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Abstract

:

Catalytic conversion of CO2 into methane is an attractive method because it can alleviate global warming and provide a solution for the energy depletion crisis. Nickel-based catalysts were commonly employed in such conversions due to their high performance over cost ratio. However, the major challenges are that Ni tends to agglomerate and cause carbon deposition during the high-temperature reaction. In the past decades, extensive works have been carried out to design and synthesize more active nickel-based catalysts to achieve high CO2 conversion and CH4 selectivity. This review critically discusses the recent application of Ni-based catalyst for CO2 methanation, including the progress on the effect of supporting material, promoters, and catalyst composition. The thermodynamics, kinetics, and mechanism of CO2 methanation are also briefly addressed.
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1. Introduction


Today’s society faces significant challenges in terms of the energy crisis and climate change caused by global warming. The greenhouse gases (GHGs) which are responsible for the warming of the earth comprise approximately 68% carbon dioxide (CO2) [1]. Apparently, the natural equilibrium of CO2 is being disturbed as the concentration of anthropogenic sources increases with over 30 Gt emissions a year [1]. This primarily stemmed from the burning of fossil fuel and coal, as well as the industrial sector [2,3]. In order to mitigate the release of CO2 into the atmosphere, studies have been focusing on two approaches; to capture and store CO2 or to recycle the CO2 into valuable energy-bearing compounds [4,5]. The carbon capture and storage (CCS) is an interesting method that has been utilized by several oil and gas companies to reduce the CO2 release. Moreover, CO2 can also be retrieved and utilized as supercritical carbon dioxide for industrial chemical processes [6,7,8]. CO2 conversion into valuable products is also assuring, because it can reduce CO2 emissions and is more profitable for the industries involved with environmental issues [9,10], is also an alternative for hydrogen storage systems and is a renewable energy source via power-to-gas (P2G) technology.



The P2G process chain is the future renewable energy system in which the energy is transformed into storable methane [11]. Figure 1 shows the principle and application of P2G technology. Hydrogen (H2), is produced by water electrolysis and converted into methane by reacting with CO2 sourcing from the retrieval of industrial processes [12]. Methane is a component of synthetic natural gas (SNG) which has high volumetric energy content. The application of CH4 ranges widely from heating in buildings, transportation, and electricity generation in gas turbines to the combination of heat and power plants as well as feedstock for the chemical industry [13,14].



Extensive research works attempted to improve CO2 methanation via the Sabatier reaction, with the works being focused on the development of active catalysts. The aim of catalyst development is to improve the percentage of CO2 conversion and CH4 selectivity [2,15]. Metals that have been previously used for CO2 methanation are various with nickel (Ni) being the most widely studied under various experimental conditions due to its relatively high performance to cost ratio [16]. The catalytic activity of Ni can be enhanced by supporting it onto high surface area material and introducing a second metal, which will promote CO2 conversion. The selection of the supporting material is crucial because it has a significant influence on the physicochemical properties of the Ni active phase, and it can affect CO2 adsorption [17]. Thermostable, high surface area and porous materials are effective to avoid the coalescence of Ni particles. Furthermore, various metals have been used together with Ni as a bimetallic catalyst to enhance the efficiency of CO2 methanation by improving the coke-resistance property of the catalysts. As demonstrated in previous research for bimetallic catalysts, a small amount of the second metal will interact with Ni, thereby changing the dispersibility and reducibility of the catalysts [18]. Hence, a reaction can be efficiently carried out at a lower temperature with improved CH4 selectivity.



Overall, previous research had shown that the supporting material, promoter’s element, and catalyst composition resulted in different characteristics of Ni-based catalysts which correlated to its activity in CO2 methanation [19,20]. Herein, this present review summarizes recent advancements in the research and development of Ni-based methanation catalysts where reaction thermodynamics and the mechanistic pathway of CO2 methanation, and the effect of supporting materials and promoters are outlined. Further, the types of methanation reactors and the mechanism are also discussed.




2. Thermodynamics and Kinetic Aspect of CO2 Methanation


The key reaction for methane production was discovered in 1902 by Paul Sabatier and Jean-Baptiste Senderens [12], which is described in Equation (1) (Sabatier reaction). It was widely accepted that CO2 is first converted into CO intermediate via a reverse-water gas shift reaction (R2) before CH4 is produced from CO methanation (R5) [17,21]. Another side reaction producing coke may also occur in R3, R6, and R7, which will affect the purity of the products. These possible side reactions involved in CO2 methanation, as in Table 1, were determined according to available literature [13,22,23], and their standard enthalpy, ∆H°, and standard Gibbs free energy, ∆G°, were obtained from the FACTSAGE 7.3 software. Six possible side reactions that may occur are listed in Table 1, with R1, R2, and R4 regarded as independent reactions.



Hence, upon the completion of the methanation reaction, there will be a mixture of products, side products, and reactant-in-equilibrium (CO2, H2, CO, CH4, H2O, and C). In order to predict the optimal reaction condition to achieve high CO2 conversion and CH4 selectivity, thermodynamic analysis is therefore useful. This is because experimental results revealed that CO2 methanation is sensitive to many operational factors, such as temperature, pressure, and the composition of reactants. Theoretically, the overall reaction in Equation (1) is favored at a lower temperature, elevated pressure and H2/CO2 ratio equal to or more than the stoichiometric ratio [22].


CO2 + 4 H2 → CH4 + 2 H2O



(1)






CO2 + H2 → CO + H2O



(2)






CO2 + 2 H2 → C + 2 H2O



(3)






CO2 + C → 2 CO



(4)






CO + 3 H2 → CH4 + H2O



(5)






CO + H2 → C + H2O



(6)






CH4 → 2 H2 + C



(7)







2.1. Effect of Reaction Temperature


To understand the effect of temperature towards the reaction system, equilibrium constant (K) of the CO2 methanation and other side reactions under the isothermal standard state in the temperature range of 423 K to 723 K from Equation (8), the values were obtained using FACTSAGE 7.3 software.


