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This short review focuses on presenting recent findings on Ni-based catalysts for plasma-induced catalytic CO 2 methanation process. After a brief introduction presenting the advantages of plasma CO 2 methanation compared to the thermocatalytic approach, a discussion is given on different types of plasma used with nickel-based catalysts for CO 2 hydrogenation. The use of different supports and promoters in Ni-based catalysts for plasma DBD (Dielectric-barrier Discharge) catalysis CO 2 methanation is discussed. The present study focuses on presenting past, present and future prospects on nickel catalysed plasma-assisted CO 2 methanation reaction.

ionization and dissociation at room temperature [START_REF] Ashford | Plasma-Catalytic Conversion of Carbon Dioxide[END_REF][START_REF] Bogaerts | The 2020 plasma catalysis roadmap[END_REF][START_REF] Snoeckx | Plasma technologya novel solution for CO 2 conversion[END_REF][START_REF] Bogaerts | Plasma-Based CO 2 Conversion[END_REF][START_REF] Ashford | Non-thermal plasma technology for the conversion of CO 2[END_REF]. For CO 2 methanation, in the absence or in presence of catalysts, the most common plasma types reported in the literature are dielectric barrier discharges (DBD), microwave discharges (MW) and other types as well (e.g. radiofrequency, corona, glow discharge (GD) ) [START_REF] Snoeckx | Plasma technologya novel solution for CO 2 conversion[END_REF][START_REF] Bogaerts | Plasma-Based CO 2 Conversion[END_REF][START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxidelooking for an efficient catalyst[END_REF]. The first study dealing with a plasma catalytic Ni system for CO2 methanation was reported by Jwa et al. [7] in 2011. The authors used alumina supported Ni catalysts and they showed, for the first time, an impressive synergy between a DBD plasma and a catalyst leading to a conversion efficiency of 90% at 240°C in adiabatic conditions, under a voltage of 10.3kV (1kHz). Then, research studies continued to focus on DBD plasma but also more recently on MW and GD plasma and finally on nano-pulsed DBD in 2021.

Types of plasma used for assisted catalysis of CO 2 methanation.

As reported in the literature, the efficiency of plasma for CO 2 hydrogenation was found to be highly dependent on the plasma itself [START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxidelooking for an efficient catalyst[END_REF]. Indeed, the higher CO 2 conversions were reported when using microwave or glow discharge plasmas versus DBD configurations. However, the high CO 2 conversions not always provide high quantity of produced CH 4 , which was almost always reported as minor product compared to the CO. In order to increase the CH 4 selectivity, a synergy between plasma and catalysis is mandatory, the catalyst being there in order to lead to a higher selective reaction. Depending on the catalysts used, the plasma discharges types reported in literature involved mainly 4 plasma types: Corona discharge [8], Radio Frequency discharges (RF) [9], Microwave (MW) discharges [10,11], Glow discharge (GD) [START_REF] Azzolina-Jury | Novel boehmite transformation into γ-alumina and preparation of efficient nickel base alumina porous extrudates for plasma-assisted CO 2 methanation[END_REF][START_REF] Dębek | Operando FT-IR study on basicity improvement of Ni(Mg,Al)O hydrotalcite-derived catalysts promoted by glow plasma discharge[END_REF][START_REF] Dębek | Low-pressure glow discharge plasma-assisted catalytic CO2 hydrogenation-The effect of metal oxide support on the performance of the Ni-based catalyst[END_REF][START_REF] Azzolina-Jury | Mechanism of Low Pressure Plasma-Assisted CO2 Hydrogenation Over Ni-USY by Microsecond Time-resolved FTIR Spectroscopy[END_REF][START_REF] Azzolina-Jury | Chemical engineering aspects of plasma-assisted CO 2 hydrogenation over nickel zeolites under partial vacuum[END_REF], and DBD [START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxidelooking for an efficient catalyst[END_REF]. However, on plasma Ni-based CO 2 methanation, nano-pulsed plasma was presented in 2021 based on typical DBD configuration [START_REF] Gao | Coupling bimetallic Ni-Fe catalysts and nanosecond pulsed plasma for synergistic low-temperature CO 2 methanation[END_REF]. The plasma type has a significant influence on the CO 2 conversion and also on the CH 4 selectivity. Based on a literature review on plasma Ni-catalytic studies described since 2011, the distribution of the plasma type used for CO 2 methanation has been summarized in Figure 1. One can note that the DBD plasma type is the most commonly used for such application.
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Microwave discharge assisted CO 2 methanation on Ni-based catalysts

