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Résumé

La lutte contre l'augmentation constante des gaz à effet de serre dans l'atmosphère, en particulier le dioxyde de carbone CO2, est l'un des plus grands défis de l'humanité en ce siècle. Réduire ou au moins stabiliser ces émissions en développant des solutions innovantes permettant de capter et transformer (CCU) le CO2 inévitablement produit sont des tâches et des défis majeurs pour les prochaines décennies. Dans ce travail, nous nous concentrerons sur la réaction de méthanation du CO2 (réaction de Sabatier) comme une approche prometteuse pour la réduction du CO2 puisque le CH4 généré peut être facilement stocké dans le réseau de gaz existant ou utilisé comme matière première pour la production de produits chimiques à haute valeur ajoutée. L'association de la technologie des plasmas et de la catalyse permet de contourner les conditions sévères de température et de pression élevées exigées par l'approche thermique classique et de répondre aux exigences d'une production flexible alimentée par des énergies renouvelables. Bien que les principes généraux de la catalyse par plasma soient décrits, il s'agit d'un nouveau domaine de recherche dont de nombreux aspects restent encore à découvrir. Par conséquent, dans cette thèse, nous tenterons de révéler certains de ces aspects en étudiant l'impact des matériaux sur les propriétés du plasma dans un réacteur plasma à décharge à barrière diélectrique "DBD" à lit fixe, permettant de souligner la synergie entre le plasma et le catalyseur. Cette thèse de doctorat est une étude multidisciplinaire, dans laquelle dans la première étape, nous nous concentrerons sur l'élucidation de faits cruciaux concernant le mécanisme de la réaction de méthanation du CO2 en présence du plasma (DBD) et le catalyseur Ni/CeZrOx. Dans un deuxième temps, une série de promoteurs sera ajouté intentionnellement à la composition d'un catalyseur à base de Ni/CeZrOx afin d'étudier l'effet des propriétés physico-chimiques et électriques du catalyseur sur l'efficacité énergétique de la méthanation du CO2. Cette étude permettra de mettre en place une nouvelle méthodologie pour sélectionner les catalyseurs les plus appropriés en termes d'efficacité énergétique pour la méthanation du CO2 par DBD plasma-catalyse. Enfin, nous étudierons l'influence des paramètres opératoires, des conditions du plasma et du design du réacteur, combinés à une étude de simulation sur COMSOL Multiphysics, sur l'efficacité énergétique du procédé de méthanation du CO2 par plasma-catalyse. Nous espérons ainsi obtenir des informations permettant d'améliorer la synergie entre le plasma et le matériau, et ainsi contribuer à la transition vers un avenir durable.
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General Introduction

General Introduction

Energy is one of the fundamental needs in modern society. It is forecasted that energy consumption will increase further with the economic growth. In fact, the use of fossil origin resources increases greenhouse gas emissions in particularly carbon dioxide, of which the influence on climate change is recognized by the whole scientific community. According to the International Energy Agency, the energy consumption is responsible for approximately 69% of greenhouse gases emitted from anthropogenic activities, 90% of which are CO2. Carbon dioxide emissions into the atmosphere are increasing every year, forcing governments to seek new strategies to reduce them. In March 2021, the new EU Adaptation Strategy paved the way to a more ambitious objective to achieve in terms of climate resilience: in 2050, the EU will be a climate-resilient society and fully adapted to the unavoidable impacts of climate change. Thereby, two types of technologies have emerged as potential solutions to solve the problem of CO2 emissions: CCU (Carbon Capture and Utilization) and CCS (Carbon Capture and Storage). However, the utilization of the captured CO2 in comparison to its storage is a more attractive alternative, especially if it can be recycled into valuable chemical products such as methane, methanol or higher hydrocarbons. In this manuscript, we will present a plethora on why the mitigation and valorization of CO2 is necessary, what the challenges are and how it can be done more efficiently. More specifically, this work will focus most on CO2 methanation, in other words, the simultaneous conversion of CO2 and H2 into CH4. Indeed, the methanation reaction offers the possibility to store excess energy in the form of methane, using hydrogen supplied via water electrolysis. Since H2 presents several inherent problems, from its transportation to its distribution, its transformation into CH4 will offer the possibility of using the conventional transportation network. Thus, for countries like Germany, in which the renewable energy sector is growing very quickly leading to an excess of energy production, such strategy would be of great advantage.

Although the CO2 methanation reaction is thermodynamically favorable, the complete reduction of fully oxidized carbon (to methane) is an eight-electron reaction with significant kinetics limitations which makes it necessary to implement an active catalyst in order to achieve reasonable conversion degrees. A first challenge is that, the catalysts currently used in the thermal CO2 methanation process are mainly made of rare-earth metals and are therefore not part of a sustainable economy. On the other hand, another challenge arises and consists in modifying O-C-O bond angle by a molecular vibration which facilitates its adsorption and the reactivity of the carbon orbitals towards the catalytic sites. Moreover, water adsorption on the active sites is one of the main limiting factors for conventional CO2 methanation, thus samples with high affinity to water could increase the inhibitory effect of H2O on the CO2 methanation activity. In addition, the CO2 conversion to methane is not straightforward. In fact, most of heterogeneous catalytic reactors operate at temperature higher than 400°C, which often leads to the coking of the catalyst. Furthermore, the thermocatalytic methanation reaction at an industrial scale required the succession of several stages to compensate the drop-in efficiency and is carried out at high pressure (20 to 30 bar) to limit the presence of parasite reactions, catalyst ageing, and to reduce the size of the reactors that operate at low GHSV (high catalyst volume).

Hence, novel technologies are required in order to convert this greenhouse gas (CO2) in a sustainable and efficient way by passing these severe conditions and meeting the requirements for flexible production driven by renewable energy supply. Plasma technology could offer a viable solution, by directly targeting the molecules in reacting into value-added chemicals. Their quick on-and-off-switching capabilities by electrical energy, in combination with intermittent renewable energy sources, makes them a promising technology to directly convert CO2 into CH4 in a sustainable way. Besides, the combination of plasma and catalysis is gaining increasing interest for various gas conversion applications, such as CO2 conversion into value-added chemicals and fuels, CH4 activation into hydrogen, hydrocarbons or oxygenates and NH3 synthesis. Even though the general principles of plasma catalysis are known, it remains a new field of research with many aspects yet to be discovered.

In conventional catalysis, proportions and quantities of products formed (i.e. selectivity and yield) are controlled by key conditions (bulk temperature, pressures, concentrations) prevailing in the reactor and the rates of the underlying catalytic processes at those conditions. Plasma catalysis is the integration of a catalyst with a plasma to generate desired products at desired rates and at desired efficiencies that are otherwise inaccessible via conventional catalytic means. Indeed, the key characteristic of NTP (Non-Thermal Plasma) is that thermal equilibrium is not maintained between all degrees of freedom. In other words, plasma catalysis distinguishes itself from conventional thermal catalysis by using a different concept of 'temperature'. In thermal catalysis, the reactions are thermally driven, and thermal energy is intrinsically non-selective, i.e. by definition it equally influences all degrees of freedom of all reaction intermediates across all intermediate steps ('equipartition of energy').

In contrast, NTP causes non-thermal activation of the molecules, (i.e. vibrational excitation of the gas molecules), in the most ideal case directing energy selectively into the reaction coordinate of a single targeted elementary step without significantly affecting the other steps.

In various cases, plasma-catalyst synergy has been reported, i.e. the combined effect of plasma catalysis is larger than the sum of plasma alone and catalysis alone. The rational design of catalysts tailored to the plasma environment, based on deep insights in the underlying mechanisms, is of high interest as a novel approach. Plasma catalysis is a multi-parameter process with a high degree of coupling between the parameters that needs to be understood. Systematic measurements are required to elucidate the impact of all the electrical, mechanical, chemical, physical, gas dynamic and thermodynamic parameters on the outcomes of the processing. These results will generate new knowledge enabling us to gain the necessary understanding to inform the design processes required to take the promising laboratory results to the next level.

In this PhD thesis, we will therefore focus on understanding the synergy between plasma and catalysis that can yield in the application of CO2 methanation in a packed bed dielectric barrier discharge (DBD) plasma reactor by using different types of packing materials. It is important to maximize the beneficial effects of both catalyst and plasma in order to enhance the energy efficiency of the process. It is important to underline that in terms of any plasma-catalytic process, complex surface and gas-phase chemistry correlate strongly to physical properties of applied plasma and catalyst. Investigation of fundamental reaction mechanisms occurring in such complex systems is therefore challenging. Moreover, to our knowledge, studies of ageing of the catalyst in plasma are not reported up to now in the literature. Long-term studies are hence necessary, before implementation of plasma-catalytic CO2 methanation on a larger scale. Yet, many researchers indicated that plasma performance in various CO2 valorization processes depends on reactor configuration. Besides, it should be noted that the surface mobility of the chemisorbed species and their desorption are essential for a high catalytic performance. With these new degrees of freedom, the study of this reaction takes an innovative turn which must be developed with catalysts capable of responding to the constraints of the electrical discharge and to the mobility of the hot electrons created by this latter. Therefore, these properties and factors need to be considered for increasing the energy efficiency of the plasma-catalytic CO2 methanation process. Our work is therefore an approach far from previous studies and aims at revealing some of these aspects whose relevance and demonstrations will be shown in each chapter of this manuscript. This way, we hope to gain insights to further improve the synergy between the plasma and the packing material, and thus to aid with the transition towards a sustainable future. 

CO2 mitigation and global warming

Carbon dioxide has always been present in the composition of our atmosphere, emitted by natural sources, within a generally balanced cycle. The terrestrial carbon cycle is biogeochemical in nature and encompasses all exchanges of carbon compounds between the atmosphere, biosphere, hydrosphere and lithosphere. Respiration, forest fires, volcanic activity, fermentation or organic decomposition are the various natural activities that release carbon dioxide into the atmosphere. Yet, these emissions can be trapped or transformed into different forms. Indeed, achlorophyllous plants and certain bacteria are capable of capturing CO2 and transforming it into organic matter through photosynthesis. In the hydrosphere, CO2

is dissolved in the form of carbonate or bicarbonate ions that can be fixed by certain species or precipitated in the form of limestone rocks. Finally, in the lithosphere, carbon can be sedimented (limestone rocks) or fossilized (hydrocarbons).

In addition to these natural emissions, there are emissions from human activity: agricultural and industrial sectors, waste production, but especially hydrocarbon combustion, reaching 35 billion tons of CO2 per year in 2019 [1] (see Figure 1). In Figure 1, it is clear that anthropogenic emissions have increased exponentially since the industrial revolution, which began in Great Britain in the 1780s and 1820s and then spread to all industrialized countries during the 19th century. Indeed, this historical period is based on the appearance of fossil fuels (coal, oil, natural gas), which are the main source of greenhouse

Chapter I: Literature Review on CO2 conversion gas emissions, as new sources of energy for the mechanization of factories and the development of the automobile, metallurgy and chemical sectors in particular. Even if it is estimated that half of these emissions have been recycled by the hydrosphere and the biosphere, the massive quantities of CO2 released into the atmosphere no longer allow the carbon cycle to function in a balanced way [START_REF] Stocker | Summary for Policymakers. Climate Change 2013[END_REF]. Historically, there was no concern about the over-emission of CO2. However, Svante Arrhenius was the first person who predicted, in the 1880s, that emissions of CO2 from the burning of fossil fuels were large enough to cause global warming [3].

According to International Energy Agency (IEA), the energy consumption is responsible for ca.

69% of greenhouse gases emitted by the humankind, with CO2 contributing to 90% of the greenhouse gases released from energy consumption [1]. An additional problem is a huge increase of 150% in global total primary energy supply, which was mainly caused by the worldwide economic growth and development. Despite a large development of new renewable, as well as nuclear energy sources, the total world energy supply has been relatively

unchanged over the past 40 years, and fossil fuels still are the main energy supply contributing to ca. 82% of the world's primary energy use. Carbon dioxide emissions are strongly associated with the combustion of fossil fuels, with the highest contribution of coal and oil [4]. to continue in the coming years (Figure 2). By comparison, CO2 emissions of non-OECD countries, notably China and India, is expected to rise significantly in the coming decades due to the very strong growth of their economies, their huge populations and their energy

Chapter I: Literature Review on CO2 conversion needs [5]. Indeed, their energy production is essentially based on coal, the fossil material emitting the most CO2 per unit of energy recovered, of which these two nations have large reserves. The CO2 emitting sectors are relatively varied, and their relative contribution to global CO2 emissions is given in Figure 3. The main sources of carbon dioxide emission are: (i)

Electricity and heat generation (41%), (ii) Transportation (22%), and (iii) Industry (20%). As many countries, such as China, India or Poland, still strongly rely on fossil fuels, it is predicted that the situation will not change in the coming years. Other*: includes public and commercial services, agriculture, forestry, energy industries that do not generate electricity or heat and other minor emissions [6].

Carbon dioxide is a greenhouse gas, like methane, ozone, nitrous oxide or chlorofluorocarbons (CFCs). Moreover, as it has been said previously, the CO2 content in the atmosphere has increased considerably in recent decades. During this same period, global warming has been observed and many scientific studies have been conducted on this subject.

Despite some controversy, the IPCC (Intergovernmental Panel on Climate Change) [START_REF] Stocker | Summary for Policymakers. Climate Change 2013[END_REF], all the national academies of science of the major industrialized countries and many scientific societies affirm that this phenomenon is of human origin. It was found that global annual average temperature (as measured over both land and oceans) has increased by more than 2°F (0.8°C) since 1880 (through 2020) (Figure 4). The black line shows atmospheric carbon dioxide (CO2) concentration in parts per million (ppm) [8]. The increase of carbon dioxide concentration in the atmosphere is responsible for about two-thirds of the total energy imbalance that is causing Earth's temperature to rise [8]. The warming of the atmosphere and the oceans implies strong consequences for humans and for the environment in the medium and long term. We can mention the desertification of certain regions, the melting of polar ice, the intensification of tropical cyclones, the rise in water levels, the slowing down and

Chapter I: Literature Review on CO2 conversion modification of ocean currents, the acidification of the oceans. Beyond a certain limit, the aggravation of these factors should generate significant migratory flows of civilian populations and marine species and should have serious impacts on the economy, on society and on biodiversity. The politics have become to be aware of this issue and many governments have taken resolutions to limit their CO2 emissions. European Union (EU) regulates the concentration of GHGs emissions in the atmosphere via longtime approaches. In 2014, EU adopted a new 2030 climate & energy framework, settings three following targets: (i) 40% lower emissions of GHGs in respect to 1990 levels, (ii) at least 27% share of renewables in the energy sector, and (iii) at least 27% improvement in energy efficiency. Afterwards, in March 2021, the new EU Adaptation Strategy paved the way to a more ambitious objective to achieve in terms of climate resilience: in 2050, the EU will be a climate-resilient society and fully adapted to the unavoidable impacts of climate change [9]. This new Strategy seeks to step up action across the economy and society to bring us towards the emergency neutrality vision by 2050 and a more ambitious emissions reduction target of at least 55% by 2030, compared to 1990, while increasing synergies with other policy areas such as biodiversity. Imposing taxes on CO2 emitted, or increasing taxes on gasoline, are other solutions to solve the problem of rising greenhouse gases emissions. Several governments attempted to implement a widespread set of climate solutions that includes the development of renewable energy usage. Thus, some efforts must be undertaken by all countries in order to develop in a sustainable way.

Besides, to reduce CO2 emissions, it is possible to act upstream of the processes producing this molecule. This is the main lever used so far. Fossil fuels can be replaced by less carbon intensive fuels. The use and development of all decarbonated energies such as wind, photovoltaic, hydraulic or nuclear power are therefore solutions to limit these emissions.