∆G = −RT lnK



(8)







The plot of Ln Keq versus temperature (Figure 2) shows that the methanation reaction (R1) is suppressed with the increase in temperature due to the exothermic nature of the reaction. All exothermic reactions (R3, R5, and R6) that may accompany CO2 methanation also show suppression with a temperature increase, meanwhile, the endothermic reaction (R2, R3, and R4) increases. The CO2 methanation reaction possessed a lnKeq value of 0 at 860 K, suggesting that only a temperature lower than 860 K will shift the reaction to produce more products. Due to the high lnKeq value, high conversion of CO2 can be achieved in the lower temperature range and at high pressure. Apart from that, the side reaction may also reduce methane production [22]. This trend has been proven correct in many experimental data as well. A work by Zhang et al. [24] shows a lower catalytic activity for CO2 methanation at high temperatures, meanwhile, R2 (RWGS reaction) increases as these two reactions are competitive reactions.



Previous studies showed that CO2 methanation using Ni-based catalysts were commonly carried out in the temperature range of 523 K to 723 K [25,26,27]. Recently, several studies attempted low-temperature methanation with the temperature beginning from 423 K by using selective catalysts [28,29,30] and/or a three-phase reactor. This is to ensure the temperature used will not suppress the CH4 yield due to the domination of CO byproducts from R2 as its Keq increases at elevated temperatures. Additionally, reactions carried out at a temperature higher than this range can cause sintering of catalyst and increase in carbon deposition, resulting in catalyst deactivation.



However, considering the kinetic limitation of the catalyst and the challenges for the reaction to achieve equilibrium at a lower temperature, CO2 methanation might be less efficient at a temperature lower than 423 K. In terms of the kinetic aspect, temperature increase promotes a higher rate of reaction. In their study, Lefebvre et al. reported the pronounced influence of temperature on the CO2 reaction rate in a two-phase fluid-bed reactor. The activation energy of CO2 methanation is 73–78 kJ/mol under the presence of Ni catalyst. As the temperatures are varied ranging from 200 to 300 °C, the CO2 reaction rate is almost double for each temperature increase of 20 K. Moreover, [31], with regards to previous studies on CO2 methanation, the optimal operating window is at a temperature of around 200 °C to 500 °C, as shown in Table 2. The maximum temperature of 500 °C is the maximum used to avoid the reverse reaction and at the same time, to compensate for thermodynamic and kinetic limitations. Moreover, temperature control in the reactor is of great importance, too, since an exothermic methanation reaction may cause the apparent temperature to increase in large-scale operations [32].




2.2. Effect of Reaction Pressure


In order to understand the effect of pressure on the extensive properties of CO2 methanation, the calculation for ∆G and Keq at different pressures was conducted. Figure 3 presents the value of LnKeq at different P for CO2 methanation. It is evident that the LnKeq values show a logarithmic increase with increasing pressure, accompanied by an increase in reaction spontaneity. This phenomenon can be explained by the Le’ Chatelier principle. [33]. CO2 methanation is a volume-reducing reaction from 5 to 3 molecules; hence, increasing the pressure will result in lower volume, favoring the product over the reactant. As the increase is logarithmic, the effect of pressure on CO2 methanation became less significant at higher pressure. Thus, the pressure range of 1 atm to 30 atm is commonly used for CO2 methanation reactions. Elevating the pressure in the reactor increases the lnKeq; its Keq value reflects higher CH4 yield and CO2 conversion effectively up to 30 atm. From the kinetic point of view, inlet H2 partial pressure will influence the reaction rate as well, as shown in a previous study [31]. At 300 °C, the reaction rate can be enhanced up to 70% when PH2,in is increased from 1 bar to 4 bar in a fixed-bed reactor. Meanwhile, at the same temperature, the inlet CO2 partial pressure PCO2,in has a significantly lower influence on the CO2 reaction rate with only a 17% increase when PCO2,in rises from 0.75 bar to 1.25 bar.



Even though the thermodynamic and kinetic aspect of reaction indicates a higher conversion and rate at higher pressure, it shall be noted that extreme reaction conditions are also less opted in the industry due to instrument limitation and high energy consumption [11,14]. Hence, considering the thermodynamic aspect and instrument limitation, the operating window commonly used is 1 atm to 30 atm in which a two-phase reactor commonly employs atmospheric pressure, meanwhile, the three-phase reactor employs a higher pressure to improve gas solubility [34]. According to Gao et al. [35], the use of a pressure slurry reactor is a potential aspect to improve the methanation process because this type of reactor can operate at high pressure [36], which will improve CO2 conversion.




2.3. Effect of Reactant Composition


Some thermodynamic analyses had also been carried out to understand the effect of the reactant composition (H2/CO2) ratio on CO2 methanation. The fraction of the end product component varies differently with different H2/CO2 ratios [13]. When the ratio is increased from 1 to 4 at the same temperature and pressure, CH4 yield increases because the condition is selective towards reaction (1). A further increase to a ratio of 6 does not result in effective improvement both for CO2 conversion and CH4 selectivity. Hence, most of the methanation research uses a H2/CO2 ratio of 4. CO byproducts decrease at higher temperatures when the 4:1 ratio of H2/CO2 is used. Moreover, coke formation was suppressed to a great extent as R3 is disfavored at a high stoichiometric ratio. Gao et al. [22] suggested that this is due to water formation in CO2 methanation, which suppresses carbon deposition.



Conclusively, it can be said that high pressure, low temperature, and a proper H2/CO2 ratio will result in high CO2 conversion and CH4 selectivity. The optimization study is important to ensure the condition is far from the optimal range of the formation of CO and C. Complexity of the Sabatier reaction also relates to the high kinetic barrier of the eight-electron process [37]. Therefore, the development of an active and stable catalyst to achieve acceptable rates and selectivity is still a challenge [38].





