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Abstract

:

Ni-based catalysts supported on Mg-Al mixed oxides (Mg(Al)O) have been intensively investigated as catalysts for CH4 reforming processes (i.e., steam reforming (SMR) and dry reforming (DRM)), which are pivotal actors in the expanding H2 economy. In this review, we provide for the first time an in-depth analysis of homo- and bimetallic Ni-based catalysts supported on Mg(Al)O supports reported to date in the literature and used for SMR and DRM processes. Particular attention is devoted to the role of the synthesis protocols on the structural and morphological properties of the final catalytic materials, which are directly related to their catalytic performance. It turns out that the addition of a small amount of a second metal to Ni (bimetallic catalysts), in some cases, is the most practicable way to improve the catalyst durability. In addition, besides more conventional approaches (i.e., impregnation and co-precipitation), other innovative synthesis methods (e.g., sol-gel, atomic layer deposition, redox reactions) and pretreatments (e.g., plasma-based treatments) have shown relevant improvements in identifying and controlling the interaction among the constituents most useful to improve the overall H2 productivity.
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1. Introduction


The rapid expansion of the H2 economy, which has recently received new momentum from institutions such as the European Union with dedicated initiatives [1], calls for mid-term strategies to cope with the surge in demand. In this scenario, the conversion of CH4 and/or biogas via thermo-catalytic reforming processes, that is, steam (SMR) and dry reforming (DRM), represents a solid strategy. The former is one of the best-established H2 production technologies, which today accounts for most of the world’s production, while the latter allows the simultaneous conversion of two potent greenhouse gases into a valuable building block—the syngas, a mixture of CO and H2 [2,3,4,5,6].



Since they are among the most used catalysts, several works have been dedicated to reviewing Ni-based catalysts for both reactions but are either focused on one reaction at a time and/or include the most different catalysts’ compositions [2,3,4,5,6,7]. Here we focused our attention on Ni catalysts supported on Mg-Al mixed oxides and modified with other metals. The reason is that, more than other catalysts, these Ni(M)/Mg(Al)O catalysts offer a unique opportunity to develop new strategies to address the many challenges posed by both SMR and DRM processes since both the synthetic protocol and/or the specific composition have a dramatic influence on the final catalytic activity. After a brief introduction recalling the main aspects of both reactions with a special emphasis on the role of the metal support interaction, the impact of several preparation methods on the structure and catalytic activity of monometallic Ni catalysts will be discussed in detail, followed by a section describing the influence of other metals, i.e., bimetallic catalysts. Considering the sheer mole of data here reviewed and listed in tables that might render reading difficult, the main findings are summarized also in a schematic way in the final paragraph. In the hope of providing a useful guide for the development of future Ni-based catalysts for SMR and DRM reactions, we then singled out the most promising strategies along with some underestimated and/or unexplored pathways for improving the catalytic activity.



1.1. Steam and Dry Reforming Reactions of CH4: General Aspects


In the CH4-H2O system, under the conditions of the steam reforming process, several chemical reactions are realized, of which the main ones are the steam reforming reaction (Equation (1)), which is strongly endothermic, and the water gas shift (WGS) reaction (Equation (2)), which is exothermic:


SMR:  CH4 + H2O ⇆ CO + 3H2  (ΔH298 = +205.9 kJ·mol−1)



(1)






WGS:  CO + H2O ⇆ CO2 + H2  (ΔH298 = −41 kJ·mol−1)



(2)







In this process (Equations (1) and (2)), four moles of H2 are produced from each mole of methane, so that a large amount of H2 can be obtained on an industrial scale [7,8]. Figure 1A shows the equilibrium conversion curve of SMR calculated by Joensen and Rostrup-Nielsen [9]. To achieve a high methane conversion, the reforming process should be carried out at a high temperature, low pressure, and a relatively high steam-to-methane molar ratio (3:1). Though SMR is a mature technology to produce H2, the high energy required, the water consumption, and the use of methane with low-sulfur content are the main disadvantages of this process. Other critical issues are the simultaneous production of CO2, which should be captured to avoid its emission into the environment, and the high cost of the overall process, which is still expensive compared to the US Department of Energy (DOE) cost of producing H2 for future cars and other applications [10,11,12].



Like SMR, the DRM process is highly endothermic and as such is favored at high temperatures (700–900 °C). As CO2 is one of the reactants, this type of methane reforming theoretically does not require any downstream CO2 capture, which is a major perk. Moreover, the H2/CO molar ratio of the produced syngas is typically around 1, which is lower than that of SMR and is particularly suited for the Fischer–Tropsch process [14,15]. The thermodynamics and equilibrium characteristics of DRM are the following:


DRM:  CH4 + CO2 ⇆ 2CO + 2H2  (ΔH298 = +247.3 kJ·mol−1)



(3)






RWGS:  CO2 + H2 ⇆ CO + H2O  (ΔH298 = −41 kJ·mol−1)



(4)







The reverse water gas shift reaction (RWGS) occurs concurrently with DRM and, according to the studies of Bradford and Vannice, has a lower activation energy compared to H2 formation [16]. In accordance with the equilibrium conversion curve of DRM (Figure 1B), CH4 conversion increases rapidly below 727 °C and is generally favored at high CO2/CH4 molar ratios while it is hampered by high operating pressures [13]. Although the DRM process reduces CH4 and CO2 emissions into the atmosphere and converts them into a valuable product (syngas), it requires a quite high energy input because of two reasons. First, the elevated content of CO in the produced syngas results in an elevated total heating value compared to SMR syngas with a higher H2 content [17]. Second, although DRM on paper is a simpler process than SMR as no steam is needed, the energy requirement is higher due to the exceptional thermodynamic stability of CO2 [13,14,15,17,18,19,20].



CH4 reforming processes are conventionally carried out in catalytic conditions [21]. Noble metals and group VIII metals (Ni, Fe, and Co) are active in both SMR and DRM [21,22,23,24]. However, Fe and Co are susceptible to oxidation under the harsh condition required for reasonably high conversions (high temperature and high steam pressure) while the application of noble metals is limited due to their high market price [6]. Consequently, Ni-based catalysts are extensively studied because of their cost-effectiveness and high reforming activity [25,26]. The main pitfall of using Ni-based catalysts is the very high coke formation rate, which generally causes a rapid failure of the catalysts [27,28,29]. The carbon deposits on the catalyst surface can have different forms (e.g., whisker, gum, pyrolytic coke) and they can seriously affect the reusability of the catalyst by disrupting the catalyst structure (Table 1) [30]. Gum-like (multilayer graphite) and pyrolytic coke can cover the active Ni sites and block the reaction whereas whisker carbon, having high mechanical strength, can break the catalyst pellet, hence causing a pressure build-up and tube failure [22]. Carbon can be formed via two main routes: methane decomposition (Equation (5)) and CO disproportionation (Equation (6)), the latter being dominant at low temperatures due to its exothermicity. When the reforming process is carried out at a high temperature, methane dissociation is the main source of coke buildup. The feed composition also influences the tendency to carbon accumulation. In general, low molar H/C and O/C ratios in the feed stream can promote coke generation [31]. The calculated H/C and O/C molar ratios of stochiometric SMR are six and one, respectively, whereas in DRM feed they are lower (two and one, respectively), thus coke deposition is particularly more severe in DRM.


CH4 dissociation:   CH4 ⇆ C + 2H2  (∆H298 = +75 kJ·mol−1)



(5)






CO disproportionation:  2CO ⇆ CO2 + C (∆H298 = −172 kJ·mol−1)



(6)








1.2. The Ni(M)/Mg(Al)O Catalysts


To overcome the identified challenges in catalytic reforming systems, the selection of the catalyst support plays a crucial role during the catalyst development [32,33,34]. In addition to coke limiting ability, reforming catalysts must also meet stringent requirements due to the harsh conditions required of the processes (high temperature, high pressure, and presence of steam) [22,35]. Common oxide supports are Al2O3, MgO, and their corresponding mixed oxides [22]. Because of its high surface area, thermal and chemical stability, and strong interaction with Ni, Al2O3 is one of the most studied supports [36,37]. Indeed, commercially available catalysts for traditional SMR are mainly constituted by Ni supported on Al2O3 [38]. MgO support is also widely studied, particularly in DRM, because its high basicity is beneficial for adsorbing CO2, which in turn enhances the reforming activity and the coke removal rate [39,40]. Moreover, the ability of MgO to form a strongly interacting solid solution with NiO improves the catalyst stability and resistance to sintering [41,42]. Since these are all highly desirable characteristics for a support, the combination of Al and Mg oxides, that is, Mg-Al mixed oxides (herein denoted as Mg(Al)O), is often exploited to prepare highly performing catalysts and therefore will be discussed in the following sections [22,43].



As for the active metallic constituents, bimetallic systems are attracting considerable research interest thanks to the possible promotional effect of the second (or third) metal on the processes and/or the presence of synergetic effects between the metals [26,44,45]. Particularly for Ni-based catalysts, noble, alkaline, and rare earth metal promoters are the subjects of many studies and demonstrate promising improvements. Among those, the addition of small amounts of noble metals to Ni catalysts is beneficial while remaining cost competitive [31]. The addition of Pt, Ru, and Pd improves reducibility, may provoke an auto-activation of the catalyst, and reduces the coke formation [31]. On the other hand, the addition of Group 11 metals (Au, Ag) reduces the Ni activity but extends the catalyst’s lifetime by inhibiting the coke formation [46].



In addition to the selection of the active metal, support, and promoters, the way the catalyst is prepared also plays an important role in determining its morphological and structural features and, as a result, its catalytic performance [46,47,48]. This is particularly true when preparing Mg-Al mixed oxides, which can form several crystal phases and can have different morphological characteristics [49,50]. Hence, a thorough understanding of each parameter in traditional synthesis procedures as well as the exploration of innovative preparation approaches are both highly desirable to improve homo- and bimetallic Ni catalysts supported on Mg(Al)O for SMR and DRM.



Metal–support interaction is arguably one of the most critical aspects impacting both the activity and the stability of heterogeneous catalysts, especially when used in high-temperature processes. The interaction of Ni with the support is a somewhat textbook example of the tradeoffs to be considered when preparing a heterogeneous catalyst. If, on the one hand, a weak interaction is good for the catalytic activity because it does not impair the Ni reducibility, it may be insufficient to stabilize the nanoparticles against sintering [51,52]. It is also true, however, that it is hard to obtain small Ni nanoparticles, and thus a high number of catalytically active sites with Ni interacting too weakly with the support can be found. In other words, a strong interaction with the support helps suppress the overgrowth of the particles, thereby enhancing their stability at high reaction temperatures, but could also lead to Ni nanoparticles that are hard to reduce, which may limit the availability of metallic Ni [48,53].



The following section delves into the factors influencing the interaction of Ni with Mg and Al oxides separately and then with the Mg(Al)O mixed oxide.





2. Ni-Support Interaction in Ni(M)/Mg(Al)O Catalysts


Ni-based catalysts are generally prepared as NiO followed by reduction, but the final form of the catalyst is heavily influenced by the composition of the Mg(Al)O support because Ni interacts very differently with Al and Mg oxides. The metal–support interaction will be first discussed for Ni catalysts supported on Al and Mg oxides separately; then we will showcase a few examples of how their combination is essential to obtain high-performing reforming Ni-based catalysts.



