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Abstract

:

Using the colloidal solution combustion approach, a three-dimensional mesoporous 5%Ni-CeO2-M catalyst was developed, with Ni incorporated into the pores, and applied in the dry reforming of methane. Comprehensive characterization revealed that the 5%Ni-CeO2-M catalyst had a large specific surface area and a three-dimensional mesoporous structure. A rich Ni-CeO2 interface was formed by closely spaced tiny CeO2 and NiO nanoparticles within the spherical pore wall. With very little carbon deposition over a 100 h period at 700 °C, the catalyst showed excellent activity and stability. The tiny Ni nanoparticles, along with the substantial Ni-CeO2 interfaces that make up this three-dimensional in-form mesoporous catalyst, are responsible for the outstanding effectiveness of this 5%Ni-CeO2-M catalyst.
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1. Introduction


The worldwide increase in the number of people and excessive energy consumption associated with our rapid societal progress have resulted in large-scale greenhouse gas emissions (CH4 and CO2) that negatively impact the environment. Consequently, the issue of global warming caused by greenhouse gases has garnered attention worldwide. Therefore, a great deal of academics think that effective means of these two gases—ideally by turning them into useful products—is a crucial step toward mitigating the negative impacts of global warming [1]. Based on the aforementioned concepts, it can be concluded that the methane dry reforming reaction (DRM: CH4 + CO2 → CO + H2) is an extremely beneficial chemical reaction that can transform the two gases into a mixture of CO and H2, which is more suitable for industrial reactions [2,3]. Every nation in the world values this reaction much as it contributes significantly to the production and use of energy as well as the preservation of the environment [4,5,6].



Industrial catalysts should maintain high catalytic activity and a long service life throughout the production process, and at the same time, their cost must be considered. Therefore, the utilization of non-noble metal catalysts, which are low-cost, easily accessible, and exhibit excellent catalytic performance, has become the focal point of DRM research and development in recent years. Despite the extensive attention that Ni-based catalysts have received in DRM reactions due to their high catalytic activity [7,8,9,10], their inherent shortcomings cannot be overlooked. At high temperatures, Ni-based catalysts are susceptible to sintering, and carbon deposition forms on their surface. During this process, the growth of carbon fibers destroys the pore structure of the catalyst, significantly reducing its reactivity and stability [11,12,13,14]. Simultaneously, in Ni-based catalysts, the interaction between Ni active components and the support, as well as the metal dispersion of Ni on the surface, are crucial factors determining the activity and stability of DRM. However, currently, most Ni-based catalysts employed for DRM are particle-supported, posing issues such as uneven distribution of Ni active components, low metal dispersion, a small specific surface area, and a limited number of exposed active sites, all of which hinder efficient DRM reactions. Furthermore, the weak interaction between Ni active sites and the support further diminishes metal dispersion and metal-support interaction, leading to carbon deposition and catalyst sintering in high-temperature DRM reactions. This ultimately deactivates the Ni-based catalyst, limiting its industrial application [15,16,17,18]. To address these challenges, it is often possible to modify the interface structure and performance of catalysts by introducing promoters or reducing the size of metal particles [19,20,21]. The catalytic performance is intimately linked to the size and dispersion of active metals. Smaller Ni particles not only possess a larger metal-support interface, which facilitates the dissociation of CO2 into CO and adsorbed oxygen, but also promotes carbon oxidation [22,23]. Consequently, controlling the size of Ni particles to prevent carbon formation during high-temperature DRM reactions is crucial for enhancing catalyst activity and stability.



As is widely recognized, the strong contact that forms between the metal and oxide interface during catalyst preparation helps to both avert carbon deposition and augment the function of nickel-based catalysts in DRM operations [24,25]. Because of its exceptional oxygen storage and release capabilities, as well as its distinct redox properties, cerium dioxide has drawn the attention of several academics [26,27,28]. Oxygen vacancies can be produced in CeO2 when Ce4+ is converted to Ce3+ [27]. As a result, the CO2 in the reaction was adsorbed and dissociated more quickly [29]. Furthermore, a lot of studies employ the method of density functional theory (DFT) to compute and discover that in the presence of powerful metal-support interaction (SMSI) among Ni and CeO2, energy may be produced at a comparatively low temperature to facilitate the breaking of the C-H bonding [30,31]. The Ni-CeO2 contact helps the DRM process by increasing the reaction rate and limiting carbon deposit production [28].