3. Ni-Based Catalyst


Over the past decades, considerable work has been done with the aim to develop thermally stable methanation catalysts with high activities at low temperatures and this has been demonstrated by a burgeoning number of publications [2]. Heterogeneous catalysts based on transition metals from group VIII were commonly employed. Methanation reaction involves CO2 adsorption and dissociation before reacting with H2 [39] in which the reaction rate is closely related to a reactant dissociation on the catalyst. In a study by Bligaard et al. [40], a volcanic relationship was observed between the activities of methanation versus dissociative CO adsorption energy with Ru possessing the highest activity. Similar findings on high Ru activities for methanation have been observed in other studies [41,42]. A comparative study was carried out by Garbarino et al. [41] on the performance of 3 wt% Ru/Al2O3 and 20 wt% Ni/Al2O3 commercial catalysts for CO2 methanation. The data, as reported, confirmed that the catalytic performance of the Ru-based catalyst was prominent in that a 96% CH4 yield could be achieved without CO co-production at a 300 °C operating temperature. This outperformed the performance of the Ni catalyst in which a maximum CH4 yield of 80% can be achieved with some CO co-production at 400 °C.



Even though Ru is evidenced to be an active and stable metal for methanation, Ni has attracted more attention, as its price is comparatively 100 times cheaper than Ru with fairly good activity [43]. Ni is one of the most investigated metals for CO2 methanation due to its reasonable combination of good characteristics and price; hence, making it suitable for commercial use. However, the primary challenges of using Ni in industrial catalytic processes include carbon deposition, sintering of the particle formation of Ni(CO)4 and severe sulfur poisoning during SNG production, which is carried out at elevated temperatures [37]. Consequently, this relates to the low stability of the catalyst, causing it to have a short lifetime and low reusability. Deposition and metal sintering will result in catalyst deactivation [44]. Therefore, in order to reach high CO2 conversion and CH4 selectivity at low temperature using Ni, selection of catalyst support [45,46,47,48], the addition of a second metal or promoter [18,44,49], and the modification of the synthesis method and parameters [4,50] have been intensively studied. This is because different compositions and methods to produce the catalyst will result in different characteristics of the material which are highly correlated with the performance of the catalysts. Supporting Ni onto support will help to improve the dispersion, and the anchoring will reduce Ni particle sintering. Then, the addition of a second metal-producing bimetallic catalyst can improve CO2 methanation through a synergistic effect and the ability to resist carbon deposition. Modification of the synthesis method was studied to produce catalysts with high surface area and low particle size [51]. Table 2 summarized the performance of Ni-based catalysts in the past years.
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Table 2. Summary of Ni-based catalyst and its performance for CO2 methanation.






Table 2. Summary of Ni-based catalyst and its performance for CO2 methanation.





	
Reference

	
Second Metal

	
Support

	
Synthesis Method

	
Optimum Temperature (°C)

	
CO2 Conversion (%)






	
[52]

	
-

	
Al2O3

	
Wetness Impregnation

	
450

	
~65.0




	
[53]

	
Fe

	
Al2O3

	
Co-Precipitation

	
220

	
58.50




	
[46]

	
-

	
ZSM-5

	
Impregnation

	
400

	
76.0




	
SBA-15

	
73.0




	
MCM41

	
65.0




	
Al2O3

	
70.0




	
SiO2

	
66.0




	
[47]

	

	
SiO2/rGO

	
Vapor Deposition

	
470

	
83.7




	
[54]

	
Zr

	
Al2O3

	
Co-Precipitation

	
400

	
77.0




	
[55]

	
-

	
SiO2/Al2O3

	
Sol-gel

	
350

	
82.38




	
[56]

	
La

	
Zeolite

	
Wetness Impregnation

	
450

	
73.0




	
[57]

	
-

	
SiO2

	
Impregnation

	
400

	
80.0




	
[58]

	
-

	
ZrO2

	
Wetness Impregnation

	
450

	
60.0




	
[27]

	
-

	
Al2O3

	
Hydrolysis

	
350

	
77.0




	
[59]

	
K

	
ZrO2

	
Wetness Impregnation

	
450

	
60.0




	
La

	
35.0




	
[60]

	
Ce

	
MCM-41

	
Precipitation

	
380

	
85.6




	
[61]

	
Na

	
CeO2

	
Impregnation

	
290

	
95.0




	
[25]

	
-

	
Al2O3

	
Evaporation-induced assembly

	
400

	
60.0




	
La

	
73.0




	
Ce

	
64.0




	
Sm

	
67.0




	
Pr

	
77.0




	
[45]

	
-

	
Al2O3

	
Impregnation

	
350

	
75.0




	
Y2O3

	
350

	
77.0




	
ZrO2

	
350

	
76.0




	
CeO2

	
300

	
71.0




	
La2O3

	
400

	
53.0




	
Sm2O3

	
300

	
66.0




	
[62]

	
-

	
CeO2

	
Impregnation

	
250

	
91.0




	
[63]

	
-

	
Al2O3

	
3D-fibre deposition

	
400

	
91.0




	
Wetness Impregnation

	
400

	
74.0




	
[64]

	
Cu

	
SiO2

	
Wetness Impregnation

	
350

	
55.0




	
[65]

	
-

	
CeO2

	
Hydrothermal

	
300

	
~90.0




	
[66]

	
-

	
CeO2

	
Sol-gel

	
250

	
80.5




	
[67]

	
-

	
rGO

	
Wetness Impregnation

	
240

	
51.0




	
[68]

	
-

	
CeO2

	
Impregnation

	
300–350

	
90.0




	
[69]

	
Cu

	
Hydrotalcite

	
Co-precipitation

	
350

	
86.0




	
[52]

	
V2O5

	
MCM-41

	
Hydrothermal

	
400

	
69.3




	
[70]

	
Co

	
Hydrotalcite

	
Co-precipitation

	
300

	
77.0




	
[71]

	
-

	
Zeolite

	
Wetness Impregnation

	
400

	
85.0




	
[72]