However, these alternative energies have their limits. Indeed, they only produce electricity and do not allow the synthesis of fuels (gasoline, diesel, kerosene) nor of the numerous products of life (e.g., oil, gasoline, petrol) neither that of the numerous products of the everyday life resulting from the petrochemistry (plastics, solvents, detergents, resins, synthetic fibers, medicines, cosmetics, fertilizers...). Thus, there is no immediate and massive substitution solution to fossil fuels, particularly in the fields of transport and chemistry. It is worth noting that the combustion of biomass or waste also releases carbon dioxide into the atmosphere, although the carbon balance is estimated to be zero in the case of biomass.

All these upstream actions play an important role in the fight to control CO2 emissions.

Nevertheless, the current energy supply and the growth in energy demand do not allow us to envisage freeing ourselves from fossil fuels in the short term (see Figure 5). It is therefore necessary to find other solutions in order to limit the quantity of CO2 released into the atmosphere or to synthesize fuels by other means.

A) B)

Figure 5. World primary energy demand by fuel. A) 1995, and B)2040 BP Energy Outlook 2019 Edition

Another way to limit CO2 emissions is to act downstream. In this case, carbon dioxide is produced, but then it is either captured to store it or recovered chemically (or biologically).

Reduction of CO2 emissions

Carbon capture and storage

While CO2 can be captured from the air, the main industrial interest is in the capture of CO2 from fossil-fuel based technologies [3]. During the last decades, a number of new power generation concepts that may result in CO2 control and capture have been developed which include oxy-fuel combustion, pre-combustion decarbonization, post-combustion process as well as chemical looping combustion. Among these technologies, the post-combustion process is more suitable for CO2 capture in the traditional pulverized coal power plants [START_REF] Li | A review of research progress on CO2 capture, storage, and utilization in[END_REF].

At present, four technologies have been developed for the post-combustion process, e.g. solvent absorption, adsorption using solid sorbent, membrane separation, and cryogenic fractionation. Among a range of separation technologies, absorption with solids including grafted ionic liquids, MOFs materials [START_REF] Benoit | MIL-91(Ti), a small pore metal-organic framework which fulfils several criteria: an upscaled green synthesis, excellent water stability, high CO2 selectivity and fast CO2 transport[END_REF][START_REF] Sabetghadam | Influence of Filler Pore Structure and Polymer on the Performance of MOF-Based Mixed-Matrix Membranes for CO2 Capture[END_REF], alkali earth metal oxide, amine modified sorbents [START_REF] Ünveren | Solid amine sorbents for CO2 capture by chemical adsorption: A review[END_REF], and K-based sorbents appears to be the most promising CO2 capture strategies.

However, if the absorption is to be used for large-scale implementation of CCS, the physical and chemical properties of the sorbent must be well understood with the combination of experimental and theoretical approaches, which enable the development of CO2 selective sorbents. Besides, the sorbent performance, lifetime, cost and the equipment for CO2 capture must also be considered for practical application. Moreover, the need for higher efficiency, lower generation costs and emissions would also open opportunities for some application of supercritical (SC) and ultra-supercritical (USC) coal fired power plant technology in future. CO2

storage can be biological in nature, through reforestation, biochar, microalgae, or bacteria. It can also be of a geological nature. In this case, the carbon dioxide is injected into permeable geological layers, topped by impermeable layers to keep the compound in the subsoil. The sites chosen must be deep enough to allow the stored carbon dioxide to reach a quasi-liquid state, so that it occupies the smallest possible volume.

Recently, the use of technologies for CO2 capture and storage has been the focus of numerous research projects [3,[START_REF] Pan | Advances in state-of-art valorization technologies for captured CO 2 toward sustainable carbon cycle[END_REF], such as the European CASTOR and CESAR projects (2008).

Nevertheless, the processes used for CO2 capture are energy intensive and costly to implement. In addition, we must add the cost of compression and transport of CO2, as the sources of carbon dioxide emissions are generally not located at the geological sites dedicated to its storage. It is therefore not profitable at the present time. Current studies therefore aim to reduce the cost of CO2 capture, but also to examine the impacts of its burial and to develop methods for selecting geological storage sites. Projections indicate that by 2030, it would be possible to store 4 Gt of CO2 per year (compared to 30 Gt emitted at present) and that the widespread use of this technique is not envisaged before 2050. By that date, geological storage could contribute to reducing global anthropogenic CO2 emissions by 20%. In principle, this sector should continue to develop alongside other technologies, as long as new forms of energy are available in large quantities.

Another possibility to reduce our CO2 emissions by acting downstream is to develop processes to valorize this compound. The latter would then be considered as a source of raw material for energy and chemistry, and not only as a waste product. In fact, this solution is even complementary to CO2 capture and storage technologies. Indeed, the captured carbon dioxide could in part be transformed into high value-added chemical or energy products rather than being buried underground. Thus, the next section will be dedicated to the different ways of chemical recovery of CO2 into chemical products.

Pathways of carbon dioxide utilization

The recent awareness of the need to reduce CO2 emissions makes any biological or chemical valorization of this molecule positive. In addition, capture technologies, which have been widely studied in recent years, should make large quantities of concentrated CO2 available at low cost in the medium term. Therefore, technologies aimed at recovering carbon dioxide should benefit from the development of CCS. Conversely, the lack of development of CCS could represent a difficulty for the implementation of these technologies [START_REF] Li | Application of intelligent optimization techniques in CO2 geological storage and utilization[END_REF].

Hence, this led to consider carbon recycling instead of direct storage, a process known as carbon capture and utilization (CCU). This potential leads to the gradual consideration of the CO2 molecule as a molecule of interest, and instead of letting it escape into the atmosphere, CO2 is captured at the point where it is generated and a chemical transformation into another molecule can recycle it [START_REF] Amouroux | Carbon dioxide: A new material for energy storage[END_REF]. The concept of carbon utilization has gained increasingly widespread interest within Congress and in the private sector as a means for capturing CO2 and storing it in potentially useful and commercially viable products, thereby reducing emissions to the atmosphere, and for offsetting the cost of CO2 capture [START_REF] Amouroux | Carbon dioxide: A new material for energy storage[END_REF]. The carbon utilization process defines as: (i) the fixation of such qualified carbon oxide through photosynthesis or chemosynthesis, such as through the growing of algae of bacteria; (ii) the chemical conversion of such qualified carbon oxide to a material or chemical compound in which such qualified carbon oxide is securely stored; and (iii) the use of such qualified carbon oxide for any other purpose for which a commercial market exists (with the exception of use as a tertiary injectant in a qualified enhanced oil or natural gas recovery project). Figure 6 illustrates an array of potential utilization pathways ranging from food and fuels to solid building materials like cement to fertilizers. The use of CO2 as a source of carbon and as a raw material presents strategic outlets, since it would allow the production of energy compounds or basic compounds of organic chemistry, partly compensating for petrochemistry through a more environmentally friendly chemistry.

. Schematic illustration of current and potential uses of CO2 [START_REF]Carbon Capture and Sequestration (CCS) in the United States[END_REF] The economic interest of such processes will of course be increased if incentive measures are adopted by the political classes. Thus, the increase, on an international scale, of the value of the carbon tax within the framework of the EU ETS (European Union Emissions Trading Scheme) quotas, the allocation of subsidies for projects aiming at recovering CO2 or the creation of an advantageous tax system for products resulting from the recycling of CO2, are tools that favor the development of these sectors. It is important to add that companies that adopt such policies to reduce their CO2 emissions should also experience positive spin-offs in terms of image towards the general public. In addition to the economic, strategic and environmental interests mentioned above, the study of CO2 reactivity is also interesting from a scientific point of view.

Carbon dioxide already had some industrial applications, notably in the chemical, petroleum and food industries. It is used as a chemical base unit in the synthesis of urea (fertilizer and plastics production), polycarbonates (plastics) and salicylic acid (pharmaceutical). For the transformation of CO2 into chemicals, the main reactions used are reduction, coupling and acid-base reactions. Organic chemicals and intermediates for the chemical industry can be synthesized. Carbon dioxide can also be converted into products of interest such as carbohydrates, lipids or cellulosic compounds by biological organisms via photosynthesis. In petrochemicals, it is used in enhanced oil recovery (EOR). In this process, it is injected into oil

Chapter I: Literature Review on CO2 conversion wells that are no longer producing sufficiently, with the aim of allowing increased extraction of hydrocarbons by increasing the pressure and reducing the viscosity of the crude oil. In addition, it is used directly in its gaseous, liquid and even solid forms as a refrigerant, solvent, in soft drinks, in fire extinguishers or for the extraction of caffeine for example. Various potential uses are currently being studied, at more or less advanced levels of industrialization.

The most relevant will be listed in the following sections.

Potential utilization of CO2 as an energy vector

Fossil fuels, though a most valuable gift from nature, were once abundant but nowadays close to exhaustion. Although new resources (e.g., shale gas) have been discovered, these carbonaceous fuels are only available by decades. The utilization of CO2 to chemicals that can store energy chemically was found to be a feasible way to reduce the dependence of fossil fuels and has received a great deal of attention. This latter utilization can not only replace fossil fuels, but also contribute to the global climate change positively.

. Main ways of valorization of CO2 in energy vectors by heterogeneous catalysis. Adapted from [START_REF] Rihko-Struckmann | Assessment of Methanol Synthesis Utilizing Exhaust CO2 for Chemical Storage of Electrical Energy[END_REF] Among these energy products, methanol, dimethyl carbonate (DMC) and dimethyl ether (DME) are the most promising candidates and are highly concerned to chemically stored energy (see Figure 7). Despite the numerous benefits that could result from the CCU technologies, important obstacles remain to be overcome in order to authorize their largescale deployment.

The main barrier is energy, as the major drawback of CO2 is that it is a very stable molecule (ΔG 0 = -394.3 kJ/moL). Thus, the two members of the Gibbs free energy (ΔH 0 = -393.5 kJ/moL, ΔS 0 = 231.6 J/K/moL) disadvantage the conversion of CO2 into other products. Indeed, in this molecule, the C=O double bonds require a significant energy input to be dissociated [START_REF] Jacquemin | Catalytic production of methane from CO2 and H2 at low temperature: Insight on the reaction mechanism[END_REF]. Thus, at atmospheric pressure and 25°C, the reaction CO2(g)=CO(g) + ½ O2(g) shows a variation in enthalpy of about 293 kJ/moL [START_REF] Jacquemin | Catalytic production of methane from CO2 and H2 at low temperature: Insight on the reaction mechanism[END_REF]. The entropy, on the other hand, is unfavorable since CO2 is a small gas molecule [START_REF] Nigara | Production of Carbon Monoxide by Direct Thermal Splitting of Carbon Dioxide at High Temperature[END_REF]. To illustrate this stability, it is estimated that at 2000 °C, only 2% of CO2 would be dissociated into CO and O2 [START_REF] Dubois Lh | WHY COD2 DOES NOT DISSOCIATE ON RH AT LOW TEMPERATURE[END_REF]. The energy required to break the C=O bonds of the CO2 molecule is usually provided in the form of heat, electricity or light radiation. On the other hand, the reaction is thermodynamically easier if CO2 is used as a co-reactant with other substances with a larger Gibbs free energy, such as hydrogen. Also, it can be activated by an electron-rich compound, via an electrochemical process. Methane and hydrogen are two molecules that have higher (less negative) Gibbs free energy. Furthermore, in the dissociation of CO2 to CO, the ∆G° of reaction where CO2 is used as a co-reactant with H2 is less positive (more feasible) than the ∆G° of the reaction where CO2 is the only reactant [START_REF] Xiaoding | Mitigation of CO2 by Chemical Conversion: Plausible Chemical Reactions and Promising Products[END_REF] (see Eq.I. The second barrier is technological and is then directly linked to the first one. As said before, the activation of the CO2 molecule requires a significant energy input and therefore, it has serious kinetic limitations. Therefore, all the ways of valorization of CO2, except its direct applications and its mineralization, require the use of catalysts whose performances are still to be improved (activity, resistance to deactivation and impurities, synthesis costs, ease of regeneration...). The thermochemical conversion of CO2 by heterogeneous catalysis into energy vectors such as methanol, methane or longer hydrocarbons is well established. In addition, it is at a more advanced stage of industrialization, with the establishment of pilots demonstrating its feasibility. Several interesting reactions for the conversion of CO2 involving catalytic processes are presented in Table 1.

CO2 to methane: the power-to-gas concept

Amongst the different technologies aimed at the reduction of CO2, the methanation of carbon dioxide is one of the methods that leads to the production of methane (CH4). The carbon dioxide reduction through the Sabatier reaction was discovered in the 1910s. Technologies which include a possible reduction of CO2 offer valuable advantages for protecting the environment by effectively recycling CO2, based on the catalytic methanation. Producing methane by using carbon dioxide as a reactant would have the effect of keeping CO2 from entering atmosphere. Indeed, its consumption leads to the production of natural gas which in turn can produce electricity to meet growing power needs. The following part is an introduction to the research being conducted on the CO2 methanation.

Methanation reaction and Power to gas concept

The increasing share of fluctuating renewable electric energy in future energy systems causes an increasing dynamic behavior of the energy system depending on the availability of wind and sunlight. In this context, storage of electric energy in form of chemical energy carriers is a viable solution to match production with demand. Besides hydrogen, methane qualifies as a gaseous energy carrier because of its versatility and established process technologies. CH4 is an energy carrier of growing importance in industry, energy and transportation sectors.

Furthermore, the existing natural gas infrastructure provides huge storage capacities and a well-established network for distribution and utilization [START_REF] Rönsch | Review on methanation -From fundamentals to current projects[END_REF][START_REF] Held | Power-to-Gas: CO2 Methanation Concepts for SNG Production at the Engler-Bunte-Institut[END_REF].

There are many possible routes to store electric energy in form of gaseous energy carriers using Power-to-Gas (PtG) processes. PTG could be a relevant option to absorb the surpluses of a 85% renewable electricity scenario [START_REF] Meylan | Power-to-gas through CO2 methanation: Assessment of the carbon balance regarding EU directives[END_REF]. Actually, PtG becomes essential when the share of RE (Renewable Energy) reaches 80%. In a 80% RE European scenario, it has been estimated that more than 100 TWh would be wasted by 2050, despite a projected increase in electricity transmission capacity [START_REF] Meylan | Power-to-gas through CO2 methanation: Assessment of the carbon balance regarding EU directives[END_REF]. Surpluses of electricity are already occurring, for instance in Germany where the total amount of energy curtailed in 2014 was 1.58 TWh, three times more than in 2013. Currently, the curtailment is also caused by inflexible power plants and grid restriction. Another strategic positioning for PtG might consist in converting electricity produced in remote locations into methane, in order to use the natural gas grid for transporting the energy to consumers. Following the electrolysis, the methanation (Sabatier reaction) between hydrogen and CO2 produces synthetic methane and water. It should be mentioned that several PtG installations are already operating in Europe [START_REF] Meylan | Power-to-gas through CO2 methanation: Assessment of the carbon balance regarding EU directives[END_REF]. Thema et al. [START_REF] Thema | Power-to-Gas: Electrolysis and methanation status review[END_REF] recently published an overview of currently operating PtG plants (for H2 as well as for SNG production) showing a high research interest and exponential global trend to increase installed PtG power as a key technology for future energy systems [START_REF] Held | Power-to-Gas: CO2 Methanation Concepts for SNG Production at the Engler-Bunte-Institut[END_REF]. The obtained gas from CO2 methanation should fulfil specific requirements similar to those of the natural gas distributed in the system, the latter containing typically more than 80% of methane. The general concept of CO2 methanation process is shown in Figure 8. Additionally, it was proposed that CO2 methanation can be implemented for biogas, which contains mainly CH4, CO2 and H2 (in low amounts), in order to increase its quality.