To enhance the performance of Ni-CeO2 catalysts in DRM, researchers have utilized various preparation methods to produce Ni-CeO2 catalysts with small Ni particles and rich Ni-CeO2 interfaces. Ni particles were loaded onto CeO2 nanosheets by Rood et al. [32], who found that these nanosheets could prevent active metals from aggregating, function well as catalysts, and resist sintering during DRM processes. Tang et al. [33] reported a Ni-CeO2 catalyst with a core–shell structure demonstrated excellent catalyst activity and reliability in DRM processes. The CeO2 shell prevents the accumulation and sintering of the Ni nanoparticles. After preparing Ni/CeO2 catalysts using three techniques (sol-gel, self-combustion, and microemulsion) and applying them to DRM reactions, Yahi et al. [34] discovered that the self-combustion method had good activity, whereas the microemulsion method’s catalyst did not exhibit activity as a catalyst in this catalytic test. Zhou et al. [35] successfully prepared a multi-layer Ni/CeO2 catalyst using a simple and efficient one-pot hydrothermal synthesis method. This catalyst demonstrated a relatively stable coke formation rate along with excellent DRM reaction activity. These superior properties were primarily attributed to the strengthening of the metal- interface between the Ni phase and the CeO2 phase, as well as the increase in weak alkaline sites on the catalyst surface. Kim et al. [36] employed two synthetic strategies and varying nickel loading to prepare a CeO2 catalyst loaded with nickel nanoparticles (Ni-NP). Among these catalysts, the Ni-CeO2/7.5 catalyst, which was prepared using the one-pot method, exhibits excellent catalytic performance. The high activity and durability of this catalyst are attributed to the coke resistance of CeO2, its superior redox properties, the good dispersion of the active phase, and the strong interaction with the support.



Recently, there have been reports of a surface colloidal solution combustion method [37,38,39] for synthesizing three-dimensional mesoporous catalysts, which have large surface areas and rich metal-support interfaces and can significantly enhance the catalytic performance. However, to the best of our knowledge, there have been no reports on the use of colloidal solution combustion to prepare three-dimensional mesoporous catalysts for methane dry-reforming reactions.



In this study, a three-dimensional mesoporous Ni-CeO2-M catalyst with excellent dispersibility was produced using a colloidal solution combustion approach. In the methane dry reforming reaction, this type of catalyst containing tiny Ni particles implanted in the pore walls demonstrated exceptional catalytic activity, serving as a model for further study.




2. Results and Discussion


2.1. Characterization of Catalysts


The XRD patterns of the freshly prepared and reduced samples are shown in Figure 1. The XRD spectra of the two catalysts and the, CeO2-M, prior to reduction are shown in Figure 1a. This image shows that both the new catalysts have distinctive CeO2 diffraction peaks.



The curve of the 5%Ni-CeO2-M catalyst in Figure 1a lacks any discernible diffraction peaks that can be definitively linked to NiO. This finding implies that there is no development of larger NiO particles in the microstructure of this catalyst. This behavior suggests that the Ni species are uniformly distributed throughout the catalyst matrix and form metal-oxide interfaces with CeO2. No distinctive NiO diffraction peaks were observed. These structural features significantly affect catalyst performance, particularly with regard to the surface reaction process and the movement of active species during catalytic reactions. NiO (NiO (111), (200), and (220) crystal layers) have three different distinctive peaks that are easily identifiable on the XRD curve of the 5%Ni-CeO2-IM catalyst [40]. This suggests that the scattered NiO particles on the CeO2 surface formed NiO particles during calcinations. Given that larger particles might lower the specific surface area and catalytic activity of the catalyst, this aggregation event may have an impact on the catalyst’s performance.



The lattice structure of the 5%Ni-CeO2-IM catalyst is shown in Figure 1b, where the metallic Ni diffraction peaks are clearly visible. This behavior may be explained by the fact that the larger NiO particles inside the catalyst transform into larger metallic Ni particles throughout the reduction process. Additional examination confirmed that the Ni-CeO2-M catalyst exhibited a greater dispersion of Ni than the other catalysts. The dispersion of Ni particles is one of the primary factors affecting the efficiency of the catalyst because a higher dispersion frequently translates into better catalytic activity and efficiency.