NiO is known to form a stable spinel nickel aluminate with Al2O3 after heat treatment, denoted as NiAl2O4 [54]. In Ni-Al-O systems, three phases of Ni-Al2O3 can be observed: “free” NiO particles, NiO weakly interacting with Al2O3, and NiAl2O4 spinel. The order is based on the strength of interaction between Ni and Al. Temperature-programmed reduction (TPR) can be used to identify the phases of Ni in Al2O3 (Figure 2). Due to the difference in bond strength, each phase displays reduction features in a specific temperature range. Reduction peaks occurring between 300 and 350 °C are originated by the reduction of “free” NiO to metallic Ni, whilst weakly interacting NiO-Al2O3 is reduced around 500–600 °C. The reduction of Ni2+ present in the spinel phase (NiAl2O4) can only be observed at temperatures higher than 800 °C. The formation of such three phases depends largely on calcination temperature, Ni loading, and the preparation method. Generally, high calcination temperatures favor the formation of spinel phases with stronger interaction between Ni and Al2O3 [55,56]. For instance, in catalysts containing 20 wt.% of Ni and calcined at temperature <750 °C, a low amount of the spinel phase could be detected, whereas Ni was present almost quantitatively as spinel when the catalyst was calcined at T > 750 °C. Salhi et al. found that the distribution of the spinel phase is also sensitive to the Ni/Al molar ratio [57]. In Ni-deficient samples, the solid exists as a mixture of Al2O3 and NiAl2O4, whereas NiO aggregates are formed in materials with higher Ni content. The distribution of NiAl2O4 is also affected by the preparation method. For example, while comparing the phase composition between impregnated and co-precipitated catalysts, Li and Chen found that the co-precipitated sample showed less reducibility than the impregnated one, implying the formation of spinel NiAl2O4 by the former method [54].



With MgO, NiO can form an ideal NiO-MgO solid solution in the whole range of concentrations due to the similar ionic radii of Ni2+ (69 pm) and Mg2+ (72 pm) [58]. In the solid solution, the interaction of Ni with MgO is particularly strong, resulting in a Ni phase much harder to be reduced. Conventionally, the reduction of NiO-MgO occurs above 800 °C with long reduction times (Figure 3) [59]. Interestingly, the strong interaction between NiO and MgO facilitates the formation of small Ni nanoparticles (NPs) upon reduction, thus preventing particles sintering and coke formation [60,61]. Additionally, the high basicity of MgO could be beneficial for the stability of the catalyst by enhancing the absorption of oxidizing reagents (CO2, H2O), resulting in better gasification of coke species formed on the catalyst surface [62,63].



In addition to the interactions between Ni and each oxide component, the mixed oxide itself can also form the MgAl2O4 spinel phase during the catalyst synthesis [64,65], which provides high surface area, good thermal stability, and strong interaction with Ni [48]. Damyanova et al. prepared Ni catalysts for DRM with different ceramic-based supports (δ,θ-Al2O3, SiO2-Al2O3, ZrO2-Al2O3, MgO-Al2O3) and the results indicated Ni/MgO-Al2O3 as the most active and stable catalyst [66]. Zhang et al. tested various supports in DRM and they found that Al2O3 showed high stability while MgO exhibited great coke resistance [67]. Hence, the authors combined the two benefits by using MgO-Al2O3 mixed oxide as a support for Ni catalysts. The resulting material demonstrated good activity and was stable for over 100 h on stream. Mehr et al. showed that MgO addition reduces carbon deposition, likely due to the Lewis basicity of MgO [68]. It should be noted that Das et al. argued that basicity is not monotonically beneficial, but instead, an optimal acidic/basic balance is required for DRM catalysts [69]. The authors reported that basic sites favor the adsorption of CO2, while acidic sites are necessary for CH4 activation.



Another important aspect of Mg(Al)O systems is the ability to form hydrotalcite. Hydrotalcite is a double-layered lamellar hydroxide (LDH) of Mg and Al with the formula Mg6Al2(OH)16CO3·4H2O [70]. It is demonstrated that materials derived from hydrotalcites are promising for various catalytic processes including CH4 reforming [71,72]. By decomposing the precursors via thermal treatments, homogenized mixed oxides can be obtained. For Ni supported on Mg(Al)O catalysts, hydrotalcite-derived routes are a great way to obtain high surface area, tailored basicity, and uniform distribution of the active metal on the surface [73,74,75,76,77,78].



The first procedure to report is that described by Shishido et al., who named their method “solid phase crystallization” (spc) [77]. The procedure consisted of the replacement of Mg2+ with Ni2+ during the co-precipitation of the LDH precursor, followed by heat treatment to obtain the final catalyst. The authors found that with the spc approach, the catalysts had higher surface area and better dispersion than conventional impregnated samples. They also demonstrated that such catalysts performed well in SMR. Takehira et al. obtained similar results with the same spc approach and the Ni0.5/Mg2.5-Al had high activity and stability under severe conditions of SMR. Moreover, they observed improved performance with the impregnated Ni/Mg3Al due to the reconstruction of the support towards the LDH-like structure during the impregnation process [79]. Further details on hydrotalcite-derived catalysts for SMR and DRM can be found in dedicated review papers [72,73,77,80].




3. Monometallic Ni/Mg(Al)O Catalysts for SMR and DRM


As discussed above, between the components of Ni-Mg-Al systems, various interactions can be established that can drive the efficiency and stability of the catalysts during the reaction. The preparation method therefore becomes crucial in obtaining the desired features. This section will discuss the conventional methods, that is, impregnation and co-precipitation, as well as more advanced techniques such as sol-gel, aerogel, atomic layer deposition (ALD), etc., highlighting the most critical synthesis parameters and their impact on catalytic performance [81].



3.1. Synthesis of Ni/Mg(Al)O Catalysts by Conventional Approaches


Ni catalysts supported on Al-Mg oxides obtained by impregnation and co-precipitation methods with different synthetic parameters, as well as their physicochemical properties and reforming performances for SMR and DMR processes, are summarized in Table 2 and discussed below. Particular attention is devoted to the role of the constituents and the thermal treatments of the catalysts (i.e., calcination and reduction steps).



3.1.1. Effect of Ni Loading and Composition Ratio


Ni loading and composition ratio play an important role in the characteristics of the catalysts: High Ni loadings may imply higher activity, but they may result in larger particles, which promote coke formation [82,83,100,101,102].



The study by Guo et al. showed that a catalyst with a low Ni content is not stable in DRM, while the conversion is positively correlated with Ni content only up to 15 wt.% [43]. As expected, above that loading, the coke formation becomes severe. A similar trend of coke deposition was found by Alipour et al. while studying impregnated Ni/Mg(Al)O catalysts obtained by wet impregnation [84]. They showed that after calcination, NiO segregated when above the 15 wt.% of Ni loading. The amount of carbon deposited scaled with the Ni content, but the reforming activity did not. Catalysts prepared via co-precipitation showed a similar behavior [85]. Akbari et al. synthesized mesoporous nanocrystalline Ni-Mg-Al catalysts using that method and studied the effect of Ni loading in DRM. They found again that Ni loading up to 15 wt.% did not dramatically change the textural properties of the catalysts (pore volume, pore size distribution, and surface area) and that above that loading the catalysts experienced severe coke deposition.



Some other studies focused on investigating which pathway of coke formation is preferred with the change in Ni content. Dębek et al. tested co-precipitated Ni/Mg(Al)O catalysts with up to 60 wt.% Ni loading in DRM and they found that the higher the Ni content, the higher the CH4 conversion [86]. Surprisingly, no improvement in CO2 conversion was observed when the Ni content changed. The authors indicated that the marginal increment of CH4 conversion is due to CH4 decomposition, resulting in an increase in coke deposited. Characterization of the Ni-rich catalysts showed large and highly reducible particles, along with a low basicity, which could cause coke formation. The Ni content is also found to affect the CO disproportionation pathway contribution [87]. Lin et al. investigated similar Ni/Mg(Al)O catalysts and found a positive correlation between reforming conversion as well as CO disproportionation activity and Ni loadings at a lower range (3–18 wt.%). In their study, at a low reaction temperature (600 °C), Ni-rich samples significantly promoted the coke deposition via the CO pathway, hindering the stability of the catalysts. At high reaction temperature (750 °C), where the exothermic Boudouard reaction is suppressed, the reverse relationship was observed: Catalysts containing more active metal showed better stability and less coke deposition.



Qi et al. used Ni/Mg(Al)O prepared by the co-precipitation technique and tested them in SMR in comparison with wet impregnated catalysts with varied divalent/trivalent cation molar ratios (Ni+Mg)/Al in the precursors [88]. They reported that the optimal (Ni+Mg)/Al molar ratio in the LDH precursor for SMR is three. The resulting catalyst exhibited the best activity because of its high surface area and high Ni dispersion upon reduction. A similar optimal (Ni+Mg)/Al molar ratio was found by Takehira et al. in SMR by co-precipitated Ni-Mg-Al [79]. The authors found that the high Al content can result in segregated Al(OH)3 and amorphous NiO-MgO, which are detrimental to the catalyst activity and stability. The optimal molar ratio between Ni and Mg (Ni/Mg = 0.5/2.5) was tested and was stable for 600 h. Shishido et al. also found that Ni/Mg = 0.5/2.5 molar ratio gave the highest dispersion for the co-precipitated Ni-Mg-Al catalyst [77].




3.1.2. Effect of Heat Treatment


Both calcination and reduction conditions have a major impact on the physicochemical properties of the resulting catalyst. As stated earlier, higher calcination temperatures favor the formation of stable phases, such as spinel NiAl2O4 or NiO-MgO solid solution. A high calcination temperature can enhance the stability and interaction between components but can also decrease the surface area, thus causing a collapse of the pores, and particle sintering [103,104,105,106]. On the contrary, low reduction temperatures may not guarantee the generation of sufficient active species (Table 3). Hence, various studies have been devoted to the influence of thermal pretreatments on the final structure of the catalysts.



Bian et al. studied the effect of the calcination temperature on the activity of Ni catalysts supported on Al2O3 [89]. They found that high calcination temperatures promote the interaction between Ni and Al and the formation of the spinel phase. The activity and stability of Ni/Al2O3 were optimal when calcined at 700 °C. Higher calcination temperatures added no improvements to the catalysts’ activity. However, in another study, Al-Fatesh et al. argued that the reduction is the step most crucial to activate the catalysts in DRM [90]. The best catalyst that the authors reported was calcined at 900 °C and reduced at 700 °C. Juan-Juan et al. found also that pretreatment influences the coke formation on Ni/Al2O3 in DRM [91]. The uncalcined but reduced catalyst gave the least amount of carbon during the reaction, due to its smaller Ni NPs compared to the calcined and reduced one. Coke deposition dependence on thermal treatment was also studied by Zhou et al. [92]. They observed that the calcination temperature affects the phase distribution of Ni/Al2O3 as higher temperature favors spinel formation. They proposed that spinel phases limit the formation of encapsulated carbon, thus resulting in a stable activity.



The calcination temperature was studied on NiO-MgO systems for DRM [93,107]. At low calcination temperatures, the material contained weakly interacting NiO species, while at 800 °C NiO bonds strongly with MgO in the form of a solid solution. The strong interaction increases the strength of CO2 absorption at low reaction temperatures, thus enhancing the activity and stability of the catalyst. The effect of Mg precursors and heat treatment was also studied by Ruckenstein and Hu [94]. It was observed that the morphology of MgO before Ni impregnation is important to determine the activity and induction time in DRM. Among the investigated systems, the catalyst prepared from [MgCO3]4 Mg(OH)2 precursor through a high calcination temperature protocol carried out in a short time was the optimal catalyst due to high Ni dispersion on the surface of the support.



Katheria et al. investigated the effect of the calcination temperature on Ni/MgAl2O4 in SMR [96]. The authors argued that when a higher calcination temperature is used, smaller Ni crystallites form upon reduction. They attributed such behavior to the strong metal–support interaction generated by the high calcination temperature. The catalyst was most active when calcined at 850 °C, whereas at 1000 °C the activity decreased because of a partial loss of Ni surface due to the incorporation of Ni into an inactive bulk spinel phase. Surprisingly, a different conclusion was drawn by Li et al. [98]. In their study on a complex Ni/Mo-Ce-Zr/MgO-Al2O3 catalyst for DRM, they proposed that the low activity of the catalyst calcined at elevated temperature is to be ascribed to particle sintering. They suggested that high calcination temperatures (900 °C) promote the migration of Ni from stable NiO-MgO solid solution to spinel MgAl2O4. This mobility enables Ni enrichment on the surface upon reduction, thus stimulating particle enlargement. The authors emphasized that an optimal calcination temperature prevents the formation of large particles.



