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Abstract

:

Amidst the rapid expansion of the global economy, the demand for energy has escalated. The depletion of traditional energy sources coupled with environmental pollution concerns has catalyzed a shift towards the development and utilization of clean, renewable energy. Biogas, as a renewable energy source, provides diverse applications and holds the potential to alleviate energy shortages. Recently, biogas dry reforming technology has garnered substantial attention as a significant pathway for renewable energy utilization, particularly in the development and optimization of catalysts. Contemporary research predominantly focuses on enhancing the activity and stability of catalysts, with particular emphasis on their resistance to coking and sintering. This review delineates the classification of biogas dry reforming catalysts, their catalytic activity, and issues related to carbon deposition, contrasting biogas dry reforming with traditional dry reforming in catalyst design. It synthesizes numerous studies from recent years aimed at mitigating carbon deposition during the biogas dry reforming process and boosting catalytic activity via active components, carriers, and promoters in both precious and non-precious metal catalysts. Furthermore, it discusses the current challenges of biogas dry reforming technology and outlines prospective future development trends. This discussion provides an in-depth understanding of biogas dry reforming technology and catalyst design, offering insights and recommendations for future research and industrial applications.
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1. Introduction


Biogas, a combustible gas, is produced from organic wastes (including crop residues, animal manure, discarded fruits and vegetables, kitchen waste, and agricultural by-products) via microbial fermentation under anaerobic conditions, requiring specific temperatures and pH levels [1,2,3,4]. Despite biogas’s origin from biodegradable materials classifying it as a renewable energy source, its potential is frequently underestimated [5]. Even with the advancement of the shale gas revolution, traditional shale gas may have cost advantages in certain regions. However, utilizing biogas can create additional economic value for the agriculture and waste management industries, promoting their sustainable development. For example, in 2019, the biogas industry created approximately 335,000 temporary construction jobs and 23,000 full-time operational positions. In China, the biogas industry employs 209,000 workers [6]. And recent years have seen biogas technology’s rising potential in addressing global energy shortages, evidenced by a surge in global production from 9519 MW in 2010 to 20,108 MW in 2020, more than doubling the installed capacity [7]. Therefore, from the perspective of sustainable development and environmental impact, biogas possesses distinct advantages over traditional shale gas for utilization.



Biogas primarily finds application in electricity generation, heating, fueling, transportation, chemical production, and biogas upgrading [8,9,10]. However, biogas’s direct combustion may contribute to environmental pollution by emitting NOx and particulates [11]. Enhancing biogas’s value involves converting its methane (CH4) content into chemical raw materials (like methanol, ethanol, and formaldehyde) or into synthesis gas (H2 and CO) via dry reforming [12,13]. This technology not only mitigates greenhouse gas emissions but also yields significant economic benefits, underscoring its substantial application potential [14,15]. Unlike classical dry reforming, which relies heavily on natural gas as a feedstock, biogas dry reforming leverages renewable resources, making it more environmentally friendly. Additionally, the integration of biogas, which is often produced from organic waste, can help mitigate greenhouse gas emissions while providing a consistent and localized energy source. As the shale gas revolution has indeed made classical dry reforming more competitive, biogas dry reforming offers a unique advantage by transforming waste into valuable energy, aligning with global efforts to promote circular economy practices and reduce reliance on fossil fuels.



Current review literature primarily examines the synthesis, characterization, and reactivity of catalysts for biogas dry reforming, notably nickel-based catalysts, while often neglecting a detailed categorization of catalysts and the carbon deposition issues encountered during the reaction [16,17]. This review systematically categorizes catalysts for biogas dry reforming into noble and non-noble metal catalysts, delves into the catalytic activity of different catalyst types, and emphasizes addressing carbon deposition issues. It concludes by outlining the current challenges biogas dry reforming technology faces and discussing potential future development trends.




2. Basis of Biogas Dry Reforming Technology


Biogas consists mainly of CH4 and CO2, with minor traces of impurities including H2S, H2, N2, NH3, H2O, and O2 [18]. Dry reforming of biogas primarily targets CH4 and CO2, with other impurities effectively removed by current technologies [19]. Extensive research has focused on enhancing the conversion rates of reactants and product selectivity. The high bond dissociation energies of CH4 and CO2 (435 and 526 kJ mol−1, respectively) make the dry reforming process energy-intensive [17]. Thermodynamic analyses show that higher reaction temperatures promote biogas dry reforming’s forward conversion, activating CO2 and CH4 at temperatures above 700 °C (Equation (1)) [20]. Several side reactions accompany this process, including the reverse water–gas shift reaction that converts CO2 and H2 into CO and H2O (Equation (2)) [21]. Furthermore, below 800 °C, CH4 decomposition (Equation (3)) and CO disproportionation (Equation (4)) can lead to carbon formation and catalyst deactivation [22,23].


    CH  4  +   CO  2  ⇄ 2 CO + 2  H 2    →    Δ H    298 K   = + 247      kJ   mol    − 1    



(1)






    CO  2  +  H 2  ⇄ CO +  H 2  O →    Δ H    298 K   = + 41      kJ   mol    − 1    



(2)






    CH  4  ⇄ C  s  + 2  H 2    →    Δ H    298 K   = + 75      kJ   mol    − 1    



(3)






  2 CO ⇄ C  s  +   CO  2    →    Δ H    298 K   = − 171      kJ   mol    − 1    



(4)







In dry reforming of biogas, CH4 and CO2 initially dissociate into reactive intermediates, CH4 on the active metal and CO2 at the metal–support interface [24]. CH4 activation results in C-H bond breakage, yielding active methyl (•CH3) and hydrogen (H) atoms; CO2 activation splits the C=O double bond to generate oxygen (O) and carbon monoxide (CO) [25,26]. These intermediates, arising from carbon and hydrogen atom separation, form on the catalyst surface and are crucial for transforming the reaction into the final products, CO and H2, through complex steps [27,28].



Microbial anaerobic digestion, driven mainly by methanogens, converts organic matter’s carbon and hydrogen into CH4, yielding a biogas CH4-to-CO2 ratio of about 1.5 [29,30]. Excessive CH4 may worsen side reactions like methane decomposition, causing carbon deposition on the catalyst, obstructing active sites, and altering surface structure and morphology [31,32]. This reduction in specific surface area and reactant adsorption and activation capacity slows the reaction rate, leading to catalyst deactivation [33]. Traditional dry reforming typically employs pure CH4 and CO2 as feedstock in a 1:1 ratio, which lessens the impact of carbon deposition [34]. Consequently, this necessitates the use of different catalysts. Biogas dry reforming catalysts emphasize addressing carbon deposition, while traditional dry reforming catalysts, benefiting from feedstock purity and an adjustable CH4-to-CO2 ratio, prioritize enhancing catalytic activity and selectivity.



Dry reforming of biogas catalysts comprises active components, supports, and promoters. Active components, anchored on stable supports, enhance surface area and stability [35]. Promoters optimize catalyst performance, enhancing reaction stability and efficiency [35,36]. Catalysts are classified into noble and non-noble metal types based on their active components [37]. Noble metal catalysts, with superior activity and selectivity, face limited application due to high costs [38]. Non-noble metal catalysts show significant activity when well dispersed but suffer from carbon deposition and thermal instability, causing deactivation and sintering [39]. To reduce carbon deposition and enhance activity, specific catalyst supports and promoters are selected. Researchers have explored metal oxides like Al2O3, SiO2, La2O3, CeO2, and ZrO2 as supports [40,41] and used transition (e.g., Fe, Co, Sn) [37,42], noble (e.g., Ag, Pt, Pd) [43], rare earth (e.g., La, Ce, Pr) [44,45], and alkaline earth metals (e.g., Sr, Ca, Ba) [46] as promoters, creating a carrier-mediated system to enhance the reaction [47,48].




3. Advances in Catalyst Research


3.1. Noble Metal Catalysts


Noble metal catalysts in biogas dry reforming show high-temperature stability and resistance to carbon deposition, extending their lifespan [49]. Researchers improve noble metal utilization and efficiency by designing catalyst structures and compositions, including single-atom and supported variants [50]. Selecting appropriate support materials and optimizing their morphology and surface attributes enhances the catalysts’ thermal stability and anti-sintering features [51,52]. The influence of reactant gas ratios on biogas dry reforming efficiency in different catalyst systems has been studied to boost syngas production and quality.



