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Abstract

:

Highly dispersed Ni-based catalysts for CO2 methanation have been extensively studied over the last decade. However, a highly loaded Ni-based catalyst always results in a large Ni particle size and poor CO2 methanation activity. In this work, a colloidal solution combustion method was used to prepare a highly loaded Ni–La2O3 catalyst (50 wt % Ni) with a small Ni particle size and abundant metal–support interface. The characterizations demonstrated that a Ni–La2O3 catalyst prepared in this way has a mesoporous structure and a small Ni particle size. Due to the small Ni particle size and abundant metal–support interface, the highly loaded mesoporous Ni–La2O3 catalyst exhibits higher activity and selectivity in CO2 methanation compared to the Ni–La2O3 catalyst prepared by a conventional solution combustion method.
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1. Introduction


CO2 emissions have increased rapidly due to the increasing consumption of fossil fuels, resulting in global warming and climate change. Various methods were proposed to convert CO2 to fuels and chemicals [1,2]. CO2 methanation is a promising reaction for converting greenhouse gas CO2 and renewable H2 into methane [3]. Moreover, the produced methane is an important chemical intermediate that can be used in chemical and petrochemical industries. CO2 methanation, commonly called the Sabatier reaction, is an exothermic reaction which is thermodynamically favored at low temperatures [3,4]. However, since CO2 molecules have high chemical inertia, the CO2 methanation reaction activity is very low at a low temperature and atmospheric pressure.


CO2 + 4H2 → CH4 + 2H2O ΔH298 K = −164.6 0 kJ mol−1











To realize low temperature CO2 methanation, various catalysts have been designed, developed, and tested for their catalytic activity at a low temperature. Many metal catalysts, such as supported Rh [5,6], Ru [7], Pd [8], Co [9,10,11], and Ni [12,13,14] catalysts, have been developed for CO2 methanation. Among the reported catalysts, supported Ni-based catalysts have been intensively studied due to their low price and high levels of activity.



To increase the low-temperature activity of Ni-based catalysts, many methods have been proposed for preparing catalysts with a small Ni particle size [15]. A general strategy for increasing the dispersion of active components involves loading the active component on a carrier with a high surface area, such as mesoporous silica [16,17,18]. However, the metal loading of a catalyst prepared using this method is low, and usually not higher than 30 wt %.



Metal loading and particle size are the two most important parameters in determining the catalytic performance for CO2 methanation. It would be ideal if the two parameters could be independently controlled. However, in reality, a catalyst with a higher loading usually has a larger particle size [19] and exhibits low activity. This interdependence between metal loading and particle size hinders the preparation of a highly active CO2 methanation catalyst with high Ni loading.



La2O3 has been widely used as a promoter or support in CO2 conversion catalysts, such as CO2 methanation and dry reforming of methane (DRM), due to its strong adsorption of CO2 [20]. Song et al. [21] reported that 10% Ni/La2O3 catalysts prepared by the impregnation method were active in CO2 methanation. Li et al. [22] reported that La2O2CO3 nanorods could be used as support precursors to Ni/La2O3 nanorod catalysts with stabilized Ni nanoparticles. LaNiO3 perovskite can be used as precursors to produce highly dispersed Ni-based catalysts. However, this requires high-temperature reduction. To the best of our knowledge, although some mesoporous supports, such as Al2O3, SiO2, and ZrO2, have been used in CO2 methanation catalysts, mesoporous Ni–La2O3 catalysts have not been reported for CO2 methanation.



Herein, a colloidal solution combustion method, which had been previously used to prepare mesoporous CeO2 and CeO2-based catalysts [23,24], was proposed to prepare highly loaded Ni on La2O3. By using this method, a highly loaded Ni–La2O3–M (~50 wt % Ni) catalyst with a small Ni particle size was synthesized. The catalyst has an abundant metal–support interface and exhibits good catalytic performance in CO2 methanation.




2. Results and Discussion


2.1. Characterization of Catalysts


N2 adsorption–desorption isotherms and pore size distribution curves of 50% Ni–La2O3–M and 50% Ni–La2O3 are shown in Figure 1. According to the International Union of Pure and Applied Chemistry (IUPAC) classification, the fresh, reduced, and used 50% Ni–La2O3–M catalysts exhibit the typical IV type isotherms which are associated with capillary condensation in mesoporous materials [25]. The result indicates that after being treated with a hot NaOH solution, SiO2 was etched and a mesoporous structure was formed. However, the fresh 50% Ni–La2O3 catalyst showed the typical III type isotherms with no inflection point on the curve, indicating weak interactions with the adsorbate of N2. Figure 1b shows that the 50% Ni–La2O3–M catalyst has a relatively narrow pore size distribution, which was concentrated at about 16–20 nm. This indicates that the catalyst has a uniform mesoporous structure.