For co-precipitated catalysts, the reduction condition turns out to be more influential than the calcination condition [95,98]. Perez-Lopez et al. found that with co-precipitated Ni-Mg-Al catalysts, the calcination temperature had a limited effect on the activity, mostly by altering the specific surface area of the material [98]. A similar relationship was observed by Djaidja et al. [99]. In addition, the authors reported that a high reduction temperature (up to 700 °C) was beneficial for the catalysts’ activity as it increased the number of active sites. However, sintering can occur at very high reduction temperatures [95]. Mette et al. found that a reduction temperature up to 900 °C did not affect the particle size of Ni but sintering of Ni NPs was observed when the reduction temperature reached 1000 °C.



In summary, different studies show that the effects of Ni loading and pretreatment conditions are complex and possess both advantages and disadvantages. Table 3 sums up the general trends based on the works discussed above. Careful consideration must be given to the calcination and reduction steps. In general, thermal treatments at high temperatures are preferred since they promote the formation of stable phases while an elevated reduction temperature provides activation of the catalysts. Nevertheless, excessive heat treatments can be detrimental causing surface area reduction, sintering of particles, and formation of inactive species. It should be noted that high-temperature treatments need high energy inputs, which could limit the economic viability of the final catalyst.





3.2. Synthesis of Ni/Mg(Al)O Catalysts by Advanced Methods


Besides the more common methods mentioned above, other approaches aimed at obtaining strictly controlled morphological, structural, and textural properties of both the metal active phase and the support have been explored and are here summarized (Table 4).



Among them, the sol-gel method has been extensively investigated [108,109,110,111]. The catalysts obtained via this approach are typically characterized by high surface area, narrow size distribution, high thermal resistance, and homogeneous composition of the mixed oxides when compared to conventional synthesis methods [112,113]. González et al. utilized LDHs prepared in this way as precursors for DRM [114]. Upon mild thermal treatment, the hydrotalcite collapsed and formed nanosphere structures of mixed NiO and Mg(Ni)AlO periclase without the formation of NiAl2O4. The catalyst with 15 wt.% Ni and calcined at 650 °C showed the best activity and low carbon formation in DRM. Sahli et al. used a sol-gel-like method with propionic acid to synthesize Ni-Al oxides for DRM [115]. By varying the ratios between Ni and Al, sub-stoichiometric Ni/Al resulted in a high-surface area solid solution of Al2O3 and NiAl2O4, which was stable for the reaction. Stoichiometric Ni/Al and Ni-excess samples resulted in a segregated NiO phase, which was completely deactivated due to coke formation. Min et al. compared Ni/Mg(Al)O prepared by sol-gel synthesis to the co-precipitated counterpart in DRM. The authors found that the sol-gel catalysts formed a lower amount of coke [116]. They also studied the effect of various Mg/Al molar ratios on catalyst performance. The coke resistance ability of the catalysts was improved by increasing the MgO loading, whereas high activity was expressed at Mg/(Mg+Al) molar ratio from 0.44 to 0.86. The authors attributed the excellent performance to the high surface area of the catalyst and the high dispersion of Ni.



The Pechini method, which is based on the incorporation of metal precursors into a polymeric resin, allows for the preparation of highly controlled and uniform multicomponent phases [117,118]. Rogers et al. used the Pechini method to synthesize Ni-Al catalysts with different molar Ni/Al ratios for both DRM and SMR [119]. By this method, they obtained highly uniform, structurally crystalline, and small grain-sized aluminate. They found that the Ni-rich catalyst (denoted as Ni2Al2O5) featured both NiO and NiAl2O4 phases. In SMR, the active phase was likely reduced Ni NPs but, surprisingly, unreduced stochiometric NiAl2O4 was also active for DRM without the presence of metallic Ni. By X-ray absorption spectroscopy (XAS) analyses, the authors concluded that four-fold-coordinated Ni2+ is responsible for the activity and low carbon deposition of the examined catalyst.



Another attractive synthesis approach is the aerogel method. This approach enables the synthesis of exceptionally high surface area and thermally stable materials [120]. Suh et al. used aerogel Al2O3 as supports for DRM [121]. The high surface area Al2O3 was prepared by supercritical CO2 drying of alcogels. The aerogel-based Ni/Al2O3 catalysts showed high activity and enhanced stability against coking compared to the impregnated ones. The authors assigned such improvements to the high surface area and uniform distribution of the active sites. The follow-up paper investigated the metal loading on this aerogel catalyst, again highlighting that too a high metal content resulted in large particle sizes, which in turn promote coke formation [101].



Sebai et al. sought to improve the traditional incipient wetness by complexing a Ni precursor with aliphatic amine before impregnation [122]. The authors hypothesized that the high steric hindrance of aliphatic amine limits the growth of NiAl2O4, resulting in smaller Ni particle sizes. Indeed, they reported that the average Ni particle size decreased (13 nm to 9 nm) when a bulkier ligand (trialkylamine) was used. High reactivity in SMR was recorded for catalysts using N-triethylamine as a complexing agent.



Atomic layer deposition (ALD) allows for high control of the catalyst surface and might open new pathways for synthesizing stable catalysts [123]. Zhang et al. used this method to prepare Ni/porous γ-Al2O3 for DRM [124]. The catalyst showed higher activity at 850 °C than the one made by wet impregnation but took 10 h to reach its stable conversion. The authors claimed that the ALD synthesis results in spinel NiAl2O4, whose time-consuming reduction was behind the long induction period of the catalyst. Interestingly, they reported that the pretreatment with pure H2 at 700 °C gave no DRM activity, whereas the product stream (H2 and CO) at 850 °C could reduce the spinel phase leading to catalytic activity. Wang et al. reported ALD-made catalysts with remarkably superior activity and stability compared to the impregnated counterparts but came up with a different explanation [125]. They attributed the poor performance of the impregnated samples to the presence of a NiAl2O4 spinel phase, whereas ALD samples contained more NiO, which is easier to reduce, thus resulting in higher activity. The ALD approach was also used for the preparation of NiO-MgO and specifically to improve the basicity of the catalysts [126]. Jeong et al. also utilized the ALD approach to overcoat Ni NPs with MgO. With 200 ALD cycles, the basicity of the catalyst was greatly enhanced. In CO2-TPD, the control sample contains weak and moderate basic surface sites (0.7 µmol CO2/gcat desorbed around 170–400 °C) while 200-ALD-cycled catalysts comprise mostly strong basic sites (1.04 µmol CO2/gcat desorbed around 450–700 °C). The activity and stability of this catalyst were higher than the bare NiO and overcoated 50-ALD-cycled MgO/NiO. Other studies demonstrated that ALD-prepared catalysts present a significant improvement in sintering resistance and stability. Gould et al. synthesized Ni/Al2O3 with an overlayer of porous Al2O3 by molecular layer deposition (MLD) to stabilize the catalyst during DRM [127]. The resulting catalysts were less affected by sintering thanks to the presence of the overcoat. The activity and stability of the catalysts depended significantly on the calcination and reduction temperature. The catalyst with 10 MLD cycles showed high stability with repeated calcination and reduction cycles, and no deactivation over a long running time (up to 108 h) was observed. In another work on ALD-synthesized Ni/Al2O3 catalysts, Littlewood et al. reported that the overcoated catalysts were more resistant to sintering and coke formation compared to uncoated samples [128]. The authors found that the pretreatment of overcoated samples affects the induction time to reach maximal activity since the overlayers restructure themselves through the transformation of inactive spinel NiAl2O4 to active metallic Ni under the reaction stream.



The importance of thermal treatments was stressed also by Kim et al. while preparing Ni catalysts via one-pot evaporation-induced self-assembly (EISA) [129]. They found that the right annealing conditions are vital to obtaining improved morphological and structural characteristics (such as smaller and more dispersed Ni NPs) and, in turn, a superior catalytic activity in SMR.



Recently, Guo et al. synthesized Ni supported on Mg-Al-O by so-called cation-anion double hydrolysis (CADH) for DRM [130]. The preparation is done based on the simultaneous hydrolysis of Ni2+ and Mg2+ cations with AlO2− cation in an aqueous solution. The resulting catalyst possesses high surface area, uniform pore size, high basicity, and ultrasmall Ni nanoparticles upon reduction (2.1 nm). When compared with co-impregnated Ni/MgO-Al2O3 (Ni and Mg were co-impregnated on γ-Al2O3) in DRM, the CADH catalyst showed both higher initial activity and long-term stability. TOF of the CADH catalyst was calculated as 23.9 s−1, twice as much as conventional Ni/MgO-Al2O3. Moreover, virtually no coke was observed during 24 h TOS while the co-impregnated catalyst showed high coke formation accompanied by steady deactivation. The authors attributed the high activity and exceptional coke resistant property to small-sized Ni nanoparticles and enhanced CO2 activation thanks to the high basicity created by the preparation method.



The utilization of the freeze-drying method was investigated by Huang et al. [131]. In their study, Ni was co-precipitated with Mg and Al precursors to form an LDH structure, followed by freeze drying instead of conventional oven drying. The authors claimed that freeze drying helps preserve the platelet-like structure of parent LDH, thus improving the surface area and pore size distribution. The resulting catalysts, containing small Ni nanoparticles with high dispersion, performed exceptionally in DRM with high WHSV, up to 8.3 mmol CH4 s−1 g-cat−1. In the stability test, the freeze-dried catalysts showed higher coke resistance compared to oven-dried samples. The strong interaction between precursor species, accompanied by preserved highly porous morphology and uniform distribution of Ni species, was claimed to be a crucial factor for observed improvement.



In general, these less conventional synthesis methods have proved very useful in amplifying specific attributes of the final catalysts, such as the surface area (sol-gel, aerogel), phase distribution (sol-gel, Pechini method, ALD), Ni dispersion (sol-gel, Pechini method, precursor complexation), basicity (ALD), and sintering resistance (ALD), allowing researchers to understand how they impact on the reforming process. For example, in DRM, it turned out that high stability should be sought by enhancing the Ni-MgO interaction and/or by using the Al-containing phase to increase the surface area.



Scaling up the preparation of a catalyst, also taking into consideration the final shape of the material in a way that can be used in industrial applications, is often a difficult endeavor. Worth mentioning are two patents where two different approaches are disclosed with interesting results. In the first, spherical beads of the catalysts of 2.5 mm in size showed steady activity for about 350 h on stream thanks to particularly stable Ni NPs of 10 nm in size [132]. In the second, it is disclosed that 3D-molding approaches using different kinds of binder are a good way to produce active catalysts in shapes suitable for large reactors [133].





4. Bimetallic Ni-M/Mg(Al)O Catalysts for Reforming Reactions


4.1. Bimetallic Ni-M/Mg(Al)O Catalysts for SMR


Bimetallic catalysts are a promising area of research because they have improved properties compared to their parent metals, resulting in some cases in catalysts with higher selectivity, activity, and stability. Precious metals with high reforming activity and low coking tendency have been studied as promoters for Ni-based catalysts [134,135,136,137,138,139]. Among different synthesis methods reported for CH4 reforming catalysts (i.e., self-combustion, ion exchange, sol-gel, microemulsion, precipitation, wet impregnation, and colloidal), precipitation and impregnation methods are the most common ones [140,141,142,143,144].



The role of Pt as a promoter in Ni/Mg(Al)O catalysts has been investigated in different synthetic ways both for metal deposition and support preparation. Foletto et al. reported a catalyst synthesized by the sequential impregnation method while using the sol-gel method via alkoxide hydrolysis to synthesize the Mg(Al)O support [145]. XRD analyses revealed that as the calcination temperature of the support increased, the size of the crystallites rose exponentially, and the formation of the spinel phase occurred at temperatures higher than 600 °C. The formation of the pure spinel phase and a higher resistance to sintering were observed for calcination temperatures exceeding 700 °C. The catalytic activity of the catalyst as a function of different Pt content showed that 0.1 wt.% Pt is optimal compared to catalysts at higher Pt loadings. According to TPR results, Ni reduction peaks shifted to lower temperatures for small amounts of Pt (0.05–0.1 wt.%), while no significant changes were observed when increasing the Pt content.