Figure 2 shows the N2 adsorption/desorption isotherms and pore size distributions for CeO2-M, 5%Ni-CeO2-IM, and 5%Ni-CeO2-M. As shown in Figure 2a, all samples exhibited typical type-IV isotherms with hysteresis loops, indicating that these materials had mesoporous structures. Figure 2b shows that the primary pore sizes of these catalysts were distributed between 20 and 22 nm, confirming the mesoporous structure formed by the etching of colloidal SiO2 (approximately 22 nm) during catalyst preparation.



Table 1 highlights the physical and structural parameters of CeO2-M and the catalyst samples with 5%Ni-CeO2-M and 5%Ni-CeO2-IM. The solution made up of the cold combustion approach yielded specific surface areas of 105 m2/g for CeO2-M and 123 m2/g for 5%Ni-CeO2-M. The large specific surface areas of these two samples are outlined by the catalyst’s mesopore structure and tiny particle size after SiO2 etching. The high NiO particle size in the sample may have contributed to the significantly reduced specific surface area of the 5%Ni-CeO2-IM catalyst (80 m2/g).



TEM images of the 5%Ni-CeO2-M and 5%Ni-CeO2-IM catalysts are shown in Figure 3. Three-dimensional mesopores with diameters of approximately 20 nm were observed for the two catalysts (Figure 3a,c). Small NiO and CeO2 grains were formed by the wall of the spherical pores that developed when SiO2 was washed away with NaOH during the catalyst manufacturing procedure. In general, the mesopore diameter matches that of the colloidal SiO2 component. As shown in Figure 3b, in the 5%Ni-CeO2-M catalyst, NiO particles of approximately 5 nm were confined to spherical pore walls by CeO2, and no noticeably large NiO particles were observed, suggesting that Ni species were highly distributed in the catalyst. This was consistent with the XRD results. As shown in Figure 3d, NiO particles of approximately 10 nm were deposited on the CeO2 surface. These findings suggest that NiO in the 5%Ni-CeO2-M catalyst was embedded within the pore wall, and NiO and CeO2 were highly dispersed in the pore wall. This creates an abundant Ni-CeO2 interface, which is crucial for the DRM reaction.



H2-TPR was utilized in Figure 4 to illustrate the reducing behavior of the three samples. For the CeO2-M, two reduction peaks (α and θ) were observed. The low-temperature reducing peak (α), which occurred between 300 and 650 °C, was attributed to the reduction in surface CeO2 [41,42]. Conversely, the reduction in the bulk CeO2 contributes to the appearance of the high-temperature reducing peak (θ), observed at approximately 780 °C [41,42].



We discovered that three different reduction peaks (α, β, and θ) were generated by both catalysts. The bulk phase reduction in CeO2 was the cause of the reduced peak (θ) near 780 °C. The catalyst’s surface CeO2 and NiO particle reduction leads to the appearance of the β peak [43]. The dispersion of NiO on the CeO2 surface is related to the location of the β peak. A larger degree of dispersion of NiO is indicated by a lower decrease in the temperature of the β peak [43]. The β-peak reduction temperatures of the two catalysts revealed that the reduction temperature of the 5%Ni-CeO2-M catalyst was lower than that of the 5%Ni-CeO2-IM catalyst. This indicates that the Ni in the 5%Ni-CeO2-M catalyst was more dispersed.



For the 5%Ni-CeO2-M and 5%Ni-CeO2-IM catalysts, the α, α1, and α2 peaks are assigned to the reduction peaks of oxygen adsorbed on the oxygen vacancies in CeO2 [43,44,45]. The difference between the valence state of the metal and the ionic radius causes charge imbalance and distortion of the CeO2 lattice, which leads to oxygen vacancies when Ni2+ ions with smaller ions enter the lattice to replace Ce4+ [44,45]. At low temperatures, H2 may readily reduce the oxygen adsorbed on these vacancies. The α-peak area of the 5%Ni-CeO2-M catalyst, including α1 and α2, was considerably larger than that of the other catalysts, confirming that it had a greater number of oxygen vacancies. The DRM catalyst’s strong activity and long-term stability are maintained by these plentiful oxygen vacancies that the catalyst creates, which are helpful for the reaction’s activation and the removal of carbon species produced during the reaction [46]. According to the TPR result, the 5%Ni-CeO2-M catalyst showed highly dispersed NiO and more nickel ions entering the CeO2 lattices, resulting in wealthier oxygen vacancies. Nonetheless, the NiO particles in the Ni-CeO2-IM catalyst were large, and very few oxygen vacancies formed there. This result is in agreement with the XRD results.