	
Cr

	
Al2O3

	
Solid-state

	
350

	
80.5




	
[73]

	
Y2O3/Mg

	
MCM-41

	
Co-precipitation

	
400

	
65.5




	
[74]

	
-

	
Al2O3

	
Evaporation-induced sel-assembly

	
350

	
83.0




	
[75]

	
-

	
Al2O3

	
Hydrothermal

	
325

	
~70.0




	
[76]

	
Ce

	
rGO

	
Impregnation

	
350

	
84.5




	
[77]

	
-

	
Phyllosilicate

	
Hydrothermal

	
330

	
~80%










4. Effect of Support


Even though Raney® Ni or Ni nanoparticles are active for carbon dioxide methanation, most of the studies involve the use of Ni nanoparticles supported on high surface area materials [35]. The strategy of adding support to the catalyst system can be explained by the fact that the support has a significant influence on the catalyst properties in a few aspects. Firstly, the presence of support can improve the dispersion of Ni nanoparticles; hence, the active sites will increase. In addition to that, since the adsorption of CO2 onto the catalyst is considered to be the critical step, the addition of support onto the Ni-based catalyst can improve adsorption [4]. Then, it can also decrease the sintering of nanoparticles by establishing a physical anchor between the support and Ni particles [78]. The activity and selectivity of supported Ni are strongly influenced by the amount of Ni metal loading, size of dispersed Ni metal particles, metal-support interaction, and the composition of support. Referring to Figure 4, often, ceramics supports, such as silica [50], mesostructured silica nanoparticles (MSN), aluminium oxide [37], and hydrotalcite [79,80] were investigated for CO2 methanation. Apart from that metal oxide supports, such as ZrO2, TiO2, and CeO2 are also widely studied. In more recent studies, the use of carbon-based support has begun to gain considerable attention in the CO2 methanation field [76,81].



4.1. Ceramic Support


Alumina (Al2O3) was commonly reported as support due to its ability to improve CH4 selectivity, low cost, and ease of availability [12]. A comparative study using unsupported Ni nanoparticles and Al2O3-supported Ni catalyst for CO2 methanation, by Riani et al. [82], found a notable improvement in catalytic performance when Ni is supported on Al2O3 with a 125 wt% loading. In terms of CO2 conversion, Ni/Al2O3 possessed a 71% conversion at 500 °C, whereas Ni nanoparticles have a 6% conversion under the same condition. The poor activity of Ni nanoparticles was caused by a lack of formation of carbon-stabilized hexagonal nickel in the experiment. Spent Ni/Al2O3 catalyst shows that there is lesser agglomeration, proving the importance of support to prevent sintering. CO2 methanation was postulated, by this group, to occur on the alumina support at the basic site in a larger fraction whilst Ni was responsible for H2 activation. However, this postulation contradicts the hypotheses of several other studies [24,25]. Zhang et al. [24] studied the impacts of Ni loading on reaction intermediates formed in CO2 methanation. It was found that the variation of Ni loading affects the mechanism and intermediates formed. This suggested the CO2 conversion occurred on the Ni surface and Al2O3 only functions to create the metal-support interaction so metal agglomeration can be reduced. Another study indicated that the activation of CO2 at low temperatures occurred on the second metal. This is because the second metal enhances surface basicity instead of the alumina support [25].



Other studies using Ni/Al2O3 catalyst systems without promoters, synthesized from conventional methods, commonly result in CO2 conversion of 50% to 80% with selectivity above 90% at an optimum temperature of 350 to 450 °C [28,55,63,74,83,84,85,86]. The formation of nickel aluminate, NiAl2O4, and spinel is often observed from the X-ray diffractogram of the catalyst. Zhan et al. [57] and Daroughegi et al. [87] reported that the presence of NiAl2O4 results in high reduction temperature (lower reducibility) of the Ni active phase due to strong metal-support interaction; hence, CO2 methanation activity decreases. Comparative studies of CO2 methanation between Al2O3 support and other supports have been reported as well, in the past years. Under low-temperature conditions (220 °C), the performance of catalyst with Al2O3 support is low. It was reported that only 58.5% CO2 was converted into methane compared to a 76% and 73% conversion by ZSM-5 and SBA015 supported catalysts, respectively [53]. Even though Al2O3 is highly abundant and cost-effective, past studies conclude that the Al2O3 works best only at high temperatures, and it creates a strong metal-support interaction that requires high reduction temperatures of which are less favorable in industry.



Under the presence of Al2O3 support, higher CO2 conversion can be achieved from the tailoring of the synthesis method and the addition of promoters. A study by Danaci et al. [63] shows significant improvement in Ni/Al2O3 performance with up to 91% CO2 conversion using Ni/Al2O3 fabricated from the three-dimensional fiber deposition (3DFD) technique. As this method is new, mass production might be one of its limitations due to its high cost.



Even though Ni/Al2O3 shows higher catalytic activity than unsupported Ni nanoparticles, it suffers from severe carbon deposition and poor stability, as high temperatures are commonly used [17]. Another major limitation displayed by Al2O3 is the occurrence of structural changes due to the presence of high-temperature steam produced from the methanation reaction (Equation (1)) [88]. When there is H2O at high temperature, γ-Al2O3 was found to be converted to hydrated boehmite (AlOOH) which decreases the surface area and acidity leading to deactivation. Apart from that, Ni particles usually experienced sintering and agglomeration. As explained by Bai et al. [89], the deactivation mechanism of the Ni/Al2O3 catalyst began with the coalescence of Al2O3-encapsulated Ni particles, which resulted in a decrease in the metal surface area, as evidenced by the result of BET surface area. To overcome these disadvantages, many researchers add promoters consisting of different elements to improve CO2 methanation using Ni/Al2O3 catalysts. This is further discussed in Section 6.



