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Abstract

:

The catalytic oxidation of silanes to produce silanols using water as an oxidant at mild temperatures is a major challenge in Si-H activation. Highly efficient and easy-to-recycle catalysts based on Pd nanoparticles are in high demand. In this study, Pd nanoparticles embedded in an MgO porous overlayer on an Mg plate as a structured catalyst was prepared by the plasma electrolyte oxidation (PEO) technique. The Pd/MgO catalyst is strongly anchored to the MgO plate, building a structured catalyst. Fabrication parameters such as the temperature of the electrolyte and applied voltage significantly influenced the structure of the obtained Pd/MgO catalyst and in turn its catalytic activity. The catalytic activities of Pd/MgO were evaluated by activation of a Si-H bond for catalyzing the aqueous oxidation of silanes to silanol at mild temperatures. The catalytic activity of Pd nanoparticles is favored by their electro-deficient state due to influence from the MgO substrate. The Pd/MgO catalyst exhibits good performance stability during recycling. This work paves the way for fabricating structured catalysts with long-term stability and enhanced metal–oxide interaction.
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1. Introduction


Noble metal nanoparticles dispersed on porous substrates are the dominate form of catalyst used in both fundamental research and industrial reactions [1]. To reduce the cost of the precious metals and increase the accessible number of reactive sites, metals are downsized into nano or sub-nano scales. Consequently, the metals are thermodynamically unstable due to increased chemical potential [2] and have a strong tendency to grow or sinter [3]. Fabricating nanocatalysts with long-term stability is of importance for practical use. In addition, it has been widely recognized that the support plays more roles than simply providing a surface area. Electronic interactions across the interface have a significant and direct impact on the catalytic activity of the metal nanocatalyst [4,5]. In this scenario, the quality of the metal–support interface is key in order to manipulate their performance even if the metal and the support are the same, as such an interaction can affect only the sites less than 1 nm away from the interface [4,6]. However, metals are simply loaded on the support in most nanocatalysts prepared by conventional solution methods, limiting the metal–support interaction and weakening the metal stability in harsh conditions [7]. To address these problems, we recently developed a plasma electrolytic oxidation (PEO) based method for fabricating metal nanoparticles (NPs) that are strongly adhered to porous oxide [8]. Au NPs obtained by this method are semi-embedded in the oxide and exhibit abnormal thermal stability at relative high temperatures. Such a heterostructure constructed on an Mg plate forms a structured catalyst that can easily be employed for use.



Silanols, organic compounds containing Si-OH groups, play a wide and important role in organic synthesis by acting as building blocks for silicon-based polymeric materials, nucleophilic partners in cross-coupling reactions, and directing groups for C-H bond activation reactions [9,10]. By starting with different precursors, various strategies have been successfully developed for the preparation of silanols. These methods can be categorized into three routes, namely: nucleophilic substitution of siloxanes in the presence of an organic alkali agent, hydrolysis of chlorosilanes, and oxidation of organosilane. Among these three routes, oxidation of silanes attracts the most attention because the precursor is low-cost. Conventionally, strong oxidative agents such as dimethyldioxirane are used to oxidize silanes, but they also produce toxic byproducts [11]. Currently, the attention has been shifted to catalytic oxidation using water or dioxygen as the green oxidants under mild conditions, which is environmentally benign because the only byproduct is H2 or H2O [12]. Finding efficient and highly active catalysts for activating Si-H under mild conditions is of the utmost importance, and corresponding progress has been made. For example, ultra-small Au NPs dispersed on MnO2 nanowires exhibit high activity for the oxidation of hydrosilanes and H2 production [13]. It was found that positively charged Au species and oxygen vacancies in the oxide support favors the oxidation of silane. To improve the atomic efficiency of the precious metals, the active phases are downsized to sub-nano scale, even to the limit of a single atom. It has been shown that a single Au atom anchored on C3N4 can activate the Si-H bond [13]. By comparing several metals, Park and coworkers identified that Pd NPs supported on aluminum oxyhydroxide outperform others such as Au, Rh, Ru, and Cu [12], and these catalysts can be reused if properly recycled. However, a further separation process is required because these catalysts are in the form of particles, though activities are reasonably good.