A.L.A. Marinho and his colleagues [53] compared the performance of Pt-encapsulated CeO2 catalysts, synthesized in a single step via the sol–gel method, against Pt/CeO2 catalysts prepared by the traditional impregnation method in DRM reactions. Figure 1a,b show the changes in the number of exchanged oxygen atoms during TPOIE and IOIE processes at 400 °C for Pt@CeO2 and Pt@CeZrO2 catalysts. The results showed that embedding Pt nanoparticles in Pt@CeO2 and Pt@CeZrO2 catalysts balanced carbon’s formation and gasification rates due to the high active oxygen content at the metal–support interface, enhancing carbon deposition resistance. Compared to supported Pt, embedded Pt nanoparticles interact more strongly with Ce, increasing active lattice oxygen on the catalyst surface and facilitating carbon gasification. Stability tests simulated biogas reactions at 800 °C for 24 h under CH4/CO2 molar ratios of 1.0 and 1.5. At a CH4/CO2 molar ratio of 1.5, all catalysts showed significant stability. Faris Jasim Al-Doghachi et al. [54] enhanced MgO-based catalysts by doping them with varying proportions of NiO to examine the resultant effects on catalyst performance. As demonstrated in Figure 1c through FT-IR analysis, the altered Pt/Mg1−xNixO catalysts revealed the presence of Pt-O, Ni-O, and MgO bonds. The Pt-O and Ni-O bonds likely serve as catalytic active sites, essential for the methane dry reforming reaction’s CH4 and CO2 conversion. These bonds are posited to facilitate critical reaction steps, such as methane dissociation and CO2 activation, thus accelerating the reaction rate. All catalysts achieved CO2 and CH4 conversion rates over 95%, with the following efficiency rankings: Pt/Mg0.85Ni0.15O > Pt/Mg0.93Ni0.07O > Pt/Mg0.97Ni0.03O > Pt/MgO. The pore volume to specific surface area ratio (SBET) aligned with the catalytic activity order, indicating that a higher ratio improves performance. Additionally, at a CH4/CO2 molar ratio of 2, the catalysts showed enhanced resistance to deactivation from carbon formation and superior H2 and CO selectivity.



Ainara Morala et al. [49] investigated Rh-based catalysts utilizing γ-Al2O3, SiO2, and CeO2 as supports, comparing their activities across various gas hourly space velocities (GHSV) and highlighting CH4 conversion rates. The findings revealed that both laboratory-prepared and commercial Rh/Al2O3 catalysts surpassed others in performance, with a catalytic activity ranking of Rh/Al2O3 > Rh/SiO2 > Rh/CeO2. Specifically, the Rh/Al2O3 catalyst showed the highest metal dispersion (approximately 36%), offering superior sintering resistance.



At a GHSV of 30 N L CH4/(gcat·h) and 700 °C, dry reforming of biogas with a commercial Rh catalyst reaches equilibrium after 2 h. With higher GHSV values (150 and 300 N L CH4/(gcat·h)), catalytic activity declines over time, particularly at the highest flow rates. Even at elevated flow rates and temperatures, coke production stays minimal, underscoring the substantial benefits of noble metal catalysts like Rh in this process.



Recent research has significantly enhanced the carbon gasification process by increasing the active lattice oxygen on catalyst surfaces, which is crucial for boosting long-term stability and catalytic efficiency. Additionally, the optimization of the catalyst’s pore volume and surface area ratio, alongside improvements in metal dispersibility and sintering resistance through the use of diverse supports or element doping, has been achieved. However, the prohibitive cost of precious metals constrains the large-scale industrial deployment of these catalysts. Future studies should focus on ways to sustain catalytic performance while minimizing costs, such as by identifying alternatives to precious metals or refining manufacturing processes. Moreover, the stability and long-term performance of these catalysts in actual applications still require further validation and enhancement. Through these initiatives, we aim to develop commercially viable advanced catalytic technologies that offer practical solutions to global energy challenges.




3.2. Non-Noble Metal Catalysts


Noble metal catalysts are known for their excellent resistance to carbon deposition, activity, and stability, yet their development is constrained by limited resources. Non-noble metal catalysts, like Ni, Co, and Fe, offer economic benefits and are more apt for large-scale industrial use compared to noble metals [45,55]. However, nickel-based catalysts often rapidly deactivate due to carbon buildup and active phase sintering [56]. Cobalt-based catalysts, in comparison to nickel-based ones, exhibit lower CH4 conversion activity and are costlier, diminishing their economic benefit [57]. Iron-based catalysts are the least expensive, yet they may not match the activity and stability of nickel- or cobalt-based alternatives [38]. Addressing non-noble metal catalysts’ issues involves using diverse preparation methods and modification techniques to optimize performance under various conditions or refining the catalyst composition by incorporating promoters or alloying to boost activity and stability [58,59]. Table 1 summarizes some typical non-noble metal catalysts for biogas dry reforming.



3.2.1. Nickel-Based Catalysts


Nickel-based catalysts activate CH4 and CO2 efficiently at lower temperatures, accelerating product formation [72]. As an active component, Ni lowers the energy needed for C-H bond breaking, thus easing CH4 decomposition [73]. Its surface sites enhance CO2 adsorption and activation, simplifying reactions with C and H. However, nickel particle sintering and surface carbon formation during reactions reduce active sites, diminishing catalytic activity. Recently, researchers have improved the catalyst’s performance by reducing its size, adjusting its structure, and modifying the carrier [74,75].



Developing nickel-based catalysts with strong metal–support interaction to enhance CO2 adsorption and conversion is crucial for mitigating metal sintering and minimizing carbon deposition [76]. Pali Rosha et al. [55] synthesized CeO2-promoted Ni catalysts on TiO2 and Al2O3 supports using the wet impregnation method to investigate biogas dry reforming. Figure 2a shows that H2-TPR results, after impregnating 11wt% Ni on TiO2 support, reveal a shift in the NiO reduction peak to a higher temperature, indicating a strong metal–support interaction. Enhanced binding force between the metal and support hinders active metal migration, thereby slowing metal sintering. Additionally, CeO2’s inclusion boosts CH4 and CO2 conversion rates, thanks to its high oxygen storage capacity that facilitates timely C and O combination during reactions, thereby somewhat preventing carbon formation. At 850 °C and a CH4/CO2 ratio of 1.5, the Ni0.11/Ce0.20 (Al2O3-TiO2) catalyst achieved the highest CH4 and CO2 conversion rates (84.9% and 95.5%, respectively), operating stably for 7 h with a carbon deposition rate of 8.8 wt%. Danhua Mei et al. [77] employed Dielectric Barrier Discharge (DBD) technology for plasma catalytic dry reforming of biogas using nickel-based bimetallic catalysts. Figure 2b illustrates that, compared to 10Ni, 10Ni3Co has the highest CO2 desorption peak temperature. Furthermore, the base site quantity ranks as follows: 10Ni3Co > 10Ni3Mn > 10Ni > 10Ni3Cu. Catalysts with higher basicity more effectively adsorb and dissociate CO2. Absorption at these sites yields more surface oxygen, facilitating carbon gasification and thus increasing resistance to carbon deposition. After a 150-min reaction at 50 W, 10Ni3Co showed minimal carbon deposition (2.9%). At 60 W, it achieved the highest CH4 (49.1%) and CO2 (29.8%) conversion rates.



Rare-earth-metal-promoted nickel-based catalysts enhance stability by improving CO2 adsorption and activation capabilities. Quan Luu Manh Ha and colleagues examined low-nickel-load (2.5 wt%) catalysts modified by Gd, Sc, or La, noting that Gd and Sc modifications maintained CH4 and CO2 conversion rates during a 100 h stability test, as depicted in Figure 2c. This stability results from the strong metal–support interaction that stabilizes micro-nickel particles and boosts CO2 adsorption and activation, thus increasing resistance to carbon accumulation [64].



Optimizing support materials enhances metal–support interactions and supplies active oxygen to the catalyst surface. Pali Rosha et al. [65] explored the impact of 10 wt% nickel catalysts on CeO2 and ZnO supports in methane dry reforming. For the Ni0.10/CeO2 catalyst, adding 10 wt% Zn improved metal–support interaction, Ni particle dispersion at high temperatures, and reduced carbon deposition. CeO2, offering numerous oxygen vacancies and releasing oxygen, curbs carbon buildup and fortifies metal–support interaction, thereby enhancing the catalyst’s activity and selectivity in the reforming reaction. Zinc oxide’s high melting point (1975 °C) preserves surface area at elevated temperatures, aids nickel particle dispersion, and boosts active sites, thus improving CH4 and CO2 conversion rates. Figure 2d demonstrates that the Ni0.10/(Zn0.1-Ce0.9) catalyst, with lower carbon deposition, attained high CH4 conversion rates (83.1%) and H2 yield (33.6%). Similarly, Yuchen Gao and colleagues synthesized nickel catalysts supported by Al2O3, SiO2, MgO, CeO2, and ZnO. Ni/Al2O3, characterized by its smaller particle size and strong metal–support interaction, offers more active sites, thereby enhancing the adsorption and surface reaction rates of CH4 and CO2, resulting in the highest CH4 conversion efficiency of 82.7%. The O 1s XPS spectrum, illustrated in Figure 2e, reveals an Oα/Oβ ratio, calculated from peak areas, indicative of oxygen activity. Ni/MgO, with an Oα/Oβ ratio of 1.46, suggests a surface rich in active oxygen. This active oxygen interacts with CO2 to form intermediates such as CO32−, which enhances CO2 adsorption and activation, speeds up the dry reforming reaction, and helps oxidize surface carbon deposits, thereby reducing carbon accumulation and maintaining catalyst activity and stability. A 12 h stability test indicated a slight decrease in the CH4 conversion rate of Ni/MgO from 68% to 64%; however, unlike the other four catalysts, it did not experience any blockage [66].