Another widely used ceramic support is silica (SiO2) due to its high surface area with tailored pore diameters. As a result, metal-support interactions are established between nickel and silica; hence, disfavor the formation of nickel carbide. This consequently results in a better ability of the catalyst to resist coke formation and Ni sintering [78]. As indicated by previous studies of CO2 methanation using SiO2 supported catalyst, CO2 conversion is only around 60% to 75% [38,47,49,50,57]. A higher conversion of 82.38% with above 90% CH4 selectivity at 350 °C was achieved by Moghaddam et al. [55] where Al2O3–SiO2 composite was used as support for Ni catalyst. The incorporation of SiO2 as support in Al2O3 outperformed the conventional Ni/Al2O3 catalyst in which the best performing catalyst is Ni with Al2O3/SiO2 support of a 1:0.5 ratio. This is because Al2O3/SiO2 results in an improvement in catalyst reducibility. The H2TPR result depicted that there is increasing H2 consumption with a lower reduction T in the presence of SiO2. The SiO2–Al2O3 interaction weakened the interaction of Ni species with Al2O3 by forming the Ni–SiO2 interaction to separate NiO from NiAl2O4 spinel. A similar conversion of approximately 82% was also found by Li et al. [16], using Ni/SiO2 with modification of the synthesis method and addition of Mg promoter.



Mesostructured silica nanoparticles (MSN) and MCM-41 have recently found a wide interest in heterogeneous catalysis due to their ordered structure with nanosized dimensions. Aziz et al. [2] compared the activity of Ni/MSN to four other supports (MCM-41, protonated Y zeolite, SiO2, and Al2O3) towards CO2 methanation. Ni/MSN depicted the highest activity (a 64.1% conversion) and CH4 selectivity (99.9%) with good stability amongst supported Ni catalysts. This result was reported to be due to the high surface area of mesoporous MSN, which provides better Ni dispersion, and a high concentration of basic sites on the MSN, which inhibit coke formation. MCM-41 was found to be the second-highest in ranking for the conversion with XCO2 = 56.5%. However, in a study by Wang et al. [60], Ni-MCM41 has prominently higher activity (XCO2 = 78%, SCH4 = ~95%) at 360 °C. The large difference is probably caused by the different synthesis methods and reaction conditions used. Overall, SiO2 demonstrated high CH4 selectivity but low CO2 conversion.



Aside from the above, zeolite is also another ceramic support that has gained attention among researchers as a support for the Ni-based methanation catalyst [56,71,90]. Gac et al. [71] reported a lower temperature CO2 methanation using the Ni/zeolite catalyst system in which CO2 conversion and CH4 selectivity show significant improvement. Their study also revolved around in situ DRIFTS to monitor the state of catalysts throughout the reaction. Unfortunately, it was found that the specific surface area decreases and nickel particle size increases with the time-on-stream. Based on their study, the dissociation and adsorption of CO2 and H2 occur on the surface of metal. Apart from the materials mentioned in this section, there are also top-notch ceramic materials, such as MSN, MCM-41 and SBA-15 which demonstrated improved activity [46]; however, they are relatively expensive, and the synthesis method of such supports are commonly tedious with high cost. Another major limitation of using ceramic support is that they are irreducible metal oxide; thus resulting in low H2 consumption [91].




4.2. Metal-Oxide Support


Besides ceramic supports, metal oxides also offer some advantages, such as basic characteristics, high CO2 adsorption capacity, and high surface area [45]. Among them, zirconia and ceria supports are mostly used as catalyst support for a wide application of catalysis owing to their high thermal stability and high porosity. By supporting 30% Ni on ZrO2, about 90% CO2 was converted at 250 °C with ~95% selectivity towards CH4, as reported by Ren et al. [18]. ZrO2 was found to have oxygen vacancies, which promote CO2 dissociation in the catalyst system. Ni/ZrO2 outperformed the other ceramic support as it can be conducted at a lower temperature of 250 °C with a 90% conversion compared to Ni/Al2O3, which reports a lower CO2 conversion around 50% to 80% at higher temperatures. The high oxygen vacancies which function to improve the ability to disperse Ni are also observed in other metal oxides, such as CeO2 and Y2O3, as reported before [45,62]. The advantage of using metal oxide is that this support can intervene in the reaction by dissociating CO2 on its surface as well as providing the chemical interaction with Ni catalyst. However, it was agreed that the gap in using metal oxide, such as ZrO2, is due to its crystal lattice-dependent activities. Different polymorphic structures (monoclinic, tetragonal and cubic) will result in different activities of CO2 methanation. Based on previous reports, tetragonal ZrO2 is the functional structure as catalyst support [92,93]. This structure-sensitive performance of ZrO2 support for CO2 methanation causes difficulty in the synthesis method to grow a pure or higher composition of tetragonal ZrO2.



After ZrO2, ceria (CeO2) is also widely studied, as shown in the previous literature. Zhou et al. [62] employed CeO2 as catalyst support, produced via a hard-template method with the aim to understand the role of surface Ni and Ce species in the reaction. In situ characterization is useful to study the mechanism and intermediates for the reaction. The reduction of CO2 into CH4 occurred on the Ni surface, in which hydrogen is dissociated. Furthermore, the ceria contains surface oxygen vacancies in which CO intermediates are produced. A study on the comparison of metal-oxide support has been conducted by Muroyama et al. [45], revealing that under similar reaction conditions, the order of methane yield for different supports follows the order of Y2O3 > Sm2O3 > ZrO2 > CeO2 > Al2O3 > La2O3. The catalytic activities of a nickel-based catalyst supported on different metal-oxides can be explained by its basic properties. The trend of catalyst performance is directly correlated to its basicity, as the metal-oxide support serves as a platform for adsorption and dissociation of carbon dioxide. Hence, the more basic the catalyst, the higher the adsorption of acidic CO2. This study also explains the route for methanation reaction on metal oxide, which took place via the formation of carbon monoxide as the intermediate. Metal-oxide support has also been proven to show better stability compared to Al2O3 and SiO2 [45]. Apart from that, TiO2 nanoparticles have also been explored as the support for nickel [50,94,95,96]. As a whole, the general finding on the use of metal-oxide support is that the mechanism proceeds with the RWGS reaction to produce CO intermediates before CH4 is produced. CO2 and H2 are adsorbed on the support and Ni, respectively.




