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Abstract

:

Identification of active site is critical for developing advanced heterogeneous catalysis. Here, a nickel/silica (Ni/SiO2) catalyst was prepared through an ammonia-evaporation method for CO methanation. The as-obtained Ni/SiO2 catalyst shows a CO conversion of 96.74% and a methane selectivity of 93.58% at 623 K with a weight hourly space velocity of 25,000 mL·g−1·h−1. After 150 h of continuous testing, the CO conversion still retains 96%, which indicates a high catalyst stability and long life. An in situ vacuum transmission infrared spectrum demonstrates that the main active sites locate at the interface between the metal Ni and the SiO2 at a wave number at 2060 cm−1 for the first time. The interesting discovery of the active site may offer a new insight for design and synthesis of methanation catalysts.
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1. Introduction


With the increasing global demand for clean energy sources, natural gas, the main ingredient of methane (CH4), is promising as a clean energy source, which replaces conventional fossil fuels that have resulted in a range of environmental issues [1,2]. Carbon monoxide (CO) methanation is an ideal way to produce CH4 from coal, and has proven to be one of the most effective ways for the clean utilization of coal [3,4]. Previous research has focused on improving the required catalytic performance of nickel-based catalysts in CO methanation [5,6,7]. Especially, nickel/silica (Ni/SiO2) catalyst attracted significant attention due to its high efficient activity for CO methanation [8,9].



Enlarged active sites of Ni/SiO2 are significant routes to enhance activity of CO catalytically converted to synthetic natural gas (SNG) for clean energy in C1 Chemistry [4]. Generally, a smaller Ni particle size gives a better performance and provides the important route of strengthen the activity of CO methanation. Yan et al. [10] and Zhao et al. [11] found that a smaller Ni particle size, a higher Ni particles dispersion and an enhanced interaction between Ni and the SiO2 support via dielectric-barrier discharge (DBD) plasma decomposition method exhibited significantly improved activity with enhanced stability. Li et al. [12] reported a superior position for implantation of Ni species on two-dimensional porous SiO2 nanomesh rather than three-dimensional MCM-41, resulting in high Ni dispersion and activity.



Despite numerous studies on the use of smaller Ni particles to improve the catalytic performance, little comprehensive understanding exists of the microscopic mechanism. Yao et al. [13] studied Cu–Ni/SiO2 catalysts via in situ CO polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) and found that CO-induced surface segregation of Ni easily resulted in severe errors in Ni active site measurements via the selective CO chemisorption. Loc et al. [14] measured kinetic isotope effects on Ni-based catalysts via the replacement of hydrogen by deuterium in CO methanation and found that interaction of oxygen-containing compounds with hydrogen was a slow step of the process. Martra et al. [15] reported that the high Ni dispersion provided good CO adsorption on metal-support interaction via in situ diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS). Primet et al. [16] studied CO adsorption on Ni/SiO2 catalysts via infrared spectroscopy and saturation magnetization and found that the presence of two bands in the region corresponding to linear species (2070 and 2040 cm−1) with intensities ratios varying with the degree of NiO reduction. These concerns, along with essential demands to incorporate activity for CO methanation, led scientists towards the study of active sites.



Herein, we have prepared an Ni/SiO2 catalyst by the ammonia-evaporation (AE) method, and have explored the active sites for CO methanation by in situ vacuum transmission infrared (VTIR) spectroscopy and density-functional theory (DFT) calculations. The in situ VTIR results indicated that the main active site was the interface between the metal Ni and silica (SiO2) support. DFT was used to confirm the CO adsorption behavior in various types of adsorption sites. We believe that clarifications of active sites at the interface between silica support and nickel active component afford an effective way to design and prepare a high-efficiency CO methanation catalyst.




2. Results and Discussion


2.1. Schematic Illustration


In order to explore the reaction mechanism of the CO methanation by Ni-based catalysts, our main design was to combine the actual value with the theoretical calculated value to speculate the bonded sites of CO species. First, from the results of in situ Fourier Transform infrared spectroscopy (FTIR) spectra, we found there were four types of adsorption sites: the NiO or SiO2 surface, the top Ni atom surface, the interface between the SiO2 and Ni atom, and the bridge of the surface Ni atoms. Combined with the results of in situ FTIR differential spectra of catalyst Ni/SiO2 at 500 K in the presence of CO and H2 at different reaction times, an obvious negative peak at 2060 cm−1 suggesting an interface between SiO2 and Ni, which means that the interface between the SiO2 and Ni atoms played a key role in the CO methanation reaction. The interface adsorption has two main types: Ni–SiO2 and Ni–O. From the results of DFT, the theoretical value of Ni–SiO2 and Ni–O interface adsorption presented at 1859 cm−1 and 2019 cm−1, respectively. It indicated that the Ni–O interface adsorption was the mean point adsorption site and the red-shift about the vibration peak was due to the synergistic effect of Ni–SiO2 interface adsorption.