Ni/TiO 2 catalysts in a microwave discharge were studied by Chen et al. [11]. They showed a synergetic effect of plasma catalytic process as the presence of catalyst led to an increase of both CO 2 conversion and energy efficiency. However, the selectivity of obtained products was not discussed and is probably very low due to thermodynamic limitations since the MW is not a cold plasma, with operating temperatures higher than 500°C. Similar results were obtained over Ni/Al 2 O 3 catalysts [10], in which it was shown that the reduction of CO 2 under MW is governed by a combined effect between the plasma induced electronic excitation and catalysis at the reduced nickel particles surface.

Glow discharge assisted CO 2 methanation on Ni based catalysts

The main results reported in the literature are presented in Figure 2. It is worth noting that in glow discharge plasma CO 2 dissociation proceeds mainly via electron impact dissociation or vibrational excitation [START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxidelooking for an efficient catalyst[END_REF][START_REF] Bogaerts | Modeling plasma-based CO 2 conversion: crucial role of the dissociation cross section[END_REF][START_REF] Morillo-Candas | Guaitella Electron impact dissociation of CO 2[END_REF].

Figure 2:

As reported in Figure 2, glow discharge plasmas, operating from 2 to 6 kV, show high conversion of CO 2 (around 60%) at relatively low temperatures (T < 200°C). Among the studied catalysts, two types lead to moderate CO 2 conversion: zeolite and alumina-based ones. Thus, the CO 2 methanation in a low-pressure glow discharge was investigated over nickel supported on USY and ZSM-11 zeolitebased catalysts [START_REF] Azzolina-Jury | Mechanism of Low Pressure Plasma-Assisted CO2 Hydrogenation Over Ni-USY by Microsecond Time-resolved FTIR Spectroscopy[END_REF][START_REF] Azzolina-Jury | Chemical engineering aspects of plasma-assisted CO 2 hydrogenation over nickel zeolites under partial vacuum[END_REF]. The high activity in CO 2 conversion presented by the glow discharge in these plasma zeolite systems can be linked with the high complex permittivity of zeolites. Also, the main observed product was CO. CH 4 released only after plasma extinction and was linked with Ni reduction properties and the subsequent Ni° content, showing a competition between CO and H 2 in the Ni° species playing a significant role for CH 4 selectivity. Another important parameter evidenced by the authors was the position of a catalyst in the plasma reactor (in plasma vs. post-plasma) as the lifetime of the active species played an important role in the CO 2 methanation activity. Other Ni-based materials, such as Ni/Al 2 O 3 or Ni/CeO 2 -ZrO 2 were also used [12, 14.](Figure 2). The enhanced activity has been observed over Ni/Al 2 O 3 at 200 °C (40% CO 2 conversion and 8% CH 4 selectivity).

Although, MW and GD plasmas allow to convert CO 2 , the selectivity towards methane production remains very low. As evidenced before, in order to reach high CO 2 conversion and selectivity in methane, the best configurations are DBD plasmas. This type of plasma will be discussed in the following sections with the special focus laid on the Ni-based materials, i.e. the choice of support and promoters used.

The influence of support and the promotion by another metal for a high efficiency and lower energy consumption.