The surface area, pore volume, and average pore size for these catalysts are listed in Table 1. It can be seen that the Brunauer–Emmett–Teller (BET) surface area of the fresh 50% Ni–La2O3–M is 70.4 m2 g−1, which is 8.8-fold higher than the fresh 50% Ni–La2O3 catalyst. The pore volume of the fresh 50% Ni–La2O3–M was higher than that of the fresh 50% Ni–La2O3 catalyst, which should have resulted from the etching of SiO2 by NaOH during the preparation process. The average pore size of 50% Ni–La2O3 catalyst was 71 nm, which indicated that the catalyst has a mainly macroporous structure. It should be noted that the average pore size of 50% Ni–La2O3 catalyst was larger than those shown in Figure 1b. This is because quenched solid density functional theory (QSDFT) is only suitable for micropore and mesoporous analysis, but not for macropore analysis [26].



After the reduction and methanation reaction, the BET surface area and average pore size of 50% Ni–La2O3–M had a slight change. In summary, the 50% Ni–La2O3–M catalyst prepared by the colloid solution combustion method formed a mesoporous structure which has a high specific surface area and pore volume.



Figure 2 presents the X-ray diffraction (XRD) patterns of the fresh and reduced catalysts. For the fresh catalysts, the peaks at 37.2, 43.3, and 62.9° are attributed to NiO, which is consistent with the literature [27]. It is important to note that the peaks corresponding to LaNiO3 with a perovskite structure, namely the peaks at 32.8, 47.3, and 58.6° [28], show up in 50% Ni–La2O3 catalysts, which indicates the excessively strong interaction between nickel and lanthanum. Furthermore, the peaks of NiO for 50% Ni–La2O3–M catalyst are weaker and wider than those in 50% Ni–La2O3, suggesting that 50% Ni–La2O3–M catalyst has a smaller particle size.



After reduction, the diffraction peaks corresponding to the crystalline NiO disappeared and the peaks of Ni appeared, indicating that NiO was successfully reduced. As shown in the gray shadow, the peaks of the LaNiO3 perovskite were significantly weaker in the reduced 50% Ni–La2O3 compared to the fresh 50% Ni–La2O3. However, these peaks still existed, indicating that the LaNiO3 perovskite in 50% Ni–La2O3 catalyst was only partially reduced at 400 °C. Meanwhile, the peaks of Ni in 50% Ni–La2O3–M were also weaker than those in 50% Ni–La2O3, revealing that the former has a smaller nickel particle size. The crystal sizes of NiO and Ni calculated by XRD results are listed in Table 2. In short, the XRD results indicate that using silica colloid as a template can form small NiO particle and amorphous La2O3 without formation of LaNiO3.



The transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HR-TEM) analysis provides information on the textural properties of the fresh catalysts created using different preparation methods. For 50% Ni–La2O3–M catalysts, a well-ordered mesoporous structure with a pore size of around 18 nm was observed in Figure 3a,b, which is consistent with the N2 adsorption–desorption results. The uniform pore size distribution of 50% Ni–La2O3–M is due to the use of colloidal SiO2 with a particle size of 20–22 nm during the preparation process. After the etching of SiO2, mesopores were generated in the catalyst, and the pore size was associated with the particle size of colloidal SiO2.



In Figure 3c shows a representative image for 50% Ni–La2O3–M catalyst with a lattice distance of 2.08 Å belonging to NiO (200) that was observed [29]. After scanning a large number of pictures, we did not find any lattice distances corresponding to La2O3. The absence of crystalline La2O3 demonstrates that the majority of La2O3 exists in an amorphous form. This is consistent with the XRD results as there were no diffraction peaks of La2O3. As shown in Figure 3b,c, the pore wall was composed of NiO nanoparticles and amorphous La2O3, and most of the NiO nanoparticles were embedded by amorphous La2O3 in the pore walls.