The activity and stability of catalysts obtained by sequential Ni and Pt impregnation were studied by Jaiswar et al. [146]. MG30 (Sasol, 30 wt.% MgO: 70 wt.% Al2O3) was used as support, which experienced a weight loss of about 40 wt.% after the heat treatment due to the conversion of aluminum magnesium hydroxyl carbonate to Mg(Al)O [96]. The effect of Pt doping on Ni/Mg(Al)O catalysts was investigated with different Pt concentrations (0.01, 0.05, 0.1, 0.3, and 1.0 wt.% Pt) and 15 wt.% of Ni. According to the TPR results performed on the calcined samples, the reduction peak appeared at about 800 °C, which was higher than the reduction peak observed for Ni/Al2O3 catalysts doped with Pt and prepared with co-impregnation [147,148]. One reason for this could be the presence of MgO on the catalyst support, which might lead to a strong interaction between the metal oxide and the support itself [149,150]. The different Pt loadings showed that the crystallite size of the active metal increased up to 0.1 wt.%, accompanied by some agglomeration of the active metals on the support. The H2 uptake study also revealed a positive correlation between metal dispersion and Pt loading up to 0.1 wt.%, which was confirmed by TEM analysis. From the TEM images of 0Pt15Ni, 0.1Pt15Ni and 1.0Pt15Ni catalysts (the names referring to 0, 0.1, and 1.0 wt.% Pt, respectively), smaller NPs were observed for the 0.1Pt15Ni catalyst, while larger agglomerated ones were present in the 0Pt15Ni catalyst (Figure 4). In agreement with the dispersion of the active metals after the addition of Pt, the activity was the highest with the 0.1 wt.% Pt-doped Ni/Mg(Al)O catalyst. Higher Pt concentrations led to agglomeration of the active metal, resulting in lower catalytic activity.



Katheria et al. investigated Rh-Ni/Mg(Al)O catalysts prepared by sequential impregnation, designated as cat600600, cat600850, cat850600, cat850850 (the names referring to the first and second calcination temperatures) and co-impregnation referred to as RhNicoimp calcined at 600 °C [151]. The catalysts prepared by both methods showed the highest activity at lower calcination temperatures (calcined at 600 °C in each step). Basically, above that temperature, and regardless of the presence of Rh, hard-to-reduce Ni aluminate (NiAl2O4) formed, as can be seen in the UV-Vis spectra in Figure 5, which limited the catalytic activity. An improvement in the activity and stability of the catalysts was nonetheless observed after Rh loading mainly due to an increment of the reduction degree, dispersion of the active metals, and the formation of Rh-Ni alloy. It is noteworthy that Rh exerted a similar promoting behavior to Pt. Specifically, Rh loadings up to 0.1 wt.% led to an enhancement in the initial CH4 conversion and H2 yield, while further amounts had no significant effect.



With due care [152], another factor to be considered in catalysts doped with Rh and Pt is the hydrogen spillover effect [153,154,155]. Kinetic studies indeed showed that noble metals can promote the adsorption of the H2 formed during the reaction, which then spill over the non-noble metal thus contrasting its oxidation [155,156]. The presence of Pt-group metals in bimetallic formulations has the positive effect of facilitating the reduction of Ni as well as preventing its undesired oxidation during reforming operations.



Ru-doped Ni catalysts, effective for SMR without the prereduction treatment, were reported by Jeong et al. [157]. They investigated the effect of the addiction of Ru to Ni/Al2O3 and Ni/Mg(Al)O prepared by sequential impregnation under the same conditions. For both catalysts, Ru suppressed the carbon deposition and had a self-activation effect on the oxidized catalysts during reforming; Ni catalysts without Ru, on the contrary, were active only after reduction of the catalysts. As in the case of monometallic Ni catalysts (see Section 2), this study proved also that Ru-Ni/Mg(Al)O is more active than Ru-Ni/Al2O3, likely due to the presence in the latter of Ni species that are hard to reduce because they are dispersed as alluminates. In another study on a similar system, the self-reducibility was ascribed to the H2 spillover that occurred after the addition onto reduced NiO species under the reaction conditions, so that a very small amount of Ru (0.05 wt.%) exerted a positive effect on the conversion of CH4 [158]. The best-performing catalyst showed remarkable stability without deactivation in a long test over a period of 250 h.



Nawfal et al. studied in a more systematic way the effect of Ru on NixMg6−xAl2, with x = 2, 4, and 6 molar ratios [159]. Mixed oxides based on Ni, Mg, and Al were synthesized by the hydrotalcite route and then Ru was added via an impregnation method. Among the different catalysts tested, Ru/Ni6Al2 showed the best performance, attributed essentially to the stronger interaction between Ru and Ni as the former promotes the reducibility of the NiO species (Figure 6).



Kim et al. investigated the use of non-noble promoters for SMR with physically mixed Ni/Mg(Al)O + CrFe3O4 catalysts [160]. They noted that when Cr or Fe was added to the Ni/Mg(Al)O catalyst via classical sequential impregnation, Ni segregated, thus compromising the catalytic activity. On the contrary, the authors reported increased activity with the physically mixed catalysts that could be due to a more facile water activation by CrFe3O4. The recent case of a NiCo catalyst prepared via the one-pot evaporation-induced self-assembly method (EISA) whose activity is markedly higher than the parent monometallic counterpart [161] is notable. Although these catalysts were evaluated at relatively low space velocities (see Table 5 for a comparison with other catalysts), this work shows that co-precipitation methods or similar are a promising way to control the formation and alloying of Ni-M nanoparticles, thus unlocking some perks typical of bimetallic formulations such as a higher presence of catalytically active metal(s) [45,162]. Attempts at preparing active Ni-M catalysts through other procedures have resulted only in a very slightly better coke resistance [163].



Small amounts (<0.5 wt.%) of alkaline metals, such as Ca and Sr, have been reported as beneficial in suppressing the coke formation during the reaction of SMR but only in the presence of CO2, that is, simulated natural gas [164,165].



Not all noble metals promote Ni activity though. Indeed, Au-Ni/Mg(Al)O catalysts for SMR prepared by sequential impregnation revealed that the addition of a small amount of Au on Ni-based catalysts caused a decrease in H2 chemisorption and dissociative N2O adsorption, which can be mainly attributed to the effect of Au on the adsorption properties of several adjacent Ni sites [166]. Calculations showed that Au is usually located at step and edge sites, which are active sites for catalytic activity but can also serve as sites for carbon nucleation [167,168]. This study showed that the addition of 0.4 wt.% Au to 8.8 wt.% Ni/Mg(Al)O resulted in a small decrease in catalyst activity (Figure 7).




4.2. Bimetallic Ni-M/Mg(Al)O Catalysts for DRM


The presence of a metallic phase is necessary for the dissociative adsorption of CH4 and for the generation of H2 as well as chemisorbed carbon species during DRM. Some bimetallic systems are also capable of lowering the activation energy of the rate-limiting step [170,171]. A kinetic study by Niu et al. revealed that the addition of Pt to Ni reduces the activation energy for CH4 dissociation and lowers moderately the CO2 dissociation barrier energy, resulting in higher catalytic activity [172]. Re and Ru have been also described as active sites for CO2 activation, which, due to their electron-rich properties, can donate electrons to the CO2 antibonding orbitals and facilitate the reaction by weakening the C-O bond [173]. In addition, the dilution effect of the noble metal leads to higher metal dispersion, smaller particle size, and improves reducibility and oxidation resistance [174].



Ru, Pt, and Rh generally exhibit higher catalytic activity and stability compared to Ni due to their resistance to coke deposition [175,176,177]. Wu et al. investigated the effect of Pt and Au over Ni/Al2O3 and Ni/Al2O3-MOx (M = Ce or Mg) oxides synthesized by the sequential wet impregnation method [178]. Bimetallic Ni-Pt, Ni-Au, and trimetallic Ni-Au-Pt catalysts were prepared over pure Al2O3 and Al2O3 loaded with 10 wt.% MgO and CeO. The addition of Au and Pt promoted the Ni reduction, while only 0.2 wt.% Pt and Au was sufficient to suppress the coke formation, which was more evident in the case of the trimetallic formulation. In detail, in the monometallic Ni/Al2O3 catalyst, at least two types of carbon, namely amorphous carbon and carbon nanotubes, were found after the catalytic tests. The presence of MgO in the support was reported to suppress the formation of the amorphous type while in the case of CeO, carbonaceous species in the form of nanotubes were also observed. Bamboo-like carbon structures were found only in the most active catalyst, that is, Ni-Au-Pt/Al2O3. Moreover, particle size distributions for Ni/Al2O3 and Ni-Au-Pt/Al2O3 after a long run were measured and Ni-Au-Pt/Al2O3 was characterized by a narrower particle size distribution and by the presence of smaller metallic NPs.



In another impregnation synthesis process, Pt was loaded on a Ni/Mg(Al)O catalyst using glow discharge plasma pretreatment after impregnation and before calcination [179]. Such treatment was useful to improve the Ni dispersion but inhibited its reduction. The addition of Pt helped in this sense and in fact the bimetallic, plasma-treated Pt-Ni/Mg(Al)O catalyst demonstrated a higher conversion of both the reactant and a higher H2 yield. An improved resistance toward coke formation was also reported by the authors. The presence of Pt resulted in smaller Ni NPs in the fresh materials, while the plasma treatment was critical to prevent sintering. It is worth noting the filamentous carbon formations on the spent Ni/Mg(Al)O catalyst, which on the contrary cannot be seen on the spent P-Ni-Pt/Mg(Al)O catalyst. The authors suggest that this was due to the presence of Pt more than the plasma treatment, and specifically to an altered dissociative adsorption capacity of CH4 [180,181].



In a different way, the effect of Pt on Ni/Mg(Al)O catalysts was investigated by the combination of DFT and kinetic studies [172]. In that work, Pt was added to the supported Ni catalyst by a redox reaction. The remarkable feature of this synthesis method is that a very fine size of the Ni NPs can be obtained, likely because the reduced Ni is dissolved in the solution and then redispersed on the support during the redox reaction. For four catalyst models, the adsorption of key intermediates during the reaction was investigated by DFT calculations. The study showed that the energy barriers for both CH and C oxidation were lower after Pt loading, and the energy barrier for CH decomposition leading to surface carbon was higher after Pt loading, demonstrating the effect of Pt in the improvement of the catalytic performance and coke resistance.



The combination of Ni and Co as bimetallic catalysts and their synergistic effect on coke resistance was studied by Li et al. [182]. They attempted to develop a catalyst with high performance by controlling multiple factors including the size of the NPs, the interaction between the support and metal, the structure of the catalyst, and the alloying effect. The catalysts were prepared by co-precipitation in three different metal loadings. Increasing the Ni content of the catalyst resulted in an improved activity, in agreement with the study of Hu et al. [183]. They reported that at low Ni loadings, MgO surrounded the reduced metallic Ni atoms and limited the formation of Ni-Ni bonds and thus prevented the formation of Ni NPs. Metallic NPs of Ni and Co formed a bimetallic alloy, resulting in a more stable catalyst during DRM operations compared to the monometallic Ni catalyst. Since Co can hardly be reduced from its oxides or solid solutions, it can be employed to control the size of Ni NPs. Moreover, the elemental assignment of NiCo2(4,6)/Mg0.9(Al)O showed that the Ni and Co atoms were uniformly distributed into the metal NPs. The size of the metal NPs was close to that of the support in this catalyst, so this nanocomposite structure led to a stronger interaction between the metal NPs and the support. Recently, Duan et al. found that calcination and reduction of Ni-Co-Mg-Al hydrotalcite synthesized by the coprecipitation method yields fine Ni-Co alloy particles with uniform composition [184]. Ni-Co-Mg-Al hydrotalcite decomposes into a solid Mg(Ni,Co,Al)O solution during calcination, resulting in the incorporation of Ni and Co cations into the MgO lattice, and the subsequent reduction step produces an alloy with a similar Ni:Co ratio in the bulk composition. They showed that the prepared Ni-Co alloy effectively inhibited the decomposition of methane and improved the catalytic stability. Moreover, the increment of Co content in the Ni-Co alloy has a direct effect on the removal of the formed carbon species by enhancing the adsorption of CO2 on the metal particle and/or at the metal-support interface.