DBD-assisted Ni catalytic process is the most used plasma-assisted CO 2 methanation reported in the literature (Figure 3). Among the 21 studies, various supports, such as alumina [7, [START_REF] Chen | Nonthermal plasma (NTP) activated metal-organic frameworks (MOFs) catalyst for catalytic CO 2 hydrogenation[END_REF][START_REF] Bacariza | DBD plasma-assisted CO 2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[END_REF][START_REF] Ahmad | Low-Temperature CO 2 Methanation: Synergistic Effects in Plasma-Ni Hybrid Catalytic System[END_REF][START_REF] Zeng | Plasma-catalytic hydrogenation of CO 2 for the cogeneration of CO and CH 4 in a dielectric barrier discharge reactor: effect of argon addition[END_REF], ceria [START_REF] Ge | Plasma-assisted CO 2 methanation: effects on the low-temperature activity of an Ni-Ce catalyst and reaction performance[END_REF], zirconia [START_REF] Mikhail | Nickel Supported Modified Zirconia Catalysts for CO 2 Methanation in DBD Plasma Catalytic Hybrid Process[END_REF], ceria-zirconia [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO 2 at low temperature over ceria zirconia supported Ni catalysts[END_REF][START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[END_REF][START_REF] Benrabbah | Plasma DBD activated ceria-zirconia-promoted Ni-catalysts for plasma catalytic CO 2 hydrogenation at low temperature[END_REF][START_REF] Mikhail | Plasma-catalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF][START_REF] Biset-Peiró | On the role of Ceria in Ni-Al 2 O 3 catalyst for CO2 plasma methanation[END_REF][START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF][START_REF] Wang | Coupling experiment and simulation analysis to investigate physical parameters of CO 2 methanation in a plasma-catalytic hybrid process[END_REF][START_REF] Wang | Improvement of the activity of CO 2 methanation in a hybrid plasma-catalytic process in varying catalyst particle size or under pressure[END_REF][START_REF] Mikhail | Nickel Supported Modified Zirconia Catalysts for CO 2 Methanation in DBD Plasma Catalytic Hybrid Process[END_REF], titania [START_REF] Zhou | Effect of the structure of Ni/TiO 2 catalyst on CO 2 methanation[END_REF], zeolites [START_REF] Bacariza | DBD plasma-assisted CO 2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[END_REF][START_REF] Chen | Coupling non-thermal plasma with Ni catalysts supported on BETA zeolite for catalytic CO 2 methanation[END_REF][START_REF] Jwa | Plasma-assisted catalytic methanation of CO and CO2 over Ni-zeolite catalysts[END_REF],metal-organic framework [START_REF] Chen | Nonthermal plasma (NTP) activated metal-organic frameworks (MOFs) catalyst for catalytic CO 2 hydrogenation[END_REF] or mixed-oxides derived from hydrotalcites [START_REF] Wierzbicki | Ni-Fe layered double hydroxide derived catalysts for non-plasma and DBD plasma-assisted CO 2 methanation[END_REF][START_REF] Nizio | Low temperature hybrid plasma-catalytic methanation over Ni-Ce-Zr hydrotalcitederived catalysts[END_REF] were used. Most of the studies are then in the same range in terms of power and voltage. Thus, for all these studies the applied voltage was varying from 7 to 20 kV, with a power varying from 3 to 15 W (Figure 3). of CO 2 (85%) under adiabatic conditions on 15%Ni/Ce 0.52 Zr 0.48 O 2 was reported [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO 2 at low temperature over ceria zirconia supported Ni catalysts[END_REF]. The same catalyst was investigated by adjusting operation parameters of DBD plasma [START_REF] Benrabbah | Plasma DBD activated ceria-zirconia-promoted Ni-catalysts for plasma catalytic CO 2 hydrogenation at low temperature[END_REF][START_REF] Mikhail | Plasma-catalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF][START_REF] Benrabbah | Plasmacatalytic hybrid process for CO 2 methanation[END_REF][START_REF] Wang | Coupling experiment and simulation analysis to investigate physical parameters of CO 2 methanation in a plasma-catalytic hybrid process[END_REF][START_REF] Wang | Improvement of the activity of CO 2 methanation in a hybrid plasma-catalytic process in varying catalyst particle size or under pressure[END_REF], such as applied voltage, Gas Hourly Space Velocity (by adjusting catalyst volume and flow rate), discharge length and catalyst grain-size. It was shown that an In-Plasma Configuration (catalyst covered by the plasma discharge) led to high performances with an energy consumption twice lower when compared to a Post Plasma Configuration [START_REF] Benrabbah | Plasma DBD activated ceria-zirconia-promoted Ni-catalysts for plasma catalytic CO 2 hydrogenation at low temperature[END_REF][START_REF] Mikhail | Plasma-catalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF]. These latter results were linked to the role of short-life reactive species and a higher temperature in the in-plasma system compared to the post-plasma system in applying a similar inlet power. Moreover, an optimal grain size of 0.5 mm (Ni/Ce 0.52 Zr 0.48 O 2 catalyst) for the DBD configuration was proposed [START_REF] Wang | Coupling experiment and simulation analysis to investigate physical parameters of CO 2 methanation in a plasma-catalytic hybrid process[END_REF][START_REF] Wang | Improvement of the activity of CO 2 methanation in a hybrid plasma-catalytic process in varying catalyst particle size or under pressure[END_REF]. All these results pointed out that the plasma parameters may have a significant effect on overall performance and the increase of the synergetic effects between plasma and catalyst.