Methanation of CO2 at an industrial scale

Commercial and environmental benefits have made carbon dioxide (CO2) methanation one of the topmost research projects all over the world both at the pilot plant and commercial scale.

Mitigation of CO2 via carbon capture and storage (CCS) routes have less motivation from a commercial point of view. Therefore, an integrated system is of paramount importance to convert CO2 into value-added products such as methane (CH4) using solar energy (photosynthesis) or surplus electrical energy in hydrolysis for production of reactant hydrogen to use in CO2 methanation. The Sabatier reaction has been attracting interest of the scientific community due to methane's possible application as a fuel in any plant with lower risks and

Chapter I: Literature Review on CO2 conversion many advantages such as reduced carbon emissions (compared with coal or oil), easy storage, transport and usage, abundance, versatility and safety (i.e. compared with H2). It is important to point out that the methanation of CO2 remains the most advantageous hydrogenation reaction thermodynamically compared to the production of other hydrocarbons or alcohols.

Moreover, the CO2 methanation is the best developed reaction out of all hydrogenation processes, with a few projects on with small-scale industrial installations being tested pilots demonstrating its feasibility. Table 2 lists selected European installations. 

The Methane: an energy carrier

Methane is an energy carrier of significant importance to the industry, energy, and transportation sectors worldwide. Its existing distribution infrastructure in many countries makes it a constitutive element of modern economies. The major share of industrially used methane comes from fossil natural gas resources. However, the debate of the finiteness of fossil resources and climate change caused the research expenditures relating to catalytic and biological methane production from carbon oxide-rich gases (methanation) to increase over the last years. CO2 methanation, with the aim of producing methane rather than removing COx, was studied in the 1980s and has been revived with recent concerns about CO2 emissions and rising fuel prices. Thus, in addition to the CO2 methanation reaction, the CO2 recovery process transforms an energy carrier that is difficult to store and difficult to transport (H2) into an easily storable energy compound that can be transported and distributed over short or long distances (gas pipelines, LNG carriers) via a network of infrastructures already in place.

Besides, methane is the main constituent of natural gas, accounting for 50 to 60% in fossil deposits. Its content is over 90% when it is injected into the distribution network, after being purified (the remaining 10% is made up of other hydrocarbons, mainly ethane, propane and butane). In 2020, Natural gas is the fastest growing fossil fuel, accounting today for 23% of global primary energy demand and nearly a quarter of electricity generation [START_REF]World Energy Outlook 2020[END_REF]. Being the cleanest burning fossil fuel since its usage produces very little NOx, no soot, dust or sulfur oxides, and leaves no ashes. Natural gas provides several environmental benefits compared to other fossil fuels, particularly in terms of air quality and greenhouse gas emissions. It emits only 55 kg of CO2 per GJ of heat generated (compared to 75 and 100 for crude oil and coal respectively). Its storability and the operational flexibility of gas-fired power plants allows natural gas to respond to both seasonal and short-term demand fluctuations and to enhance electricity supply security in power systems. Moreover, it also plays a geopolitical role as it allows importing countries to diversify their energy supplies. For all these reasons, the use of this fossil energy source has been steadily expanding in recent years at the industrial level to produce heat and electricity, at the expense of oil. In the home, natural gas is used for heating, hot water and cooking. More recently, it is also used in compressed in bottles and is then used as fuel for "CNG" (Natural Gas for Vehicles) vehicles, mainly in Argentina, Iran and Brazil, which have 2/3 of the fleet of this type of vehicle (Figure 9). Engines using NGVs are cleaner and offer good fuel efficiency. The natural gas market is becoming increasingly globalized, driven by the availability of shale gas and the rising supplies of flexible liquefied natural gas [START_REF]Gas-Fuels-and-technologies[END_REF][START_REF] Abelló | Synthetic natural gas by direct CO 2 hydrogenation on activated takovites: effect of Ni/Al molar ratio[END_REF]. 

Thermodynamic and kinetic study

After analyzing the free Gibbs energy of the exothermic hydrogenation of CO2, most of the related reactions are thermodynamically unfavorable. Thermodynamically, the transformation becomes more feasible when the process is done with high energy density reagents such as H2 as it supplies its chemical energy to transform CO2. It is important to point out that the methanation of CO2 remains the most advantageous hydrogenation reaction thermodynamically compared to the production of other hydrocarbons or alcohols.

Thermodynamic calculations are very useful in the assessment of reactions involved in the methanation system and allow to predict the optimal conditions of the reaction. The most discussed parameters influencing conversion of CO2, methane selectivity and carbon deposition are temperature, pressure, H2/CO2 ratio and the addition of other reactants (H2O, CH4, O2). Thermodynamic calculations performed for complex chemical systems based on Gibbs energy minimization can answer several questions such as (i) the type of thermodynamically stable products of the reaction, (ii) selectivity to this product together with the yield, (iii) if the reaction is exothermal or endothermal. The equilibrium constants (K) of the main possible reactions involved in the methanation process as a function of temperature using minimization of the Gibbs free energy method is presented in Figure 10 [ [START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF][START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF]. K is calculated below by the Van't Hoff equation:

dlnK dT = ΔHr°R T 2

Equation.I.3

Figure 10. The calculated equilibrium constants (K) of the eight reactions [START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF][START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF] Table 3. Main possible reactions involved in methanation of carbon oxides [START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF][START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF] Reaction ΔH298K (kJ/moL), at P= 1 atm. During methanation, some side-reactions may occur which affects the purity of the SNG product. Besides the normal methanation reactions (R1 and R2), carbon monoxide methanation reaction can also occur at lower H2/CO ratio (R3). The carbon monoxide disproportionation reaction (R4), also known as Boudouard reaction, is of great importance, since carbon on the catalyst surface is considered as a necessary intermediate during the methanation reaction. In addition, water plays an important role through the water-gas shift reaction (R5), which would modify the surface and catalytic chemistry of methanation catalysts. Among these reactions, it must be noticed that R1, R2, and R4 can be regarded as three independent reactions. The other reactions can be described as a linear combination of these three reactions. Moreover, it can be seen that all the reactions are favorable at low temperatures (<400°C) due to their exothermic characteristics. Moreover, Gao et al. [START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF][START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF] studied the effect of the temperature on the equilibrium product composition for a molar mixture of H2:CO2 of 4:1 at 1 atm (see Figure 11). Product compositions for CO2 methanation at atmospheric pressure [START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF] It is clear that low operating temperature (200-250°C) are optimal for CO2 methanation, where the CO2 conversion and CH4 selectivity can reach almost 100%. As the reaction is highly exothermic, increasing temperature is unfavorable for the reaction. The concentration of side product CO will increase when the temperature is higher than around 450°C, due to the reverse water gas shift reaction in which the CO and H2O are produced by the reaction between CO2 and H2. The reverse water gas shift reaction dominates as the temperature is higher than 550°C, leading to a decrease of moLe fraction of CO2, and the increase of CO fraction in the meantime. Additionally, increasing the reaction temperature can result in carbon deposition, as well as sintering of the catalytic active material. The conversion of carbon dioxide is thermodynamically favored at low temperatures, due to its exothermicity, and at high pressures as the hydrogenation of CO2 is a volume reducing reaction (see Figure 12). Due to the reversibility of the reaction, Chatelier's principle [START_REF]Chatellier's Priniciple[END_REF] can be used to explain why high pressure and low temperatures favor the formation of products by displacing the reaction towards the formation of CH4 and H2O. According to Gao et al. [START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF], the increasing of the pressure is effective up to a certain point with negligible effect of pressure above that point. The optimum pressure, that will cause no sintering of the catalyst, was proposed to be between 10 and 30 atm. Industrially, the process needs to be run at relative high pressures, around 30 atm, in order to increase methane yield, while preventing CO formation, carbon deposition, as well as catalyst deactivation [START_REF] Schaaf | Methanation of CO2 -storage of renewable energy in a gas distribution system[END_REF][START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF][START_REF] Jensen | Converting even low grade coal to clean Substitute Natural Gas (SNG) is not only feasible but highly attractive from the perspectives of the environment, security of energy supply, use of available (domestic) resources and economics[END_REF][START_REF] Weatherbee | Hydrogenation of CO2 on group VIII metals IV. Specific activities and selectivities of silica-supported Co, Fe, and Ru[END_REF][START_REF] Biegger | Development of Honeycomb Methanation Catalyst and Its Application in Power to Gas Systems[END_REF][START_REF] Vidal | Reinikainen[END_REF]. Theoretically, no carbon deposition occurs during CO2 methanation if the H2/CO2 ratio is stoichiometric or higher. Basing on the thermodynamic calculations for CO2 methanation reaction presented in literature [START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF][START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF][START_REF] Ahmad | An experimental and thermodynamic study for conversion of CO2 to CO and methane over Cu-K/Al2O3[END_REF][START_REF] Mebrahtu | CO2 Methanation: Principles and Challenges[END_REF][START_REF] Kakoee | Carbon oxides methanation in equilibrium; a thermodynamic approach[END_REF][START_REF] Massa | A thermodynamic study of sorption-enhanced CO2 methanation at low pressure[END_REF][START_REF] Lee | Recent trend in thermal catalytic low temperature CO2 methanation: A critical review[END_REF] some general conclusions concerning conditions appropriate for carbon dioxide methanation reaction can be formulated: (i) in order to convert almost 100% of CO2 to CH4 with ca. 100% selectivity temperature should not exceed 300°C, (ii) increasing the temperature at atmospheric pressure above 450°C will result in the occurrence of reverse water-gas shift reaction, (iii) the CO2 conversion and selectivity to CH4 are strongly dependent on the H2/CO2 ratio used for the reaction.

A) B)

Figure 12. Equilibrium conversion of CO2 (A) and selectivity of CH4 (B) at different temperatures and pressures. Adapted from [START_REF] Gao | A thermodynamic analysis of methanation reactions of carbon oxides for the production of synthetic natural gas[END_REF] It should be noted that although this latter reaction is thermodynamically favored, the reduction of fully oxidized carbon (CO2) to methane is an eight-electron process with significant kinetic limitations that requires a catalyst that can reach acceptable levels and selectivity for industrial use potential.

CO2 methanation: A catalytic process

The thermochemical hydrogenation of CO2 by heterogeneous catalysis into energy vectors such as methane is well established and it is at a more advanced stage of industrialization, with the establishment of small-scale industrial installations demonstrating its feasibility. To date, great efforts have been made to investigate both the reaction mechanism and catalysts development for methanation. However, it is challenging to develop a catalyst that can achieve equilibration at low temperature for carbon dioxide methanation. Moreover, another challenge in reactor design of methanation process is the removal of the heat produced by the exothermic reaction and thus maintaining a relatively low process temperature (about 350°C) without generating hot spots [START_REF] Schaaf | Methanation of CO2 -storage of renewable energy in a gas distribution system[END_REF][START_REF] Brooks | Methanation of carbon dioxide by hydrogen reduction using the Sabatier process in microchannel reactors[END_REF]. Notice that hot spots are responsible of the thermal degradation of catalysts and sintering of the metallic sites.

Thus, to apply this reaction on industrial scale, a highly active metal-based catalyst is required in order to achieve acceptable reaction rates, appropriate methane selectivity and coke formation resistance. The performance of the catalysts is strongly dependent on the used active material and its particle size, dispersion, type of support, reduction conditions, preparation method, as well as an appropriate reactor. Extensive studies have been conducted to find optimal catalysts for methanation of CO2 to methane. In the following section, metal-based heterogeneous catalysts were mainly discussed.

The catalysts used for CO2 methanation

It is now accepted that the CO2 methanation reaction occurs on the metal-support interface, in which CO2 is adsorbed and dissociated on the support and H2 is adsorbed and dissociates on metal sites. Therefore, while designing a catalyst that would efficiently reduce CO2 to CH4 with low selectivity towards CO, two strategies can be considered: (i) the first one increasing the CO2 adsorption capacity by choosing a basic support and (ii) the second where an additional metal is added to the main active component, which will increase dispersion of the latter, thus resulting in increased H2 adsorption capacity. During last decades much effort have been devoted to developing highly active and selective CO2 methanation catalysts. In the current literature, there is a number of recent reviews concerning catalysts for CO2 methanation [START_REF] Rönsch | Review on methanation -From fundamentals to current projects[END_REF][START_REF] Frontera | Supported Catalysts for CO2 Methanation: A Review[END_REF][START_REF] Thema | Power-to-Gas: Electrolysis and methanation status review[END_REF][START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF][START_REF] Lee | Recent trend in thermal catalytic low temperature CO2 methanation: A critical review[END_REF][START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxide -Looking for an efficient catalyst[END_REF][START_REF] Younas | Recent Advancements, Fundamental Challenges, and Opportunities in Catalytic Methanation of CO 2[END_REF][START_REF] Stangeland | CO 2 Methanation: The Effect of Catalysts and Reaction Conditions[END_REF][START_REF] Baraj | Reaction mechanisms of carbon dioxide methanation[END_REF][START_REF] Ashok | A review of recent catalyst advances in CO2 methanation processes[END_REF]. The appropriate selection of a catalyst for thermal CO2 methanation should be a starting point for the search of an efficient material for the plasma-catalytic process. Therefore, in this part, the main and recent findings concerning catalysts for CO2 methanation will be presented.

The role of active metal

CO2 is known to be a stable gas. Moreover, the reduction of carbon dioxide to CH4 is an 8electron process. Therefore, CO2 requires a highly active metal catalyst. VIII-X groups metals i.e. nickel, ruthenium, palladium, rhodium, platinum, copper, molybdenum, rhenium, silver, gold, with particular emphasis on the role of promoters/modifiers in their catalytic performance in the reaction [START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF][START_REF] Mebrahtu | CO2 Methanation: Principles and Challenges[END_REF][START_REF] Brooks | Methanation of carbon dioxide by hydrogen reduction using the Sabatier process in microchannel reactors[END_REF]. Nevertheless, it is important to underline that the main challenge concerning Ni-based catalysts for CO2 methanation is to increase their lowtemperature activity, stability and selectivity to CH4, which may be realized via creating highly dispersed Ni species.

b) Other used metals:

As mentioned at the beginning of this section that although much research has been done regarding the role of various metals in CO2 hydrogenation to CH4, the direct comparison of metals and establishing their activity sequence is not simple. The reported catalysts have been studied under various reaction conditions, various support as well as synthesis method, catalyst conditioning and activation method. Therefore, to correctly establish activity sequence of various metals they need to be tested in the same reaction conditions. Table 4 summarizes studies in which such direct comparison was investigated. It has to be noted that the selection of the active phase for this reaction can affect, besides the activity, also the selectivity towards methane which is crucial from the industrial point of view.