4.3. Carbon-Based Support


Carbonaceous materials were also investigated as Ni supports in CO2 conversion studies. Carbon-based supports (CNT and rGO) depicted a high conversion of > 80%, as depicted in Figure 5. In a comparative study by Wang et al. [97], Ni–Ce/CNT depicted better CO2 conversion (83.8%) and very high CH4 selectivity (99.8%) than Ni–Ce/Al2O3. Better performance of Ni-based catalyst on CNT support relates to electron donation and facilitation from Ce and CNT; hence accelerating CO2 activation on the catalyst surface. Due to high thermal stability, CNT-supported catalyst shows better performance in the stability tests.



In recent years, graphene has sparked significant attention, both for fundamental aspects and application studies [98] after the breakthrough of the first isolation of single-layer graphene was made in 2004 by Novoselov and Geim [99]. Graphene is an sp2 hybridized carbon-based material with a hexagonal monolayer network forming a two-dimensional structure [100]. In two-phase reactors, studies showed that the Ni/rGO system can achieve around 80–90% CO2 conversion [76,81,96]. On the other hand, a CO2 conversion of 51% was achieved at a low temperature of 240 °C [67]. The presence of free electrons and pi electrons makes graphene a great support, as it can facilitate metal-support interaction, based on the Lewis acid-base interaction. In a study by Mohd Ridzuan et al. [71], the performance of nickel catalyst increases significantly when it is supported by rGO compared to Raney Ni. This is because once supported, the agglomeration was suppressed significantly and new interactions based on the Lewis acid-base interaction of electron transfer between Ni and the support were created. As a result, a higher number of basic sites are produced. The use of carbon-based supports (carbon nanofibers, carbon nanotubes, graphene, etc.) was also widely discussed in other processes of CO2 conversions, such as the Fischer–Tropsch process [101,102,103], and CO methanation [104].



Even though there are still limited studies reported on the use of carbon materials as catalyst support for CO2 methanation, they are projected as a potential material due to their economical reason, high surface area with ample porosity, high thermal, and mechanical stability, and significant selectivity [105]. Hence, further investigations on CO2 methanation using Ni supported by carbon-based materials are needed.





5. Effect of Second Metal


Further modification of catalyst by adding promoters or second metal into the catalyst system is expected to enhance the CO2 conversion and CH4 selectivity, as proven by other studies [49,97,106] because it will intervene in the reaction. The addition of a second metal is important to improve the stability and avoid sintering, hindering the formation of carbon deposits and severe deactivation [13,107]. Therefore, the bimetallic catalyst system has attracted a great deal of attention to enhance the stability and catalytic activity of the nickel-based catalyst [2]. Beforehand, as shown in Figure 5, various second metals namely Fe [44], Zr [4], Pd [38], La [82] and Mg [16,107] have been added as promoters to Ni catalyst. Basically, different promoters accelerate reactions in different ways. Transition metals group commonly facilitate CO2 conversion by assisting H2 adsorption and dissociation, whereas alkaline earth metal improves Ni dispersion and prevents crystalline growth of NiO particles. La-promoted Ni catalyst was reported to introduce medium-strength basic sites for CO2 adsorption [21]. On the other hand, Ce was commonly used because it can increase the oxygen vacancies to provide lattice defects that can improve oxygen mobilities and inhibit carbon deposition [97]. Figure 5 shows the literature survey on the types of second metals used and their performance in terms of CO2 conversion.



Magnesium is among the typically used second metal to form bimetallic catalysts with Ni due to its strong basicity and high stability. MgO was utilized as a promoter for nanoparticles supported on silica in several studies [16,38,50] and found success as enhanced CH4 selectivity and CO2 conversion at optimum temperatures, and H2/CO2 ratio was observed in the presence of MgO. Theoretically, the presence of MgO can provide an alternative pathway by reacting with CO2 to form magnesium carbonate, MgCO3. MgCO3 is the initial precursor to produce methane in which the H2 is activated by active metal, as detailed by Park et al. [38]. This can also potentially minimize the CO byproduct by inhibiting CO desorption from the RWGS reaction. From the structural modification aspect, Guo and Lu [50] reported MgO influenced the Ni-based catalyst structure by forming NiO–MgO mixed-phase, thus the distribution of active sites is improved for CO2 methanation. This is in agreement with the study by Meshkani and Rezaei [107], which indicated that the improved activity is possibly caused by the NiO–MgO solid solution formation and increment of basic sites. It is agreed that the introduction of Mg into Ni-based catalyst advances the reaction through sequential conversion of CO2→CO→CH4, following Equations (2) and (5) as in Table 1.



The Ni–Fe catalyst system, either as alloys or ferrites, is also active for CO2 methanation purposes. Hwang et al. [44] studied the influence of various second metals (Fe, Zr, Mg, Y) on Ni/Al2O3 catalysts. Fe showed the best catalytic performance in terms of CO2 conversion and CH4 yield. This is postulated to be due to the Ni–Fe/Al2O3 catalyst retaining the weakest metal-support interaction. However, this is debatable, as no stability study was carried out because the lower interaction of metal with support is supposed to result in catalyst deactivation and Ni sintering. In another study by Ren et al. [18], Ni–M/ZrO2 (M = Fe, Co, Cu) catalysts were comparatively studied, and the result also depicted Fe at 3% addition as the most efficient second metal. The enhanced performance of the reaction was hypothesized to be due to the strong-electron property of Fe, which promotes the reduction of Ni and ZrO2 support. In most of the comparative studies on the effect of second metals, Fe can be concluded as the leading metal [108] but mechanistic studies on how Fe aid methanation is still limited.