The surface structures of the two catalysts were further analyzed using XPS. As shown in Figure 5, the spectrum displays up to ten signal components resulting from various final electron configurations belonging to Ce 3d5/2 and Ce 3d3/2. Among the ten peaks in the figure, six are attributed to Ce4+ and four are attributed to Ce3+ [47,48], indicating that both Ce3+ and Ce4+ exist in the catalysts simultaneously. Based on the findings of this investigation, when Ni is mixed with CeO2, an oxygen vacancy with a couple of electrons emerges to balance the charge mismatch between Ce4+ and Ni2+, resulting in the buildup of Ce3+. One of the key elements influencing the DRM reaction’s catalytic activity is Ce3+ [4,48]. After calculating the peak areas of the two catalysts, we noticed that the proportional ratios of Ce3+/(Ce3+ + Ce4+) form the 5%Ni-CeO2-M and 5%Ni-CeO2-IM catalysts were 21.93% and 18.30%, respectively. This indicates that the catalyst formed a greater number of oxygen vacancies because the 5%Ni-CeO2-M catalyst had a larger surface concentration of Ce3+.




2.2. DRM Performances and Carbon Deposition over Catalysts


The efficiency of the catalytic process was evaluated at 700 °C and room temperature with a GHSV of 135 L/gcat/h. Figure 6a,b demonstrates that, in comparison with the other prepared catalysts, the 5%Ni-CeO2-M catalyst showed a higher rate of CH4 and CO2 transformation. The two catalysts initially exhibited similar CO2 and methane conversion rates that gradually decreased as the reaction progressed. The 5%Ni-CeO2-M catalyst’s CO2 and CH4 conversion decreased by only 10% after 100 h of reaction, whereas that of the 5%Ni-CeO2-IM catalyst decreased by 18% after 90 h. This highly dispersed Ni sintering and carbon deposition may be the reason for the gradual decline in the conversion rate.



Figure 6a,b demonstrate that the CO2 conversions of both catalysts were higher than their CH4 conversion rates, whereas Figure 6c indicates that the H2/CO ratios of both catalysts were less than 1. This indicates that the catalyst underwent a reverse water-gas shift process, consuming H2 and CO2 to generate CO and H2O [49].



The quantity of carbon deposited on the spent catalysts was quantified using TG, and the results are shown in Figure 6d. The oxidization of deposited carbon was the source of the notable weight loss (39.9%) of the 5%Ni-CeO2-IM catalyst between 500 and 700 °C. In contrast, after 100 h of performance testing, the 5%Ni-CeO2-M catalyst contributed only 3.6% of the weight decrease. This indicated that the 5%Ni-CeO2-M catalyst demonstrated strong resistance to carbon deposition.



The TEM images of the catalysts (5%Ni-CeO2-IM and 5%Ni-CeO2-M) following the reaction are depicted in Figure 7. We observed more carbon nanofibers and larger Ni particles on the spent 5%Ni-CeO2-IM catalyst (Figure 7a,b). A significant amount of nickel in this catalyst was sintered throughout the 100 h DRM process, as evidenced by the size range of 20–50 nm. The specific surface area of the catalyst was further decreased as a result of the severe sintering of the Ni particles, which lowered the activity of the catalyst and was detrimental to the long-term reaction study that will follow. Furthermore, we discovered that carbon nanofibers were produced in the catalyst following the reaction. The exposed metal surface area of the catalyst will not be affected by the creation of carbon nanofibers, but the catalyst’s service life will be shortened, and the reactor will be blocked. In contrast, only a small amount of carbon nanofibers was observed on the spent 5%Ni-CeO2-M catalyst (Figure 7c). The Ni particles grew to a size of more than 10 nm following the reaction, as shown in Figure 7d; however, no carbon deposition was observed on the Ni nanoparticles in a close relationship with CeO2, highlighting the key role of the Ni-CeO2 interface in preventing the accumulation of carbon on the catalyst. It is possible that the 5%Ni-CeO2-M catalyst demonstrated better thermal stability because the Ni nanoparticles in it remained smaller after the reaction than those in the 5%Ni-CeO2-IM catalyst.