Aziz et al. [START_REF] Aziz | Methanation of carbon dioxide on metal-promoted mesostructured silica nanoparticles[END_REF] prepared mesoporous silica nanoparticles (MSNs) doped with various metals, such as Rh, Ru, Ni, Fe, Ir, Cu, Zn, V, Cr, Mn, and Zr. The activity in CO2 methanation at 350℃ followed the sequence Rh > Ru > Ni > Ir > Fe > Cu. However, the authors indicate that on basis of specific surface area Ni doped MSN showed to be the most active and Ir/MSN the worst catalyst. Garbarino et al. [START_REF] Garbarino | Methanation of carbon dioxide on Ru/Al2O3 and Ni/Al2O3 catalysts at atmospheric pressure: Catalysts activation, behaviour and stability[END_REF]compared the performance of Ru and Ni supported on Al2O3. The former showed better catalytic performance giving higher CO2 conversions and higher selectivity to CH4 with respect to Ni catalyst. It is also important to underline that Ru catalyst was loaded with over 6 times less metal loading than Ni, which is important from the economic standpoint. An important difference which was observed between both catalysts showed that Ru/Al2O3 to gain full activity needs to be activated on stream, while for Ni/Al2O3, H2 preactivation is required. These later results point out to various reaction mechanisms for both metals, where CO2 methanation proceeds over oxidized/reduced Ru species or metallic Ni sites, respectively. Panagiotopoulou et al. [START_REF] Panagiotopoulou | Hydrogenation of CO2 over supported noble metal catalysts[END_REF] and Leitenburg et al. [START_REF] De Leitenburg | A Temperature-Programmed and Transient Kinetic Study of CO2Activation and Methanation over CeO2Supported Noble Metals[END_REF] investigated the role of Ru, Rh, Pd and Pt. Their studies showed that only Ru and Rh are able to produce CH4, while Pt and Pd, although giving high CO2 conversions, produce mainly CO through RWGS.

Moreover, the authors showed that the activity and selectivity sequence is dependent on the type of support as different results were obtained for alumina, Titania and ceria supports (Table 4). Catalytic activity of Pd, Rh and Ni (3 wt.%) supported on Al2O3, CeO2 and SiO2 was compared by Martin et al. [START_REF] Martin | Catalytic hydrogenation of CO2 to methane over supported Pd, Rh and Ni catalysts[END_REF]. All catalysts were obtained using impregnation method. The catalytic performance was strongly dependent on the active material, as well as the used support. For Pd, Rh, Ni supported on SiO2 the catalytic activity followed the sequence Pd > Rh > Ni, while for Al2O3 it was Ni > Pd > Rh, and for CeO2 Pd > Ni > Rh. However, even though Rh based catalysts showed the worst performance the selectivity towards methane was higher than for Ni and Pd catalysts. It was also found that the mechanism of CO2 methanation was different for Rh supported on Al2O3 and CeO2. Another important aspect underlined by several researchers is the enhancement of catalysts moderate basicity which are responsible for the formation of carbonate species that guarantee a high selectivity to methane.

In order to fulfil this goal several approaches have been proposed, such as:

(i) modification of the method of nickel incorporation in order to change the nickelsupport interaction (ii) enhancing basic properties by either incorporation of promoters or changing the support in order to increase CO2 adsorption capacity, and

(iii) the addition of a second metal.

In this section an overview of the research on Ni-based catalysts carried out during last years is presented. The support plays a significant role in a catalyst. It determines the dispersion of the active metallic phase and resistance to sintering, as well as stabilization of active sites, provides high active surface area and, in some cases, such as CO2 hydrogenation, can participate in the reaction. Catalysts containing nickel were tested on various supports, among them single oxides (Al2O3, SiO2, MgO, CeO2, ZrO2, TiO2, La2O3), mixed oxides (CeO2/ZrO2, ZrO2-Sm2O3), meso-structured silica nanoparticles (MSN), mesoporous molecular sieves (MCM-41), zeolites (Y or USY) or metal-organic frameworks (MOFs) [START_REF] Wang | A Robust Titanium Isophthalate Metal-Organic Framework for Visible-Light Photocatalytic CO2 Methanation[END_REF] and carbon nano-tubes (CNTs).

Selected information on the performance of such catalytic systems is presented in Table 5. Ni-based catalysts supported on Al2O3, Y2O3, ZrO2, La2O3, CeO2 and Sm2O3 prepared by impregnation were compared in CO2 methanation by Muroyama et al. [START_REF] Muroyama | Carbon dioxide methanation over Ni catalysts supported on various metal oxides[END_REF]. The performance The textural properties of mesostructured silica nanoparticles and MCM-41 played as well an important role in catalysts activity in the investigation carried out by Aziz et al. [START_REF] Aziz | Methanation of carbon dioxide on metal-promoted mesostructured silica nanoparticles[END_REF]. In the case of zeolite catalysts, the importance of the supports affinity to water, has been underlined as it turned out to be the function of catalysts activity [START_REF] Graça | CO2 hydrogenation into CH4 on NiHNaUSY zeolites[END_REF]. Strong interactions of water molecules with the catalyst surface may block the active sites and therefore, water may be treated as an inhibitor of CO2 methanation. The dispersion of nickel species was also an important factor influencing the performance of zeolites with various types of frameworks.

To summarize, in the case of all studies presented in Table 5, which included ceria or ceriazirconia support, the superior performance of Ni/CeO2 catalyst was proved with respect to other oxide supports [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF][START_REF] Ocampo | Effect of Ce/Zr composition and noble metal promotion on nickel based CexZr1-xO2 catalysts for carbon dioxide methanation[END_REF][START_REF] Zhou | Role of surface Ni and Ce species of Ni/CeO2 catalyst in CO2 methanation[END_REF][START_REF] Muroyama | Carbon dioxide methanation over Ni catalysts supported on various metal oxides[END_REF][START_REF] Tada | What Are the Best Active Sites for CO2 Methanation over Ni/CeO2?[END_REF][START_REF] Sharma | CO2 methanation on Ru-doped ceria[END_REF][START_REF] Le | CO and CO 2 methanation over supported Ni catalysts[END_REF][START_REF] Fukuhara | A novel nickel-based structured catalyst for CO2 methanation: A honeycomb-type Ni/CeO2 catalyst to transform greenhouse gas into useful resources[END_REF][START_REF] Trovarelli | Catalytic Properties of Ceria and CeO 2 -Containing Materials[END_REF][START_REF] Kumar | Nickel-Based Ceria, Zirconia, and Ceria-Zirconia Catalytic Systems for Low-Temperature Carbon Dioxide Reforming of Methane[END_REF]. The beneficial effect of ceria support may be attributed to its redox properties, good thermal stability and resistance to sintering.

The presence of surface oxygen vacancies influences the basicity of catalysts which was proven to play an important role in the reaction mechanism creating a redox cycle between ceria support and Ni species and ability to highly disperse nickel [START_REF] Zhou | Role of surface Ni and Ce species of Ni/CeO2 catalyst in CO2 methanation[END_REF]. Another important factor is the possibility of the introduction of Ni species into the lattice of ceria, which influences nickel-support interactions, improves dispersion and inhibits sintering of nickel species [START_REF] Radlik | Dry reforming of methane over Ni/Ce0.62Zr0.38O2 catalysts: Effect of Ni loading on the catalytic activity and on H2/CO production[END_REF][START_REF] Ashok | Enhanced activity of CO2 methanation over Ni/CeO2-ZrO2 catalysts: Influence of preparation methods[END_REF]. The activity of Ni/CeO2 catalyst may be further improved via application of miXed ceria-zirconia support. The addition of zirconia stabilizes ceria through the formation of a solid solution of ceria-zirconia in the whole composition range. In comparison to CeO2 such support possesses much higher basicity [START_REF] Ocampo | CO 2 methanation over Ni-Ceria-Zirconia catalysts: effect of preparation and operating conditions[END_REF][START_REF] Ocampo | Methanation of carbon dioxide over nickel-based Ce0.72Zr0.28O2 mixed oxide catalysts prepared by sol-gel method[END_REF][START_REF] Ocampo | Effect of Ce/Zr composition and noble metal promotion on nickel based CexZr1-xO2 catalysts for carbon dioxide methanation[END_REF] and improved thermal and textural features [START_REF] Kambolis | Ni/CeO2-ZrO2 catalysts for the dry reforming of methane[END_REF].

Substitution of Ce 4+ with Zr 4+ species in the ceria lattice was reported to increase the number of oXygen vacancies and to enhance basicity as well as hydrothermal stability [START_REF] Radlik | Dry reforming of methane over Ni/Ce0.62Zr0.38O2 catalysts: Effect of Ni loading on the catalytic activity and on H2/CO production[END_REF]. Further studies of Ocampo et al. [START_REF] Ocampo | Methanation of carbon dioxide over nickel-based Ce0.72Zr0.28O2 mixed oxide catalysts prepared by sol-gel method[END_REF][START_REF] Ocampo | Effect of Ce/Zr composition and noble metal promotion on nickel based CexZr1-xO2 catalysts for carbon dioxide methanation[END_REF] on Ni-ceria-zirconia catalysts obtained by sol-gel and impregnation methods showed that the high activity of these materials in CO2 methanation was related to interaction between Ni 2+ and Ce-Zr support. The existence of Ni on both surface and inside ceria-zirconia structure improved the redox properties. Trovarelli et al. claimed that the presence of bulk oxygen vacancies was a driving force for carbon dioxide activation [START_REF] De Leitenburg | A Temperature-Programmed and Transient Kinetic Study of CO2Activation and Methanation over CeO2Supported Noble Metals[END_REF][START_REF] Trovarelli | Catalytic Properties of Ceria and CeO 2 -Containing Materials[END_REF]. The Ce/Zr composition is a factor that has a strong influence on the catalytic performance of ceria-zirconia (CZ) in several types of reactions such as the reduction in threeway catalysts [START_REF] Haneda | Catalytic performance of rhodium supported on ceria-zirconia mixed oxides for reduction of NO by propene[END_REF], the methane partial oxidation, and ethanol/methane reforming [START_REF] Silva | Effect of Ce/Zr ratio on the performance of Pt/CeZrO2/Al2O3 catalysts for methane partial oxidation[END_REF]. The C/Z composition of the mixed oxides fixes the ratio between the Ni 2+ incorporated into the CZ fluorite structure and the surface Ni 0 [START_REF] Ocampo | Effect of Ce/Zr composition and noble metal promotion on nickel based CexZr1-xO2 catalysts for carbon dioxide methanation[END_REF]. As, Ni 2+ species enhance the catalyst specific activity; thus, a compromise between the Ni° and Ni 2+ species has to be found in order to optimize the catalytic system. Accordingly, a Ce/Zr ratio of 60/40 leads to the best Ni 2+ /Ni 0 ratio, resulting in the best catalytic activity. The ceria/zirconia molar ratio [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF][START_REF] Ocampo | Effect of Ce/Zr composition and noble metal promotion on nickel based CexZr1-xO2 catalysts for carbon dioxide methanation[END_REF] and method of nickel introduction [START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF] may also affect the amount of Ni species introduced into the ceria framework and thus influence its activity.

Ni-based catalysts -effect of promoters

Promoters can be mainly classified as two types: (i) electron promoter to change the electron mobility of catalyst; and (ii) Structure promoter to improve the dispersion and thermal stability of catalyst by changing the chemical component, crystal texture, pore structure, dispersion state, and mechanical strength of catalyst.

Some oxide promoters can serve with both functions [START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF]. Moreover, promoters are added to catalytic systems in order to enhance their catalytic activity, selectivity and/or stability. The influence of a promoter on the activity may be explained by its modification of catalyst La, Ce, Pr, Eu, Gd [5] 12Ni/γ-Al2O3

Improved dispersion of Ni species; best performance showed by Pr promotion due to the formation of praseodymium phase [START_REF] Ahmad | Synthesis of lanthanide series (La, Ce, Pr, Eu & Gd) promoted Ni/γ-Al2O3 catalysts for methanation of CO2 at low temperature under atmospheric pressure[END_REF] La, Ce, Fe,Co [1] 15Ni/ZrO2 Increased NiO dispersion, enhanced thermal stability [START_REF] Lu | Ce or La) doped nickel catalyst supported on ZrO2 modified mesoporous clays for CO and CO2 methanation[END_REF] Mn Improved Ni dispersion, increased amount of medium-strength basic sites and prevented agglomeration of metallic nickel during reaction [START_REF] Burger | CO2 methanation over Fe-and Mnpromoted co-precipitated Ni-Al catalysts: Synthesis, characterization and catalysis study[END_REF] La [1,2 & 4] Ni/(Mg,Al)O Increased reducibility of Ni and basicity which promoted CO2 conversion [START_REF] Wierzbicki | Novel Ni-La-hydrotalcite derived catalysts for CO 2 methanation[END_REF] Ce [3] 7Ni/SBA-15 Formation of small Ni crystallites resulted in improved CO2 conversion and CH4 selectivity [START_REF] Bian | Methanation of carbon oxides on Ni/Ce/SBA-15 pretreated with dielectric barrier discharge plasma[END_REF] Ce [3][4][5][6][START_REF] Stocker | Summary for Policymakers. Climate Change 2013[END_REF][8][9][START_REF] Li | A review of research progress on CO2 capture, storage, and utilization in[END_REF][START_REF] Benoit | MIL-91(Ti), a small pore metal-organic framework which fulfils several criteria: an upscaled green synthesis, excellent water stability, high CO2 selectivity and fast CO2 transport[END_REF][START_REF] Sabetghadam | Influence of Filler Pore Structure and Polymer on the Performance of MOF-Based Mixed-Matrix Membranes for CO2 Capture[END_REF][START_REF] Ünveren | Solid amine sorbents for CO2 capture by chemical adsorption: A review[END_REF][START_REF] Pan | Advances in state-of-art valorization technologies for captured CO 2 toward sustainable carbon cycle[END_REF][START_REF] Li | Application of intelligent optimization techniques in CO2 geological storage and utilization[END_REF] 5Ni/USY Improved activity with the increase of Ce content due to the increase in oxygen storage capacity [START_REF] Graça | CO2 hydrogenation into CH4 on NiHNaUSY zeolites[END_REF] Ce [2.5] 10Ni/Al2O3

Increased specific surface area, resistance to carbon deposition, lower reduction temperature, reduced particle size of NiO [113] Y Ni/ZrO2

Increased number of oxygen vacancies in ZrO2 which improved the formation of formate species and enhanced catalytic performance [START_REF] Takano | Highly active Ni/Y-doped ZrO2 catalysts for CO2 methanation[END_REF] V [3] 20Ni/ bentonite Improved Ni-support interactions&Ni dispersion [START_REF] Lu | VOx promoted Ni catalysts supported on the modified bentonite for CO and CO2 methanation[END_REF] Pt, Pd, Rh [0. The promotion by noble metals (Pt, Pd, Rh, Ru) resulted in synergetic effect without changing the crystal structure of each metal mainly in the enhanced reducibility of Ni species without affecting Ni crystal size, which resulted in increased dispersion [START_REF] Ocampo | Effect of Ce/Zr composition and noble metal promotion on nickel based CexZr1-xO2 catalysts for carbon dioxide methanation[END_REF][START_REF] Mihet | Methanation of CO2 on Ni/γ-Al2O3: Influence of Pt, Pd or Rh promotion[END_REF]. Metals or metal oXides with basic properties are added to the Ni-based catalyst to enhance catalysts CO2 adsorption capacity. The effect of their addition depends on the strength of their basic properties, as well on their loading [START_REF] Le | Effects of Na content in Na/Ni/SiO 2 and Na/Ni/CeO 2 catalysts for CO and CO 2 methanation[END_REF]. Moreover, their addition may as well influence reducibility of Ni species [START_REF] Bacariza | The effect of the compensating cation on the catalytic performances of Ni/USY zeolites towards CO2 methanation[END_REF][START_REF] Takano | CO2 methanation of Ni catalysts supported on tetragonal ZrO2 doped with Ca2+ and Ni2+ ions[END_REF][START_REF] Bacariza | Magnesium as Promoter of CO2 Methanation on Ni-Based USY Zeolites[END_REF]. Promotion with lanthanide species was reported to improve both basicity and reducibility of Ni-based catalyst [START_REF] Ahmad | Synthesis of lanthanide series (La, Ce, Pr, Eu & Gd) promoted Ni/γ-Al2O3 catalysts for methanation of CO2 at low temperature under atmospheric pressure[END_REF].