In general, many alloying effects of Ni-based catalysts with base metals and Ni-based catalysts with noble metals have been reported in DRM and SMR to improve the dispersion and reducibility of the supported metal, modify the catalytic performance such as activity and selectivity, and improve the resistance to carbon deposition, sulfur poisoning, sintering, and so on (see Table 6). However, the effects of alloys often vary with catalysts, compositions, and reaction conditions [185].



Ru was combined with various metals such as Cr, Fe, Co, Ni, and Cu by Tsyganok et al. using a novel method based on the ability of Mg(Al)O oxide to reconstruct a layered structure following the memory effect of calcined hydrotalcite when rehydrated with aqueous solutions [186,187,188]. Traditionally, LDHs are prepared by co-precipitation of Mg2+ and Al3+ cations at basic pH. Since LDH can incorporate and retain inorganic and organic anions, Ni was used as the anionic species in a complex with ethylenediaminetetra acetic acid [M(EDTA)]n−. After calcination, the first metal was introduced into the support as an anionic chelate by exploiting the memory effect of the calcined hydrotalcite, then the catalyst was calcined again, and the second metal (in this case Ru) was introduced into the catalyst pre-chelated EDTA (Figure 8). In this process, the chelated Ru3+ reduced to atomic species and then sintered to form metallic clusters. When the metallic Ru clusters reached a suitable size, they began to catalyze the dissociation of CH4 to C and H, which in turn can reduce the Ni oxide crystals by binding to the support surface near the Ru clusters. Catalysts obtained from this LDH showed high and sustained catalytic activity for the DRM reaction.



The influence of different supports on the catalytic activity of Ni and Ru-Ni catalysts was studied by Wysocka et al. [189]. They prepared bimetallic Ru-Ni catalysts by impregnation and precipitation methods. The highest activity was obtained with those supports that strongly interact with the active metals and have basic properties, which favor the dissociative adsorption of CO2 on the catalyst [5,42]. Thus, the highest activity was observed for Ni/Al2O3 and Ni/Mg(Al)O catalysts, where the addition of Ru particles improved the CH4 conversion and shifted the H2/CO molar ratio to lower values.



The influence of the support on Rh-modified Ni catalysts synthesized by wet impregnation was studied by Lucrédio et al. [190]. The presence of the noble metal, surprisingly, was detrimental to the catalytic activity mostly because of severe coke deposition. On the Al2O3 support the presence of Rh probably caused the segregation of Ni species with time-on-stream; on the Mg(Al)O support, the presence of Rh enhanced the dispersion of Ni by reducing the Ni0 crystallite size, but the Rh-Ni/Mg(Al)O sample still suffered from higher rates of carbon deposition, suggesting that the carbon deposition in this case was due to CH4 decomposition by Rh.



The evaluation of Fe-Ni catalysts synthesized via incipient wet impregnation found a sweet spot at a Fe/Ni molar ratio equal to 0.7 as the most active and least deactivated catalyst [191]. Crystallographic structural studies of bimetallic Fe-Ni/Mg(Al)O catalysts revealed that Fe2O3 and NiO were reduced to a Fe-Ni alloy in the presence of H2 above 634 °C, and this alloy decomposed to metallic Ni and Fe3O4 during CO2 oxidation above 627 °C. A Mars–van Krevelen mechanism was proposed for DRM based on in situ XRD and pulse experiments over Fe/Mg(Al)O, Ni/Mg(Al)O, and Fe-Ni/Mg(Al)O catalysts. Accordingly, CO2 oxidizes Fe to FeOx, and CH4 is activated at Ni sites to form H2 and surface carbon. Carbon can be re-oxidized from FeOx by lattice O, leading to CO (Figure 9).



Removal of carbon species from a Fe-Ni catalyst supported on Mg(Al)O after DRM at 750 °C was studied in another work by Theofanidis et al. [192]. The support material and the final catalyst were prepared by co-precipitation and incipient wetness impregnation methods, respectively. The elemental distribution of Fe-Ni proved that after CO2 oxidation, segregation of Ni and Fe particles occurred as Fe was oxidized to Fe3O4, and the Fe-Ni alloy was decomposed. A subsequent H2 reduction step could then lead back to Fe-Ni alloy and restore the original activity. It appears that in the process of carbon removal detected by XRD analyses and temporal analyses of the products, there were two parallel contributions: First the dissociation of CO2 over Ni followed by oxidation of the carbon species by surface oxygen; second, the Fe oxidation by CO2 followed by oxidation of carbon species by Fe oxide lattice oxygen (Fe oxide reduction step).



To study in more detail the effect of Fe addition, Wan et al. reduced a Ni-Fe/Mg(Al)O alloy catalyst at different temperatures [193]. The alloy catalyst was prepared by co-precipitation in one step and compared with Fe/Mg(Al)O and Ni/Mg(Al)O at the same metal content. Since CH4 decomposition is an important reason for coking on Ni/Mg(Al)O, the activation energy of CH4 was measured, indicating that the alloy Ni-Fe inhibited the CH4 dissociation [86]. Compared with Ni-Fe/Al2O3 and Ni-Fe/Mg(Al)O catalysts prepared by the impregnation method, Ni-Fe alloy particles generated in situ from Mg(Ni, Fe, Al)O solid solutions yielded a catalyst with higher activity, stability, and good resistance to coking [194,195]. This can be attributed to the greater homogeneity of the alloy composition, which led to the formation of smaller particle sizes and stronger interaction of the metals with the support. It was proposed that CH4 is mainly dissociated on the Ni sites forming adsorbed carbon, while CO2 can provide adsorbed O through the activation at the metal-support sites to restore the active surface.





5. Conclusions and Perspectives


Ni/Mg(Al)O catalysts have been extensively studied in the last years due to their activity in both SMR and DRM reactions for H2 production. What makes them so interesting is the possibility to finely tune their characteristics such as surface area, metal–support interaction, basicity, etc. by selecting the proper compositions, preparation methods, and thermal treatments. Here we summarized the most recent advances found in the literature about these catalysts, focusing on the strategies and their impact to enhance their catalytic activity and stability (Figure 10).



Ni/Mg(Al)O catalysts typically feature well-dispersed Ni metal particles (only up to about 15 wt.% Ni loadings) whose reducibility depends strongly on the composition and overall synthesis procedure [84,114]. NiO with little interaction with the support, for instance, may be exploited for low-temperature applications [196], while the formation of the Ni spinel phases with Al or Mg can suppress the Ni NPs sintering during high-temperature operations [55,56,60,61]. It is noteworthy that a certain amount of MgO was found to be beneficial to limit the coke deposition due to its Lewis acidity [68]; an excessive loading, however, was reported to cause the failure of the catalyst [69].



The monometallic Ni/Mg(Al)O catalysts, although very active in both reactions, suffer from Ni oxidation during daily start-up and shut-down operations [197]. Trace amounts of noble metal dopants such as Pt, Rh, and Ru easily suppress such oxidation and hence result in more stable catalysts. For SMR applications, only 0.1 wt.% of Pt or Rh added by the sequential impregnation method is enough to exert such a positive effect [145,146,151,153,198].



A remarkable feature of Ru-doped catalysts prepared by wet impregnation is that they are active without the need for reductive treatments prior to catalytic testing, which is an important economic point [157,158,159]. Not all noble metals are effective promoters though. A good example is Au, which showed a positive effect in retarding the coke formation in butane steam reforming [166]. In SMR, despite some modeling works predicting that alloying Au with Ni would hamper the coke formation [199,200], not only was it not completely suppressed, but the bimetallic Ni-Au catalysts were less active than the monometallic counterpart [166].



Apart from a recent work featuring Ni-Co catalysts prepared via a one-pot evaporation-induced self-assembly method with enhanced coke resistance [161], no promoting effects have been reported by adding non-noble metals to Ni/Mg(Al)O catalysts for SMR.



Pt, Ru, and R are among the most common promoters for Ni/Mg(Al)O catalysts for DRM. Once again, the main purpose of adding such metals is to increase the reducibility of Ni, but there are cases of Pt-modified materials, even in trimetallic formulations with Au [180], that show also a remarkably higher coke resistance [172,175,176,178,179]. Care must be paid as unwanted Ni segregation might occur while adding a noble metal promoter [190].



Contrary to SMR, there are few, but very interesting, examples of Ni catalysts promoted by non-noble metals. For example, Co, added by co-precipitation, can be exploited to control the metal–support interaction and in turn the size of Ni NPs. The resulting bimetallic catalysts showed enhanced stability in DRM [182]. A relevant coke deposition suppression effect was reported using Fe-Ni catalysts [191,192,193]. During the DRM reaction, the active phase is the Fe-Ni alloy, but some Fe oxide phases form and provide a surface O lattice that promotes coke gasification. Careful dosing of the two metals is critical to achieving this result [191,193,201].



To conclude, looking at Figure 10, two main considerations can be drawn about the attempts made at manufacturing highly performing and resistant Ni/Mg(Al)O catalysts for both CH4 reforming processes. Firstly, co-precipitation is the most exploited synthetic method, likely because it has delivered the best results in terms of overall catalytic enhancements. The reason might be that having Ni within the main oxide matrix allows for finer control over the final Ni nanoparticles upon reduction treatments by regulating the metal–support interaction [54,86,161]. Secondly, there is still an overdependence on noble metals as too few base metals have shown sufficient promoting effects. Fe is a promising candidate, but only in DRM, whereas it catastrophically oxidizes during SMR leading to inactive Fe oxide phases [202]. So far, no active Ni-Fe catalysts have been reported for SMR. This hints at the fact that despite sharing many similarities, SMR and DRM reactions are too different to have a catalyst active and stable in both, hence the development of new catalysts should be tailored to the specific reaction.



It is evident from this literature review that some challenges remain for Ni/Mg(Al)O catalysts for SMR and DRM applications. Probably the most crucial is the tendency of Ni to oxidize under the harsh reaction conditions typical of both processes. So far, only noble metals have proved effective in suppressing that, which makes the development of non-noble promoters for SMR even more urgent. Moreover, considering the sensitivity of both the processes to the Ni NPs size, what appears from the literature is that there is still a rather poor control over the final NPs sizes, especially for high temperatures and long-run applications. In addition, while both Mg and Al are necessary to achieve high activity and stability, there is also a lack of control over the final location of the Ni NPs upon reduction, meaning that it is hard to control with which crystal phase the Ni NPs preferentially interact.



Another important factor affecting both reactions is the coke resistance. Again, in SMR, essentially only noble metals can suppress the coke deposition.



What is really lacking in the study and development of Ni(M)/MgAlO catalysts for both SMR and DRM reactions is a deep understanding of the catalysts under working conditions. There are some examples of investigations carried out in operando or in-situ conditions, but they are mostly XRD [119,182] and DRIFTs [144] focused on revealing the crystal phases after reduction and the Ni-Ru interaction, respectively. Others studied the basicity of the catalysts after reductive treatments via CO2-TPD analyses [140] and the Ni NPs’ growth after steam treatments through HRTEM [154]. More detailed studies evidencing the transformations occurring during the reductive treatments and during the catalytic reactions, perhaps focusing on the electronic and actual metal–support interaction, are needed.