In this work, we extend our PEO technique to the fabrication of Pd/MgO nanocatalysts and investigate their catalytic performance for the oxidation reaction of silane to produce silanol. Synchronously formed Pd NPs between 2.0–4.4 nm from precursor decomposition are embedded in the MgO substrate. The preparation parameters, including the temperature of the electrolyte and applied bias, are investigated to optimize the catalytic activity of the final products. A high catalytic activity of Pd/MgO is therefore optimized for converting silane into silanol. Importantly, the operation of the Pd/MgO nanocatalyst is simple since it is essentially a structured catalyst [14] on a bulk metallic plate. The catalytic reaction can be quickly switched between on-and-off states by immersing in or taking out the catalyst.




2. Results and Discussion


The preparation of the Pd/MgO nanocatalyst goes through a one-step interfacial plasma electrolytic oxidation (PEO), which involves two separate but synchronous steps, namely: forming the porous oxide layer on the Mg substrate under high voltage bias and the growth of Pd NPs due to precursor decomposition in the presence of a micro-arc [8]. In the following sections, we investigate the influence of electrolyte temperature and applied bias on the structural characteristics and catalytic activity of the nanocatalyst.



2.1. Effects of Electrolyte Temperature on Reactivity of Pd Nanocatalysts


The PEO process has a high-temperature plasma effect that usually generates a lot of heat due to the arc discharge, and would cause severe destruction of the catalyst including both the support and the active phase [15]. To obtain a high-quality catalyst, the heat must be removed promptly during the PEO process from the solid–electrolyte interface region. In fact, the electrolyte plays more roles than serving as an arcing mediator. The temperature of the electrolyte as well as its flow feature affect the cooling rate in the arcing region and consequently the morphology of the oxide layer [8]. In this section, we systematically study the effect of electrolyte temperature on the catalytic performance of the obtained Pd/MgO catalyst. Three electrolyte temperatures (3 °C, 10 °C, and 23 °C) are selected to perform the PEO process. As shown in Figure 1, the acquired Pd/MgO catalyst has an excellent catalytic performance including the highest silanol yield (85%, 120 min) and turnover frequency (TOF) for samples prepared in 10 °C electrolyte.



To further explore the reason for their different catalytic activities, scanning electron microscopy (SEM) characterization was performed to observe their morphology and structure, as shown in Figure 2. The surface of the Pd/MgO catalyst prepared in 10 °C electrolyte has a large uniformly distributed pore, which favors the diffusion of the reactant into holes to contact the Pd nanoparticles. For the other two catalysts prepared in 3 °C and 23 °C electrolyte, they show an obvious difference in surface structure compared to the sample prepared in 10 °C electrolyte. The former has a smaller pore size and non-uniform pore distribution due to low electrolyte temperature (weak arcing discharge). The surface structure of the latter sample is partially destroyed, leading to a multilayered structure deriving from the drastic arcing discharge effect (the high electrolyte temperature that weakens the heat transfer effect between the electrolyte and the arcing region). These structural features are not favorable for catalytic reactions and therefore the final products exhibit relatively lower catalytic activity. Therefore, appropriate electrolyte temperature is crucial for fabricating high activity Pd/MgO catalysts by the PEO process.




2.2. Influence of Applied Voltage on the Performance of PEO Prepared Nanocatalysts


In the PEO process, the applied voltage is important as it regulates the arcing discharge, which determines the catalyst size and structure. In this section, three different voltages (300 V, 400 V, 500 V) were applied to the PEO process and the acquired Pd/MgO catalyst exhibited different particle size and catalytic activity. Figure 3 shows the plot of silanol yield vs. reaction using three catalysts. It is found that the sample prepared in 300 V applied voltage exhibits the highest silanol yield and reaction rate compared to the other two catalysts prepared in 400 V and 500 V, respectively. This obvious advantage is mainly ascribed to the low relative applied voltage that is closely related to the arcing discharge during the PEO process [16,17]. SEM characterization results show that the pore size of the catalyst surface gradually increased accompanied with a reduction in pore number when the applied voltage is increased from 300 V to 500 V. Detailed information is illustrated in Supplementary Materials Figure S1. In fact, the catalyst precursor PdCl2 in the electrolyte was decomposed into corresponding metallic Pd due to the high-temperature arcing discharge [18]. Therefore, the intensity of arcing is crucial for determining particle size and their catalytic performance. The excessive high applied voltage generates the drastic arcing discharge that causes the Pd nanoparticle to coalesce and grow [15], which is unfavorable for the catalytic reaction due to the reduced number of active atoms in Pd nanoparticles [19]. Also, high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM ) observation shows that the acquired Pd nanoparticles have different sizes and monodispersity when different voltages are applied. As shown in Figure 4, the particle size gradually increases from 2.0 nm to 4.4 nm with increased applied voltage while accompanied by reduced monodisperity. Pd/MgO prepared with 300 V applied voltage has a small particle size (2.0 nm) and high monodispersity. Moreover, the obtained Pd nanoparticles have a homogeneous distribution on the MgO, as shown in Figure 4a. According to the literature, the particle size, monodisperity and distribution are also important factors for catalytic activity [20,21,22]. Therefore, a relatively low applied voltage is required to generate the weak micro-arc discharge that facilitates achieving a gentle precursor decomposition process, which would moderate particle aggregation and finally realize the control of NP nucleation and growth. Notably, the samples characterized by XRD indicate only substrate Mg and support MgO without Pd, as shown in Figure 4d. We conclude that the main reason for this is that the Pd content in the sample is too low to detect.