Acid-basic properties of the tested supports were found to play an important role in the catalyst's activity and CH4 selectivity even when using the same promoter. An optimum ratio between the promoter and nickel should be found in order to obtain the best performances.

CO2 methanation reaction mechanisms

Even though the reaction mechanism of carbon dioxide methanation has been intensively investigated, there are still arguments on the nature of the intermediate compounds involved in the process and on the methane formation scheme. Therefore, the understanding of such mechanisms has represented an important challenge for the CO2 valorization. Following analysis of several studies, it can be concluded that during the CO2 methanation, two types of mechanisms appear [START_REF] Fechete | Nanoporous Materials as New Engineered Catalysts for the Synthesis of Green Fuels[END_REF]: a first one implying CO as intermediate (Figure 14), in which CO2 in converted to CO before the methanation [START_REF] Baraj | Reaction mechanisms of carbon dioxide methanation[END_REF][START_REF] Miao | Catalysis mechanisms of CO2 and CO methanation[END_REF][START_REF] Weatherbee | Hydrogenation of CO2 on group VIII metals: II. Kinetics and mechanism of CO2 hydrogenation on nickel[END_REF]. The second mechanism concerns the direct methanation of CO2 (Figure 14) without the formation of CO as an intermediate [START_REF] Fechete | Nanoporous Materials as New Engineered Catalysts for the Synthesis of Green Fuels[END_REF][START_REF] Schild | On the mechanism of CO and CO2 hydrogenation reactions on zirconiasupported catalysts: a diffuse reflectance FTIR study: Part II. Surface species on copper/zirconia catalysts: implications for methanoi synthesis selectivity[END_REF][START_REF] Barrault | Isotopic exchange measurements of the rate of interconversion of carbon monoxide and carbon dioxide over nickel supported on rare earth oxides[END_REF]. In the literature, the dissociative mechanism of CO2 methanation assumes that methanation of carbon dioxide is a combination of CO2 conversion to CO via reverse water gas shift reaction, and the subsequent CO conversion to methane, as described by reactions (Eq.4 & Eq.5). This suggests that adsorbed CO2 dissociates on the catalyst surface, while the formation of CH4 follows the CO methanation mechanism. Borgschulte et al. [START_REF] Borgschulte | Sorption enhanced CO2 methanation[END_REF] tested nickel-containing zirconia supported catalysts and postulated that the CO formed via RWGS reaction is an important intermediate in CO2 methanation. However, in order to increase the reaction yield of methane and to minimize the CO release, water had to be removed. Weatherbee et al. [START_REF] Weatherbee | Hydrogenation of CO2 on group VIII metals: II. Kinetics and mechanism of CO2 hydrogenation on nickel[END_REF] confirmed that the first step of CO2 methanation was the dissociative adsorption of hydrogen as well as of CO2, the latter to COads and Oads (Eact= 122.54 kJ/moL). It was postulated that CO could either desorb or dissociate into Cads and Oads (Eq.I.6), followed by hydrogenation of adsorbed carbon and carbene to methane according to Eq.I.11. Water was assumed to have been formed from atomic oxygen, as given by Eq.I.12-Eq.I. According to Coenen et al. [START_REF] Coenen | The dynamics of methanation of carbon monoxide on nickel catalysts[END_REF] the rate-determining step in methanation on nickel catalysts is either the CO dissociation to surface carbon (Eq.I.6), or dissociation of CHO (Eq.I.15 & Eq.I. [START_REF] Amouroux | Carbon dioxide: A new material for energy storage[END_REF]). Considering that the mechanism of CO2 methanation may be influenced by reaction temperature, pressure, as well as a catalyst used and its particle size. Eckle and co-workers [START_REF] Eckle | Reaction Intermediates and Side Products in the Methanation of CO and CO2 over Supported Ru Catalysts in H2-Rich Reformate Gases[END_REF] studied the reaction intermediates and side products in the methanation of carbon

Chapter I: Literature Review on CO2 conversion monoxide and carbon dioxide over supported Ru catalysts. It was found that carbon dioxide methanation proceeded via dissociation to COads, which was subsequently converted into methane. Formation and decomposition of surface formate only played a minor role in the carbon dioxide methanation reaction. The presence of COads on the surface of Rh/γ-Al2O3 catalysts was shown during in-situ DRIFT measurements [START_REF] Jacquemin | Catalytic production of methane from CO2 and H2 at low temperature: Insight on the reaction mechanism[END_REF]. CO2 dissociation on the catalyst surface was proven by simultaneous oxidation of rhodium by oxygen species. The results of DRIFT measurements performed on similar catalysts by Beuls et al. [START_REF] Beuls | Methanation of CO2: Further insight into the mechanism over Rh/γ-Al2O3 catalyst[END_REF] confirmed that the dissociation of CO2 is responsible for the oxidation of rhodium, thus supporting the mechanism proposed by Jacquemin et al. [START_REF] Jacquemin | Catalytic production of methane from CO2 and H2 at low temperature: Insight on the reaction mechanism[END_REF].

Solymosi et al. [START_REF] Solymosi | Methanation of CO2 on supported rhodium catalyst[END_REF]proposed that the formate ions formed on the catalysts metal species migrate rapidly towards the support during the reaction of CO2 methanation, suggesting that the observed bands of formate correspond to a by-product adsorbed on the support.

Park and co-workers proposed a bifunctional mechanism in Pd-Mg/SiO2 catalysts for CO2 methanation [START_REF] Park | A highly dispersed Pd-Mg/SiO2 catalyst active for methanation of CO2[END_REF]: carbon dioxide is stabilized by the magnesium-containing oxide as a surface carbonate and sequentially hydrogenated to form methane. The insights into the mechanisms of CO2 methanation could also be disclosed by density functional theory (DFT).

In the comparative study by Ren et al. [START_REF] Ren | Insights into the mechanisms of CO2 methanation on Ni(111) surfaces by density functional theory[END_REF], CO route was found to be more energetically favorable for CO2 methanation over Ni [START_REF] Burger | CO2 methanation over Fe-and Mnpromoted co-precipitated Ni-Al catalysts: Synthesis, characterization and catalysis study[END_REF] Prairie et al. [START_REF] Prairie | A fourier transform infrared spectroscopic study of C02 methanation on supported ruthenium[END_REF] studied the CO2 methanation reaction on Ru-containing Al2O3 and TiO2 catalysts using DRIFT spectroscopy. The obtained spectra revealed the existence of formate adsorbed on the support and carbonyl on Ru/Ru oxide. The authors concluded that carbonyl was produced via reverse water gas shift reaction (RWGS) of adsorbed CO2 through formate species. Upham et al. [START_REF] Upham | CO2 methanation by Ru-doped ceria: the role of the oxidation state of the surface[END_REF] claimed that hydrogenation of carbonyl to methane is the ratelimiting step. They came to this conclusion basing on transient experiments on ruthenium supported on ceria. They introduced CO2 before H2 or H2 before CO2. When CO2 was introduced first, both CH4 and CO were produced. On the other hand, when H2 was introduced first, ceria was reduced, which resulted in reduction of CO2 to CO on Ce 3+ , without the formation of methane. Thus, it was proposed that methane was formed through hydrogenation of associatively adsorbed CO2 while CO originated from CO2 reduction over Ce 3+ . Aldana et al. [START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF] investigated carbon dioxide methanation mechanism over Ni-based ceria zirconia catalysts. Different from the above results, H2 was found to dissociate on Ni 0 sites while carbon dioxide was activated on the ceria-zirconia support to form carbonates which could be hydrogenated into formate and further into methoxy species (Figure 15). This mechanism involves weak basic sites of the support for the adsorption of carbon dioxide and implies a stable metal-support interface, which explains the much better activity of these catalysts as compared to Ni-silica on which both carbon dioxide and hydrogen are activated on Ni 0 particles. Pan et al.'s results also support this mechanism [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF]. Westermann [START_REF] Westermann | Insight into CO2 methanation mechanism over NiUSY zeolites: An operando IR study[END_REF] and Pan et al. [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF] found in their studied that formate is an intermediate as CH4 and CO precursors.

Westermann et al. [START_REF] Westermann | Insight into CO2 methanation mechanism over NiUSY zeolites: An operando IR study[END_REF] studied Ni-impregnated zeolite USY by in-situ FTIR spectroscopy.

They found that at temperatures below 200°C carbonates were hydrogenated to formate adsorbed on nickel particles, and then the increase of temperature led to the dehydration of formate into carbonyl, followed by formation of CO or hydrogenation to CH4, and then desorption. The increase in nickel content led to increased CO2 adsorption capacity while carbonate species were not observed when for USY not promoted with Ni. Pan et al. [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF] obtained similar results during in-situ FTIR CO2 methanation studies. The obtained spectra showed five types of adsorption species: monodentate and bidentate carbonates hydrogenated to formate, followed formation of CO and/or hydrogenation of the latter to CH4. The observations made during temperature-programmed studies indicated that formate was the major intermediate for CH4 production. Schild et al. [START_REF] Schild | On the mechanism of CO and CO2 hydrogenation reactions on zirconiasupported catalysts: a diffuse reflectance FTIR study: Part II. Surface species on copper/zirconia catalysts: implications for methanoi synthesis selectivity[END_REF] studied carbon dioxide methanation over amorphous nickel supported on zirconia and confirmed the presence of CO Chapter I: Literature Review on CO2 conversion on the catalyst's surface. However, there was no proof of RWGS reaction. On the other hand, formate species as intermediates were observed, which is in good agreement with the work of Barrault et al. [START_REF] Barrault | Isotopic exchange measurements of the rate of interconversion of carbon monoxide and carbon dioxide over nickel supported on rare earth oxides[END_REF]. Thus, the related studies suggest that CO2 methanation proceeds via reactions shown in Eq.I.17-Eq.I.19.

CO2 gas ⇌ CO2 ads Equation.I.17 Overall, the nature of the intermediate species and steps involved during CO2 methanation mechanism can vary from one catalyst system to another, strongly depending on the properties of the active metals, supports and metal-support interaction.

Catalysts Poisoning and Deactivation Phenomena

Table 7 presents a loss in the activity of several Ni based catalysts after time on stream in thermo-catalytic CO2 methanation process. In CO2 methanation reaction catalyst deactivation is a big challenge. On one hand, Poisoning is one of the mechanisms of catalyst deactivation [START_REF] Bartholomew | Mechanisms of catalyst deactivation[END_REF]. Poisoning is defined as a loss of catalytic activity due to the chemisorption of contaminations on active sites. Catalytic systems, as a result the way in which they respond to some poisons, may be different. That means the resistance and susceptibility of catalysts to a

Chapter I: Literature Review on CO2 conversion given poison may vary substantially. For example, nickel catalyst can be oxidized by oxygen to nickel oxide, which has less activity in hydrogenation [START_REF] Zhu | Deactivation of Ni/SiO2/Al2O3-catalyst in hydrogenation of 3-hydroxypropanal solution[END_REF]. Common poisons in hydrogenation reactions are compounds of S, Se, Te, P, As, Zn, Hg, halides, Pb, NH3, C2H2 and oxygen. For instance, Sulphur plays an important role as a poison in many catalytic processes such as hydrogenation or methanation [START_REF] Bartholomew | Mechanisms of catalyst deactivation[END_REF]. On the other hand, there are many factors which cause deactivation during methanation reaction, the major factors are metal sintering, carbon deposition and catalyst structural changes. Deactivation due to carbon accumulation and metal sintering were considered as physical deactivation, which is most common for Ni based catalysts. Carbon deposition may be caused by either CO disproportionation or incomplete CO hydrogenation reactions. At CO2 methanation reaction conditions, carbon deposition due to CH4 decomposition is thermodynamically unfavorable.

For Ni-based catalysts, it has been reported that the deposition of carbon is depends on the nature and size of the Ni particles. In a study on Ni/YSZ catalysts, Kesavana et al. observed that the catalyst prepared by impregnation method has the formation of graphitic filaments on the flat Ni° surfaces, whereas thin film of carbon was accumulated on spherical Ni° particles [START_REF] Kesavan | Nickel supported on YSZ: The effect of Ni particle size on the catalytic activity for CO2 methanation[END_REF].

Furthermore, it was found in other works, that the deactivation of Ni-based catalysts at lowtemperature methanation was due to the formation of mobile Ni-sub carbonyl (Ni(CO)x with x = 2 or 3) species, which tends to migrate and causes Ni sintering [START_REF] Ewald | On the deactivation of Ni-Al catalysts in CO2 methanation[END_REF][START_REF] Miao | Catalysis mechanisms of CO2 and CO methanation[END_REF]. However, it was found that the deposition of carbon can be eliminated by introducing steam or increasing H2/CO2 ratio, as H2 can hydrogenate the deposited carbon species at CO2 methanation conditions. Moreover, high pressures can be used, around 30 bars, in order to increase methane yield, while preventing CO formation, carbon deposition, as well as catalyst metal sintering are developing a catalyst with increasing metal dispersion by strong interaction between metal and support, adding promoters, and adopting advanced synthesis methods [START_REF] Li | ZrO2 support imparts superior activity and stability of Co catalysts for CO2 methanation[END_REF][START_REF] Li | Ni/SBA-15 catalysts for CO methanation: effects of V, Ce, and Zr promoters[END_REF].

The main properties of the CO2 and H2 molecules

The CO2 is a thermodynamically stable molecule with the standard formation enthalpy of -393.5 kJ/moL. However, CO2 can be transformed with notable reactivity depending on the chemical environment. Among them catalysis offers specific sites to activate CO2 for its chemical transformation to a selective product. The general properties of the CO2 molecule, associated with its reactivity, are summarized in the following four points [START_REF] Álvarez | CO2 Activation over Catalytic Surfaces[END_REF]:

Bending of CO 2

For the uncharged state, bending of the molecule from its linear equilibrium geometry induces changes in the shape and energy level of the molecular orbitals. Notably, the more bent the geometry, the lower the energy level of the in-plane (i.e. to the plane of bending) contribution of 2πu orbital (the lowest unoccupied molecular orbital, LUMO) as shown in Figure 16 [START_REF] Álvarez | CO2 Activation over Catalytic Surfaces[END_REF].

Changing the OCO bond angle from 180° to 157°, the proportion of the LUMO on the carbon is increased from 61 % to 78 %, while the distance between carbon and oxygen (<0.01 Å) and the energy (ΔE <0.5 eV) remain almost constant. Importantly, this lowering of the inplane 2πu orbital (LUMO) energy upon bending makes the carbon atom electrophilic.

Charge distribution

When isolated, a positive charge can be found on the carbon atom (the Mulliken's population is +0.368 e) and negative charges on the two oxygen atoms (with a population of -0.184 e). A polarized medium like water can increase the charge on the carbon to +0.407 e (obtained by DFT using a polarizable continuum model with a linear geometry). This environmental effect together with the first point of LUMO lowering can make the carbon atom of CO2 more reactive [START_REF] Álvarez | CO2 Activation over Catalytic Surfaces[END_REF].

Electron Transfer to CO 2

When an electron is transferred to CO2, it becomes a radical anion. This electron-transfer process is facilitated when CO2 is bent as the LUMO level is lower. Its equilibrium geometry is highly bent (ca. 135°) with the singly occupied molecular orbital (SOMO) at a very high energy level (i.e. nucleophilic), very close to the LUMO of the neutral CO2 at 135° OCO angle with almost the same orbital character (Figure 16). The bond length is elongated by ca. 0.08 Å compared to the neutral linear state, clearly indicating the weakening of the C-O bond. This specific state has been identified as the key intermediate state in many CO2 transformation reactions as discussed later. The radical CO2 -is metastable in vacuum (0.5 eV higher in energy than the linear neutral CO2) but it can be stabilized on surfaces [START_REF] Álvarez | CO2 Activation over Catalytic Surfaces[END_REF]. 