Smaller catalyst particle sizes yield a greater number of required active sites. Studies show that incorporating precious metals reduces catalyst particle size [78], boosting the quantity of highly efficient active sites. S. Carrasco-Ruiz et al. developed a stable Ni-Rh bimetallic catalyst on CeO2-Al2O3 mixed oxides. Adding a small amount of Rh decreased the active metal’s average particle size, increased active sites, and enhanced reducibility, showcasing superior redox capabilities. This improved CH4 and CO2 adsorption and conversion, minimized carbon deposition, and prolonged the catalyst’s lifespan, as depicted in Figure 3a [79].



The preparation method significantly affects the particle size of Ni mixed catalysts. Santiago Veiga et al. [62] synthesized Ni-La-Ti catalysts through impregnation, co-precipitation, and an improved Pechini method. Significant differences in Ni particle size were observed among catalysts prepared by different methods, as illustrated in Figure 3b. The improved Pechini method yielded catalysts with smaller active metal particle sizes and stronger metal–support interactions, which mitigated metal sintering and increased the number of active sites. Figure 3c shows that the catalyst prepared using the improved Pechini method demonstrated excellent stability and activity during a 10 h stability test at a CH4/CO2 ratio of 1.5.



The stability of the methane dry reforming reaction relies heavily on the catalyst’s structure. Matinee Chuenjai et al. [67] synthesized NiO/MgO/ZrO2 catalysts using urea carbon surface modification technology. Figure 4a illustrates that adding MgO stabilizes ZrO2’s tetragonal phase and enhances ZrO2-MgO interaction, which prevents phase transformation, boosts catalyst stability, and increases alkalinity. This process enhances CO2 adsorption and reduction on the catalyst surface, leading to CO production. Surendar Moogi et al. [34] prepared perovskite catalysts (LaCoO3 and LaNiO3) using both the citrate–gel combustion and co-precipitation methods, observing more severe carbon deposition under CH4/CO2 = 1.5 than CH4/CO2 = 1.0. Figure 4b shows TEM-EDS images of the reduced catalyst. TEM analysis of perovskite catalysts indicated that synthesis methods influenced particle sizes; notably, the citrate–gel method produced smaller particles than the co-precipitation method, resulting in more active sites. The citrate–gel combustion method enhances internal porosity of the catalysts, facilitating methane diffusion and product desorption at active sites, crucial for minimizing carbon deposition. Consequently, catalysts synthesized via the citrate–gel combustion method showed reduced carbon content.



In previous studies, Maryam Kaviani et al. [68] employed the ammonia evaporation method to synthesize SiO2-coated Ni-SiO2@SiO2 core–shell catalysts, enhancing stability and coking resistance at a CH4/CO2 ratio of 1.5, as depicted in Figure 4c. At 700 °C and with 10 wt% Ni loading, Ni-SiO2@SiO2 exhibited stable and high CH4 and CO2 conversion rates with negligible carbon formation, as Figure 4d shows. The core–shell catalyst’s high stability is due to its silica-coated core, which limits nickel particle mobility and imparts anti-migration and anti-sintering properties. The catalyst’s unique interlayer structure encapsulates Ni particles between the SiO2 core and shell. During the reduction process, this leads to a Ni-SiO2 core forming from layered nickel silicate, enhancing Ni particle dispersion and Ni-SiO2 interaction, thus increasing stable active sites during the reaction.



Employing diverse synthesis methods and designing catalysts with core–shell configurations can effectively restrict nickel particle migration, conferring anti-migration and anti-sintering properties that enhance catalyst stability. Optimizing metal–support interactions boosts CO2 adsorption and conversion, increases active sites, and reduces metal sintering and carbon deposition. These innovative strategies are essential for developing efficient and environmentally friendly catalysts, especially in the methane dry reforming process for sustainable energy conversion. Continued research and optimization of these methods could enable future industrial applications of these high-performance catalysts, which would significantly lower energy consumption and carbon emissions, guiding the energy sector towards a more sustainable and greener path.




3.2.2. Cobalt-Based Catalysts


The key distinction between cobalt-based catalysts in conventional and biogas dry reforming is the minor variations in CH4/CO2 feed ratios and the reactants’ complexity in biogas dry reforming. Research into the application of cobalt-based catalysts is vital given their significance in these domains, yet the challenges they present are non-trivial [80]. Catalyst deactivation primarily results from Co oxidation or carbon deposition, with smaller Co particles more susceptible to oxidation and larger particles predominantly losing activity due to carbon formation [81]. Cobalt-based catalysts exhibit lower conversion rates compared to precious metals and nickel-based catalysts [82]. Adding promoters is an effective strategy to boost Co-based catalysts’ activity and stability [83]. Promoters enhance active metal particle dispersion, electron transfer, carbon gasification, and catalyst reducibility, thereby increasing activity while reducing the reaction’s temperature requirement [84,85]. Promoters encompass alkanes, alkaline earth metals, transition metals, and rare earth metals, with alkanes and alkaline earth metals offering notable advantages in availability and cost [86,87].



Zhang et al. [88] synthesized a series of cobalt-based catalysts using γ-Al2O3 as the support and rare earth metals (Y, Tb, Gd) as promoters to mitigate carbon deposition. They introduced a carbon elimination mechanism involving rare earth metal oxides, where a bidentate carbonate intermediate is formed by a reaction with CO2, as depicted in Figure 5a. This intermediate interacts with carbon deposits on the catalyst surface, yielding CO and metal oxides. Employing an oxidation–reduction cycle process significantly improves the catalyst’s resistance to carbon accumulation. Additionally, the influence of alkalinity on coke formation has not been extensively investigated. Anh Ngoc T. Cao et al. [63] employed γ-Al2O3 as a support with the impregnation method to synthesize cobalt catalysts. The reaction mechanism, depicted in Figure 5b, involves the adsorption and subsequent dissociation of CH4 into hydrogen and hydrocarbons (CHx). These CHx intermediates then react with activated oxygen species (O*) from CO2 to form CHxO* radicals, which further react to produce CO and H2. Illustrated in Figure 6c, calcium addition notably enhances the catalyst’s surface alkalinity, thereby improving its CO2 adsorption capacity and modifying the reaction pathways to prevent carbon buildup at primary active sites. With low calcium dosages, the average crystallite size of Co3O4 is reduced, suggesting an improved dispersion of cobalt. This discovery opens new avenues for using earth-abundant catalysts to enhance the performance of simulated biogas dry reforming. Mabkhoot Alsaiari et al. [82] incorporated cost-effective iron into cobalt-based catalysts, as shown in Figure 5d, significantly affecting the material’s alkalinity due to the iron load. The alkalinity peaked at 705.7 μmol CO2 g−1 in the 2Fe-5Co/Al2O3 formulation. They established a correlation between the catalytic activity and the physicochemical properties of the materials. The 0.8Fe-5Co/Al2O3 sample demonstrated superior performance, improving the dispersion, reducibility, and alkalinity of cobalt on the support. This additive facilitated carbon gasification and effectively minimized coke deposition.



Manapkhan Zhumabek et al. [61] synthesized syngas using catalysts prepared from Co(NO3)2–Al(NO3)3–urea mixtures with varied compositions. The crystallite sizes of the catalysts, estimated from the widths of the XRD peaks as shown in Figure 5e, decreased as the Al(NO3)3 content increased, enhancing the catalysts’ thermal stability and resistance to carbon deposition—attributes vital for prolonged catalytic operations. For CO2 conversion, the CoxAly phase, with a lattice parameter of 1.423 Å, closely matches the C-O bond length of 1.43 Å in CO2, suggesting that CoxAly could serve as an active site for C-O bond activation. Additionally, incorporating metals such as Zn is seen as an effective strategy to prevent metal oxidation and manage carbon deposition on catalysts. Previous research has indicated that Zn addition prevents the oxidation of Co in the Co/ZrO2 catalyst during ethanol steam reforming. Jung-Hyun Park et al. [81] examined the effects of Zn addition on the catalytic performance of CoZn(x)/ZrO2 in methane dry reforming. Introducing 2 wt% Zn to Co/ZrO2 notably improved catalyst stability; however, exceeding this amount reversed the effect, with higher oxidation rates and extents observed in CoZn(2)/ZrO2 compared to Co/ZrO2. Catalysts enhanced by Zn demonstrated increased stability, as the formation of a Co-Zn alloy impeded Co oxidation.



Adding promoters significantly enhances cobalt-based catalysts’ performance in dry reforming reactions by improving their activity, selectivity, stability, and carbon deposition resistance. Mesoporous carriers, like γ-Al2O3, have been shown to improve active metal dispersion and thermal stability in traditional dry reforming [89]. However, their application research in methane dry reforming remains limited. Adding promoters not only optimizes the catalyst’s physical and chemical properties but also boosts catalytic efficiency, opening new avenues for optimizing methane dry reforming and its industrial applications. Nonetheless, further research is needed to determine the optimal amounts, methods of doping, and the mechanisms by which promoters affect catalysts.