2.2. Catalytic Performance


A previous study indicated that smaller Ni particles provide a better catalytic performance, with a higher CO conversion and CH4 selectivity [17]. The catalytic performance of Ni/SiO2 was tested at the range of 523–823 K, 1.5 MPa, with a weight hourly space velocity (WHSV) of 25,000 mL·g−1·h−1. Before the test, only a small part of the NiO on the catalyst was reduced to Ni, and low Ni loading and high Ni dispersion provided efficient active sites [18]. The Ni/SiO2 catalyst displayed an excellent catalytic performance over the entire reaction temperature.



As shown in Figure 1a, the catalyst displayed a 91.7% CO conversion at 523 K, and achieved a maximum CO conversion at 623 K with a CO conversion of 96.7%. The CO conversion decreased with temperature, and showed an 89.0% CO conversion at 823 K. The CH4 selectivity of the Ni/SiO2 catalyst showed the same tendency with CO conversion, and achieved a maximum CH4 selectivity of 95.6% at 623 K. The turnover frequency (TOF) values were calculated by Ni dispersion which were obtained by hydrogen adsorption method. It showed that TOF increased with an increasing temperature, and achieved a maximum value of 17.6 s−1 at 623 K, then decreased with rising temperatures, and showed an 89.0% CO conversion and 16.2 s−1 TOF at 823 K. The as-obtained catalyst maintained efficient catalytic activity for 150 h at 623 K, 1.5 MPa with a WHSV of 25,000 mL·g−1·h−1. Figure 1b shows only a 3% decreased CO conversion, which indicated that the Ni/SiO2 catalyst presented an excellent thermodynamic stability. Besides, the Ni/SiO2 catalyst by AE method showed strong interactions between Ni and the silica support, which promoted the formation of a stable structure and prevented Ni aggregation.




2.3. Catalyst Characterization


Prior work reported that smaller Ni0 particles yield a better catalytic performance, because smaller Ni0 particles provide more active sites [12]. Some efforts had been shown to study the active sites on Ni-based catalysts. Agnelli et al. [19] found that the active sites of Ni/SiO2 comprised one to two adjacent Ni atoms, which were free from adsorbed CO. Liu et al. [20] proposed that defect sites on the metallic Ni0 particles dominated the reaction activity. The reaction mechanism on the Ni(111); was studied by experiments and DFT [21,22]. However, the definite active sites in Ni-based catalysts are still unclear.



In order to explore the active sites on Ni/SiO2 for methanation reactions, in situ vacuum FTIR experiments were used to investigate the CO adsorption behavior on the catalysts. Here, we regarded the in situ FT-IR signals of the samples that were exposed to 1 mbar CO at 500 K as the reference spectrum. The needed differential spectra were obtained by subtracting the reference spectral curve. Four kinds of adsorption sites were selected: the NiO or SiO2 surface, the top Ni atom surface, the interface between the SiO2 and Ni atom, and the bridge of the surface Ni atoms [23,24]. Figure 1c shows the in situ IR spectrum of Ni/SiO2, which was exposed to 1 mbar CO at RT. Three apparent IR bands exist in the spectrum: (a) CO adsorption on the NiO or SiO2 surface at 2195 cm−1, with a slight blue-shift compared with the gas phase CO; (b) CO adsorption on the top sites of the surface Ni at 2091 cm−1, with a slight red-shift compared with the gas phase CO; (c) CO adsorption on the bridge sites of surface Ni at 1942 cm−1,with a large red-shift compared with the gas phase CO [2]. Two more bands in the spectrum, including the vibration of gaseous CO as indicated by the steep trough centered at 2143 cm−1, and a band at 2060 cm−1, had been overshadowed by other intense bands, such as the asymmetric shape of the band at 2091 cm−1. The exact value of the latter bands could be determined in the following text.



