initial catalytic activity after five cycles (Fig. 8b), 

indicating that the ONCB carrier effectively stabilizes the Ru NPs. To elucidate the 
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reasons behind the catalyst deactivation during successive reactions, several analyses 

were conducted. Firstly, the supernatant after the fifth cycle was analyzed using ICP-

OES to assess the amount of Ru leaching. The results indicated negligible Ru leaching, 

suggesting that it has an insignificant impact on the decreased activity of Ru/ONCB 

during the recycling tests. Subsequently, the catalyst that underwent five cycles was 

collected and characterized. The structural stability of Ru in the Ru/ONCB catalyst 

during the reusability test was investigated using XRD. The recovered catalyst 

exhibited an identical XRD pattern compared to the fresh catalyst (Fig. S2), with no 

diffraction peaks corresponding to Ru species observed. This finding indicates the high 

structural stability of Ru within the Ru/ONCB catalyst. However, it was noted that Ru 

NPs displayed slight aggregation on ONCB, with a higher average diameter of 2.8 ± 

0.0 nm (Fig. 8c and 8d) compared to fresh Ru/ONCB (2.2 ± 0.0 nm). This aggregation 

is believed to weaken the catalytic efficacy of Ru/ONCB. Furthermore, the degradation 

of catalytic activity may also be ascribed to an increasing number of metaborates 

covering the active sites, as well as potential catalyst loss during successive ABH 

reactions [70]. Considering the need for widespread application, enhancing the 

reusability of the Ru/ONCB catalyst is crucial.
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Fig. 8. (a) H2 generation volume versus time for ABH upon Ru/ONCB from the first to 

fifth cycle. (b) corresponding TOFs of (a), (c) TEM and HRTEM images for Ru/ONCB 

after five cycles, and (d) corresponding size distribution of Ru for (c). (Three repeated 

experiments were conducted under identical conditions)

The reasons for the high activity of the Ru/ONCB catalyst are discussed based on the 

characterization results and performance tests. The active species, Ru NPs, are crucial 

in promoting ABH to produce hydrogen. Furthermore, the ONCB carrier effectively 

regulates the size and dispersion of Ru NPs. The incorporation of O and N heteroatomic 

groups enhances the hydrophilicity of the carbon support and increases the affinity of 

Ru3+ ions for the support, resulting in highly dispersed Ru NPs. Additionally, these 
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heteroatomic groups modulate the chemical and electronic properties of Ru NPs, 

leading to improved catalytic performance. The carbon material subjected to 

microwave radiation exhibits a larger specific surface area and higher porosity, which 

facilitates ion diffusion and mass transfer, generating more active sites, and thereby 

accelerating the rate of ABH. This study highlights the benefits of the solid-phase 

microwaving process. Utilizing a simple domestic microwave oven as the reactor 

provides an inexpensive, energy-efficient, and time-saving alternative compared to 

conventional synthetic methods [71]. The selected carbon materials can effectively 

couple with microwave radiation, enabling rapid temperature elevation and facilitating 

dual-doping with O and N in the microwave field [72-74]. The solid-phase 

microwaving process achieves results within seconds, whereas liquid-state synthetic 

processes typically require hours of microwave radiation [75, 76]. This solid-phase 

microwave heating approach, grounded in scientific principles, can be adapted to 

various microwave absorber precursors to enhance the surface microenvironment 

regulation and catalytic performance of supported metal nanomaterials. 

4. Conclusions

In summary, a rapid and convenient methodology for synthesizing O and N co-doped 

CB support using microwave-assisted solid-state reaction with urea as the nitrogen 

source has been reported. Compared to conventional methods, the developed dual 

doping process is characterized by several key aspects: (a) the entire microwave 

irradiation is completed in an exceptionally short time of only 40 s, significantly 

reducing the catalysts preparation time; (b) the amount of urea utilized has been notably 
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minimized, and the absence of O-functional reagents not only enhances material 

utilization efficiency but also simplifies the process; and (c) no specialized equipment 

is required beyond a standard household microwave oven. Given these advantages, this 

method offers substantial benefits in catalyst preparation, including time and cost 

savings, as well as reduced operational complexity. The resulting ONCB support, 

characterized by its porous structure and abundant O/N dopants, plays an essential role 

in facilitating the growth of non-agglomerated Ru NPs. The optimized Ru/ONCB 

catalyst demonstrates an impressive TOF of 1899 ± 36 min-1 (4529 ± 238 min-1 based 

on Ru dispersion) in aqueous solution for ABH without the need for any alkali additives, 

surpassing many reported Ru-based catalysts [11, 35, 61, 65, 77, 78]. Experimental 

evidence confirms that RDS is the oxidative cleavage of O-H bonds in water rather than 

the destruction of B-N or B-H bonds in AB. The electronic interaction between 

uniformly dispersed Ru NPs and the well-designed ONCB support facilitates the 

oxidative cleavage of O-H bonds in water molecules, thereby enhancing the catalytic 

performance for ABH. Furthermore, the Ru/ONCB catalyst exhibits relatively good 

reusability for ABH. This study not only introduces an ultrafast and cost-effective solid-

state microwave radiation strategy for the fabrication of efficient carbon-supported Ru 

NPs, but also provides a promising approach for effective hydrogen production. Future 

research could explore the feasibility of doping with other heteroatoms through 

microwave-assisted solid-state reactions, as well as the potential for employing 

alternative microwave absorbers. 
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