3.2.3. Iron-Based Catalysts


Iron, as the second most abundant metal in the Earth’s crust, offers substantial economic benefits, being approximately 250 times cheaper than Ni or Co [69]. With appropriate preparation and use, iron-based catalysts show excellent thermal stability and poison resistance [90]. Despite Fe’s economic advantages in methane conversion, related research remains limited. Additionally, under high temperatures and certain conditions, iron-based catalysts can experience structural changes like particle growth or phase transformation. While iron-based catalysts resist poisoning, trace impurities like sulfur and chlorine in methane can lead to their deactivation [29]. Currently, the deactivation mechanisms and reasons for monometallic iron catalysts remain unclear. Studies on bimetallic catalysts highlight iron’s potential to enhance the performance of other metals [37]. Research has also concentrated on using secondary metals to boost iron’s reactivity, aiming to develop cost-effective, primarily iron-based catalysts for industrial use [91].



Zahira Yaakob et al. [70] synthesized a Fe/ZrO catalyst via a urea-assisted solid-state combustion technique, applied in the thermal catalytic decomposition of undiluted biogas. This approach promotes the uniform dispersion of catalysts. As evidenced in Figure 6a, at elevated reaction temperatures, such as 800 °C and 900 °C, the peak intensity of iron nanoparticles reaches its maximum, suggesting a more thorough reduction of Fe, thereby enhancing catalytic activity. Concurrently, Figure 6b illustrates that the area of the TPR peaks increases substantially with added Fe content, indicating that higher reaction temperatures and greater iron content can improve CH4 and CO2 conversion and the generation of hydrogen-rich syngas by augmenting the number of active sites and enhancing metal–carrier interactions. This methodology, in contrast to the absence of a catalyst or the use of alternative catalyst types, allows for more efficient exploitation of biogas as a feedstock, converting it into higher-value products. Thunyathon Kludpantanapan et al. [71] investigated monometallic Fe and bimetallic Fe-based catalysts on MgO supports for synthesizing carbon nanotubes and hydrogen from biogas. The Fe/MgO catalyst showed poor catalytic activity due to the CO2-induced oxidation of iron, resulting in significant deactivation. Nonetheless, the addition of Mo significantly improved metal dispersion and strengthened metal–support interactions, as evidenced in Figure 6c, leading to substantial increases in conversion rates and syngas production, thereby boosting the yields of H2 and CNTs. Additionally, Karam Jabbour and colleagues developed ordered mesoporous Fe10% and FexNi(1−x) catalysts within Al2O3 using an evaporation-induced self-assembly direct “one-pot” method to generate syngas [69]. Figure 6d illustrates that carbon deposition is directly proportional to the Fe content and inversely proportional to the Ni content in the catalysts, suggesting that higher Ni levels reduce carbon accumulation. The introduction of Ni facilitates the formation of a Fe-Ni alloy, minimizing the segregation of iron species and the accumulation of iron oxides and carbon. Furthermore, Ni catalyzes the activation of CO2, where the resulting oxygen atoms oxidize deposited carbon (C(s)) to CO, diminishing carbon buildup. Regarding the resistance to poisoning, particularly against sulfide in real-world applications, incorporating additives enhances the resilience of iron-based catalysts and supports their regeneration and reuse. Research indicates that chromium additives notably improve the low-temperature denitrification activity and sulfur resistance of these catalysts.



Adopting innovative synthesis methods or incorporating secondary metals such as Mo significantly enhances metal dispersion and strengthens metal–support interactions. These advancements lead to marked increases in conversion rates and syngas production, consequently enhancing the yields of hydrogen and carbon nanotubes (CNTs). Moreover, introducing nickel facilitates the formation of a Fe-Ni alloy, which minimizes the segregation of iron species and reduces the accumulation of iron oxides and carbon. This improvement promotes CO2 activation, potentially enhancing the catalyst’s resistance to poisoning and its regenerative capabilities in practical applications. These developments not only underscore the potential of iron-based catalysts in the methane dry reforming process but also create essential technological pathways for developing more efficient and environmentally friendly catalytic systems.






4. Challenges and Future Trends


Biogas dry reforming technology enables the conversion of biogas into syngas, effectively using waste resources and decreasing reliance on traditional fossil fuels, thus promoting sustainable energy use. Furthermore, this technology transforms greenhouse gases into high-value syngas, offering significant environmental and economic benefits, with considerable potential for future expansion. This review classifies noble and non-noble metal catalysts for biogas dry reforming, summarizing recent advances through strategies like smaller particle size design and improved metal–support interactions. The findings suggest that current methods effectively reduce carbon deposition and enhance catalyst activity. Despite laboratory progress, biogas dry reforming technology encounters challenges in industrial production and large-scale applications. Primary challenges encompass the long-term catalyst stability meeting industrial standards and issues in process parameter control, equipment design, and optimization, which are crucial for the technology’s commercial application.



Future research will primarily concentrate on enhancing the electronic and structural properties of catalyst surfaces. This will be achieved through strategic modifications including structural alterations, the introduction of additives, and alloying to improve both the resistance to carbon deposition and reaction efficiency. Additionally, efforts will be directed towards the development of innovative catalysts, such as those featuring layered, porous, or nanostructured oxides, sulfides, and nitrides. These structures are expected to offer a greater number of active sites and superior surface activity. Designing catalysts for improved light interaction is a promising research direction. Research demonstrates that illumination not only diminishes the thermal demands of reactions but also stimulates catalyst surface electrons, resulting in the activated adsorption of reactants. Consequently, this enhances the reaction rate and significantly reduces carbon deposition. Investigating the effects of illumination on the electronic properties of catalyst surfaces, and the control of reaction pathways through illumination, can potentially increase both the conversion rate of methane and the selectivity of products. Generative artificial intelligence (AI), including Transformer, Diffusion models, and Generative Adversarial Nets (GANs), is increasingly pivotal in driving catalyst design innovations. By learning from extensive datasets, these models produce catalyst structures with enhanced predictive capabilities, overcoming the constraints of traditional design methods. In developing biogas dry reforming catalysts, these technologies enable rapid screening and optimization, simulating material reactivity and stability to predict performance. This approach not only accelerates the experimental process but also reduces research and development costs. Additionally, generative AI deepens understanding of catalytic mechanisms, shows how various structures and components influence efficiency and selectivity, and offers a scientific basis for designing more efficient and eco-friendly catalysts. The interplay between theoretical simulation and experimental validation remains vital, uncovering the methane dry reforming reaction’s mechanisms and key steps. Deep insights into the reaction mechanism will inform catalyst design and optimization, enhancing reaction efficiency and reducing carbon deposition. Such research will offer crucial theoretical and technical support for the industrial use of methane dry reforming and sustainable production.







Author Contributions


Investigation, W.H., J.W., H.T., Y.T., H.Z., Z.F. and R.D.; resources, W.H.; writing—original draft preparation, W.H.; writing—review and editing, Z.H., Z.P., R.Z., J.W., H.T., Y.T. and H.Z.; supervision, Z.H., Z.P. and R.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work has been financially supported by the National Natural Science Foundation of China (No. 22209136), the Sichuan Provincial Science and Technology Plan “Unveiling and Leading” Project (No. 23JBGOV0008), the Key R&D projects in Sichuan Province (No. 2023YFG0106), the Major Science and Technology Special Projects in Sichuan Province (No. 23ZDZX0008). And the authors also thank a grant from the Ministry of Science and Higher Education of the Russian Federation for large scientific projects in priority areas of scientific and technological development (075-15-2024-646).




Data Availability Statement


No new data were created or analyzed in this study.




Conflicts of Interest


Authors Zeai Huang and Zhicheng Pan were employed by the company Haitian Water Group. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Atelge, M.R.; Krisa, D.; Kumar, G.; Eskicioglu, C.; Nguyen, D.D.; Chang, S.W.; Atabani, A.E.; Al-Muhtaseb, A.H.; Unalan, S. Biogas Production from Organic Waste: Recent Progress and Perspectives. Waste Biomass Valorization 2020, 11, 1019–1040. [Google Scholar] [CrossRef]

	



Pavi, S.; Kramer, L.E.; Gomes, L.P.; Schiavo Miranda, L.A. Biogas production from co-digestion of organic fraction of municipal solid waste and fruit and vegetable waste. Bioresour. Technol. 2017, 228, 362–367. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.P.; Jiang, X.; Jin, Z.H.; Yang, S.L.; Zhang, J. The performance and microbial community in a slightly alkaline biotrickling filter for the removal of high concentration H2S from biogas. Chemosphere 2020, 249, 126127. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Yuan, J.; Li, T.; Jiang, X.; Ma, S.; Cen, W.; Jiang, W. A regenerable N-rich hierarchical porous carbon synthesized from waste biomass for H2S removal at room temperature. Sci. Total Environ. 2021, 768, 144452. [Google Scholar] [CrossRef] [PubMed]

	



Garg, A.; Basu, S.; Shetti, N.P.; Bhattu, M.; Alodhayb, A.N.; Pandiaraj, S. Biowaste to bioenergy nexus: Fostering sustainability and circular economy. Environ. Res. 2024, 250, 118503. [Google Scholar] [CrossRef] [PubMed]

	



Obaideen, K.; Abdelkareem, M.A.; Wilberforce, T.; Elsaid, K.; Sayed, E.T.; Maghrabie, H.M.; Olabi, A.G. Biogas role in achievement of the sustainable development goals: Evaluation, Challenges, and Guidelines. J. Taiwan Inst. Chem. Eng. 2022, 131, 104207. [Google Scholar] [CrossRef]