Hydrogen transfer to CO 2

Formate anion and formate (radical) species are often reported to be the intermediate prior to further transformation when hydride or hydrogen atom, respectively, reacts with the carbon of CO2 in both heterogeneous and homogeneous catalytic transformations. Although not well documented, interestingly, the CO bond length, the OCO bond angle and orbital characters of formate anion are very similar to those of the radical CO2 -(Figure 16). This similarity can be understood as if the hydrogen atom is weakly attached to the radical CO2 -without altering the chemical character. The highest occupied molecular orbital (HOMO) of formate anion is stabilized compared to that (in this case, SOMO) of the radical CO2 -as expected. Still the high energy level of the HOMO indicates the strong nucleophilic character of formate anion with similar reactive properties to that of radical CO2 -. On the other hand, formate radical shows totally different orbital characters and thus reactivity. This would result in highly electrophilic character of formate radical specie (Figure 16). These four characteristics of CO2 reactivity are highly linked and the charge/electron transfer induces and is induced by geometric transformation of CO2 [START_REF] Álvarez | CO2 Activation over Catalytic Surfaces[END_REF].

Challenges of the Sabatier reaction

As it was presented above, the molecules of CO2 and H2 are non-polar molecules with very stable molecular orbitals that require a high activation energy to make them react. Yet this energy can be provided in a very different way either according to the laws of thermodynamic equilibrium or the concept of temperatures (out of equilibrium). This latter is established by Polanyi (Nobel 1986) by studying the three degrees of excitation vibration, rotation, and translation temperature. According to Polanyi, the non-equilibrium state is a determining parameter and its control is established by the vibrational temperature measured by optical emission spectroscopy. The second consequence of the molecular vibration is the modification of the O-C-O bond angle which allows the appearance of a molecular dipole and thus facilitates its adsorption and the reactivity of the carbon orbitals towards the catalytic sites. The main principle of catalysis is that it reduces the activation energy, and thus the energy barrier that has to be crossed, to reach the product. The problems with the application of current existing catalysts, adapted from thermal CO2 methanation is that they are made of rare-earth metals and therefore don't fit in a sustainable economy. Moreover, most of heterogeneous catalytic reactors have an operating temperature around 400°C and require several stages to compensate the drop-in efficiency. Furthermore, the thermo-catalytic methanation reaction at an industrial scale is carried out at high enough pressure (20 to 30 bar) to limit catalyst aging, the presence of parasite reactions and to reduce the size of the reactors, that operate at low GHSV (gas flow rate to catalyst volume ratio). In this thermocatalytic system, the conversion becomes almost zero at temperatures lower than 200°C, and from 350°C a secondary reaction, e.g. reverse water gas shift (RWGS), is favored (where CO2 gas reacts with the water vapor), which decreases the conversion efficiency. It should be noted that the water is a Lewis base that can block the active sites of the catalyst [START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[END_REF]. Considering thermodynamic considerations, an interesting challenge in the Sabatier process is to improve catalyst performance via shifting operation temperatures to lower values, increasing at the same time CH4 yield and selectivity via decreasing influence of side reactions. For these reasons, the issue of finding and selecting an efficient CO2 methanation catalyst is still an open question. Another approach would be to find another catalytic process instead of an external thermal energy source process that can improve the overall efficiency of the CO2 methanation (decreasing reaction temperature while increasing CO2 conversion and CH4 yield) and realizing the reaction at atmospheric process. Possible combinations of catalysis with other technologies for CO2 conversion are shown in Figure 17.

Figure 17.

Common methods for CO2 activation over catalytic surfaces [START_REF] Álvarez | CO2 Activation over Catalytic Surfaces[END_REF].

The knowledge developed in the plasma processes are the adapted answer provided that a process which operates at atmospheric pressure and low temperature is available [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 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 | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF][START_REF] Biset-Peiró | On the role of ceria in Ni-Al2O3 catalyst for CO2 plasma methanation[END_REF][START_REF] Zeng | Plasma-Catalytic CO 2 Hydrogenation at Low Temperatures[END_REF][START_REF] Xu | Mechanistic study of non-thermal plasma assisted CO2 hydrogenation over Ru supported on MgAl layered double hydroxide[END_REF][START_REF] Chen | Nonthermal plasma (NTP) activated metal-organic frameworks (MOFs) catalyst for catalytic CO2 hydrogenation[END_REF][START_REF] Bacariza | DBD plasma-assisted CO2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[END_REF][START_REF] Ahmad | Low-Temperature CO2 Methanation: Synergistic Effects in Plasma-Ni Hybrid Catalytic System[END_REF]. Activation of stable molecules like CO2 by plasma-catalysis has a great potential because, contrarily to thermal activation, plasma activates directly the vibrational mode of the molecule. The energy is not wasted on the activation of other degrees of freedom that don't induce dissociation, such as rotational and translational modes. The energetic electrons in the plasma can activate inert molecules, while the bulk gas phase of the plasma remains near room temperature. Therefore, using plasma-catalysis we can convert CO2 to useful chemicals at near-ambient temperature and pressure. In most cases, the CO2 or syngas input is at atmospheric pressure. Hence, this limits the use of expensive syngas compressors upstream of the reaction. Additional advantages compared to the other emerging technologies for CO2 conversion are the low investment cost for the reactors, as they do not rely on rare earth materials, and last but not least, their simple scalability from watt to megawatt applications, as already demonstrated by the successful development of ozone generators. All these advantages allow to significantly reduce the CAPEX/OPEX and thus the production costs in a plasma process. Besides, plasma discharges can be chosen to produce optimal operational conditions of characteristic temperatures and charged species densities within the discharge that promote a given set of chemical reactions. Hence, it is necessary to first understand the essential properties of plasma in order to identify the proper plasma discharge for a given process from a wide selection of types of plasma sources. The following section will give a short overview of plasmas and show the main physical processes that take place in a plasma discharge. Additionally, hybrid plasma catalyst systems will be shown to present its advantages and especially how catalysts may benefit the CO2 methanation efficiency. Finally, conclusions will be given summarizing the potential of plasma-catalysis for CO2 methanation.

Plasma Technology

Definition of plasma

The American Nobel laureate chemist Irving Langmuir first used this term "plasma" to describe an ionized gas in 1927-Langmuir was reminded of the way that blood plasma carries red and white corpuscles by the way that an electrified fluid carries electrons and ions. Langmuir wrote: "Except near the electrodes, where there are sheaths containing very few electrons, the ionized gas contains ions and electrons in about equal numbers so that the resultant space charge is very small. We also shall use the name of "plasma" to describe this region containing balanced charges of ions and electrons [START_REF] Tonks | A General Theory of the Plasma of an Arc[END_REF]. Plasma is an ionized gas that at least one electron is not bound to an atom or molecule, converting the atoms or molecules into positively charged ions, a distinct fourth state of matter. Practically, Ionization can be done by heating a gas (typically, the million Kelvin) or applying a strong electromagnetic field to it (typically, several kV.mm -1 ). This will ionize the gas particles and break existing molecular bonds. In both cases, a significant amount of energy is transmitted to the components of the plasma. The ignition occurs in the following stages: first, the accelerated electrons in the gap between the electrodes will cause a sharp increase in the current flow. They will collide with the gas molecules and cause them to excite, dissociate, … The main and typical processes that occur in a plasma, starting from the ignition, are Electron/Molecular reactions (Excitation, Dissociation, Ionization…) and Atomic/Molecular reactions (Charge transfer, recombination...). Besides, various types of ions can be present in the plasma, where the number density (the degree of ionization), indicates the ratio of the density of charged particles to the density of neutral species. For most gas processing applications, this ionization degree is rather low, and lies typically between 10 -6 -10 -4 [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF]. Thus, the plasma is composed of several types of particles of varying degrees of energy: (i) neutral atoms and molecules may be present in an electronic and/or excited vibrational and rotational states; (ii) charged atoms and molecules, either positively after electronic attachment (in all gases), or negatively by electron attachment (especially for electronegative gases); (iii) free electrons whose energy can reach several tens of eV; and (iv) photons generated by de-excitation of excited molecules or atoms. Since many excited species exist in the plasma, many photons can be formed, therefore giving plasmas a visible glow, depending on the wavelength of the photons.

The average charge by negatively charged species (electrons and negative ions) and positive ions give plasmas the characteristic of near neutrality. Besides the various types of ions (both positive and negative), a plasma also consists of a large number of neutral species, e.g. different types of atoms, molecules, radicals and excited species. As these particles move, they generate electric current with magnetic fields, thus affecting all the nearby particles, creating a very complex collective behavior, which is of interest to many potential applications. Plasma is naturally available throughout the universe and contains~99% of the visible cosmos, including the solar corona, solar wind, and nebula and can be effectively man-made in laboratory and in industry, which provides opportunities for numerous applications. Plasma is also present in the upper part of the Earth's atmosphere (at levels>100 km) where interactions with cosmic radiation cause the dissociation of atmospheric gas molecules. For an extensive overview of the history, fundamentals of plasma chemistry, we refer to deeply enriching and fascinating book of Alexander Fridman [START_REF] Fridman | Plasma physics and engineering[END_REF]. Artificial plasmas find their origin in the early 1800's, when electrical arcs were first studied, and Siemens developed a plasma device to synthesize ozone from oxygen gas, with the ozone being used for water purification [START_REF] Manley | The Electric Characteristics of the Ozonator Discharge[END_REF][START_REF] Eliasson | Nonequilibrium volume plasma chemical processing[END_REF].

Although plasmas are used in several applications (see below), a complete understanding of their working principles and how they interact with other components (e.g., materials, catalysts, living matter…) is still missing in many cases. Some examples of applications are given as follow [START_REF] Fridman | Plasma Chemistry[END_REF]: Plasma TV's; CO2 laser discharges for cutting and welding; Plasma hardening, etching and other surface treatments; Thin film deposition; Destruction of pollutants such as VOCs and odorous molecules; Lighting (e.g. neon lamps); Plasma medicine: tissue engineering, blood coagulation, deactivation of microorganisms, sterilization of instruments and surfaces, cancer treatment; and Chemical synthesis.

Classification of plasma

Plasma can be classified in different types depending on the way it is generated and on its properties. Plasmas are sometimes classified into three categories: hot plasmas, cold (or industrial) plasmas, and space plasmas. Physically, it may be relevant to distinguish between thermal plasmas and non-thermal plasmas.

The presence or absence of a thermal equilibrium between all components specifies whether the plasma is thermal (and thus all components are in thermal equilibrium, qualifying them as LTE -local thermal equilibrium) or nonthermal (non-LTE, where different components can be characterized by a different temperature).

In the former (thermal plasmas), the electron and bulk gas temperatures as well as the energy content are very high and the temperatures of the electrons and particles (neutrons, protons, etc.) are equal (see Table 8). These plasmas are also characterized by a higher power and higher density as well as low selectivity of chemical processes and are partially ionized but sufficiently conductive. As examples of thermal plasma, we can give the sun, the plasma torch and the arc discharge [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF][START_REF] Fridman | Plasma physics and engineering[END_REF].

Non-thermal plasma, on the other hand, (often referred to as non-equilibrium plasma or lowtemperature plasma) is created through the application of electric power to gas, in a nonequilibrium state where the temperature of the electrons can reach several eV while the heavy species (neutrals and ions) are at room temperature. Non-thermal plasma (NTP) is any kind of plasma that is not in thermal equilibrium, they are also called cold plasma. The non-LTE type is often characterized by a very high electronic temperature (10 4 -10 5 K), while the other species in the plasma can stay near room temperature. The typical temperature ranges are reported in Table 8. If the applied voltage is high enough, so-called breakdown voltage, it breaks down gas to positive ions, electrons and other species. As electrons are much lighter than other plasma components, they gain much of their energy from the electric field, thus they are characterized by very high energy and temperature (1-10 eV; Note that 1 eV = 11605K). At the same time, the temperature of much heavier species in the plasma is close to gas temperature, and thus the radicals and excited species are formed at temperatures closer to ambient [START_REF] Neyts | Plasma Catalysis: Synergistic Effects at the Nanoscale[END_REF]. Electrons accelerated in the electric field towards positive electrode interact and collide with other plasma species and gas molecules. Gas heating takes place via vibrational excitation and subsequent vibrational-translational relaxation. Cations, on the other hand, are accelerated towards negative electrode, where they cause secondary electron emission, which may further interact with plasma species. These processes make plasma selfsustaining [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF]. Furthermore, due to the large mass difference, the electrons lose less energy during elastic collisions with heavy particles, so they can easily keep their high energy gained from the electric field. This non-thermal distribution of energy offers a potential avenue to overcoming both the kinetic and thermodynamic limitations on chemical transformations of reactants into desired products. This energy, appropriately directed, can in principle drive endothermic, equilibrium-limited reactions at conditions at which equilibrium conversions are small. Similarly, the energy can accelerate reaction pathways that are kinetically slow at prevailing conditions, yielding a plethora of new species and states that are inaccessible at the bulk thermal temperature. As mentioned above, the electrons can be considered as the initiators of the highly reactive chemical mixture. This is obviously one of the key advantages of non-thermal plasma technology: it allows gases even as unreactive as CO2 to be activated at room temperature by the highly energetic electrons. Accordingly, there is no need to heat the entire reactor or the gas, because the discharge and the associated reactions are easily initiated by applying an electromagnetic field. This results in the second key advantage of nonthermal plasma technology for CO2 conversion, namely that it is a very flexible and more importantly, it can instantaneously be switched on and off, with conversion and product yield stabilization times generally lower than 30 minutes. This scalability and flexibility give makes technology highly recommended in different applications [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF][START_REF] Fridman | Non-thermal atmospheric pressure discharges[END_REF]. As such, both production on demand and remote production become possible, which is a critical point for carbon capture and utilization (CCU). We are particularly interested herein in non-thermal plasmas which are easily realized in the laboratory by means of high voltage and whose nonequilibrium character gives access to important yields while remaining in reasonable temperature conditions. As an example of cold plasmas, we can indicate corona discharge, dielectric barrier discharge and glow discharge.

Plasma generation

A non-thermal plasma is often generated by applying an electric field between two or more electrodes surrounded by a volume of gas. A gas always has some free electrons (due, for example, to cosmic radiation), which will be accelerated when applying an electric field.

The launching of a plasma discharge in the gas between two metallic electrodes is described by the so-called Townsend mechanism [START_REF] Fridman | Non-thermal atmospheric pressure discharges[END_REF]. A plasma state can be ignited in a gas if there is a fairly high electric field E to accelerate the few free electrons initially present and to allow them to ionize the neutrals, i.e. the atoms and molecules composing the gas. If their energy is sufficient, each ionization will produce secondary electrons which are in turn accelerated and produce other ionizations. An avalanche effect can then occur leading to the partial ionization of the gas (see Figure 18). The relevant parameter is therefore the reduced electric field E/N, where N is the density of neutrals in the gas. One can also use the parameter E/p where p is the pressure of the gas.

Reduced Electric Field = E /N [Td; 1Td =10 -21 V.m 2 ] Equation.I.20

Figure 18. Diagram of an electronic avalanche following the Townsend mechanism [START_REF] Fridman | Non-thermal atmospheric pressure discharges[END_REF].