Due to their typical structures, zeolites were also proposed as supports for DBD plasma methanation applications. Ni-based zeolite catalysts were extensively studied in DBD plasma systems [START_REF] Bacariza | DBD plasma-assisted CO 2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[END_REF][START_REF] Chen | Coupling non-thermal plasma with Ni catalysts supported on BETA zeolite for catalytic CO 2 methanation[END_REF][START_REF] Jwa | Plasma-assisted catalytic methanation of CO and CO2 over Ni-zeolite catalysts[END_REF].

In the presence of Ni/Beta catalysts an increase in selectivity of methane [START_REF] Jwa | Plasma-assisted catalytic methanation of CO and CO2 over Ni-zeolite catalysts[END_REF] was reported. Moreover, the authors showed that the dispersion of Ni increased after the plasma-catalytic tests, corresponding to nickel particles redispersion during the reaction. Moreover, the authors proposed that the plasma allowed, even in the presence of the catalysts, to increase the dissociation of adsorbed molecules. Indeed, the adsorbed molecule has much weaker bond than in gaseous state. Meanwhile the reactive species produced by plasma can help to dissociate the adsorbed molecule, resulting in plasma helps in dissociation od adsorbed CO molecule. Dissociation of CO bond is the rate determining step (RDS), leading then to high CH 4 production. Other Ni-zeolite catalysts (USY with various Si/Al ratios) were investigated by Bacariza et al. [START_REF] Bacariza | DBD plasma-assisted CO 2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[END_REF], who pointed out that water adsorption on the active sites, which is present as one of the products of the reaction would be one of the main limiting factors for thermal CO 2 methanation, in blocking the active sites as figured out by Sabatier's principle [START_REF] Medford | Nørskov From the Sabatier principle to a predictive theory of transition-metal heterogeneous catalysis[END_REF]. However, by using plasma this problem can be solved to the limited extent. According to the authors the hydrophobic characteristics of the used catalyst are of key importance for the development of highly active CO 2 methanation processes. The role of water was similarly revealed on Ni/SBA-15/CeZrO 2 catalysts [START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[END_REF].