After comparing the two catalysts, we discovered that the 5%Ni-CeO2-M catalyst exhibited superior thermal endurance and higher resistance to carbon deposition across the entire reaction period. This is because of the special pore-wall-confined catalyst structure, in which the catalyst pore walls form tiny, closely spaced particles of Ni and CeO2. One way that the smaller Ni particles help prevent the formation of carbon deposits throughout the reaction process. Concurrently, we discovered that an abundant Ni-CeO2 interface formed in the 5%Ni-CeO2-M catalyst as a result of the tight contact between nickel and cerium dioxide. Because abundant surfaces efficiently hasten the carbon species’ roasting during the reaction and lessen the amount of coke that is made [28]. Additionally, a three-dimensional pore-wall confined spatial structure can also alleviate the sintering of Ni particles and enhance their stability of Ni particles.





3. Materials and Methods


3.1. Catalyst Preparation


A 5%Ni-CeO2-M catalyst was prepared using the colloidal solution combustion technique (Scheme 1). First, 0.722 g glycine, 2.523 g Ce(NO3)3·6H2O, and 0.261 g Ni(NO3)2·6H2O were uniformly dissolved. After that, 1.26 mL of silica sol (LUDO X TMA, 34 wt%, PH 4–7) was added for a 30 min ultrasonic treatment. The solution was heated to 180 °C on an electric heating plate. As heating progressed, the water in the solution gradually evaporated, and the remaining solids underwent combustion reactions to produce a yellowish-brown powder. The powder was then calcined for four hours at 700 °C in a muffle furnace. To obtain a 5%Ni-CeO2-M catalyst, the calcined powder was dissolved in a 2 mol/L NaOH solution, agitated in a water bath at 80 °C, and the water bath was stopped after 4 h. Using the same method, mesoporous CeO2 was built and designated CeO2-M.



For comparison, we created a 5%Ni-CeO2-IM catalyst by impregnating previously synthesized CeO2-M with a nickel nitrate solution using the traditional impregnation technique. The catalysts with 5%Ni-CeO2-M and 5%Ni-CeO2-IM had nominal Ni concentrations of 5% by weight.




3.2. Catalyst Characterization


X-ray diffraction (XRD) was employed to identify the crystal phases of the catalyst samples. Measurements were conducted using a DX-2700BH diffractometer equipped with a Cu Kα radiation source set at 30 kV and 40 mA. The diffraction patterns were collected over a 2θ range of 20–80°.



Nitrogen adsorption–desorption isotherms were used to characterize the surface area and pore size distribution of the catalysts. Prior to analysis, samples underwent two preparatory steps: a vacuum treatment at 300 °C for 6 h to remove moisture and volatile contaminants. Measurements were performed at −196 °C using an Autosorb-iQ instrument (Quantachrome Instruments, Boynton Beach, FL, USA). The Brunauer-Emmett-Teller (BET) method was utilized to calculate the specific surface area of the catalyst. The non-local density functional theory (NLDFT) was employed to determine the pore size distribution and pore volume of the catalysts.



Hydrogen temperature-programmed reduction (H2-TPR) analysis was utilized to investigate the reduction properties of metal oxides within the catalyst. The analysis was performed using a TP-5080 instrument (Xianquan, Tianjin, China). A total of 50 mg of the catalyst was used for each test. Prior to the H2-TPR analysis, the catalyst was pretreated at 400 °C under a flow of argon gas at 20 mL/min for 15 min to remove any adsorbed impurities. The reduction tests were then conducted in a 5% H2/Ar mixture, maintaining a constant flow rate of 20 mL/min. The temperature ramp rate was set at 10 °C/min. A thermal conductivity detector (TCD) was employed to monitor the changes in gas composition, which indicates the reduction events in the catalyst.



X-ray photoelectron spectroscopy (XPS) was used to determine the elemental composition and stoichiometric ratios of the catalyst. Experiments were conducted on an EscaLab 250Xi instrument (Thermo Fisher Scientific, Waltham, MA, USA) using an Al Kα radiation source, with binding energies calibrated against the C1s peak at 284.7 eV.