Two coefficients govern the evolution of the electron avalanche, named α and γ. The Townsend ionization coefficient α, expresses the number of electrons produced by the avalanche, per unit length, in the direction of its propagation: Ne(x) = Ne0*exp (αx). The coefficient α depends on the nature of the gas and the applied electric field E. The secondary emission coefficient γ accounts for the response of the cathode to the bombardment of positive ions (created by the avalanche) that it receives: for each ion impact, the cathode releases on average γ electrons. These electrons generated through a collision of a neutral particle with primary electrons are in turn the source of other avalanches. Thus, a criterion for a self-sustained discharge is that the ions produced by each avalanche release at least one electron by secondary emission at the cathode, that is γ(exp(αd) -1) ≥ 1. The current flow will sharply increase due to an intensive avalanche of electrons in the discharge gap between the electrodes, at a point where the breakdown voltage is achieved. High energy electrons will collide with gas molecules causing the formation of new "active" plasma species (excited molecules and atoms). As mentioned above, a fairly high electric field needs to be applied in order to ignite the discharge and to cause breakdown in the gas. The curve representing the breakdown voltage UB of a gas as a function of the product p.d of the pressure and the inter-electrode distance is called the Paschen curve, from the name of the person who discovered it empirically in the 19th century [START_REF] Fridman | Non-thermal atmospheric pressure discharges[END_REF]. The breakdown voltage (UB) which is dependent on the gas pressure (p)

and on the distance between the electrodes (d), determines the minimum voltage required to breakdown a gas in order to form a plasma discharge, which is a rule known as Paschen's law. where C, D and γ are the gas (or mixture) specific parameters.

All gases have a characteristic minimum for the ionization voltage and on both sides of the minimum the curves rise continuously as shown in Figure 19. The energy acquired by an electron in an electric field depends on the distance on which it has been accelerated, i.e. its mean free path in the gas (a few cm at low pressure, and of the order of tens of nm at patm).

Discharges at low pressure are therefore easy to produce, while discharges at atmospheric and high pressures are more complex to initiate as more collisions could occur [START_REF] Fridman | Plasma physics and engineering[END_REF]. The electrons cannot achieve the required ionization energy. Additionally, for a given p.d, the breakdown voltage depends on the nature of the gas. In comparison to carbon dioxide or methane, helium has a lower Paschen minimum, because its cross section is lower, resulting in a larger mean free path of the electrons. Therefore, sometimes the inlet flow during an experiment is diluted with helium or argon for an easier ignition of the plasma [START_REF] Raizer | Gas Discharge Physic[END_REF].

Types of Discharges

Depending on the intended outcome and application, different types of plasma can be applied, which differ based on the type of applied electric field, discharge type and the design of the reactor and will thus lead to different temperature profiles and a different distribution of species. The electric field can be created both by applying a direct current (DC) or an alternating current (AC), either continuous or pulsed. Moreover, the frequency can range from radio frequency to microwave frequency, thus ranging between kHz and GHz.

Direct current (DC) discharges

When using DC, the characteristics of the discharge will depend on the voltage and the current, as shown in Figure 20. First, when the current is low, breakdown takes place and the plasma is categorized as a Townsend discharge. More and more collisions will lead to an increase in charged species density and thus an increase in current, converting the Townsend discharge to a corona, and subsequently to subnormal glow discharge and a normal glow discharge. This decreases the voltage, and a normal glow discharge presents a constant current density, only partially covering the cathode surface. When the current increases further, the discharge will completely cover the cathode surface and become an abnormal glow discharge. This transition increases the voltage until it peaks and decreases again, while the current still increases, creating an arc discharge. In this stage, thermionic emission from the high-voltage electrode is the main source of electrons. A glow discharge can then easily be generated at low pressures, but it is difficult to generate at atmospheric pressure. According to Paschen's Law, it is possible to increase the pressure, as long as pd (pressure times discharge gap) remains constant, thus reducing the gap. When the gap remains constant and the pressure increases, too many charged species would arise, increasing the electrical current. This would heat up both the gas and the electrodes, resulting in arc formation. To prevent the build-up of too many charged species, a dielectric barrier can be used to cover one or two electrodes (giving rise to a dielectric barrier discharge; see below).

Arc formation needs to be avoided, since this will lead to a plasma in thermal equilibrium, which is less beneficial for the output parameters of CO2 conversion.

Alternating current (AC) discharges: DBD discharge

In igniting a plasma in a reactor with a dielectric barrier, while applying DC, will prevent arc formation by limiting the current, but the plasma will extinguish quite rapidly since there will be a charge build-up in the dielectric barrier. To preserve the discharge, it is necessary to apply an alternating current (AC) to alternate the polarity of the electrodes, which will dissipate the induced charge on the barrier. A discharge at atmospheric pressure, with a dielectric barrier to prevent arc formation, and applying alternating current, is called a dielectric barrier discharge (DBD). Dielectric barrier discharges known also as silent discharges due to the absence of noisy sparks. DBDs are very colorful discharges, composed of multiple microdischarges and used on a large industrial scale. They combine the advantages of out-ofequilibrium plasma properties with ease of operation at atmospheric pressure. An important feature is the simple evolution from small laboratory reactors to large industrial plants with megawatt input powers. The DBD discharge is driven by a sinusoidal alternating voltage in the frequency range of 50 Hz to 500 kHz and is capable of forming stable discharges in a range of different gases at relatively high discharge powers. DBD is one of the highly unbalanced plasmas that provide high-density active species (radicals, electrons and energy ions) but always have a moderate gas temperature [START_REF] Fridman | Non-thermal atmospheric pressure discharges[END_REF][START_REF] Bogaerts | Plasma-Based CO2 Conversion[END_REF][START_REF] Kogelschatz | Dielectric-Barrier Discharges. Principle and Applications[END_REF]. A DBD is a typical example of a 'nonthermal plasma', in which the gas is more or less at room temperature, and the average energy of electrons is between 2-5 eV by the strong electric field in the plasma. However, this discharge has a long history. It was first introduced by Siemens in 1857 to create ozone, which determined the main direction for investigations and applications of this discharge for many decades [START_REF] Kogelschatz | Dielectric-Barrier Discharges. Principle and Applications[END_REF][START_REF] Eliasson | Modeling and applications of silent discharge plasmas[END_REF]. Industrial applications include ozone generation, pollution control, surface treatment, CO2 lasers, conversion of CO2, ultra-mini-excimer lamps, excimer-free mercuryfree fluorescent lamps, flat plasma displays and to treat polymer surfaces in order to promote surface properties. Strong thermodynamic non-equilibrium and simple design are the distinctive properties of DBD that allow us to envisage expansion of its applications in low

Chapter I: Literature Review on CO2 conversion temperature atmospheric pressure plasma chemistry. For more details, an important contributions to the fundamental understanding and industrial applications of DBD were made recently by Kogelschatzs et al. [START_REF] Kogelschatz | Dielectric-Barrier Discharges. Principle and Applications[END_REF][START_REF] Eliasson | Modeling and applications of silent discharge plasmas[END_REF][START_REF] Kogelschatz | Dielectric-Barrier Discharges: Their History[END_REF]. The DBD reactor consists of two electrodes (with one or two dielectric barriers) mounted in the discharge space (see Figure 21). Current dielectric materials with a high relative permittivity (which is a measure for the material's ability to store electrical charge, compared to that of vacuum) are quartz, glass, enamel, ceramic, silica glasses and Teflon. Therefore, to operate a DBD reactor, AC voltages are required and the electric field in the discharge space must be high enough to cause failure. The purpose of the dielectric barrier is to restrict the electric current and thus to prevent the formation of sparks and/or arcs, as mentioned above. Indeed, when a micro-discharge hits the surface of the dielectric barrier, it will extinguish, charging the dielectric surface locally. The formation of a new micro-discharge upon switching the polarity of the electrodes very likely takes place where a previous microdischarge extinguished, since there is a lot of residual charge. In a non-packed DBD, the gas, the electrode/dielectric material, the pressure and the gap define whether the discharge will be homogeneous or filamentary. A homogeneous discharge is only achieved in e.g. argon or nitrogen, and with specific requirements regarding the reactor design (gap, pressure, …). DBDs are often not homogeneous and consist of several tiny micro-discharges (filaments). These micro-discharges take place on the entire dielectric surface and then reach the opposite electrode. This later mode is called the 'filamentary mode', and plasma formation is restricted to these micro-discharges. The filamentary regime is more common in DBDs and consists of several discharge filaments. The occurrence of a filamentary mode, as opposed to a homogeneous mode, depends on the type of gas. Most gases, including CO2, give rise to a filamentary mode. It is stated that the volume of the micro-discharges, and hence the plasma volume, comprises about 1-10% of the total gas volume. The rest of the gas is not ionized and serves as background reservoir to absorb the energy dissipated in the micro-discharges and to collect and transport the long-lived species created in the micro-discharges [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF].

For a more detailed physical description on the formation of these micro-discharges, we refer to the review of Fridman et al. [START_REF] Fridman | Plasma physics and engineering[END_REF]. In summary, an initially accelerated electron causes the ionization of the gas atoms by releasing other electrons which are in their turn accelerated, etc. This creates an electron avalanche where the typical density of electrons in an avalanche is 10 12 cm -3 to 10 13 cm -3 . When the avalanche is large enough that the electric field, an ionized channel (streamer) is created that starts from the avalanche and spreads rapidly towards one or both electrodes. The streamer creates a conductive bridge between the electrodes: this is the micro-discharge (see the top left panel in Figure 21, black lines). An arc can be created in the absence of a dielectric when a streamer connects the two electrodes. In the case of a DBD, the charges that flow through the channel accumulate on the dielectric surfaces and attenuate the external electric field. The filaments crested in filamentary mode are cylindrical, about 100 μm in radius, and have a lifetime of few tens of nanoseconds and they initiate when the applied voltage exceeds the breakdown voltage. Since adding a dielectric material to cover one or two electrodes has a significant impact on the plasma behavior, it can also be used to alter the plasma characteristics in the discharge gap itself. This might change the discharge type from a volume discharge to a surface discharge [START_REF] Van Laer | Influence of Gap Size and Dielectric Constant of the Packing Material on the Plasma Behaviour in a Packed Bed DBD Reactor: A Fluid Modelling Study: Influence of Gap Size and Dielectric Constant…[END_REF]. Indeed, the packing material can concentrate electrostatic lines of flux, which leads to an enhanced electric field, both at the contact points between the beads, as well as at the contact points between the beads and the dielectric barrier. Since there are many contact points in a packed bed DBD, the average electric field may increase by a factor 10 to 250, increasing the electron energy and thus altering the conversion and energy efficiency of the process [START_REF] Fridman | Plasma Chemistry[END_REF]. This electric field enhancement factor depends on the dielectric constant of the material, the curvature and the contact angle [START_REF] Fridman | Plasma Chemistry[END_REF]. This leads us to the next section about plasma catalysis.

Plasma types for CO2 utilization

Plasma processing offers another applicable clue to the climate change challenge. Plasma discharges can be chosen to produce concrete operational conditions of characteristic temperatures and charged species densities within the discharge that promote a given set of chemical reactions. It is necessary to first understand the essential properties of plasma in order to identify the proper plasma discharge for a given process from a wide selection of types of plasma types and sources. Non-thermal plasmas are much more suitable for CO2 conversion. They can overcome the thermal thermodynamic equilibrium values unlike thermal plasma. Indeed, by applying (electrical) energy to a gas, the particles move, and they generate electric current with magnetic fields, thus affecting all the nearby particles. The energy of energetic electrons will activate the gas molecules as CO2, causing excitation, ionization and dissociation [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF][START_REF] Fridman | Non-thermal atmospheric pressure discharges[END_REF][START_REF] Bogaerts | Plasma-Based CO2 Conversion[END_REF][START_REF] Ashford | Non-thermal plasma technology for the conversion of CO 2[END_REF][START_REF] Bogaerts | Plasma-based conversion of CO 2 : current status and future challenges[END_REF]. This is obviously one of the key advantages of non-thermal plasma technology: it allows gases even as unreactive as CO2 to be activated by the highly energetic electrons which allow thermodynamically unfavorable reactions to be carried out at mild operating conditions (typically atmospheric pressure and near room temperature). In addition, the compactness and flexibility (instant start-up and switch off) of non-thermal plasma processes provides great potential to integrate with renewable energy sources (e.g. solar and wind energy) and serve as a potential chemical energy storage [START_REF] Mei | CO2 reforming with methane for syngas production using a dielectric barrier discharge plasma coupled with Ni/γ-Al2O3 catalysts: Process optimization through response surface methodology[END_REF].

The integrated process could in turn create a carbon-neutral network. Different routes for CO2 conversion have been explored using plasma processes. The most common types reported in the literature are dielectric barrier discharges (DBD), microwave discharges (MW) and other types as well (e.g. radiofrequency, corona, glow, and nanosecond pulse discharges) [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF]. It should be mentioned that the mechanism of CO2 activation differs depending on the type of plasma used. The differences come from the fact that CO2 activation may proceed through various paths including electronic excitation, dissociation, ionization or vibrotational excitation, which are dependent on the reduced electric field (Eq.I.20) [START_REF] Bogaerts | Plasma-Based CO2 Conversion[END_REF].

1.4. Plasma catalytic hybrid process:

Plasma-Catalysis Synergistic effects

As mentioned above, the conversion of CO2 has been studied with several plasma types: corona, gliding arc, microwave, atmospheric pressure glow discharge (APGD) and DBD.

Although promising results have been obtained already, there is still room for improvement, in terms of conversion, energy efficiency and selectivity, as well as a clear need to gain better understanding of the processes occurring in the plasma. Of the aforementioned goals, improving the selectivity of the conversion process is the hardest, since a plasma has the advantage of creating very reactive species in an efficient way, but through a complex mixture, in which a lot of different species exist. To achieve this, the plasma can be combined with heterogeneous catalysis. This can indeed be advantageous, since plasma provides a low-Chapter I: Literature Review on CO2 conversion temperature process that can be used intermittently, and combining it with catalyst can bring an increased conversion and selectivity by enhancing the electric field, changing the discharge type, altering the densities of the plasma species. Indeed, when the catalyst enhances the formation of certain plasma species, interacts with certain plasma species and/or the adsorption/desorption is stronger towards specific species, the reactions of these species will be altered. Furthermore, the plasma offers a unique way of initiating, enhancing the performance of chemical reactions and adds a number of means to control the process, potentially allowing a more efficient process. A more effective use of plasma is possible by exploiting its synergetic potential through combination with heterogeneous catalysts.

However, due to the non-selective nature of plasma processes, the addition of a catalyst may be implemented in order to increase conversion of reactants, selectivity towards desired products and, therefore, the process yield.

Nevertheless, it should be noted that for every different catalytic technology, all of the steps that can be identified in a catalytic process, (i) diffusion of the reagents towards the catalytic surface; (ii) adsorption; (iii) chemical reaction; (iv) desorption of the reaction products; and (v) diffusion away from the surface) will be influenced differently. Therefore, a catalyst can be very suitable for one technology, while being unfitting for another. Furthermore, this is even more complicated for plasma technology, since then the mix of species interacting with the catalyst is more complex and elaborate than for a gas mixture. Therefore, catalytic development has a high priority when combining it with alternative technologies, and care must be taken that the catalyst is suited for the chosen technology.