A VTIR spectrum of the CO and H2 reactions was obtained to explore the catalytic capability of four types of active sites. Four peaks in Figure 1d include a vibration peak with a wave number at 3015 cm−1 from the CH4 [24], a wave number at 2345 cm−1 from the CO2 vibration peak [25], then a CO vibration peak with a wave number at 2143 cm−1, and a peak with a wave number at 2060 cm−1 that was ascribed to CO adsorption. The reference spectrum was the sample spectrum under 1 mbar CO at 500 K. Positive peaks in the spectra implied that new species were formed during the process, and negative peaks indicated that the corresponding species were consumed. The in situ transmission infrared spectrum of the CO and H2 reactions demonstrated that active sites at the interface between SiO2 and Ni and at 2060 cm−1 were most efficient. With the reaction time increasing, CO was consumed and CH4 was generated. However, no negative peaks were observed at 2195 cm−1, 2091 cm−1, and 1942 cm−1. The emergence of CO2 bands indicated that the methanation reaction might exist as a side reaction pathway under the present reaction conditions.



Figure 2a and b show the transmission-electron microscopy (TEM) and high-resolution TEM (HRTEM) images of the Ni/SiO2 catalyst. On the surface of catalyst, there were a lot of visible black spots, which attributed to Ni particles. Lattice fringes in Figure 2b with a typical d-spacing of 0.282 nm and 0.244 nm were ascribed to the (102) and (112) crystallographic plane of SiO2 [26,27]. Furthermore, high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) was used to observe the Ni particles on the surface clearly. Small light spots, which were attributed to small Ni particles, were dispersed uniformly on the catalyst surface (Figure 2c). The detailed particle-size distributions of the Ni/SiO2 catalyst were determined from the HAADF-STEM image, and the average Ni particle size was 2–3 nm. Figure 2d shows the scanning-electron microscopy (SEM) image of the Ni/SiO2 catalyst, and the insert shows the Ni mapping. Ni was dispersed uniformly, which agreed well with the HAADF-STEM results. Wide-angle X-ray powder diffraction (XRD) patterns of the Ni/SiO2 are shown in Figure 2e. The diffraction peak at 21.99° belonged to SiO2 (JCPDS NO. 77–1316), and the nickel phyllosilicate characteristic peaks (JCPDS NO. 49–1859) were observed at a 2θ of 19.52°, 34.1°, 36.9° and 60.50° [11,28,29]. The peak intensity was weak and exhibited a wide half-peak breadth in the XRD pattern because of the small and finely dispersed of Ni particles [27].



The NiO/SiO2 catalyst reducibility was characterized by H2-TPR, as shown in Figure 2f. The TPR profile of NiO/SiO2 catalyst showed two reduction peaks. The reduction peak centered at 550.8 K resulted from surface NiO reduction [30,31,32]. Another reduction peak at around 951 K was ascribed to Ni2+ ions in bulk phyllosilicates, i.e., NiO species interacted strongly with the support [33,34,35]. The H2-TPR profile showed that only some Ni2+ was reduced to metal Ni during the pretreatment because of the strong interaction, and thus no Ni diffraction peak was visible in the XRD pattern. Moreover, the results of Ni dispersion by hydrogen adsorption method was detected of 13.7%, which determined a high TOF values and high catalytic performance.




2.4. Various Types of Active Sites


DFT was used to study the CO adsorption behavior in four types of adsorption sites, as shown in Figure 3. Figure 3a shows the CO adsorption models of four different active sites. Figure 3b–e show the calculated IR spectra of four types of CO adsorption models. C–O intramolecular stretching was sensitive on the adsorption sites [36], as described more extensively in original papers [37,38,39,40]. The calculated symmetric vibrational modes for CO adsorption at the top Ni atom surface was 1992 cm−1 (2131 cm−1 after correction), and the experimental value was 2091 cm−1. The calculated symmetric vibrational modes for CO adsorption at the bridge of surface Ni was 1841 cm−1 (1980 after correction), with the experimental value of 1942 cm−1.