One strategy worth pursuing to prepare more active Ni(M)/MgAlO catalysts might consist in better exploiting the phase composition of the Mg-Al-O supports. An effective way to prepare catalysts featuring the correct amounts of MgO and NiO-MgO phases—which improve, respectively, the coke resistance and prevent the Ni NPs sintering upon reduction—is needed, possibly through the memory effect of hydrotalcite materials. More advanced preparation methods, such as ALD, have allowed a deeper understanding as well as finer control over many parameters affecting the final catalytic activity but seem hard to scale up. Some methods to prepare catalysts in large quantities (such as kneading) and already in a suitable shape for large-scale reactors (such as 3D printing) have been patented, but are limited to monometallic formulations for SMR while bimetallic catalysts are reported to show improved coke resistance only when using simulated natural gas, which is, in other words, during the DRM reaction.
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Figure 1. Equilibrium conversion of (A) SMR against temperature, pressure, and steam/methane ratio. Reprinted with permission from [9], copyright 2022, Elsevier. (B) DRM against temperature and CO2/CH4 ratio (C) DMR against reactants and products distribution for CO2/CH4 = 1, 900 °C and n (CH4 + CO2) = 2 mol. Reprinted with permission from [13], copyright 2011, Elsevier. 
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Figure 2. (a–e) TPR and reduction degree of Ni/Al2O3 with different loading and different calcination temperature. Reprinted with permission from [56], copyright 2018, Elsevier. 
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Figure 3. TPR of Ni-MgO samples with different loading of MgO. Reprinted with permission from [64], copyright 2011, Elsevier. 
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Figure 4. TEM images and active metal particle size distribution for (a) 0Pt15Ni, (b) 0.1Pt15Ni, and (c) 1.0Pt15Ni catalysts. Reprinted with permission from [146]. Copyright 2017, Elsevier. 
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Figure 5. UV–vis spectroscopic patterns of (a) RhNicoimp, (b) Cat600600, (c) Cat600850, (d) Cat850600, and (e) Cat850850. Reprinted with permission from [151], copyright 2019, Elsevier. 
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Figure 6. TPR profiles of Ru/NixMg6-xAl2 samples (x = 2, 4 and 6). Reprinted with permission from [159], copyright 2015, Elsevier. 
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Figure 7. SMR activity over 8.8 wt.% Ni/Mg(Al)O (O) and 0.4 wt.% Au–8.8 wt.% Ni/Mg(Al)O (■). Reaction conditions: 550 °C, H2O/CH4/H2 = 4.5/4.5/1, 3.3 × 106 cc/(h g). Reprinted with permission from [166], copyright 2006, Elsevier. 
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Figure 8. Synthetic strategy of preparing bimetallic catalysts, supported on Mg–Al mixed oxide: calcination of synthetic hydrotalcite in air at 500 °C to Mg(Al)O mixed oxide (step A), introduction of a transition metal M1 as an anionic chelate (M1Y−) using a ‘‘memory effect’’ of calcined HT (step B), second calcination in air at 500 °C (step C), reconstruction of a layered structure and introduction of a second metal M2, i.e., Ru(III) pre-chelated with EDTA (step D), and an in situ generation of a bimetallic (M2-M1) catalyst from LDH precursor under the DRM reaction conditions (step E). Reprinted with permission from [186], copyright 2005, Elsevier. 






Figure 8. Synthetic strategy of preparing bimetallic catalysts, supported on Mg–Al mixed oxide: calcination of synthetic hydrotalcite in air at 500 °C to Mg(Al)O mixed oxide (step A), introduction of a transition metal M1 as an anionic chelate (M1Y−) using a ‘‘memory effect’’ of calcined HT (step B), second calcination in air at 500 °C (step C), reconstruction of a layered structure and introduction of a second metal M2, i.e., Ru(III) pre-chelated with EDTA (step D), and an in situ generation of a bimetallic (M2-M1) catalyst from LDH precursor under the DRM reaction conditions (step E). Reprinted with permission from [186], copyright 2005, Elsevier.
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Figure 9. Schematic diagram of Fe-Ni alloy formation, during H2 reduction, and decomposition, during CO2 oxidation Adapted with permission from [191], copyright 2015, American Chemical Society. 
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Figure 10. Schematic depiction of the main strategies adopted to enhance the catalytic activity of Ni-M/Mg(Al)O catalysts for SMR and DRM applications. 
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Table 1. Types of carbon formed during reforming reactions, their effects and critical conditions favoring the formation.
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	Carbon Type
	Effect on Catalysts
	Effect on Reactor
	Favored Conditions
	Preventive Measures





	Whisker carbon
	Catalyst pellet break-up
	Increase on pressure build-up
	Feed of olefins and aromatics, low H2O/C ratio, high operating temperature
	Increase H2O/C ratio



	Gum
	Deactivation by blocking active site
	
	Feed of aromatics, low H2O/C ratio, absence of H2, low operating temperature
	Increase H2O/C ratio

Increase operating temperature

H2 co-feed



	Pyrolytic coke
	Deactivation by blocking active site
	Coke accumulation in reactor wall, increase on pressure build up
	Feed of olefins, long residence time, high operating temperature, feed containing sulfur
	Reduce residence time

Remove sulfur from feed
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Table 2. Monometallic Ni catalysts supported on Mg(Al)O obtained by co-precipitation and impregnation methods for SMR and DRM.
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	Catalyst

(Ni Loading wt.%)
	Synthesis

Method
	Catalytic

Process
	Parameter

Investigated (1)
	Reaction

Conditions
	Main Findings (3)
	Ref.





	Ni/Al2O3

(46.6–73.5 wt.%)
	Co-precipitation
	DRM
	Ni/Al ratio
	GHSV = 12 L g−1 h−1

CO2/CH4 = 1

T = 400–700 °C

(2) Max CH4 conv. = 90% (700 °C)
	High Ni/Al ratio resulted in high reducibility and large particles

Molar ratio Ni/Al = 2 showed the best result

Higher calcination temperature resulted in higher activity
	[82]



	Ni/MgO

(2–20 wt.%)
	Impregnation on MgO nanosheets
	DRM
	Ni loading;

(2–20 wt.%)
	GHSV = 36 L g−1 h−1

CO2/CH4 = 1

T = 450–650 °C

Max CH4 conv. = 63% (650 °C)
	High Ni loading resulted in larger particles

Activity and stability increased with Ni loading from 2 to 10 wt.%

Activity and stability decreased with Ni loading from 10 to 20 wt.%
	[83]



	Ni/3 wt.%MgO-Al2O3

(5–20 wt.%)
	Ni, Mg impregnation on sol-gel Al2O3
	DRM
	Ni loading

(5–20 wt.%)
	GHSV = 12 L g−1 h−1

CO2/CH4 = 1

T = 550–700 °C

Max CH4 conv. = 76% (700 °C)
	High Ni loading led to segregation of NiO phase

Coke formation was higher for higher Ni loadings
	[84]



	Ni/Mg(Al)O

(2.5–15 wt.%–)
	Co-precipitation
	DRM
	Ni loading

(2.5–15 wt.%)
	GHSV = 18 Lg−1 h−1

CO2/CH4 = 1

T = 550–700 °C

Max CH4 conv. = 74% (700 °C)
	High Ni loading promoted NiO phase formation, improving reducibility

Activity and coke formation proportionated to Ni content
	[85]



	Ni/Mg(Al)O

(1–15 wt.%)
	Impregnation on co-precipitated MgAl2O4
	DRM
	Ni loading

(1–15 wt.%)
	GHSV = 90 L g−1 h−1

CO2/CH4 = 1

T = 750 °C

Max CH4 conv. = 93%
	High Ni loading improved reducibility, activity, and coke generation.

Too low Ni loading (i.e., 1 wt.%) showed deactivation overtime
	[43]



	Ni/Mg(Al)O

(4–60 wt.%)
	Co-precipitation (LDH)
	DRM
	Ni loading

(4–60 wt.%)
	GHSV = 20,000 h−1

CO2/CH4 = 1

T = 550–750 °C

Max CH4 conv. = 90% (750 °C)
	High Ni loading increased particles size, reducibility, and basicity

No obvious sintering is presented after reaction

High Ni loading promotes carbon formation.
	[86]



	Ni/Mg(Al)O

(3–18 wt.%)
	Co-precipitation
	DRM
	Ni loading

(3–18 wt.%)
	GHSV = 60 L g−1 h−1

CO2/CH4 = 1

T = 500–800 °C

Max CH4 conv. = 95% (800 °C)
	Active site dispersion is optimal at Ni loading of 15 wt.%

High CH4 conversion and CO disproportionation using high Ni loadings

At high Treaction, high Ni loading catalyst was more stable

At low Treaction, high Ni loading catalyst was less stable
	[87]



	Ni/Mg(Al)O

(15 wt.%)
	Co-precipitation (LDH)
	SMR
	Molar Ni/Mg-Al

(2, 3, 4)
	GHSV = 900 L g−1 h−1

H2O/CH4 = 4

T = 650 °C

Max CH4 conv. = 42%
	Highest surface area, Ni dispersion was obtained with molar Ni/Mg-Al = 3

Molar Ni/Mg-Al = 3 showed highest activity in SMR
	[88]



	Ni/Mg(Al)O

(6.3–12.6 wt.%)
	Co-precipitation (spc) or impregnation
	SMR
	Synthesis method, molar Ni/Mg ratio
	GHSV = 120 L g−1 h−1

H2O/CH4 = 2

T = 800 °C

Max CH4 conv. = 95%
	Highest dispersion, best activity, and stability were observed with co-precipitated catalyst with a Ni/Mg molar ratio = 0.5/2.5
	[77]



	Ni/Mg(Al)O

(16.3 wt.%)
	Co-precipitation (spc)
	SMR
	Molar ratio Mg/Al
	GHSV = 180–900 L g−1 h−1

H2O/CH4 = 2

T = 800 °C

Max CH4 conv. = 98%
	Low molar Mg/Al ratio resulted in Al(OH)3 and amorphous solid NiO-MgO and stable MgAl2O4

Co-precipitated catalyst particles size remained after reaction

Co-precipitated Ni0.5/Mg2.5-Al showed high activity, stable for 600 h
	[79]



	Ni/Al2O3

(5 wt.%)
	Impregnation in mesoporous Al2O3
	DRM
	Tcal (500–800 °C)
	GHSV = 120 L g−1 h−1

CO2/CH4 = 1

T = 650–700 °C

Max CH4 conv. = 78% (700 °C)
	Calcination at 700 °C promoted spinel and limitedNiO-Al2O3 phase formation

Too high calcination temperature (800 °C) reduced catalyst activity
	[89]



	Ni/Al2O3

(3 wt.%)
	Impregnation
	DRM
	Tcal (500–900 °C)Tred (500–800 °C)
	GHSV = 2.6 L g−1 h−1

CO2/CH4 = 1

T = 500–800 °C

Max CH4 conv. = 85% (800 °C)
	High Tcal reduced surface area but promoted basicity

No difference in activity was observed with Tcal

Reduction at lower than 700 °C showed no or little activity
	[90]



	Ni/Al2O3

(10 wt.%)
	Impregnation
	DRM
	Tcal, Tred
	GHSV = 20 L g−1 h−1

CO2/CH4 = 1

T = 500, 700 °C

Max CH4 conv. = 87% (700 °C)
	High Tcal promoted formation of spinel phase

Calcination pretreatment did not affect activity and coke deposition

Reduced catalyst minimized the coke deposition
	[91]



	Ni/Al2O3

(16 wt.%)
	Impregnation
	DRM
	Tcal (350–900 °C)
	GHSV = 480 L g−1 h−1

CO2/CH4 = 1

T = 500–800 °C

Max CH4 conv. = NR
	Catalyst calcined at 900 °C forms NiAl2O4.