	



Gupta, P.; Kurien, C.; Mittal, M. Biogas (a promising bioenergy source): A critical review on the potential of biogas as a sustainable energy source for gaseous fuelled spark ignition engines. Int. J. Hydrogen Energy 2023, 48, 7747–7769. [Google Scholar] [CrossRef]

	



Di Micco, S.; Romano, F.; Jannelli, E.; Perna, A.; Minutillo, M. Techno-economic analysis of a multi-energy system for the co-production of green hydrogen, renewable electricity and heat. Int. J. Hydrogen Energy 2023, 48, 31457–31467. [Google Scholar] [CrossRef]

	



Abanades, S.; Abbaspour, H.; Ahmadi, A.; Das, B.; Ehyaei, M.A.; Esmaeilion, F.; Assad, M.E.; Hajilounezhad, T.; Hmida, A.; Rosen, M.A.; et al. A conceptual review of sustainable electrical power generation from biogas. Energy Sci. Eng. 2022, 10, 630–655. [Google Scholar] [CrossRef]

	



He, J.; Jin, Z.; Gan, F.; Xie, L.; Guo, J.; Zhang, S.; Jia, C.Q.; Ma, D.; Dai, Z.; Jiang, X. Liquefiable biomass-derived porous carbons and their applications in CO2 capture and conversion. Green Chem. 2022, 24, 3376–3415. [Google Scholar] [CrossRef]

	



Kim, Y.; Kawahara, N.; Tsuboi, K.; Tomita, E. Combustion characteristics and NOx emissions of biogas fuels with various CO2 contents in a micro co-generation spark-ignition engine. Appl. Energy 2016, 182, 539–547. [Google Scholar] [CrossRef]

	



Wang, A.; Harrhy, J.H.; Meng, S.; He, P.; Liu, L.; Song, H. Nonthermal plasma-catalytic conversion of biogas to liquid chemicals with low coke formation. Energy Convers. Manag. 2019, 191, 93–101. [Google Scholar] [CrossRef]

	



Zhang, Z.G.; Bi, G.C.; Zhang, S.L.; Tan, T.; Xie, J. CeMgOx-promoted Ni/boron nitride ultra-long stability bi-reforming for methanol-friendly syngas (H2/CO≈2): CO2/H2O activation and coke elimination mechanism. Fuel 2024, 364, 131122. [Google Scholar] [CrossRef]

	



Bac, S.; Keskin, S.; Avci, A.K. Recent advances in sustainable syngas production by catalytic CO2 reforming of ethanol and glycerol. Sustain. Energy Fuels 2020, 4, 1029–1047. [Google Scholar] [CrossRef]

	



Mondal, K.; Sasmal, S.; Badgandi, S.; Chowdhury, D.R.; Nair, V. Dry reforming of methane to syngas: A potential alternative process for value added chemicals-a techno-economic perspective. Environ. Sci. Pollut. Res. 2016, 23, 22267–22273. [Google Scholar] [CrossRef]

	



Manfro, R.L.; Souza, M.M.V.M. Overview of Ni-Based Catalysts for Hydrogen Production from Biogas Reforming. Catalysts 2023, 13, 1296. [Google Scholar] [CrossRef]

	



Zhao, X.; Joseph, B.; Kuhn, J.; Ozcan, S. Biogas Reforming to Syngas: A Review. Iscience 2020, 23, 101082. [Google Scholar] [CrossRef]

	



Kumar, R.; Kumar, A.; Pal, A. Overview of hydrogen production from biogas reforming: Technological advancement. Int. J. Hydrogen Energy 2022, 47, 34831–34855. [Google Scholar] [CrossRef]

	



Bak, C.-u.; Lim, C.-J.; Kim, Y.-D.; Kim, W.-S. Multi-stage adsorptive purification process for improving desulfurization performance of biogas. Sep. Purif. Technol. 2019, 227, 115702. [Google Scholar] [CrossRef]

	



Charisiou, N.D.; Siakavelas, G.; Tzounis, L.; Sebastian, V.; Monzon, A.; Baker, M.A.; Hinder, S.J.; Polychronopoulou, K.; Yentekakis, I.V.; Goula, M.A. An in depth investigation of deactivation through carbon formation during the biogas dry reforming reaction for Ni supported on modified with CeO2 and La2O3 zirconia catalysts. Int. J. Hydrogen Energy 2018, 43, 18955–18976. [Google Scholar] [CrossRef]

	



Charisiou, N.D.; Douvartzides, S.L.; Siakavelas, G.I.; Tzounis, L.; Sebastian, V.; Stolojan, V.; Hinder, S.J.; Baker, M.A.; Polychronopoulou, K.; Goula, M.A. The Relationship between Reaction Temperature and Carbon Deposition on Nickel Catalysts Based on Al2O3, ZrO2 or SiO2 Supports during the Biogas Dry Reforming Reaction. Catalysts 2019, 9, 676. [Google Scholar] [CrossRef]

	



Calgaro, C.O.; Perez-Lopez, O.W. Biogas dry reforming for hydrogen production over Ni-M-Al catalysts (M = Mg, Li, Ca, La, Cu, Co, Zn). Int. J. Hydrogen Energy 2019, 44, 17750–17766. [Google Scholar] [CrossRef]

	



Rosset, M.; Feris, L.A.; Perez-Lopez, O.W. Biogas reforming to syngas over cu-modified Ni-Al-LDH catalysts. Int. J. Energy Res. 2022, 46, 22664–22678. [Google Scholar] [CrossRef]

	



Aramouni, N.A.K.; Touma, J.G.; Abu Tarboush, B.; Zeaiter, J.; Ahmad, M.N. Catalyst design for dry reforming of methane: Analysis review. Renew. Sustain. Energy Rev. 2018, 82, 2570–2585. [Google Scholar] [CrossRef]

	



Zhang, C.; Li, S.; Wang, T.; Wu, G.; Ma, X.; Gong, J. Pt-based core-shell nanocatalysts with enhanced activity and stability for CO oxidation. Chem. Commun. 2013, 49, 10647–10649. [Google Scholar] [CrossRef]

	



Tu, W.; Ghoussoub, M.; Singh, C.V.; Chin, Y.-H.C. Consequences of Surface Oxophilicity of Ni, Ni-Co, and Co Clusters on Methane Activation. J. Am. Chem. Soc. 2017, 139, 6928–6945. [Google Scholar] [CrossRef]

	



Liu, Z.; Lustemberg, P.; Gutierrez, R.A.; Carey, J.J.; Palomino, R.M.; Vorokhta, M.; Grinter, D.C.; Ramirez, P.J.; Matolin, V.; Nolan, M.; et al. In Situ Investigation of Methane Dry Reforming on Metal/Ceria(111) Surfaces: Metal-Support Interactions and C-H Bond Activation at Low Temperature. Angew. Chem.-Int. Ed. 2017, 56, 13041–13046. [Google Scholar] [CrossRef]

	



Niu, J.; Du, X.; Ran, J.; Wang, R. Dry (CO2) reforming of methane over Pt catalysts studied by DFT and kinetic modeling. Appl. Surf. Sci. 2016, 376, 79–90. [Google Scholar] [CrossRef]

	



Chein, R.; Yang, Z.-W. H2S effect on dry reforming of biogas for syngas production. Int. J. Energy Res. 2019, 43, 3330–3345. [Google Scholar] [CrossRef]

	



Acs, N.; Szuhaj, M.; Wirth, R.; Bagi, Z.; Maroti, G.; Rakhely, G.; Kovacs, K.L. Microbial Community Rearrangements in Power-to-Biomethane Reactors Employing Mesophilic Biogas Digestate. Front. Energy Res. 2019, 7, 132. [Google Scholar] [CrossRef]

	



Kameya, Y.; Hanamura, K. Variation in Catalytic Activity of Carbon Black during Methane Decomposition: Active Site Estimations from Surface Structural Characteristics. Catal. Lett. 2012, 142, 460–463. [Google Scholar] [CrossRef]

	



Oliveira, L.G.; Machado, B.; de Souza, L.P.; Correa, G.C.G.; Polinarski, M.A.; Cavalcanti Trevisan, S.V.; Borba, C.E.; Brackmann, R.; Alves, H.J. Dry reforming of biogas in a pilot unit: Scale-up of catalyst synthesis and green hydrogen production. Int. J. Hydrogen Energy 2022, 47, 35608–35625. [Google Scholar] [CrossRef]

	



Fakeeha, A.H.; Vadodariya, D.M.; Alotibi, M.F.; Abu-Dahrieh, J.K.; Ibrahim, A.A.; Abasaeed, A.E.; Alarifi, N.; Kumar, R.; Al-Fatesh, A.S. Pd+Al2O3-Supported Ni-Co Bimetallic Catalyst for H2 Production through Dry Reforming of Methane: Effect of Carbon Deposition over Active Sites. Catalysts 2023, 13, 1374. [Google Scholar] [CrossRef]

	



Moogi, S.; Ko, C.H.; Rhee, G.H.; Jeon, B.-H.; Khan, M.A.; Park, Y.-K. Influence of catalyst synthesis methods on anti-coking strength of perovskites derived catalysts in biogas dry reforming for syngas production. Chem. Eng. J. 2022, 437, 135348. [Google Scholar] [CrossRef]