Transmission electron microscopy (TEM) provided high-resolution images of the catalyst structure. Samples were analyzed using a FEI TECNAI F30 microscope (FEI Company, Hillsboro, OR, USA).



Thermogravimetric analysis (TG) was conducted to assess the catalyst’s thermal stability and decomposition behavior. The tests were carried out on an HCT-1 thermogravimetric analyzer (Henven Scientific Instrument, Beijing, China) with a temperature range of 20 to 900 °C, and the purge gas was air at a flow rate of 20 mL/min.




3.3. Catalytic Test


An 8 mm inner diameter fixed-bed quartz tube was used to evaluate the DRM efficiency of the catalyst. The catalyst (20 mg) was added to a reaction tube, and quartz wool was used to secure the two ends. A thermocouple of K variety was inserted into the catalyst bed to assess the reaction temperature. The catalyst was reduced for 90 min at 700 °C in a mixture of 20% H2 and N2 before the reaction. 45 mL/min was the flow rate at which time the reaction gas (V(N2):V(CH4):V(CO2) = 1:1:1) had to go. There was a temperature of 700 °C at which the reaction occurred and a reaction time of 100 h. Throughout the reaction, the remaining gas was routed via a cold trap and fed into two GC-7900 gas chromatographs (Techcomp Scientific Instrument, Shanghai, China). These chromatographs were outfitted with a TCD and TDX-01 chromatography column, enabling a quantitative examination of the constructed catalyst.





4. Conclusions


The colloidal solution combustion approach produced a 5%Ni-CeO2-M catalyst with an elevated surface space and a three-dimensional mesoporous structure. The Ni atoms in the hole walls of the Ni-CeO2-M catalyst were in close contact with CeO2 and restricted by tiny CeO2 particles. In contrast to the 5%Ni-CeO2-IM catalyst prepared using the traditional impregnation process, this led to higher stability and lower carbon deposition. The exceptional catalytic efficiency of the 5%Ni-CeO2-M catalyst was ascribed to its distinct mesoporous structure, in which tiny CeO2 particles were in close proximity to the extensively scattered Ni particles. Small metals and CeO2 nanoparticles make up the pore walls of three-dimensional mesoporous structures created by colloidal solution combustion, resulting in a multitude of metal-CeO2 interactions that are critical to multiple processes.
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Figure 1. XRD patterns of the (a) calcined and (b) reduced CeO2-M, 5%Ni-CeO2-M, and 5%Ni-CeO2-IM catalysts. 
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Figure 2. (a) N2 adsorption–desorption isotherms and (b) pore size distributions of CeO2-M, 5%Ni-CeO2-IM, and 5%Ni-CeO2-M catalysts. 
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Figure 3. TEM images of fresh catalysts. (a,b) 5%Ni-CeO2-M and (c,d) 5%Ni-CeO2-IM. 
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Figure 4. H2-TPR profiles of fresh CeO2, 5%Ni-CeO2-M, and 5%Ni-CeO2-IM catalysts. 
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Figure 5. Ce 3d X-ray photoelectron spectroscopy (XPS) spectra of the catalysts: (a) 5%Ni-CeO2-M and (b) 5%Ni-CeO2-IM. 
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Figure 6. (a) CH4 conversion, (b) CO2 conversion, and (c) H2/CO ratio of 5%Ni-CeO2-M and 5%Ni-CeO2-IM catalysts during DRM. (d) TGA profiles of the spent catalysts. 
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Figure 7. TEM images of spent catalysts. (a,b) 5%Ni-CeO2-IM and (c,d) 5%Ni-CeO2 m. 
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Scheme 1. Preparation of three-dimensional mesoporous 5%Ni-CeO2-M catalysts using colloidal solution combustion. 
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Table 1. Physicochemical properties of CeO2-M, 5%Ni-CeO2-M, and 5%Ni-CeO2-IM.
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	Samples
	SBET a (m2/g)
	Pore Volume a (cm3/g)
	CeO2 Crystal Size b (nm)





	CeO2-M
	105
	0.65
	5.9



	5%Ni-CeO2-M
	123
	0.46
	5.8



	5%Ni-CeO2-IM
	80
	0.55
	6.4







a Measured using N2 adsorption–desorption analysis. b XRD measurements calculated using Scherrer’s formula.
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