As discussed earlier, Ru is the most active component for CO2 methanation but the translation of research into the industrial application was limited due to its high price. Therefore, a study by Hwang et al. [109] has attempted to use Ru in a small amount as a promoter in a Ni-based catalyst system. Catalyst surface area was found to increase significantly with the addition of Ru up to 0.6% which is proportional to the amount of CO2 converted. This, in turn, increases the CH4 yield. The exploration of Ru as the second metal for the bimetallic catalyst system has not been widely investigated even though it is projected to be able to enhance the overall performance of the catalyst.




6. Reactor


Previous studies reported the use of different chemical reactors under specified operating conditions in which CO2 methanation took place. Though, in most cases, the products that leave the methanation reactor contain both the desired methane and other undesired products. Hence, the reactor configuration and its operating conditions can be manipulated to improve the conversion of CO2 and selectivity of CH4. Under the presence of Ni-based catalyst, CO2 and H2 are fed into the reactor in which a heterogeneous reaction took place. Over the last 50 years, several methanations concepts have been developed using heterogeneous reactors.



Fixed-bed reactors are the most widely used two-phase reactor types in research, as well as industrial-commercial practice. The illustration of this reactor is shown in Figure 6. The fixed bed methanation reactor is composed of a cylindrical tube filled with either catalyst pellet or powder and is bathed by the reactant fluid (CO2 and H2) that flows uniformly through the bed and is being converted into products. Depending on the operation, apart from the single-bed reactor, several studies and industrial practices also reported using multiple-bed reactors. As methanation is a highly exothermic reaction that was first described by Sabatier in 1902 [110], the temperature control is achieved by using a series of adiabatic reactors, typically 2 to 5 bar, with inter-cooling and gas circulation [111]. Due to the adiabatic condition, temperature control became one of the limitations for this reactor. Rönsch et al. [23] also mentioned that fixed-bed reactors typically suffer quick temperature deviation, as the cooling system cannot adapt to a rapid change in the heat of the reaction. Hence, the main drawback of fixed-bed reactors is related to poor heat management, which resulted in the formation of temperature hot spots. This can obviously have detrimental outcomes on the operation of the reactor, such as catalyst deactivation, undesired side reactions, and thermal decomposition of the product [112]. Nevertheless, fixed-bed reactors also possess advantages, as it is vastly present for large-scale methanation applications. Moreover, a fixed-bed reactor shows better recyclability of catalyst as the solid catalyst in the reactor can be easily recovered. As a result, the catalytic activity of the catalyst can be restored to or near to its original performance, lowering the cost and time required to produce a new catalyst.



Due to the high exothermic nature of methanation reaction, heat management is the major concern when designing a methanation reactor. Thus, this issue can be overcome by performing the reaction in a three-phase reactor, such as a slurry bubble column reactor (SBCR) and stirred-tank slurry reactor (CSTR). In SBCR, as shown in Figure 7, the gas enters the reactor at the bottom and is distributed into the suspension of liquid products and catalyst by a distributor plate [113]. SBCRs operate mainly under isothermal conditions, with the heat of reaction removed through designed cooling tubes inserted in the reactor [113] or pipes with large surface areas for heat transfer to occur [114]. As previously mentioned, excellent reactor heat management can be achieved by using SBCR, making it ideal for CO2 methanation and other exothermic reaction, such as Fischer–Tropsch synthesis, methanol, and dimethyl ether production [115]. Furthermore, previous work by de Swart et al. [113] has shown that SBCR has excellent heat management, with no severe temperature peaks or thermal runaway. SBCRs are often preferred over fixed-bed reactors and other reactors [114,116] due to their numerous advantages. These include flexible temperature control, excellent heat transfer, and efficient inter-phase contacting which results in higher productivity, low pressure drops leading to reduced compression costs, and better use of a catalyst (fine particles less than 100 μm) allowing better liquid-solid mass transfer [116]. However, SCBRs also have certain drawbacks, such as additional gas/liquid mass transfer resistance due to the liquid phase, which limits the effective reaction rate [117]. Therefore, the selection of types of liquid phases used is critical to improving gas solubility; hence enhancing the conversion. In a study by Lefbvre et al. [115], three different types of liquids namely squalene, octadecane, and dibenzyl toluene were used to study the influence of the liquid phase on the reaction kinetics. The study reveals the solubility of reactants differing in a different liquid with the highest gas solubility observed in dibenzyl toluene.



A study on the comparison of two-phase and three-phase CO2 methanation reaction kinetics was conducted by Lefebvre and Kolb [31]. The type of reactors that were used in the studies was a continuous stirred-tank slurry reactor (CSTR) and a fixed-bed reactor (FBR) under the presence of a commercial Ni/SiO2 catalyst. The operating condition of both reactors was held constant to study if the presence of the liquid phase would affect the reaction kinetics. Based on the findings, the liquid phase employed in the three-phase methanation has a minimal relevant influence on the CO2 methanation kinetic. Moreover, at the same temperature condition, the three-phase and two-phase reactors show comparable activation energy. This suggests that the performance of the three-phase reactor can yield similar results to that of a two-phase reactor, yet with better heat management. However, as of now, a limited number of industries and research employ the three-phase reactor for methanation due to limitations in the reusability of catalysts. Additionally, although the concept of SCBRs is relatively simple, the reactor design is highly complex and involves extensive knowledge of the reactor, which will lead to a difficulty in the scale-up later [116,117].



Generally, the reaction temperature, pressure, and gas feed ratio in the reactor would affect the CO2 conversion and CH4 selectivity. The two-phase reactor commonly operates at a relatively higher temperature of 300–500 °C compared to a two-phase reactor that operates under a lower temperature of 200–300 °C. A lower temperature is preferred for the liquid phase to improve the solubility of CO2. The influence of temperature on the three-phase CSTR can be seen through the dependencies of Henry’s law constant, Hi,pc, for H2 and CO2 in different types of liquids, as reported by Lefebvre et al. [115]. It can be observed that, for all liquids, H2 solubility increases, while CO2 solubility decreases with increasing temperature [115]. Meanwhile, pressure has a more significant effect on CO2 methanation, the influence of temperature is more pronounced on the two-phase FBR CO2 reaction rate. Overall, the optimization of the operation condition, such as temperature, pressure, gas feed, and the types of liquid must be tailored according to the type of reactor and catalyst used.