	



Gao, Y.; Jiang, J.; Meng, Y.; Aihemaiti, A.; Ju, T.; Chen, X.; Yan, F. A novel nickel catalyst supported on activated coal fly ash for syngas production via biogas dry reforming. Renew. Energy 2020, 149, 786–793. [Google Scholar] [CrossRef]

	



Owgi, A.H.K.; Jalil, A.A.; Hussain, I.; Hassan, N.S.; Hambali, H.U.; Siang, T.J.; Vo, D.V.N. Catalytic systems for enhanced carbon dioxide reforming of methane: A review. Environ. Chem. Lett. 2021, 19, 2157–2183. [Google Scholar] [CrossRef]

	



Wang, C.; Zhang, Y.; Wang, Y.; Zhao, Y. Comparative Studies of Non-noble Metal Modified Mesoporous M-Ni-CaO-ZrO2 (M=Fe, Co, Cu) Catalysts for Simulated Biogas Dry Reforming. Chin. J. Chem. 2017, 35, 113–120. [Google Scholar] [CrossRef]

	



Pakhare, D.; Spivey, J. A review of dry (CO2) reforming of methane over noble metal catalysts. Chem. Soc. Rev. 2014, 43, 7813–7837. [Google Scholar] [CrossRef]

	



Akansu, H.; Arbag, H.; Tasdemir, H.M.; Yasyerli, S.; Yasyerli, N.; Dogu, G. Nickel-based alumina supported catalysts for dry reforming of biogas in the absence and the presence of H2S: Effect of manganese incorporation. Catal. Today 2022, 397, 37–49. [Google Scholar] [CrossRef]

	



Goula, M.A.; Charisiou, N.D.; Papageridis, K.N.; Delimitis, A.; Pachatouridou, E.; Iliopoulou, E.F. Nickel on alumina catalysts for the production of hydrogen rich mixtures via the biogas dry reforming reaction: Influence of the synthesis method. Int. J. Hydrogen Energy 2015, 40, 9183–9200. [Google Scholar] [CrossRef]

	



Vita, A.; Italiano, C.; Ashraf, M.A.; Pino, L.; Specchia, S. Syngas production by steam and oxy-steam reforming of biogas on monolith-supported CeO2-based catalysts. Int. J. Hydrogen Energy 2018, 43, 11731–11744. [Google Scholar] [CrossRef]

	



Sadykov, V.A.A.; Eremeev, N.F.F.; Sadovskaya, E.; Fedorova, J.E.E.; Arapova, M.V.V.; Bobrova, L.N.N.; Ishchenko, A.V.V.; Krieger, T.A.A.; Melgunov, M.S.S.; Glazneva, T.S.S.; et al. Approaches to the design of efficient and stable catalysts for biofuel reforming into syngas: Doping the mesoporous MgAl2O4 support with transition metal cations. Dalton Trans. 2023, 52, 8756–8769. [Google Scholar] [CrossRef]

	



Theofanidis, S.A.; Galvita, V.V.; Poelman, H.; Marin, G.B. Enhanced Carbon-Resistant Dry Reforming Fe-Ni Catalyst: Role of Fe. ACS Catal. 2015, 5, 3028–3039. [Google Scholar] [CrossRef]

	



Oemar, U.; Hidajat, K.; Kawi, S. Pd-Ni catalyst over spherical nanostructured Y2O3 support for oxy-CO2 reforming of methane: Role of surface oxygen mobility. Int. J. Hydrogen Energy 2015, 40, 12227–12238. [Google Scholar] [CrossRef]

	



Université, S.; University, A.; Université, S.; Université, S.; Université, S. Nickel Supported Modified Ceria Zirconia Lanthanum/Praseodymium/Yttrium Oxides Catalysts for Syngas Production through Dry Methane Reforming. Mater. Sci. Forum 2018, 941, 2214–2219. [Google Scholar]

	



Usman, M.; Daud, W.M.A.W.; Abbas, H.F. Dry reforming of methane: Influence of process parameters—A review. Renew. Sustain. Energy Rev. 2015, 45, 710–744. [Google Scholar] [CrossRef]

	



Italiano, C.; Balzarotti, R.; Vita, A.; Latorrata, S.; Fabiano, C.; Pino, L.; Cristiani, C. Preparation of structured catalysts with Ni and Ni Rh/CeO2 catalytic layers for syngas production by biogas reforming processes. Catal. Today 2016, 273, 3–11. [Google Scholar] [CrossRef]

	



Bereketidou, O.A.; Goula, M.A. Biogas reforming for syngas production over nickel supported on ceria-alumina catalysts. Catal. Today 2012, 195, 93–100. [Google Scholar] [CrossRef]

	



Moral, A.; Reyero, I.; Alfaro, C.; Bimbela, F.; Gandia, L.M. Syngas production by means of biogas catalytic partial oxidation and dry reforming using Rh-based catalysts. Catal. Today 2018, 299, 280–288. [Google Scholar] [CrossRef]

	



Nikolaraki, E.; Goula, G.; Panagiotopoulou, P.; Taylor, M.J.; Kousi, K.; Kyriakou, G.; Kondarides, D.I.; Lambert, R.M.; Yentekakis, I.V. Support Induced Effects on the Ir Nanoparticles Activity, Selectivity and Stability Performance under CO2 Reforming of Methane. Nanomaterials 2021, 11, 2880. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, Y.; Xie, K. Active Exsolved Metal-Oxide Interfaces in Porous Single-Crystalline Ceria Monoliths for Efficient and Durable CH4/CO2 Reforming. Angew. Chem.-Int. Ed. 2022, 61, 13079. [Google Scholar] [CrossRef] [PubMed]

	



Yentekakis, I.V.; Goula, G.; Panagiotopoulou, P.; Katsoni, A.; Diamadopoulos, E.; Mantzavinos, D.; Delimitis, A. Dry Reforming of Methane: Catalytic Performance and Stability of Ir Catalysts Supported on γ-Al2O3, Zr0.92Y0.08O2−δ (YSZ) or Ce0.9Gd0.1O2−δ (GDC) Supports. Top. Catal. 2015, 58, 1228–1241. [Google Scholar] [CrossRef]

	



Marinho, A.L.A.; Rabelo-Neto, R.C.; Epron, F.; Bion, N.; Noronha, F.B.; Toniolo, F.S. Pt nanoparticles embedded in CeO2 and CeZrO2 catalysts for biogas upgrading: Investigation on carbon removal mechanism by oxygen isotopic exchange and DRIFTS. J. CO2 Util. 2021, 49, 101572. [Google Scholar] [CrossRef]

	



Al-Doghachi, F.J.; Zainal, Z.; Saiman, M.I.; Embong, Z.; Taufiq-Yap, Y.H. Hydrogen Production from Dry-Reforming of Biogas over Pt/Mg1-xNixO Catalysts. Energy Procedia 2015, 79, 18–25. [Google Scholar] [CrossRef]

	



Rosha, P.; Mohapatra, S.K.; Mahla, S.K.; Dhir, A. Biogas reforming for hydrogen enrichment by ceria decorated over nickel catalyst supported on titania and alumina. Int. J. Hydrogen Energy 2018, 43, 21246–21255. [Google Scholar] [CrossRef]

	



Navarro-Puyuelo, A.; Reyero, I.; Moral, A.; Bimbela, F.; Banares, M.A.; Gandia, L.M. Effect of oxygen addition, reaction temperature and thermal treatments on syngas production from biogas combined reforming using Rh/alumina catalysts. J. Ind. Eng. Chem. 2019, 80, 217–226. [Google Scholar] [CrossRef]

	



Itkulova, S.S.; Zakumbaeva, G.D.; Mukazhanova, A.A.; Nurmakanov, Y.Y. Syngas production by biogas reforming over the Co-based multicomponent catalysts. Cent. Eur. J. Chem. 2014, 12, 1255–1261. [Google Scholar] [CrossRef]

	



le Sache, E.; Johnson, S.; Pastor-Perez, L.; Horri, B.A.; Reina, T.R. Biogas Upgrading Via Dry Reforming Over a Ni-Sn/CeO2-Al2O3 Catalyst: Influence of the Biogas Source. Energies 2019, 12, 1007. [Google Scholar] [CrossRef]

	



Abdullah, B.; Ghani, N.A.A.; Vo, D.-V.N. Recent advances in dry reforming of methane over Ni-based catalysts. J. Clean. Prod. 2017, 162, 170–185. [Google Scholar] [CrossRef]

	



Gao, Y.; Golmakani, A.; Nabavi, S.A.; Jiang, J.; Manovic, V. Simulative optimization of catalyst configuration for biogas dry reforming. Int. J. Hydrogen Energy 2021, 46, 12835–12845. [Google Scholar] [CrossRef]

	



Zhumabek, M.; Xanthopoulou, G.; Tungatarova, S.A.; Baizhumanova, T.S.; Vekinis, G.; Murzin, D.Y. Biogas Reforming over Al-Co Catalyst Prepared by Solution Combustion Synthesis Method. Catalysts 2021, 11, 274. [Google Scholar] [CrossRef]