2.3. Influence of the Chemical States of Pd


For catalytic reaction, the chemical state of the catalytic active species is very important, deriving from their electron effect [23,24]. In our experiment, the sample prepared by the PEO process is treated with H2 reduction at 400 °C for 2 h. Catalytic reaction results show that the sample treated with thermal reduction possesses a better silanol yield and reaction rate, as shown in Figure 5. In the PEO process, the surface temperature of the metal Mg plate usually reaches 2000 K, which causes the acquired Pd nanoparticles to become easily oxidized and leads to a reduced catalytic activity. Hence, thermal reduction is required for the prepared Pd/MgO catalyst in order to acquire a high catalytic performance. According to the literature, the Pd species with zero valent state is the primary active phase [25]. In order to investigate the chemical state of the catalyst, X-ray photoelectron spectroscopy (XPS) measurement was performed to characterize the catalyst. As shown in Figure 6, the catalyst mainly includes Mg, O, Si, F and Pd elements, which are derived from the MgO support, electrolyte and Pd nanoparticles, respectively. The XPS fine spectrum of the Pd element shows the binding energy of Pd 3d5/2 (335.4 eV). After thermal reduction treatment, this shifts to a lower value compared with the corresponding peak position (336.3 eV) in the original sample. Thus, it is clear that the Pd species in the original sample changes from an oxidation state while recovering to the metallic state after treatment with thermal reduction [25], which will largely improve the catalytic activity.




2.4. Cycling Stability and Convenience


Recyclability plays an important role in the catalyst field, especially for industrial applications. Here, 12 cycles of the reaction are performed and the results show that the silanol yield remains at 95% even through 12 cycles of the reaction, which indicates the prepared Pd/MgO has excellent recyclability and catalytic stability, as shown in Figure 7. The possible reason for this is ascribed to the strong interaction between Pd and MgO which has been reported in our previous work [8]. Also, the Pd/MgO catalyst prepared by this PEO approach has a unique advantage compared to other powder catalysts. It is very easy to separate the catalyst from the reaction solution due to the structure of the catalyst: Pd/MgO on a bulk metallic Mg plate. Therefore, we could switch on or switch off functionality at any time by taking out or immersing the plate into the reaction solution.





3. Experimental Methods


3.1. Materials


Sodium metasilicate (Na2SiO3 9H2O), potassium fluoride (KF), potassium hydroxide (KOH) and acetone (CH3COCH3) were purchased from Aladdin and were used as received. Palladium chloride (PdCl2), dimethylphenylsilane (C8H12Si), dimethylphenylsilanol (C8H12OSi) and ethylbenzene (C6H5C2H5) were obtain from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA) and were used without any purification. The bulk metal Mg was cut into a plate (40 mm × 20 mm × 2 mm) by wire-electrode cutting technology. Prior to use, the Mg plate was polished and rinsed with ethanol.




3.2. Methods


The Pd/MgO heterogeneous catalyst was prepared by the PEO method, which has been reported in our previous work. The clean metal Mg plate and a stainless-steel plate were used as the anode and cathode, respectively. Firstly, two metal plates were immersed into the electrolyte (4 g L−1 Na2SiO3, 3.5 g L−1 KOH, 2.5 g L−1 KF and 0.08 g L−1 PdCl2 in 500 mL water; 1 g PdCl2 has been dissolved in HCl solution previously) and subjected to the PEO procedure. After that, the obtained catalyst (Pd/MgO loaded on the Mg plate) was rinsed with water and dried in a vacuum at 30 °C for 2 h.