The catalyst was stable for 100 h TOS

Strong Ni-Al interaction prevented particles being pushed by coke formed, reducing catalyst breakage.
	[92]



	Ni/Mg

(20 wt.%)
	Impregnation
	DRM
	Tcal (600–800 °C)
	GHSV = 20 L g−1 h−1

CO2/CH4 = 1

T = 800 °C

Max CH4 conv. = 93%
	High Tcal reduced interaction of Ni-MgO and reducibility

No weakly interacting NiO when Tcalc = 800 °C

More CO2 adsorption site with increased Tcalc

Catalyst calcined at higher temperature is more active
	[93]



	Ni/MgO

(13.1 wt.%)
	Impregnation
	DRM
	Mg precursor

Tcal of support
	GHSV = 60 L g−1 h−1

CO2/CH4 = 1

T = 790 °C

Max CH4 conv. = 75%
	[MgCO3]4Mg(OH)2 precursor formed stable MgO at high Tcal

Ni impregnated on [MgCO3]4Mg(OH)2 showed highest CO yield

Induction time to reach stable conversion depended on precursor and Tcal of support
	[94]



	Ni/Mg(Al)O

(55 wt.%)
	Co-precipitation
	DRM
	Tcal, Tred
	GHSV = 1000 L g−1 h−1

CO2/CH4 = 1.25

T = 800–900 °C

Max CH4 conv. = 74% (900 °C)
	Low Tcalc resulted in rock-salt type with amorphous phase

High Tcalc resulted in spinel type with high crystallinity

Reduction at 800 °C and 900 °C resulted in small nanoparticle (9 nm)

Reduction at 1000 °C promoted sintering to large particles (19 nm)

High reaction temperature resulted in lower coke formation
	[95]



	Ni/Mg(Al)O

(15 wt.%)
	Impregnation on LDH (MG30)
	SMR
	Tcal (350–1000 °C)
	GHSV = 65 L g−1 h−1

P = 1–10 bar

T = 600 °C

H2O/CH4 = 5

Max CH4 conv. = 50%
	High Tcal reduced crystallite size

Catalysts with Tcal lower than 650 °C deactivated with increased reaction pressure

Optimal catalyst calcined at 850 °C
	[96]



	Ni/MoCeZr/MgAl2O4-MgO

(10 wt.%)
	Co-precipitation
	DRM
	Tcal
	GHSV = 60 L g−1 h−1

CO2/CH4 = 1

T = 900 °C

Max CH4 conv. = 95%
	Higher Tcal (900 °C) promoted MgAl2O4 phase but decreased the surface area. NiAl2O4 phase was not observed.

At Tcal = 800 °C the catalyst showed the highest activity and stability
	[97]



	Ni/Mg(Al)O

(22.3–50.3 wt.%)
	Co-precipitation
	DRM
	Molar Mg/Al, Ni/Mg ratio

Tcal (550–700 °C)

Tred (550–700 °C)
	GHSV = 45 L g−1 h−1

CO2/CH4 = 2

T = 500–700 °C

Max CH4 conv. = 92% (700 °C)
	Surface area was independent from Ni content but decreased with low molar Mg/Al ratio

Reduction, but not calcination, affected the activity

Mg/Al affected activity more than Ni/Mg

Reduction temperature enhances activity and H2 selectivity

Low Mg/Al molar ratio negatively affected the activity
	[98]



	Ni/Mg(Al)O

(2.5–10 wt.%)
	Co-precipitation or Impregnation
	DRM
	Tcal, Tred, preparation method
	GHSV = 15 L g−1 h−1

CO2/CH4 = 1

T = 700–800 °C

Max CH4 conv. = 97% (700 °C)
	High Tcal reduced specific surface area and dampened reducibility

Activity decreased when catalyst was treated at high Tcal

Ni-Mg/Al by co-precipitation showed good resistance to coke

Ni/MgO by impregnation showed higher activity than co-precipitation
	[99]







(1) Tred: Reduction temperature, Tcal: Calcination temperature; (2) When not mentioned, reaction pressure is atmospheric; (3) Highest conversion reported among investigated catalysts; NR: not reported.
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Table 3. General effects of synthesis conditions on Ni/Mg(Al)O catalysts.
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	Synthesis conditions
	Advantages
	Disadvantages





	High calcination temperature
	
	-

	
More stable catalyst by favoring the formation of the spinel phase






	
	-

	
Decrease in the surface area




	-

	
Less exposed Ni




	-

	
Promotes sintering




	-

	
Decreases reducibility









	High reduction temperature
	
	-

	
Activates catalyst




	-

	
More metallic Ni






	
	-

	
Creates large particles




	-

	
Promotes sintering









	High Ni loading
	
	-

	
More active catalyst




	-

	
Increases reducibility




	-

	
Increases basicity






	
	-

	
Creates larger particles




	-

	
Promotes sintering




	-

	
Promotes coke formation
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Table 4. Monometallic Ni catalysts supported on Mg(Al)O obtained by advanced methods for SMR and DRM.
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	Catalyst

(Ni Loading)
	Synthesis

Method
	Catalytic

Process
	Reaction Conditions (1)
	Main Findings
	Ref.





	Ni/Mg(Al)O

(4.3–19.0 wt.%)
	Sol-gel
	DRM
	GHSV = 120 L g−1 h−1

CO2/CH4 = 1

T = 800 °C

(2) Max CH4 conv. = 98%
	Sol-gel hydrotalcite formed periclase instead of spinel phase upon calcination

Catalysts from sol-gel precursor calcined at 650 °C possessed the best activity and low carbon formation.
	[114]



	Ni/Al2O3

(30.4–52 wt.%)
	Sol-gel
	DRM
	GHSV = 30 L g−1 h−1

CO2/CH4 = 1

T = 700–800 °C

Max CH4 conv. = NR
	Sol-gel method enabled homogeneous and stochiometric spinel formation.

Ni-rich catalysts contained separated Ni particles, promoting carbon formation
	[115]



	Ni/Mg(Al)O

(15 wt.%)
	Sol-gel
	DRM
	GHSV = 72 L g−1 h−1

CO2/CH4 = 1

T = 800 °C

Max CH4 conv. = 90%
	Sol-gel Ni/Al2O3 showed poor activity and high coke formation

Sol-gel Ni/MgO showed high activity despite low reducibility

Sol-gel Ni/Mg(Al)O obtained the highest activity and steady performance
	[116]



	Ni/Al2O3

(20–45 wt.%)
	Pechini method
	DRM
	GHSV = 52,400 h−1

CO2/CH4 = 1

T = 700 °C

Max CH4 conv. = 43%
	Highly uniform, highly crystalline, and grain-sized NiAl2O4 were formed

Unreduced stochiometric spinel NiAl2O4 was active for DRM
	[119]



	Ni/Al2O3

(20–45 wt.%)
	Pechini method
	SMR
	GHSV = 65,500 h−1

H2O/CH4 = 2.4

T = 700 °C

Max CH4 conv. = 82%
	Highly uniform, highly crystalline, and grain-sized NiAl2O4 were formed

Reduced Ni particles were active for SMR
	[119]



	Ni/Al2O3

(10 wt.%)
	Aerogel
	DRM
	GHSV = 24 L g−1 h−1

CO2/CH4 = 1

T = 700 °C

Max CO2 conv. = 60%
	High surface area support and uniformed active sites were prepared by supercritical CO2 drying

Higher loading of Ni in aerosol catalysts led to higher coke formation
	[121]



	Ni/Al2O3

(6 wt.%)
	Impregnation of Ni-complex
	SMR
	GHSV = 24 L g−1 h−1

H2O/CH4 = 3

T = 500–800 °C

Max CH4 conv. = 99 % (800 °C)
	Complexing Ni before impregnation hindered particle growth

Ni-triethylamine performed well in SMR
	[122]



	Ni/Al2O3

(1 wt.%)
	Atomic layered deposition (ALD)
	DRM
	GHSV = 34 L g−1 h−1

CO2/CH4 = 1

T = 700–850 °C

Max CH4 conv. = 99% (850 °C)
	ALD catalysts showed higher activity than impregnated ones.

ALD catalysts required a longer induction period
	[124]



	Ni/Al2O3

(0.8–2 wt.%)
	ALD
	DRM
	GHSV = 7.2 L g−1 h−1

CO2/CH4 = 1

T = 400–800 °C

Max CH4 conv. = 80% (800 °C)
	ALD catalysts contained more NiO, resulting in higher activity compared to impregnated catalysts
	[125]



	Ni/MgO

(NR)
	ALD
	DRM
	GHSV = 12 L g−1 h−1

CO2/CH4 = 1

T = 800 °C

Max CH4 conv. = 73%
	MgO-deposited catalysts obtained higher basicity

The activity and stability of the catalysts were greatly enhanced with ALD
	[126]



	Ni/Al2O3

(0.8 wt.%)
	Molecular layered deposition
	DRM
	GHSV = 30 L g−1 h−1

CO2/CH4 = 1

T = 700 °C

Max CH4 conv. = 38%
	MLD catalysts exhibited sintering resistance

10 MLD cycled catalyst was stable up to 108 h time of stream
	[127]



	Ni/Al2O3

(2 wt.%)
	ALD
	DRM
	GHSV = 72 L g−1 h−1

CO2/CH4 = 1

T = 700 °C

Max CH4 conv. = 39%
	ALD catalysts show higher stability compared to spinel NiAl2O4

Induction time was required for ALD to restructure the overlayer to active Ni species
	[128]



	Ni/Mg(Al)O

(not found)
	EISA
	SMR
	GHSV = 10 L g−1 h−1

H2O/CH4 = 3

T = 800 °C

Max CH4 conv. = 97.6%
	The most active catalyst prepared via sequential inert-air thermal treatments
	[129]



	Ni/Mg(Al)O
	CAHD
	DRM
	GHSV = 96 L g−1 h−1

CO2/CH4 = 1

T = 700 °C

Max CH4 conv. = 79%
	CAHD catalysts had higher surface area, uniform pore size, high basicity, and small Ni nanoparticle (2.1 nm)

The activity and stability of the catalysts were higher than the co-impregnated Ni/MgO-Al2O3 catalyst.
	[130]



	Ni/Mg(Al)O

(LDH)
	Freeze drying
	DRM
	GHSV = 480 L g−1 h−1

CO2/CH4 = 1

T = 800 °C

Max CH4 conv. = 93%
	Freeze drying preserved LDH-like platelet structure and resulted in higher Ni dispersion.

Freeze dried catalysts showed higher activity (rate 8.3 mmol CH4 s−1 g-cat−1 at 900 °C) and higher coke resistance
	[131]



	Ni/Mg(Al)O

(12 wt.%)
	Impregnation + 3D printing
	SMR
	GHSV = 6 L g−1 h−1

H2O/CH4 = -

T = 800 °C

Max CH4 conv. = 75%
	Ni impregnated on a 3D printed support with a binder for large-sized reactors
	[132]



	Ni/Mg(Al)O

(8 wt.%)
	Co-precipitation
	SMR
	GHSV = 2.5 L g−1 h−1

H2O/CH4 = 1.8

T = 700 °C

Max CH4 conv. = 93.2%
	Coke deposition after 350 h on stream of 0.32 wt.%

Catalyst molded into 2.5 mm diameter spherical beads
	[133]







(1) When not mentioned, reaction pressure is atmospheric; (2) Highest conversion reported among investigated catalysts; NR: not reported.
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Table 5. Bimetallic Ni catalysts supported on Mg(Al)O for SMR.
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	Catalyst

(M1/M2)
	Synthesis Method
	Reaction

Conditions (1)
	Main Finding
	Ref





	Pt-Ni/Mg(Al)O

(0.1 wt.%/15 wt.%)
	Sequential impregnation;

Support: obtained by sol–gel method, calcined at 1100 °C
	GHSV = 9.6 L g−1 h−1

H2O/CH4 = 4

T = 600 °C

(2) Max CH4 Conv. = 80%
	
	-

	
The catalytic activity of Ni/Mg(Al)O was significantly improved by the addition of Pt.




	-

	
There is a proportional relationship between CH4 conversion and metal surface area.






	[145]



	Pt-Ni/Mg(Al)O

(0.1 wt.%/15 wt.%)
	Sequential impregnation;

Support: Commercial MG30,

calcined at 900 °C
	GHSV = 83 L g−1 h−1

H2O/CH4 = 5

T = 600 °C

Max CH4 Conv. = 65%
	
	-

	
0.1 Pt wt.%-doped catalyst showed the maximum dispersion of active metals.




	-

	
At higher concentrations of Pt on the metal surface, agglomeration of active metals occurred.




	-

	
The addition of Pt increased the CO selectivity and decreased the H2/CO ratio.






	[146]



	Rh-Ni/Mg(Al)O

(0.5 wt.%/15 wt.%)
	Sequential impregnation;

Support: Commercial MG30,

calcined at 900 °C
	GHSV = 83 L g−1 h−1

H2O/CH4 = 5

T = 600 °C

Max CH4 Conv. = 59.2%
	
	-

	
The addition of 0.1 Rh wt.% to Ni/Mg(Al)O significantly increased the catalytic activity.