	



Veiga, S.; Romero, M.; Faccio, R.; Segobia, D.; Apesteguia, C.; Perez, A.L.; Brondino, C.D.; Bussi, J. Biogas dry reforming over Ni-La-Ti catalysts for synthesis gas production: Effects of preparation method and biogas composition. Fuel 2023, 346, 128300. [Google Scholar] [CrossRef]

	



Vo, C.-M.; Cao, A.N.T.; Qazaq, A.S.; Pham, C.Q.; Nguyen, D.L.T.; Alsaiari, M.; Vu, T.V.; Sharma, A.; Phuong, P.T.T.; Van, T.T.; et al. Toward syngas production from simulated biogas dry reforming: Promotional effect of calcium on cobalt-based catalysts performance. Fuel 2022, 326, 125106. [Google Scholar] [CrossRef]

	



Ha, Q.L.M.; Atia, H.; Kreyenschulte, C.; Lund, H.; Bartling, S.; Lisak, G.; Wohlrab, S.; Armbruster, U. Effects of modifier (Gd, Sc, La) addition on the stability of low Ni content catalyst for dry reforming of model biogas. Fuel 2022, 312, 122823. [Google Scholar] [CrossRef]

	



Rosha, P.; Mohapatra, S.K.; Mahla, S.K.; Dhir, A. Catalytic reforming of synthetic biogas for hydrogen enrichment over Ni supported on ZnO-CeO2 mixed catalyst. Biomass Bioenergy 2019, 125, 70–78. [Google Scholar] [CrossRef]

	



Gao, Y.; Aihemaiti, A.; Jiang, J.; Meng, Y.; Ju, T.; Han, S.; Chen, X.; Liu, J. Inspection over carbon deposition features of various nickel catalysts during simulated biogas dry reforming. J. Clean. Prod. 2020, 260, 120944. [Google Scholar] [CrossRef]

	



Chuenjai, M.; Wongsakulphasatch, S.; Yong, N.; Maneeprakorn, W.; Sudsakorn, K.; Tongnan, V.; Hartley, U.W.; Ratchahat, S.; Kiatkittipong, W.; Assabumrungrat, S. Synthesis of NiO/MgO/ZrO2 catalyst for syngas production from partial oxidation and dry reforming of biogas. Int. J. Hydrogen Energy 2022, 47, 41386–41396. [Google Scholar] [CrossRef]

	



Kaviani, M.; Rezaei, M.; Alavi, S.M.; Akbari, E. High coke resistance Ni-SiO2@SiO2 core-shell catalyst for biogas dry reforming: Effects of Ni loading and calcination temperature. Fuel 2022, 330, 125609. [Google Scholar] [CrossRef]

	



Jabbour, K.; Saad, A.; Inaty, L.; Davidson, A.; Massiani, P.; El Hassan, N. Ordered mesoporous Fe-Al2O3 based-catalysts synthesized via a direct “one-pot” method for the dry reforming of a model biogas mixture. Int. J. Hydrogen Energy 2019, 44, 14889–14907. [Google Scholar] [CrossRef]

	



Pudukudy, M.; Yaakob, Z.; Syahri, K.M.; Jia, Q.; Shan, S. Production of hydrogen-rich syngas and multiwalled carbon nanotubes by biogas decomposition over zirconia supported iron catalysts. J. Ind. Eng. Chem. 2020, 84, 150–166. [Google Scholar] [CrossRef]

	



Rattanaamonkulchai, R.; Kludpantanapan, T.; Srifa, A.; Koo-Amornpattana, W.; Chaiwat, W.; Sakdaronnarong, C.; Charinpanitkul, T.; Assabumrungrat, S.; Wongsakulphasatch, S.; Show, P.L.; et al. Simultaneous production of hydrogen and carbon nanotubes from biogas over mono- and bimetallic catalyst. J. Environ. Chem. Eng. 2022, 10, 107910. [Google Scholar] [CrossRef]

	



Wang, Y.; Yao, L.; Wang, S.; Mao, D.; Hu, C. Low-temperature catalytic CO2 dry reforming of methane on Ni-based catalysts: A review. Fuel Process. Technol. 2018, 169, 199–206. [Google Scholar] [CrossRef]

	



Lustemberg, P.G.; Ramirez, P.J.; Liu, Z.; Gutierrez, R.A.; Grinter, D.G.; Carrasco, J.; Senanayake, S.D.; Rodriguez, J.A.; Veronica Ganduglia-Pirovano, M. Room-Temperature Activation of Methane and Dry Reforming with CO2 on Ni-CeO2(111) Surfaces: Effect of Ce3+ Sites and Metal-Support Interactions on C-H Bond Cleavage. ACS Catal. 2016, 6, 8184–8191. [Google Scholar] [CrossRef]

	



Qin, Z.; Chen, J.; Xie, X.; Luo, X.; Su, T.; Ji, H. CO2 reforming of CH4 to syngas over nickel-based catalysts. Environ. Chem. Lett. 2020, 18, 997–1017. [Google Scholar] [CrossRef]

	



Han, J.W.; Kim, C.; Park, J.S.; Lee, H. Highly Coke-Resistant Ni Nanoparticle Catalysts with Minimal Sintering in Dry Reforming of Methane. Chemsuschem 2014, 7, 451–456. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; van Veen, A.C. Tuning the catalytic performance of Ni-catalysed dry reforming of methane and carbon deposition via Ni-CeO2-x interaction. Appl. Catal. B-Environ. 2018, 237, 641–648. [Google Scholar] [CrossRef]

	



Mei, D.H.; Shen, X.Q.; Liu, S.Y.; Zhou, R.S.; Yuan, X.C.; Rao, Z.Q.; Sun, Y.F.; Fang, Z.; Du, X.S.; Zhou, Y.; et al. Plasma-catalytic reforming of biogas into syngas over Ni-based bimetallic catalysts. Chem. Eng. J. 2023, 462, 142044. [Google Scholar] [CrossRef]

	



De, S.; Zhang, J.; Luque, R.; Yan, N. Ni-based bimetallic heterogeneous catalysts for energy and environmental applications. Energy Environ. Sci. 2016, 9, 3314–3347. [Google Scholar] [CrossRef]

	



Carrasco-Ruiz, S.; Zhang, Q.; Gandara-Loe, J.; Pastor-Perez, L.; Odriozola, J.A.; Reina, T.R.; Bobadilla, L.F. H2-rich syngas production from biogas reforming: Overcoming coking and sintering using bimetallic Ni-based catalysts. Int. J. Hydrogen Energy 2023, 48, 27907–27917. [Google Scholar] [CrossRef]

	



Ayodele, B.V.; Khan, M.R.; Cheng, C.K. Catalytic performance of ceria-supported cobalt catalyst for CO-rich hydrogen production from dry reforming of methane. Int. J. Hydrogen Energy 2016, 41, 198–207. [Google Scholar] [CrossRef]

	



Park, J.-H.; Yeo, S.; Kang, T.-J.; Shin, H.-R.; Heo, I.; Chang, T.-S. Effect of Zn promoter on catalytic activity and stability of Co/ZrO2 catalyst for dry reforming of CH4. J. CO2 Util. 2018, 23, 10–19. [Google Scholar] [CrossRef]

	



Phuong, D.H.L.; Alsaiari, M.; Pham, C.Q.; Hieu, N.H.; Pham, T.-P.T.; Rajamohan, N.; Pham, D.D.; Vo, D.-V.N.; Trinh, T.H.; Setiabudi, H.D.; et al. Carbon dioxide reforming of methane over modified iron-cobalt alumina catalyst: Role of promoter. J. Taiwan Inst. Chem. Eng. 2024, 155, 105253. [Google Scholar] [CrossRef]

	



Budiman, A.W.; Song, S.-H.; Chang, T.-S.; Shin, C.-H.; Choi, M.-J. Dry Reforming of Methane Over Cobalt Catalysts: A Literature Review of Catalyst Development. Catal. Surv. Asia 2012, 16, 183–197. [Google Scholar] [CrossRef]

	



Fakeeha, A.H.; Al Fatesh, A.S.; Ibrahim, A.A.; Kurdi, A.N.; Abasaeed, A.E. Yttria Modified ZrO2 Supported Ni Catalysts for CO2 Reforming of Methane: The Role of Ce Promoter. ACS Omega 2021, 6, 1280–1288. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Liu, Z.; Chen, X.; Rui, N.; Betancourt, L.E.; Lin, L.; Xu, W.; Sun, C.-J.; Abeykoon, A.M.M.; Rodriguez, J.A.; et al. Effects of Zr Doping into Ceria for the Dry Reforming of Methane over Ni/CeZrO2 Catalysts: In Situ Studies with XRD, XAFS, and AP-XPS. ACS Catal. 2020, 10, 3274–3284. [Google Scholar] [CrossRef]

	



Wu, P.; Tao, Y.; Ling, H.; Chen, Z.; Ding, J.; Zeng, X.; Liao, X.; Stampfl, C.; Huang, J. Cooperation of Ni and CaO at Interface for CO2 Reforming of CH4: A Combined Theoretical and Experimental Study. ACS Catal. 2019, 9, 10060–10069. [Google Scholar] [CrossRef]