On the contrary, the Ni–La2O3 catalyst had a pore size of 50–100 nm, as shown in Figure 3d. As shown in Figure 3f, for the fresh 50% Ni–La2O3, the lattice distances of 3.08 and 2.73 Å are attributed to La2O3 and LaNiO3, respectively [30]. Meanwhile, the particles of NiO in 50% Ni–La2O3 were larger than 50% Ni–La2O3–M. The particle size distribution of NiO for these two catalysts are shown in Figure 3g,h. The average size of the NiO nanoparticles (NPs) for the fresh 50% Ni–La2O3 and 50% Ni–La2O3–M catalysts can be calculated from these two column charts. The sizes of NiO NPs for 50% Ni–La2O3–M (around 3.2 nm) are smaller than those of 50% Ni–La2O3 (around 6.8 nm), which is consistent with the XRD results.



Figure 4 exhibits the H2-temperature programmed reduction (H2-TPR) profiles of these two fresh catalysts. For the fresh 50% Ni–La2O3–M, a reduction peak between 300 and 600 °C (centered on 400 °C) represents the reduction of NiO particles [31]. The 50% Ni–La2O3 catalyst has three distinct reduction peaks. The peaks at around 400 and 570 °C correspond to the reduction of Ni3+ to Ni2+ and Ni2+ to Ni0 in the perovskite lattice, respectively [32], which confirms the formation of LaNiO3 perovskite. Furthermore, the peak at around 400 °C represents the reduction of Ni2+ to Ni0 in NiO nanoparticles. The oxygen vacancies in the lattice of LaNiO3 might be responsible for the low-temperature peak appearing at 300 °C. The results indicate that the catalyst prepared without using colloid silica only resulted in partial formation of LaNiO3 perovskite. In order to completely destroy the lattice and fully reduce metal nickel, the required reduction temperature is as high as 550 °C. It is significantly and comparatively easier to reduce the catalyst prepared by the colloidal solution combustion method due to the absence of LaNiO3. This is consistent with XRD results.



The Ni dispersion measured by H2-temperature programmed desorption (H2-TPD) is listed in Table 3. The Ni dispersion of 50% Ni–La2O3–M is lower than that of 50% Ni–La2O3. The lower Ni dispersion of 50% Ni–La2O3–M should be attributed to the special embedded structure of the catalyst, in which most small Ni particles are embedded in the pore wall by amorphous La2O3. Although the Ni dispersion of the 50% Ni–La2O3–M is low, the 50% Ni–La2O3–M with a special Ni-embedded structure has a rich metal–support interface, which had been proven to be essential for the methanation reaction.




2.2. Catalytic Performance


The activity catalysts were tested in CO2 methanation at temperatures of 250–450 °C. CO2 conversion and CH4 selectivity are shown in Figure 5a,b, respectively. Compared with 50% Ni–La2O3, the catalyst of 50% Ni–La2O3–M exhibited higher CO2 conversion and CH4 selectivity, indicating the latter is much more active than the former. For 50% Ni–La2O3–M catalysts, the highest CO2 conversion of 76% was obtained at around 400 °C with a CH4 selectivity of around 99.5%. CO2 conversion of 50% Ni–La2O3–M decreased to 71% at 450 °C, which is limited by the thermodynamic equilibrium due to the CO2 methanation reaction being an exothermic reaction. In the meantime, CH4 selectivity decreased to 98%, which is caused by the accelerated generation of CO derived from the reverse water gas shift reaction. Similar variation trends in conversion and selectivity can also be observed for 50% Ni–La2O3 catalysts. Furthermore, it should be noted that the CO2 conversion of 50% Ni–La2O3–M reached 51% at 300 °C, while 50% Ni–La2O3 only reached 9%, suggesting that the 50% Ni–La2O3–M catalyst has good low-temperature activity. As listed in Table 3, the turnover frequency (TOF) of 50% Ni–La2O3–M at 250 °C is 12-fold higher than that of 50% Ni–La2O3, which indicates that the small Ni particles embedded by La2O3 in 50% Ni–La2O3–M were more active than the Ni particles supported on La2O3 in 50% Ni–La2O3. Combined with the characterization results, it is shown that the special mesoporous embedded structure in 50% Ni–La2O3–M led to an abundant metal–support interface, thus increasing the catalytic activity.