Recently, other types of catalysts, such as Ni-Ce three-dimensional catalysts [START_REF] Ge | Plasma-assisted CO 2 methanation: effects on the low-temperature activity of an Ni-Ce catalyst and reaction performance[END_REF], Ni/Silicalite-1 [START_REF] Chen | Effect of metal dispersion and support structure of Ni/silicalite-1 catalysts on non-thermal plasma (NTP) activated CO 2 hydrogenation[END_REF] were studied for NTP coupled catalytic methanation. The studies demonstrated the crucial role of catalyst design in NTP activated catalysis, in which the Ni species should be accessible for being active in DBD Plasma catalytic methanation. Moreover, on Ni-Ce three-dimensional catalysts [START_REF] Ge | Plasma-assisted CO 2 methanation: effects on the low-temperature activity of an Ni-Ce catalyst and reaction performance[END_REF], it was found that plasma created more abundant basic sites for CO 2 adsorption which is primordial for its transformation into CH 4 . Also, Chen et al. showed an improvement of Ni based Metal Organic Framework (15Ni/UiO-66) in the plasma catalytic methanation at moderate temperature [START_REF] Chen | Nonthermal plasma (NTP) activated metal-organic frameworks (MOFs) catalyst for catalytic CO 2 hydrogenation[END_REF]. Furthermore, double-layered hydroxide derived Ni catalysts were found to be promising catalysts for NTP catalytic methanation reaction when promoted with cerium [START_REF] Nizio | Low temperature hybrid plasma-catalytic methanation over Ni-Ce-Zr hydrotalcitederived catalysts[END_REF] or iron [START_REF] Wierzbicki | Ni-Fe layered double hydroxide derived catalysts for non-plasma and DBD plasma-assisted CO 2 methanation[END_REF]. Finally, nickel foams Ni-Fe 0.25 -Al/NF were tested with a nano-pulsed DBD system [START_REF] Gao | Coupling bimetallic Ni-Fe catalysts and nanosecond pulsed plasma for synergistic low-temperature CO 2 methanation[END_REF]. It was shown that catalysts with appropriate Fe/Ni ratio (0.25-0.5) presented highly-dispersed and small-sized nanoparticle, and strengthened Ni-Fe interactions, which could lead the high plasma-catalytic activity. This clearly showed the impact of Fe on the Ni based catalyst for DBD Plasma catalytic methanation. It is worth noting that apart from the promotion with Fe, only few studies dealt with the promotion of Ni-based catalysts with another metal. Only cerium [START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[END_REF][START_REF] Biset-Peiró | On the role of Ceria in Ni-Al 2 O 3 catalyst for CO2 plasma methanation[END_REF][START_REF] Bacariza | DBD plasma-assisted CO 2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[END_REF][START_REF] Nizio | Low temperature hybrid plasma-catalytic methanation over Ni-Ce-Zr hydrotalcitederived catalysts[END_REF] and lanthanum [START_REF] Chen | Coupling non-thermal plasma with Ni catalysts supported on BETA zeolite for catalytic CO 2 methanation[END_REF][START_REF] Mikhail | Nickel Supported Modified Zirconia Catalysts for CO 2 Methanation in DBD Plasma Catalytic Hybrid Process[END_REF] appeared to promote Ni-based catalyst for DBD plasma methanation process. Accordingly, Chen et al. [START_REF] Chen | Coupling non-thermal plasma with Ni catalysts supported on BETA zeolite for catalytic CO 2 methanation[END_REF] demonstrated that compared to the non-promoted catalyst, the addition of La resulted in an improvement of the turnover frequency and selectivity towards CH 4 . Moreover, the La-developed catalyst also exhibited excellent stability during 15 h TOS under NTP conditions.

Future prospects and outlook

Since the beginning of 2010's, a renewed interest in the development of Ni-based catalytic plasmainduced systems for CO 2 methanation has been reported. In recent years, some studies have been able to understand in more detail what would be the desired chemical and physical properties of the Nibased materials used, as well as the characteristics of the plasma to drive the appropriate species through surface of the catalysts. Plasmas, such as DBD, GD are now used as a pre-treatment of desired materials that can be used in the plasma catalytic CO 2 methanation, or in thermal CO 2 methanation [7, [START_REF] Dębek | Operando FT-IR study on basicity improvement of Ni(Mg,Al)O hydrotalcite-derived catalysts promoted by glow plasma discharge[END_REF][START_REF] Mikhail | Plasma-catalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF][START_REF] Bian | Enhanced low-temperature CO2 methanation activity on plasma-prepared Ni-based catalyst[END_REF][START_REF] Bian | Methanation of carbon oxides on Ni/Ce/SBA-15 pretreated with dielectric barrier discharge plasma[END_REF]. Thus, the possibilities in the coupled plasma catalytic systems used to develop CO 2 methanation as an efficient process becomes feasible if the energy consumption is controlled and the energy comes from renewable sources. Furthermore, the development of such systems requires both an understanding of plasma catalytic surface reactions and the design of catalytic systems that can be scaled out and reduce energy consumption [START_REF] Snoeckx | Plasma technologya novel solution for CO 2 conversion[END_REF][START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxidelooking for an efficient catalyst[END_REF]. The authors pointed out that with increasing the RF power, the CO 2 conversion increased, while the energy efficiency decreased and also the addition of hydrogen could significantly reduce the time required to reach the equilibrium state of carbon dioxide decomposition reaction. With increasing H 2 content, initially CO 2 conversion decreased and then increased. The study showed that in using 20%Ni/Al 2 O 3 coupled with Micro-Wave Plasma, the CO 2 conversion increased from 75% to more than 90%. As well, after catalyst addition methanol production increased from 900 ppm to 1900 ppm, and methane production from 6 ppm to 25 ppm.
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