	



Ngoc Thang, T.; Quyet Van, L.; Nguyen Van, C.; Trinh Duy, N.; Nguyen Huu Huy, P.; Phuong, P.T.T.; Monir, M.U.; Abd Aziz, A.; Quang Duc, T.; Abidin, S.Z.; et al. La-doped cobalt supported on mesoporous alumina catalysts for improved methane dry reforming and coke mitigation. J. Energy Inst. 2020, 93, 1571–1580. [Google Scholar] [CrossRef]

	



Cai, Y.; Zhang, G.; Liu, J.; Zhang, Y.; Li, T.; Zhang, X.; Wang, Y.; Zhao, Y.; Li, G. Exploring the role of promoters (Y, Tb and Gd) in the performance of Co-based catalyst for dry reforming of methane. Int. J. Hydrogen Energy 2023, 48, 38251–38265. [Google Scholar] [CrossRef]

	



Bahari, M.B.; Setiabudi, H.D.; Trinh Duy, N.; Phuong, P.T.T.; Quang Duc, T.; Jalil, A.A.; Ainirazali, N.; Vo, D.-V.N. Insight into the influence of rare-earth promoter (CeO2, La2O3, Y2O3, and Sm2O3) addition toward methane dry reforming over Co/mesoporous alumina catalysts. Chem. Eng. Sci. 2020, 228, 115967. [Google Scholar] [CrossRef]

	



Wang, S.; Chen, X.; Zhang, Y.; Zhang, Y.; Zheng, S. Lithium adsorption from brine by iron-doped titanium lithium ion sieves. Particuology 2018, 41, 40–47. [Google Scholar] [CrossRef]

	



Theofanidis, S.A.; Galvita, V.V.; Sabbe, M.; Poelman, H.; Detavernier, C.; Marin, G.B. Controlling the stability of a Fe-Ni reforming catalyst: Structural organization of the active components. Appl. Catal. B-Environ. 2017, 209, 405–416. [Google Scholar] [CrossRef]








[image: Catalysts 14 00494 g001] 





Figure 1. (a) The evolution of the number of exchanged oxygen atoms during the TPOIE process on Pt/CeO2, Pt@CeO2, and Pt@CeZrO2 and (b) the evolution of the number of exchanged oxygen atoms during the IOIE process at 400 °C. Reprinted with permission from Ref. [53]. Copyright 2021, Elsevier. (c) FT-IR for different catalysts (Pt/MgO, Pt/Mg0.85Ni0.15O, Pt/Mg0.97Ni0.03O, and Pt/Mg0.93Ni0.07O). Reprinted with permission from Ref. [54]. Copyright 2015, Elsevier. 
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Figure 2. (a) H2-TPR spectra of different catalysts. Reprinted with permission from Ref. [55]. Copyright 2018, Elsevier. (b) CO2-TPD spectra of different catalysts. Reprinted with permission from Ref. [77]. Copyright 2023, Elsevier. (c) Biogas dry reforming conversions and H2/CO ratios of Gd.Ni/Mg1.3AlOx and Sc.Ni/Mg1.3AlOx at 100 h. Reprinted with permission from Ref. [64]. Copyright 2022, Elsevier. (d) Ni0.10/(Zn0.1-Ce0.9) catalyst stability test at 900 °C. Reprinted with permission from Ref. [65]. Copyright 2019, Elsevier. (e) O 1s XPS spectra of the reduction catalyst. Reprinted with permission from Ref. [66]. Copyright 2020, Elsevier. 
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Figure 3. (a) Schematic diagram of the structure and properties of bimetallic Ni-Rh catalysts. Reprinted with permission from Ref. [79]. Copyright 2023, Elsevier. (b) Histogram of the distribution of nickel particles; (c) stability test carried out for 10 h at CH4/CO2 = 1.5 feed ratio. Reprinted with permission from Ref. [62]. Copyright 2023, Elsevier. 
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Figure 4. (a) XRD spectra of NiO/ZrO2/MgO catalysts synthesized with different MgO dosages using surface modification technique. Reprinted with permission from Ref. [67]. Copyright 2022, Elsevier. (b) TEM-EDS patterns of the reduced catalysts. Reprinted with permission from Ref. [34]. Copyright 2022, Elsevier. (c) Schematic structure of Ni-SiO2@SiO2 catalysts and (d) stability test of Ni-SiO2@SiO2. Reprinted with permission from Ref. [68]. Copyright 2022, Elsevier. 






Figure 4. (a) XRD spectra of NiO/ZrO2/MgO catalysts synthesized with different MgO dosages using surface modification technique. Reprinted with permission from Ref. [67]. Copyright 2022, Elsevier. (b) TEM-EDS patterns of the reduced catalysts. Reprinted with permission from Ref. [34]. Copyright 2022, Elsevier. (c) Schematic structure of Ni-SiO2@SiO2 catalysts and (d) stability test of Ni-SiO2@SiO2. Reprinted with permission from Ref. [68]. Copyright 2022, Elsevier.



[image: Catalysts 14 00494 g004]







[image: Catalysts 14 00494 g005] 





Figure 5. (a) The proposed reaction mechanism of carbon elimination. Reprinted with permission from Ref. [88]. Copyright 2023, Elsevier. (b) Proposed mechanism for methane dry reforming over Ca-Co/Al2O3 catalyst. (c) The effects of calcium loading on methane conversion and total basicity of catalyst. Reprinted with permission from Ref. [63]. Copyright 2022, Elsevier. (d) The material basicity measurement using the CO2− TPD method of the pristine and iron-promoted catalyst. Reprinted with permission from Ref. [82]. Copyright 2024, Elsevier. (e) Dependence of the crystallite size on the concentration of Al(NO3)3; 1—CoAl2O4 (511), 2—Co2AlO4 (511), 3—Co3O4 (511), 4—CoO (200), 5—AlCo (200), 6—Al (311). Reprinted with permission from Ref. [61]. Copyright 2021, Authors of MDPI. 
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Figure 6. (a) XRD patterns of the spent catalysts: effect of reaction temperature; (b) TPR profiles of the iron-loaded catalysts. Reprinted with permission from Ref. [70]. Copyright 2020, Elsevier. (c) The composition of effluent gases over FeMo/MgO catalysts, GHSV = 4500 mL/(g·h). Reprinted with permission from Ref. [71]. Copyright 2022, Elsevier. (d) TGA profiles of spent catalysts: a Fe10%Al2O3, b Fe7.5%Ni2.5%Al2O3, c Fe5%Ni5%Al2O3, d Fe2.5%Ni7.5%Al2O3, and e Ni5%Al2O3. Reprinted with permission from Ref. [69]. Copyright 2019, Elsevier. 
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Table 1. Reaction conversion rate and product selectivity on non-noble metal catalysts in biogas dry reforming.
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	Entry
	Catalysts
	Reaction Conditions
	CH4 Conversion

(%)
	CO2 Conversion

(%)
	Product Selectivity (H2/CO Ratio)
	References





	1
	Ni/MgO
	CH4/CO2/N2 = 2:2:1, 750 °C, 200 mg
	96.4
	91.7
	≈1.06
	[60]



	2
	Co(NO3)2 + Al(NO3)3
	CH4/CO2 = 1:1, 900 °C
	100
	86.2
	≈1.16
	[61]



	3
	NiLaTi-I
	CH4/CO2 = 1.5:1, 800 °C, 200 mg
	79
	≈79
	>1
	[62]



	4
	Ni0.11/Ce0.20 (Al2O3-TiO2)
	CH4/CO2 = 1.5:1, 850 °C, 150 mg
	84.9
	95.6
	1.06
	[55]



	5
	LaNiO3
	CH4/CO2 = 1.5:1, 850 °C, 0.5 g
	97.2
	93.8
	1.6
	[34]



	6
	0.2Ca-10Co/Al2O3
	CH4/CO2 = 1:1, 973 K, 100 mg
	84
	89
	0.74
	[63]



	7
	Gd.Ni/Mg1.3AlOx
	CH4/CO2 = 2:1, 750 °C, 50 mg
	49
	95
	>0.9
	[64]



	8
	Ni0.10/(Zn0.1-Ce0.9)
	CH4/CO2 = 1.5:1, 900 °C, 150 mg
	83.1
	97
	1.04
	[65]



	9
	Ni/Al2O3
	CH4/CO2/N2 = 2:2:1, 750 °C, 200 mg
	82.7
	/
	>0.9
	[66]



	10
	NiO/ZrO2/MgO
	CH4/CO2 = 1.5:1, 900 °C, 150 mg
	97
	100
	1.7
	[67]



	11
	Ni-SiO2@SiO2
	CH4/CO2 = 1.5:1, 700 °C, 100 mg
	72.7
	93
	0.95
	[68]



	12
	Fe5%Ni5%Al2O3
	CH4/CO2 = 1.8:1, 700 °C, 100 mg
	22
	49
	≈1.16
	[69]



	13
	Fe/ZrO2
	CH4/CO2 = 1.5:1, 900 °C, 3.5 g
	92
	89
	2.25
	[70]



	14
	NiMo/MgO
	CH4/CO2 = 1.5:1, 900 °C, 1 g
	95
	100
	3.1
	[71]
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