	-

	
Further addition of Rh had no significant effect on the initial catalytic activity.




	-

	
The sequentially impregnated catalyst showed better activity than the catalyst prepared via the co-impregnated method and calcined at 600 °C.






	[151]



	Ru-Ni/Mg(Al)O

(0.5 wt.%/20 wt.%)
	Sequential impregnation;

Support: co-precipitated, calcined at 900 °C
	GHSV = 160 L g−1 h−1

H2O/CH4 = 1.2

T = 650 °C

Max CH4 Conv. = NR
	
	-

	
Mg(Al)O-supported catalysts were more active than Al2O3-supported ones in the reforming reaction.




	-

	
NiO species are more dispersed and reducible on Mg(Al)O compared to NiO species on Al2O3.






	[156]



	Ru-Ni/Mg(Al)O

(0.1 wt.%/12 wt.%)
	Stepwise impregnation;

Co-impregnation;

Support: commercial MG30
	GHSV = 50 L g−1 h−1

H2O/CH4 = 3

T = 700 °C

Max CH4 Conv. = 89%
	
	-

	
A trace amount of Ru (0.05 wt.%) addition over Ni/Mg(Al)O catalyst showed excellent self-activation property.




	-

	
Impregnation of Ni in the first step showed better catalytic activity especially at lower temperatures compared to sequential impregnation of Ni after Ru.






	[158]



	Ru/Ni4Mg2Al2

(0.5 wt.%)

Ru/Ni2Mg4Al2

(0.5 wt.%)
	Co-precipitation followed by Impregnation;

Support: Coprecipitation, calcined at 800 °C
	GHSV = 6 L g−1 h−1

H2O/CH4 = 1

T = 650 °C

Max CH4 Conv. = 76%
	
	-

	
Ru not only facilitated the reducibility of NiO species but also increased their amount.




	-

	
Ru-Ni interaction was higher in the catalyst with higher Ni content and so the activity increased.




	-

	
The presence of Mg is not necessary and Ru-Ni interaction is sufficient to obtain high activity and selectivity.






	[159]



	Fe-Ni/Mg(Al)O

(1 wt.%/15 wt.%)

Cr-Ni/Mg(Al)O

(1 wt.%/15 wt.%)

Ni/Mg(Al)O + CrFe3O4

(15 wt.%/10 wt.%)
	Sequential dry impregnation;

Support: Commercial MG70
	GHSV = 3000 h−1

H2O/CH4 = 2

T = 700 °C

Max CH4 Conv. = 84%
	
	-

	
Promoted catalysts showed smaller Ni particle sizes but increased the formation of segregated Ni metal and resulted in a negative effect on activity.




	-

	
Physically mixed catalyst showed superior performance in CH4 conversion and H2 selectivity, but lower CO2 selectivity.






	[160]



	NiCo/MgAl2O4

(15 wt.%/5 wt.%))
	EISA
	H2O/CH4 = 1

T = 700 °C

GHSV = 10 L g−1 h−1

Max CH4 Conv. = ~84%
	
	-

	
Ni-Co alloy formed upon reduction




	-

	
Ni reduction favored by Co






	[161]



	Ni-Ca/Mg(Al)O

(20 wt.%/0.35 wt.%)
	Co-precipitation and impregnation
	H2O/CH4/CO2 = 1.63/1/0.6

T = 900 °C

GHSV = 3000 h−1

Max CH4 Conv. = 83.2%
	
	-

	
Steam methane reforming of carbon dioxide reaction




	-

	
Ca suppresses the coke deposition






	[164]



	Ni-Sr/Mg(Al)O

(16 wt.%/0.8 wt.%)
	Impregnation
	GHSV = 1200 h−1

H2O/CH4 = 2.5

T = 750 °C

Max CH4 conv. = 69.3%
	
	-

	
Steam reforming of simulated natural gas




	-

	
Catalyst prepared by kneading method in the presence of calcium aluminate as cement






	[165]



	Au–Ni/Mg(Al)O

(0.4 wt.%/8.8 wt.%)
	Wet Impregnation;

Support: Commercial MG30, calcined at 700 °C
	GHSV = 3300 L g−1 h−1

H2O/CH4= 1

T = 550 °C

Max CH4 Conv. = 6.4%
	
	-

	
Au had an electronic effect on the adsorption properties of several adjacent Ni sites.




	-

	
The addition of Au to the catalyst resulted in a decrease in the formation of graphitic carbon during SMR.






	[166]



	Pt-Ni/Mg3.5Al2O4

(0.05 wt.%/10 wt.%)
	sequential impregnation;

Support: commercial

Mg-Al with Mg/Al molar ratios of 3.5, 1.3 and 0.5
	GHSV = 1600 L g−1 h−1

H2O/CH4 = 2

T = 600 °C

Max CH4 Conv. = 42.6%
	
	-

	
Pt and Rh-doped Ni/[Mg3.5Al]O catalysts showed stable activity during (daily start-up and shut-down) DSS operations.




	-

	
The 0.05 wt.% Pt/10 wt.% Ni/[Mg3,5Al]O catalysts were self-activated and exhibited self-regenerative activity in the DSS operations.






	[169]







(1) When not mentioned, reaction pressure is atmospheric; (2) Highest conversion reported among investigated catalysts; NR: not reported.
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Table 6. Bimetallic Ni catalysts supported on Mg(Al)O for DRM.
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	Catalyst

(M1/M2 wt.%)
	Synthesis Method
	Reaction Conditions(1)
	Main Finding
	Ref.





	Pt-Ni/Mg(Al)O

(0.5 wt.%/12 wt.%)

Pt-Ni/Mg(Al)O

(1 wt.%/12 wt.%)
	Redox reaction

(Pt2+ + Ni → Pt + Ni2+);

Support: Ni/Mg/Al obtained by

co-precipitation,

calcined at 600 °C
	GHSV = 360 L g−1 h−1

CO2/CH4 = 1

T = 700 °C

Max CH4 Conv. = 65%
	
	-

	
The Pt−Ni bimetallic catalysts enhanced activity, selectivity, and coke resistance.




	-

	
The kinetic study showed that the bimetallic catalyst by reducing the activation energy of methane, resulting in higher activity.






	[172]



	Ni-Pt/Al2O3

(4 wt.%/0.2 wt.%)

Ni-Au/Al2O3

(4 wt.%/0.2 wt.%)

Ni-Au-Pt/Al2O3

(4 wt.%/0.2 wt.%)

Ni-Au-Pt/Mg(Al)O

(4 wt.%/0.2 wt.%)
	Sequential impregnation;

Support: Sol–gel
	GHSV = 60 L g−1 h−1

CO2/CH4 = 1

T = 700 °C

(2) Max CH4 Conv. = 86.8%
	
	-

	
The addition of Au and Pt leads to an increasing reduction of NiO species and catalytic activity.




	-

	
The addition of MgO (10 wt.%) to Al2O3 has no positive effect on the activity of the trimetallic catalyst.






	[178]



	Pt-Ni/Mg(Al)O

(0.1 wt.%/8 wt.%)

P-Pt-Ni/Mg(Al)O

(0.1 wt.%/8 wt.%)
	Impregnation and

glow discharge plasma pretreatment;

Support: co-precipitation
	GHSV = 72 L g−1 h−1

CH4/CO2 = 1

T = 550 °C

Max CH4 Conv. = 31.7%
	
	-

	
Pt on Ni/Mg(Al)O catalyst promoted the reduction of Ni, but plasma pretreatment does not improve it.




	-

	
The P-NiPt/Mg(Al)O catalyst showed high reforming activity due to the increase in Ni particle dispersion, and it exhibited strong resistance to coking and sintering.






	[179]



	NiCo2/Mg0.9(Al)O

(1.7 wt.%/2.92 wt.%)

NiCo2/Mg0.9(Al)O

(2.79 wt.%/5.17 wt.%)
	Co-precipitation;

Support: co-precipitation
	GHSV = 120 L g−1 h−1

CH4/CO2 = 1:1

T = 700 °C

Max CH4 Conv. = 55%
	
	-

	
The catalyst has a nanocomposite structure that resulted in high coke resistance and long-term on-stream stability for DRM.




	-

	
The formation of Ni-Co alloy and the difficulty of Co reduction from solid solution affected the performance of the catalyst.






	[182]



	Ni3Co9/Mg(Al)O

(2.38 wt.%/7.13 wt.%)
	Co-precipitation

Support: Co-precipitation,

Calcination: 800 °C, for 15 h,

Reduction: 800 °C
	GHSV = 120 L g−1 h−1

CH4/CO2 = 1:1

T = 750 °C

Max CH4 Conv. = 88%
	
	-

	
The Ni-Co alloy effectively inhibits methane decomposition and coke deposition, resulting in a significant improvement in catalytic DMR stability.




	-

	
Presence of Co enhances the metal-support interaction.






	[184]



	Ru-Ni/Mg(Al)Ox

(0.1 wt.%/5.0 wt.%)
	Reconstruction reaction using aqueous solutions of pre-chelated metals;

Support: Co-precipitation,

calcination: 500 °C, for 16 h
	GHSV = 35 L g−1 h−1

CH4/CO2 = 1:1

T = 800 °C

Max CH4 Conv. = 94%
	
	-

	
Catalyst was generated in situ from LDHs under the DRM reaction conditions.




	-

	
Catalyst showed high activity, no induction time upon in situ generation, and low coking ability.






	[186]



	Ru-Ni/Al2O3

(0.6 wt.%/8 wt.%)

Ru-Ni/Mg(Al)O

(0.6 wt.%/7 wt.%)
	Impregnation;

Support: Co-precipitation,

Calcined at 400 °C, for 6 h
	GHSV = NR

CH4/CO2 = 1:1

T = 800 °C

Max CH4 Conv. = 100%
	
	-

	
The highest activity was observed in support strongly interacting with Ni particles.




	-

	
Introduction of Ru particles into the process system led to a shift in the ratio of H2 to CO to lower values because of enhanced CH4 dissociation.






	[189]



	Rh-NiAl

(1 wt.%/11.5 wt.%)

Rh-Ni/Mg(Al)O

(1.5 wt.%/12 wt.%)
	Wet impregnation

Support: Co-precipitation,

Calcined at 800 °C for 3 h
	GHSV = 22 L g−1 h−1

CH4/CO2 = 1:1

T = 800 °C

Max CH4 Conv. = 85%
	
	-

	
Samples promoted with Rh showed higher rates of carbon deposition compared to the non-promoted catalysts.






	[190]



	Ni-Fe/Mg(Al)O

(8 wt.%/5 wt.%)

(8 wt.%/8 wt.%)

(8 wt.%/11 wt.%)
	Incipient wetness impregnation;

Support: Co-precipitation,

Calcined at 750 °C for 4 h
	GHSV = 166 L g−1 h−1

CH4/CO2 = -

T = 750 °C

Max CH4 Conv. = NR
	
	-

	
Alloy composition and particle size depend on the homogeneous distribution of Ni and iron species during catalyst preparation.




	-

	
Under low-temperature reforming conditions, the alloy Ni-Fe showed higher resistance to coke formation.






	[191]



	Ni-Fe/Mg(Al)O

(8 wt.%/5 wt.%)
	Incipient wetness impregnation;

Support: Co-precipitation,

Calcined: 750 °C for 4 h
	GHSV = 30 L g−1 h−1

CH4/CO2 = 1:1

T = 750 °C

Max CH4 Conv. = NR
	
	-

	
CO2 regeneration led to the removal of carbon from the active metals of the catalysts.






	[192]



	Ni-Fe/Mg(Al)O

(12 wt.%/3 wt.%)
	Co-precipitation
	GHSV = 60 L g−1 h−1

CH4/CO2 = 1:1

T = 800 °C

CH4 Conv. = 95%
	
	-

	
The catalyst showed good activity and stability in DRM at 500–800 °C.




	-

	
Ni-Fe alloys can play different roles in DRM depending on the reaction conditions, especially at low reaction temperatures.






	[193]







(1) When not mentioned, reaction pressure is atmospheric; (2) Highest conversion reported among investigated catalysts; NR: not reported.
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