There were two situations for CO adsorption at the interface between the Ni and the support SiO2. (1) CO adsorption between Ni–Si where the theoretical value of the CO symmetric vibrational mode was 1859 cm−1 after correction, and differs by 201 cm−1 compared with the experimental value of 2060 cm−1. (2) CO adsorption between Ni–O where the theoretical value of the CO adsorption was 2019 cm−1 after correction, and the difference between the theoretical and experimental values was 41 cm−1. Because the theoretical value of CO adsorption between Ni–O agreed well with the experimental value, we assume that CO was adsorbed between the Ni–O atoms of the interface between SiO2 and Ni. And the in situ VTIR spectrum of the CO and H2 reactions agreed well with previous experimental results, which indicated that with the same Ni content, the smaller Ni particles provided a more support-active ingredient interface and promoted the catalytic performance. Furthermore, with the same size of Ni particles, an increasing Ni loading also could promote catalytic performance. From the experimental results, the as-obtained catalyst with remarkable small Ni particles (2–3 nm) presented more effective active sites, which agreed with the excellent catalytic performance of Ni/SiO2 catalyst.





3. Materials and Methods


3.1. Ni/SiO2 Catalyst Preparation


A Ni/SiO2 catalyst was prepared through the AE method, with the preparation process as follows. A defined amount of Ni(NO3)2·6H2O as the Ni source was dissolved in deionized water to obtain metal precursor solution. Excess of 28% aqueous ammonia solution (analytical-reagent grade, Sinopharm Chemical Reagent Ltd., Shanghai, China) was added to the precursor solution until appeared flocculent material and the quantity was basically constant, and then stirred for 30 min. Afterwards, the requisite quantities of silica sol (Ludox AS-40) was added to the nickel–ammonia-complex solution, where the loading of nickel was 10 wt %. And then, the obtained solution was stirred for another 4 h at 353 K in an oil bath, where the suspension was evaporated. The obtained material was washed with deionized water until there was no pH change (pH = 7) and dried at 353 K for 24 h to obtain catalyst precursors. The catalyst precursors were calcined at 823 K for 4 h in a muffle furnace to produce NiO/SiO2 catalyst.




3.2. Catalyst Characterization


X-ray diffractometry was used to analyze the crystallographic properties of the materials and XRD patterns were obtained with a BrukerD8 Advance X-ray diffractometer (Bruker Biosciences Corporation, Billerica, MA, USA) with Cu Kα radiation in the 2θ range of 0–90°. H2-TPR experiments were performed to determine the reducibility of the NiO oxides using a Micromeritics TPx System (Micromeritic ASAP 2720, Micromeritics Instrument Ltd., Norcross, GA, USA) from room temperature to 1173 K at 10 K/min with a 10 vol % H2/Ar flow of 40 mL/min and by retaining the sample at 1173 K for 20 min. In order to analyze the dispersion of Ni/SiO2 catalyst, hydrogen adsorption was carried out by Autochem 2920 (Micromeritics Instrument Ltd., Norcross, GA, USA). 0.1 g catalysts were reduced at 750 °C for 1 h in H2 atmosphere and cooled with N2 atmosphere. Then H2 (30 μL per pulse, carrier gas, N2 40 cm3 min−1) was adsorbed by the Ni/SiO2 catalyst. The catalyst morphology was studied by SEM (Hitachi S-4300 microscope, Hitachi Limited, Japan). TEM and HRTEM images were obtained with a Tecnai F30 field-emission transmission-electron microscope (Hillsboro, OR, USA).



In situ VTIR spectra were recorded by a Thermo Nicolet Is50 spectrometer equipped with a MCT detector cooled by liquid nitrogen and a heating chamber. The catalyst was loaded in a Harrick IR cell and pretreated at 673 K under N2 at a total flow rate of 100 mL/min for 60 min to remove adsorbed impurities. VTIR spectra were recorded by accumulating 32 scans with a resolution of 4 cm−1. The in situ VTIR spectrometer was constructed from a commercial IR spectrometer (Vertex 70 v, Bruker Corp., Germany). The original measurement compartment was replaced by a stainless-steel chamber that was separated from the IR spectrometer by two KBr windows. An IR beam from the light source in the spectrometer was passed through a sample in the IR chamber and detected by a deuterated l-alanine-doped triglycine sulfate detector. The base pressure in the spectrometer was better than 0.1 mbar, which can effectively diminish the influence of H2O and CO2 during IR measurement. The base pressure in the IR chamber was ~1 × 10−7 mbar. A full-range pressure gauge and a capacitance gauge (0.1–1000 mbar) were connected to the chamber to monitor pressure. The Ni/SiO2 nanoparticles were pressed on a stainless-steel grid (100 mesh, 10 mm × 7 mm) at 20 MPa. The stainless-steel grid with sample was fixed between two molybdenum legs by using two tantalum clamps. Sample heating was achieved by applying a voltage between the two molybdenum legs and electrical current that flowed through the grid heated the sample to 1000 K. A K-type thermocouple was welded carefully on the top center of the grid. In the current configuration, in situ transmission IR measurements can be performed under vacuum and with gas exposure conditions at variable sample temperatures. Before the IR measurement, the Ni/SiO2 catalyst was annealed at 700 K for 20 min under a high vacuum to ensure that surface contaminations were removed.