3.2.1. Preparation of the Pd/MgO Catalyst Using Different Electrolyte Temperatures


Three temperatures for the PEO electrolyte were prepared at 23 °C, 10 °C and 3 °C, respectively. The PEO process was set to paragraph boosting voltage mode: frequency f = 500 Hz, pulse length = 60; the initial applied voltage was 200 V, which will last 10 s, followed by an increase to 380 V for the last 15 s. Finally, we obtained three Pd/MgO catalysts according to the different temperatures of electrolyte.




3.2.2. Preparation of the Pd/MgO Catalyst Using Different Applied Voltages


In this section, the PEO working mode was similar to that described above for paragraph boosting voltage mode (frequency f = 500 Hz, pulse length = 60, initial voltage = 200 V for 10 s). The only difference is for the increased voltage, which was set to 300 V, 400 V, or 500 V, respectively, for 5 s. The electrolyte temperature was controlled at 10 °C, and three Pd/MgO catalysts were obtained by different applied voltages.




3.2.3. Sample Characterization


The obtained catalyst was characterized by SEM, HAADF-STEM, XRD and XPS, respectively. The surface morphology and structure of the samples were measured by SEM (XL-30 ESEM FEG, FEI). XRD (SmartLab, Rigaku) was used to measure the main chemical component of the catalyst sample prepared in different voltages and temperatures. The size, dispersion and distribution of the Pd nanoparticles on the support were characterized by a HAADF-scanning transmission electron microscope (STEM; JEOL ARM200F). The sample was firstly polished to 80 μm and cut into wafers (d = 3 mm); after rubbing to 15 μm, the sample was treated with an ion thinning system (4.5 V for 1.5 h; 3.5 V for 1 h). X-ray photoelectron spectroscopy (XPS; ESCALAB 250Xi, Thermo Fisher Scientific) was performed to characterize the chemical state of the Pd/MgO catalyst before and after thermal reduction treatment.




3.2.4. Catalytic Reaction


The catalytic performance of the prepared Pd/MgO catalyst was evaluated for the conversion of silane to silanol. Dimethylphenylsilane (100 µL) was mixed with 10 mL acetone, 48 μL ethylbenzene and 500 μL water in a flask. Once the Pd/MgO plate was immersed in the mixed solution, the reaction was triggered under oxygen atmosphere and magnetic stirring. During the catalytic reaction, 500 μL of the reaction liquid was pulled out at intervals of 30 min and used for gas chromatography detection. The detection conditions were as follows: HP-5 chromatographic column, temperature = 40 °C retained for 0.5 min, then increased to 220 °C by 20 °C min−1.






4. Conclusions


In summary, Pd/MgO catalysts were prepared by micro-arc oxidation of an Mg plate in the electrolyte-containing Pd precursor. Pd nanoparticles resulting from the decomposition of the corresponding salt were embedded in the MgO oxide substrate, and the microstructure of the catalyst could be tuned by varying the temperature of the electrolyte and applied bias. The Pd/MgO catalyst prepared in electrolyte at 10 °C with a bias potential of 300 V exhibited the highest activity for the catalytic oxidation of silane to silanol. After thermal reduction, the full conversion of silane was realized in 120 min, demonstrating that Pd/MgO catalysts were Pd0 based nanocatalysts that were influenced by the Pd-MgO interaction. This work proposes a new direction to develop structured catalysts that can easily be recycled.
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Figure 1. Yield of silanol (a) and corresponding turnover frequency (TOF) (b) during the reaction process catalyzed by Pt nanocatalysts fabricated in electrolytes of different temperatures. 
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Figure 2. (a–c) Top view morphology of the MgO supported nanocatalysts prepared by plasma electrolyte oxidation (PEO) at different electrolyte temperatures. (d) Loading content of Pd in the sample. 
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Figure 3. (a) The plot of silanol yield vs. reaction time for the Pd/MgO catalysts prepared by different applied voltages. (b) TOF of the reaction catalyzed by the Pd/MgO catalyst prepared by different applied voltages. 
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Figure 4. Transmission electron microscopy (TEM) images of Pd/MgO catalysts prepared by different applied voltages (a) 300 V, (b) 400 V, (c) 500 V; (d) XRD spectra of Pd/MgO catalysts prepared by different voltages. 
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Figure 5. Yield curve of Pd nanocatalysts before and after thermal reduction. 
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Figure 6. (a) X-ray photoelectron spectroscopy (XPS) spectra of the prepared Pd/MgO catalyst. (b) XPS fine spectrum of the Pd element before and after thermal reduction. 
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Figure 7. The plot of silanol yield vs. the number of cycles for the prepared Pd/MgO catalyst by the PEO process. 
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