7. Mechanism of CO2 Methanation


The catalytic pathway for CH4 formation was still inconclusive, even though the mechanism has been intensively investigated. The major discrepancy is whether or not the Sabatier reaction forms CO as an intermediate [35] through the reaction sequence of Equations (2) and (3). From the previous research, mechanistic studies of CO2 methanation are dichotomized into two methods, either through experimental approaches, such as in situ characterization using IR spectroscopy and DRIFTS, or the computational approach such as using DFT analysis. According to Aldana et al. [118], by using a Ni-based catalyst supported by Ce–Zr, H2 was dissociated by Ni, whereas CO2 was activated on the basic sites of support. The pathway for CH4 formation is through the formate route (CO2→HCOO−→CH3O−→CH4) without CO intermediate. This mechanism is supported by Pan et al. [119] However, there are disagreements on the mechanism in which Akamaru et al. [120], Park et al. [38], Eckle et al. and Karelovic et al. [121], suggested that CO2 methanation proceeds via the formation of CO intermediates. On the other hand, Zhang et al. conducted in situ DRIFTS studies of CO2 methanation, which indicates the CO2 can be adsorbed to both support and Ni. The route in which the reaction took place depends on the %Ni loading on the support in which a lower concentration of nickel resulted in a high reverse-water gas shift (RWGS) reaction, indicating the reaction proceeds with CO intermediates. Conversely, the catalyst with a higher concentration of Ni shows favorable conversion to HCOO* as the intermediate species en route to methane yield [25]. Current progress found that active metal is responsible for H2 dissociation, whereas CO2 adsorption occurs either in the support or second metal. Many recent studies have explored in-depth chemical kinetics study and the use of computational chemistry and in situ characterization to understand the mechanism of CO2 methanation. This is an important aspect because it is known that CO2 activation energy, as well as the mechanism, is different when a different catalyst system is used. The combination of theoretical calculations and physical experiments would bridge the gap in the understanding of the reaction mechanism, which is of importance for tailoring the optimum conditions in a more efficient manner.




8. Conclusions


In this article, a comprehensive review of the progress and performance of Ni-based catalyst for CO2 methanation has been outlined. As nickel nanoparticle is the best catalyst for CO2 methanation, considering their high performance over cost ratio, further modification of Ni can enhance its performance. The modification of Ni catalysts, such as support, second metal, and synthesis parameters are thoroughly discussed. Upon this modification, physicochemical properties of the catalyst are affected; hence influencing their interaction with reactant and the composition of the final product. Due to the depletion of fossil fuels for energy use, the P2G technology is in demand.



Hydrogen production from water electrolysis is a mature technology that is widely implemented. Electrolysis technology includes alkaline electrolysis, proton exchange membrane electrolysis (PEME), and solid oxide electrolysis cell (SOEC). The PEME technology has been widely commercialized by ITM Power in the United Kingdom in which the electrolyser is sold to different companies for a number of applications, including the P2G process [122]. CO2 methanation, a component reaction in P2G technology, is a promising technology to decrease the high level of CO2 in the atmosphere.



CO2 methanation research has ramped up over the last century, as it is one of the most significant research projects with commercial and environmental benefits. For the implementation of CO2 methanation, two points must be considered: (1) The reactor and catalyst for methanation must be able to operate at lower temperatures and give high methane yield as high temperatures cause a thermodynamic limitation; (2) the reaction mechanism of CO2 methanation must be continuously studied to understand the route and intermediate formed so byproducts can be suppressed. CO2 methanation is a well-known reaction that is being investigated as a carbon capture and storage (CCS) process and a renewable energy storage system based on a Power-to-Gas (P2G) conversion process using a substitute or synthetic natural gas (SNG). CO2 methanation is critical to the effectiveness and efficiency of Power-to-Gas plants. The future of CO2 methanation is vibrant, as the increased use of renewable energy sources necessitates the development of adequate storage systems to address the mismatch between power generation and instantaneous demand. In Germany, under the Audi in collaboration with ETOGAS GmbH, an industrial-scale P2G plant was developed in 2013, called the Audi e-gas project, in which CH4 is synthesized and is being used to fuel up vehicles [123]. Furthermore, the efficiency of the Power-to-Gas system has been tested by thermally integrating high-temperature electrolysis (SOEC Technology) with methanation, with a predicted efficiency of more than 85%. This is conducted under the HELMETH project [124]. However, among the major challenges to widening the implementation of P2G, is the transportation and storage of the H2 and CH4 gases.
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Figure 1. Power-to-gas technology. 
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Figure 2. LnKeq versus T plot for R1–R8. (P = 1 atm, H2/CO2 ratio = 4). 
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Figure 3. LnKeq versus T plot for CO2 methanation (R1) at different pressure (H2/CO2 ratio = 4). 
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Figure 4. Literature survey plot for catalyst support and their CO2 conversion. 
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Figure 5. Literature survey plot for second metal and their CO2 Conversion. 
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Figure 6. Illustration of the two-phase fixed-bed reactor. 
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Figure 7. Illustration of three-phase slurry bubble column reactor. 
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Table 1. List of CO2 methanation and possible side reactions.






Table 1. List of CO2 methanation and possible side reactions.





	Equation
	Reaction Label
	ΔH298K (kJ/mol)
	ΔG298K (kJ/mol)





	(1)
	R1
	−165.01
	−113,618



	(2)
	R2
	41.16
	28,674



	(3)
	R3
	−90.14
	−90,143.1



	(4)
	R4
	172.47
	120,153.5



	(5)
	R5
	−206.17
	−142,292



	(6)
	R6
	−131.3
	−91.48



	(7)
	R7
	77.91
	42.28
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