As shown in Figure 6, the stability test of 50% Ni–La2O3–M was carried out at a high gas hourly space velocity (GHSV) of 120,000 mL g−1 h−1, and the temperature was set to 300 °C. CO2 conversions of 50% Ni–La2O3–M catalyst maintained stable catalytic performance throughout 50 h of testing. CO2 conversion and CH4 selectivity remained around 51% and 98%, respectively. This indicates that the La2O3-supported Ni catalyst prepared by the colloidal solution combustion method has excellent stability.



The sintering and carbon deposition of Ni nanoparticles are the main reasons for the decline in catalyst performance during the stability test of CO2 methanation. The chosen 50% Ni–La2O3–M was characterized by XRD and TEM techniques. The absence of carbon nanotubes or nanofibers in TEM photographs (Figure 7) showed that no detectable carbon deposition occurred, meaning that no carbon was deposited on the surface of the catalysts. That is to say, 50% Ni–La2O3–M catalyst has good performance in resisting carbon deposits.



The XRD results in Figure 1 exhibited broad and weak diffraction peaks for Ni in used 50% Ni–La2O3–M catalysts, indicating that the small particle size of nickel allowed them to stay in this catalyst. Furthermore, the peaks of Ni in used 50% Ni–La2O3–M are similar to that of reduced 50% Ni–La2O3–M, indicating that the active component did not grow during the stability test. As given in Table 2, Ni crystal sizes as calculated from XRD patterns using Scherrer’s equation were 4.5 and 4.3 nm for the used and reduced 50% Ni–La2O3–M, respectively. In other words, the 50% Ni–La2O3–M catalyst had good resistance to sintering during the stability test. Similar phenomena can be verified in TEM results.



TEM and HR-TEM images of the used 50% Ni–La2O3–M are shown in Figure 7. The ordered mesoporous structure was well maintained and the lattice distance of 2.03 Å corresponds to the lattice parameters for Ni (111) [32]. Meanwhile, it can be observed that the Ni particle size of 50% Ni–La2O3–M was centered around 4.5 nm and that no sintering occurred during the stability test.



Summarizing Section 3.2, the catalyst of 50% Ni–La2O3–M performs well in terms of CO2 methanation activity, and the stability test demonstrated that it has superior activity and excellent selectivity. The XRD and TEM results demonstrate that 50% Ni–La2O3–M possessed an ordered mesoporous structure, and that the Ni particle size was small. Meanwhile, the TEM results demonstrate that the catalyst prepared by colloidal solution combustion shows good resistance to carbon deposition. Combining the characterization of 50% Ni–La2O3–M with its good performance results, we concluded that the improved activity and stability of 50% Ni–La2O3–M catalysts can be attributed to the small Ni particle size embedded by amorphous La2O3, which creates a large amount of interface between the Ni and the La2O3 support.





3. Materials and Methods


3.1. Synthesis of Catalysts


We used the colloidal solution combustion method to prepare 50% Ni–La2O3–M catalysts. During the combustion reaction, glycine (NH2NH2COOH) was used as fuel, and metal nitrates (nickel nitrate and lanthanum nitrate) were used as oxidant. Aqueous colloidal SiO2 LUDOX TMA (Sigma-Aldrich, Saint Louis, USA, 34 wt %, diameter of 22 nm) was used as a hard template to create pores. Typically, La(NO3)3·6H2O (1.33 g), Ni(NO3)2·6H2O (2.48 g), and glycine (0.60 g) were added to deionized water (6.30 mL). After stirring the solution for 10 min and ultrasonic dispersion for 20 min, colloidal SiO2 (1.26 mL) was added and subjected to ultrasound for 30 min. After this, the solution was transferred onto a hot plate and heated to 200 °C for pyrolysis, during which glycine and nitrate metal undergo a combustion reaction accompanied by the generation of metal oxides and gases. After glycine is fully burned and cooled to room temperature, the metal oxides were calcined at 600 °C for 4 h. The obtained powder was dispersed into a hot NaOH solution to etch the silica. Following this, the powder was washed three times with deionized water and three times with ethanol. After drying at 80 °C for 12 h, 50% Ni–La2O3–M catalyst was obtained, with the weight content of Ni being 50%.



For comparison, 50% Ni–La2O3 catalysts were prepared by the solution combustion method without adding colloidal SiO2. The prepared sample was referred to as 50% Ni–La2O3.