3.3. Activity Measurement


The catalytic performance was determined in a fixed-bed reactor. Catalyst (0.156 g) was placed into a tubular reactor and reduced in a H2 atmosphere for 2 h at 773 K. After cooling to 523 K, synthesis gas (H2/CO = 3, WHSV = 25,000 mL g−1 h−1) was introduced to the tubular reactor and the pressure was increased to 1.5 MPa. The catalytic performance was evaluated every 50 K between 523–823 K, and the effluent-gas composition was analyzed by online gas chromatography (GC-2014C, SHIMADZU, Kyoto, Japan).




3.4. Density Functional Theory (DFT) Calculations


DFT calculations were performed using a Dmol3 module that was implemented in a DFT electronic structure program [41,42,43] GGA/PW91 exchange-correlation functional with DND basis set is used to calculate the exchange correlation energy [44]. The self-consistent field (SCF) procedure is used with the tolerance of 10−6 au and maximum SCF cycles of 500. The calculated vibrational spectra were picked up and analyzed by Dmol3 module (MS8.0, Dassault Systemes Biovia K.K., San Diego, CA, USA, 2014). The calculated vibrational modes of CO adsorbed on Ni/SiO2 catalyst were corrected by the standard gas CO spectra.





4. Conclusions


A Ni/SiO2 catalyst was successfully prepared by the AE method. The Ni/SiO2 catalyst displayed an excellent catalytic performance over the reaction temperature range with a 96.7% CO conversion and 95.6% CH4 selectivity at 623 K, and 9.5 s−1 TOF at 523 K, 1.5 MPa and a WHSV of 25,000 mL·g−1·h−1. The catalyst exhibited an excellent thermostability over 150 h at 623 K. The in situ VTIR and DFT results demonstrated that the catalysts highly dispersed active sites at the interfaces between the support and active component were responsible for their high catalytic efficiencies. The decrease in particle size of the active component to a single atom may provide excellent catalytic performance. We, therefore, believe that the clarification of active sites provides a strategy to design and prepare high-efficiency CO methanation catalysts.
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Figure 1. (a) CO conversion and CH4 selectivity of Ni/SiO2; (b) turnover frequency (TOF) values and stability at 623 K of Ni/SiO2. (c) In situ Fourier Transform infrared spectroscopy (FTIR) spectra of Ni/SiO2 catalyst at 1 mbar CO and room temperature. The reference spectrum was obtained on a clean sample under high vacuum at room temperature. (d) In situ FTIR differential spectra of catalyst Ni/SiO2 at 500 K in the presence of CO and H2 at different reaction times. The reference spectrum was the sample spectrum at 1 mbar CO and 500 K. The differential spectrum was recorded immediately after the introduction of 3 mbar H2 at 500 K. 
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Figure 2. HRTEM (high-resolution transmission-electron microscopy) images of (a,b) Ni/SiO2, (c) HAADF-STEM (high-angle annular dark field scanning transmission electron microscopy) images and Ni particle-size distribution (inset) for Ni/SiO2, (d) SEM (scanning-electron microscopy) image of Ni/SiO2 and Ni mapping (inset), (e) XRD (X-ray powder diffraction) patterns of SiO2 and Ni/SiO2, (f) H2 temperature-programmed reduction (H2-TPR) of catalyst NiO/SiO2. 
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Figure 3. (a) CO adsorption model at different sites. DFT results of (b) SiO2(111)-modified-CO–Ni-top-spectrum, (c) SiO2(111)-modified-Ni-bridge-spectrum, (d) Si–Ni-spectrum and (e) O–Ni-spectrum. 
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