3.2. Characterization of Catalysts


N2 isotherms were carried out on an Autosorb-iQ analyzer (Quantachrome Instruments, Boynton Beach, FL, USA) at −196 °C. The catalysts were evaluated at 300 °C for 4 h before the measurements. The BET method was used to calculate the specific surface area. The pore size distributions were obtained from the absorption branch using quenched solid density functional theory (QSDFT). The total pore volumes were calculated according to the adsorption point at P/P0 = 0.994.



X-ray diffraction (XRD) patterns were obtained on a DX-2700 X-ray diffractometer (Haoyuan Instrument, Dandong, China) with Cu Kα radiation (λ = 0.15406 nm). H2-temperature programmed reduction (H2-TPR) was performed on a TP-5080 multifunctional adsorption apparatus (Xianquan, Tianjin, China). A detailed description of the H2-TPR experiment can be found in our previous publication [33]. H2-temperature programmed desorption (H2-TPD) was performed on the same apparatus as H2-TPR. The catalyst (100 mg), after reduction at 400 °C for 40 min in 5% H2/Ar, was cooled to room temperature in 5% H2/Ar. After being purged with pure Ar for 1 h, the catalyst was heated for H2 desorption from room temperature to 900 °C at a rate of 10 °C/min in pure Ar. Ni dispersion was calculated from the desorption of H2 using the assumption that the stoichiometric ratio of H/Nisurface is 1. Transmission electron microscope (TEM) images of the catalysts were taken by a Tecnai G2 F20 microscope (FEI Company, Hillsboro, OR, USA).




3.3. Catalytic Performance Test for CO2 Methanation


Catalytic tests were performed in a fixed-bed reactor (i.d. = 8 mm) at atmospheric pressure in the temperature range of 250–450 °C under a reactant gas flow of 100 mL/min (CO2/H2/Ar = 1:4:5). The catalyst sample (50 mg) was diluted with SiO2 (100 mg) and loaded into the reactor. Before the reaction, the catalyst was reduced at 400 °C in 20% H2/Ar (50 mL min−1) for 40 min. After reduction, the catalyst was cooled to 250 °C in 20% H2/Ar. Following this, the reactant gas flow was introduced into the reactor. At each reaction temperature point, the sampling and analysis of reacted gas were conducted after one hour. The stability tests were carried out at 300 °C. The product gas was analyzed using an online gas chromatograph (Techcomp GC-7900, Shanghai, China). CO2 conversion (XCO2)) and selectivity of CH4 (SCH4) were calculated as follows:


XCO2=[CO2]in−[CO2]out[CO2]in×100%,










SCH4=[CH4]out[CO]out+[CH4]out×100%,








where [CO2]in and [CO2]out are the inlet and outlet concentrations of CO2, respectively. [CH4]out is the outlet concentration of CH4.



The turnover frequency (TOF) value, representing the number of converted CO2 molecules per Ni atom per second, was calculated from the CO2 conversion and Ni dispersion [34].
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Figure 1. Nitrogen adsorption–desorption isotherms curves (a) and pore size distributions (b) of 50% Ni–La2O3–M and 50% Ni–La2O3. 
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Figure 2. X-ray diffraction (XRD) patterns of 50% Ni–La2O3–M and 50% Ni–La2O3. Reduced catalysts were reduced at 400 °C for 40 min with 20% H2/Ar. We used 50% Ni–La2O3–M at 300 °C for 50 h in a CO2 methanation reaction. 
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Figure 3. TEM images and NiO particle size distributions of fresh catalysts: (a–c,g) 50% Ni–La2O3–M and (d–f,h) 50% Ni–La2O3. 
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Figure 4. H2-temperature programmed reduction (H2-TPR) curves of 50% Ni–La2O3–M and 50% Ni–La2O3 catalysts. 
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Figure 5. (a) CO2 conversion and (b) CH4 selectivity over 50% Ni–La2O3–M and 50% Ni–La2O3 in CO2 methanation reaction at a gas hourly space velocity (GSHV) of 120,000 mL g−1 h−1 and 0.1 MPa in the gas mixture of H2/CO2/Ar = 4/1/5. 
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Figure 6. Stability of 50% Ni–La2O3–M in CO2 methanation reaction at GSHV = 120,000 mL g−1 h−1 on stream at 300 °C and 0.1 MPa in H2/CO2/Ar = 4/1/5. 
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