Plasma catalysis is a rapidly developing research field, which promises not only many exciting scientific discoveries but also the development of new technologies and industrial applications. Since the last two decades of the 20th century, plasma-chemical and plasmacatalytic processes using low temperature plasma have been of interest of the scientific community. Plasma catalysis has clearly shown benefits over 'conventional' catalysis [START_REF] Bogaerts | The 2020 plasma catalysis roadmap[END_REF]. In other words, plasma catalysis distinguishes itself from conventional thermal catalysis by using a different concept of 'temperature'. Typically, the bulk gas temperature in an NTP (such as a dielectric barrier discharge, DBD) is around 300-1000 K, while the electron temperature is in the order of 10 4 -10 5 K (1-10 eV), and other degrees of freedom have temperatures in between these two extremes. Of particular interest is the vibrational temperature, which is typically on the order of a few 1000 K. NTP can indeed selectively activate vibrational excitation modes in the gas molecules, depending on the reduced electric field (i.e. the ratio of the electric field and gas number density). To summarize, because a NTP is not characterized by a single temperature, chemical conversions are not bound by the thermodynamic equilibrium constraints of the bulk gas temperature and pressure. Exploiting the high electron temperature, low bulk gas temperature, and atmospheric pressure operation of NTPs likely offers the greatest opportunity for plasma catalysis applications. Plasma catalysis has been investigated for variety of disciplines such as the removal of VOCs , environmental pollutants in high-volume waste gas and liquid streams, material treatment, for the synthesis of platform chemicals and carbon nanomaterials, synthesis of hydrogen and ammonia, hydrocarbon reforming and CO2 conversion into high added value of synthetic fuels and gas [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF][START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxide -Looking for an efficient catalyst[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 | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF][START_REF] Zeng | Plasma-Catalytic CO 2 Hydrogenation at Low Temperatures[END_REF][START_REF] Chen | Plasma assisted catalytic decomposition of CO 2[END_REF][START_REF] Li | CO2 reforming of CH4 by atmospheric pressure glow discharge plasma: A high conversion ability☆[END_REF][START_REF] Mei | Plasma-photocatalytic conversion of CO 2 at low temperatures: Understanding the synergistic effect of plasma-catalysis[END_REF][START_REF] Chen | Progress in Plasma-Assisted Catalysis for Carbon Dioxide Reduction[END_REF][START_REF] Harling | Plasma-catalysis destruction of aromatics for environmental clean-up: Effect of temperature and configuration[END_REF][START_REF] Tu | Dry reforming of methane over a Ni/Al 2 O 3 catalyst in a coaxial dielectric barrier discharge reactor[END_REF][START_REF] Vandenbroucke | Decomposition of Toluene with Plasma-catalysis: A Review[END_REF][START_REF] Vega-González | Plasma-Catalysis for Volatile Organic Compounds Decomposition: Complexity of the Reaction Pathways during Acetaldehyde Removal[END_REF]. Figure 22 illustrates all the different applications of plasma catalysis [START_REF] Bogaerts | The 2020 plasma catalysis roadmap[END_REF]. All the aspects of plasma-catalysis such as the current and future challenges, as well as the advances in science and technology needed to meet these challenges are covered in a Roadmap paper, recently published by Bogaerts et al. [START_REF] Bogaerts | The 2020 plasma catalysis roadmap[END_REF].

There are different sources of plasma, types of catalysts and plasma configurations that have been designed out to enhance this synergistic phenomenon. When the catalysts are combined with plasmas, they are generally incorporated into a non-thermal plasma, in one or two-stage configurations. The first configuration is: In-plasma catalysis (IPC), the plasma contacts with the catalyst, partially or totally, in one single step; plasma is generated across the catalytic bed, being in contact with reactants and catalyst as well as products of the reaction. The second one consists on Post-Plasma Catalysis (PPC), the plasma and catalysis steps can happen under independent conditions and the plasma step is usually done upstream the catalytic reactor [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF][START_REF] Neyts | Plasma Catalysis: Synergistic Effects at the Nanoscale[END_REF][START_REF] Tu | Plasma catalysis fundamentals and applications[END_REF] (see Figure 23). The influence of the type of configuration for plasma assisted catalytic CO2 methanation has been studied previously [START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF]. The authors have demonstrated that the in-plasma system is preferable because high conversions and yield of methane are obtained with an energy consumption approximately twice lower than that of the post-plasma system. For the PPC, the catalyst is placed before the plasma discharge, making the catalyst either function as pre-treatment of the gas, before it enters the plasma. Since the vibrationally and electronically excited species have an estimated lifetime between 1 and 100 ns [START_REF] Chen | Review of plasma catalysis on hydrocarbon reforming for hydrogen production-Interaction, integration, and prospects[END_REF], the time-frame for the interaction between these species and the catalyst surface is very narrow.

The lifetime of ions in the afterglow is 100 μs [START_REF] Neyts | Plasma Catalysis: Synergistic Effects at the Nanoscale[END_REF], and the negative ions typically have a shorter lifetime in the afterglow than the positive ions. The density of radicals also drops after the plasma, but there still is radical density of 10 11 cm -3 after 1 second [START_REF] Neyts | Plasma Catalysis: Synergistic Effects at the Nanoscale[END_REF]. These species can still interact with the catalyst, but to maximize the interaction between catalyst and reactive plasma species, a single-stage configuration will be applied in this work, where the catalyst is placed directly into the plasma discharge. Interactions are now possible between the catalyst and the short-lived active species, such as excited atoms and molecules, radicals, electrons and photons. Moreover, the packing can in this case also play an important role in physically altering the plasma properties and thus species densities. Presence of the solid between the electrodes may enhance the electric field intensity as well as create micro-discharges in the pores of the catalyst resulting in the change of species generated in plasma and discharge type. Thus, presence of the catalyst may affect the reactions occurring in the plasma. This clearly points out the co-dependency between plasma and catalyst as well as the complexity of their interactions. For more information concerning plasma-catalyst interactions, we refer to [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF][START_REF] Neyts | Plasma Catalysis: Synergistic Effects at the Nanoscale[END_REF][START_REF] Chung | Review of catalysis and plasma performance on dry reforming of CH4 and possible synergistic effects[END_REF][START_REF] Puliyalil | A review of plasma-assisted catalytic conversion of gaseous carbon dioxide and methane into value-added platform chemicals and fuels[END_REF]. Therefore, the main goal of combining plasma and catalysis is to get the synergetic effect between both which creates new reaction pathways and changes in this way activation energy and therefore increases the efficiency of the reaction. An overview of the plasma-catalyst interactions is given in Figure 24. Snoeckx and Bogaerts have been reported the effects of catalysis on the plasma and vice versa [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF]. Several underlying principles can be identified that have an influence, but it is important to mention that there is still a lot unknown about the plasma, the catalyst/packing and their possible interactions [START_REF] Whitehead | Plasma-catalysis: the known knowns, the known unknowns and the unknown unknowns[END_REF]. The catalyst/packing material, on the one hand, can enhance the electric field in the plasma, resulting in an enhanced efficiency for the chemical reactions, and can also change the discharge type. For example, the dielectric constant of the packing material will affect the electric field strength and electron temperature, which will in turn alter the reaction rates [START_REF] Van Laer | Influence of Gap Size and Dielectric Constant of the Packing Material on the Plasma Behaviour in a Packed Bed DBD Reactor: A Fluid Modelling Study: Influence of Gap Size and Dielectric Constant…[END_REF][START_REF] Taheraslani | Coupling of CH4 to C2 Hydrocarbons in a Packed Bed DBD Plasma Reactor: The Effect of Dielectric Constant and Porosity of the Packing[END_REF][START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF]. The surface of the catalyst can adsorb plasma species, therefore affecting the concentration of the species. It is even possible to use a plasma to overcome thermal limitations in catalysis, e.g. plasma-induced vibrational excitations of N2 decrease dissociation barriers without influencing subsequent reaction steps [START_REF] Mehta | Overcoming ammonia synthesis scaling relations with plasma-enabled catalysis[END_REF]. When the packing/catalyst has pores larger than several 100 nm, a micro-discharge can be formed inside the pores [START_REF] Zhang | Propagation of a plasma streamer in catalyst pores[END_REF]. Void spaces in between the beads, and channels of voids between multiple beads, also affect the electric field strength and electron temperature, and thus the chemistry [START_REF] Van Laer | Influence of Gap Size and Dielectric Constant of the Packing Material on the Plasma Behaviour in a Packed Bed DBD Reactor: A Fluid Modelling Study: Influence of Gap Size and Dielectric Constant…[END_REF][START_REF] Taheraslani | Coupling of CH4 to C2 Hydrocarbons in a Packed Bed DBD Plasma Reactor: The Effect of Dielectric Constant and Porosity of the Packing[END_REF][START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF].

The effects of the catalyst on the plasma such as an enhancement of the electric field, formation of micro-discharges, change in the discharge type and adsorption of species on the catalyst surface can thus generally be considered as physical effects. The reported effects of the plasma on the catalyst, on the other hand, are of both a physical and chemical. The plasma, can alter the catalyst surface and increase its surface area, reduce metal oxides to metals, change the oxidation state or the work function, reduce coke formation on the surface and increase the adsorption probability of the plasma species on the catalytic surface, which can increase the retention time of these species. Moreover, hot spots can be formed, which increase the local temperature, the activation barrier can be lowered (both by the plasma and the catalyst) and the reaction pathways can be changed as well. Furthermore, photon irradiation of the plasma might activate the catalyst, although it is reported that the photon intensity in the plasma is actually too low for this process to happen [START_REF] Neyts | Plasma Catalysis: Synergistic Effects at the Nanoscale[END_REF], but other plasma species, like electrons, can induce similar effects. All these factors contribute in different ways to enhancing the energy efficiency of the plasma process as well as the catalyst stability, due to a synergy that occurs between the catalyst and the plasma.

Zhang et al. verified that plasma treatment of the catalyst can remarkably improve the dispersion of active components and enhance the reactivity of Ni/SiO2 catalyst in CO2 methanation [START_REF] Zhang | Effect of glow discharge plasma treatment on the performance of Ni/SiO2 catalyst in CO2 methanation[END_REF]. The improvements are also verified in the catalytic stability and activity as plasma activity prevents the catalyst from poisoning due to the enhancement of specific species desorption and sintering by decreasing the reaction temperature. Besides, the specific surface area of the sample can be increased after prolonged plasma activity, as it causes changes in the structure of the catalyst. The plasma-treated catalyst can also result in a reduction in the size of the metal particles and a greater dispersion of the metals, both leading to higher catalyst reactivity and greater durability [START_REF] Zhou | Role of surface Ni and Ce species of Ni/CeO2 catalyst in CO2 methanation[END_REF][START_REF] Zhang | Effect of glow discharge plasma treatment on the performance of Ni/SiO2 catalyst in CO2 methanation[END_REF][START_REF] Bian | Enhanced low-temperature CO 2 methanation activity on plasma-prepared Ni-based catalyst[END_REF][START_REF] Wang | Partial oxidation of methane to syngas over glow discharge plasma treated Ni-Fe/Al2O3 catalyst[END_REF]. Amouroux et Cavadias performed several tests for CO2 methanation: (i) in thermal process with presence of the catalyst where no significant production of methane has been obtained, (ii) in plasma alone (absence of catalyst) at low temperature, CO2 conversion was found to be about 5%, with a negligible yield of CH4, and (iii) combining the plasma with a catalyst it has given rise to a sharp increase in the conversion of CO2 to over 97%, with a methane selectivity of always greater than 90% at temperatures below 260°C. Indeed, these results confirm the synergetic effect of a hybrid plasma catalysis system [START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[END_REF]. Synergism in plasma catalysis is a complex phenomenon, originating from the interplay between the various plasma-catalyst interaction processes.

The selectivity and energy efficiency of plasma-based CO2 conversion can be improved by combining the plasma with a catalyst. Plasma catalytic CO2 conversion usually takes place in a DBD reactor at atmospheric pressure. The importance of using catalyst in this plasma-based CO2 conversion is to improve selectivity toward the targeted products, while the plasma effect is mainly responsible for the better energy efficiency. Both effects are interrelated and cannot always be separated. For more extensive details, we refer to several broad reviews that have been published on this specific topic [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF][START_REF] Neyts | Plasma Catalysis: Synergistic Effects at the Nanoscale[END_REF][START_REF] Chen | Progress in Plasma-Assisted Catalysis for Carbon Dioxide Reduction[END_REF][START_REF] Tu | Plasma catalysis fundamentals and applications[END_REF][START_REF] Whitehead | Plasma-catalysis: the known knowns, the known unknowns and the unknown unknowns[END_REF][START_REF] Whitehead | Plasma catalysis: A solution for environmental problems[END_REF][START_REF] Kim | A multidisciplinary approach to understand the interactions of nonthermal plasma and catalyst: A review[END_REF][START_REF] Michielsen | CO2 dissociation in a packed bed DBD reactor: First steps towards a better understanding of plasma catalysis[END_REF][START_REF] Whitehead | Plasma-catalysis: Is it just a question of scale?[END_REF][START_REF] Chen | An overview of CO 2 conversion in a microwave discharge: the role of plasma-catalysis[END_REF]. However, the concept of combining plasma and catalyst is considered quite new. Understanding of the true reaction mechanisms and codependence of both plasma and catalyst still requires much attention, as well as research and development of new techniques and approaches. It is important to correctly select and understand the reference of each system. Depending on the combination of all these influences mentioned above, certain processes can be favored over others, thus creating chemicals more selectively and/or efficiently. The main advantage over thermal catalysis is that the gas stream in plasma catalysis contains many different reactive species, such as radicals and excited species, that can adsorb on the catalyst surface. Indeed, the internal energy of the ions, radicals and electronically excited species is higher than the activation energy required for thermal catalysis. Moreover, the excited species can have a lower adsorption energy than the ground state species, favoring plasma catalysis over thermal catalysis. When all given parameters (physical and chemical) are indeed adjusted with the reactor configuration (see Figure 25), a synergy can arise between plasma and catalyst, meaning that the combination of the two methods yields a better result than the sum of both methods separately.

In this PhD thesis, we will therefore focus on understanding the synergy between plasma and catalysis that can yield in the application of CO2 methanation and finding the best catalyst for plasma-assisted CO2 methanation. It is obvious that without a catalyst, plasma alone is not able to produce CH4 in the considerable amount. At the same time catalytic process, although efficient in terms of methane production, is not active at temperatures lower than 200°C.

Therefore, it is important to maximize the beneficial effects of both catalyst and plasma in order to enhance the energy efficiency of the process.

Examples of applications: CO2 conversion by plasma assisted catalyst

CO2 dissociation (into CO and O2)

The dissociation of CO2 or other greenhouse gases and their conversion into synthetic fuels which can be easily stored is a very promising solution to valorize and limit these anthropogenic emissions. The CO2 dissociation reaction shows an enthalpy change of about 293 kJ/moL [START_REF] Jacquemin | Catalytic production of methane from CO2 and H2 at low temperature: Insight on the reaction mechanism[END_REF].

CO2 (g) = CO (g) + ½O2 (g) Equation.I. [START_REF] Xiaoding | Mitigation of CO2 by Chemical Conversion: Plausible Chemical Reactions and Promising Products[END_REF] The Entropy, on the other hand, is unfavorable since CO2 is a small gaseous molecule [START_REF] Nigara | Production of Carbon Monoxide by Direct Thermal Splitting of Carbon Dioxide at High Temperature[END_REF]. The inefficient dissociation of CO2 in the thermal [START_REF] Dardor | Solar carbon production via thermochemical ZnO/Zn carbon dioxide splitting cycle[END_REF], membrane [START_REF] Nigara | Production of Carbon Monoxide by Direct Thermal Splitting of Carbon Dioxide at High Temperature[END_REF] and photocatalytic [START_REF] Hu | Thermal, electrochemical, and photochemical conversion of CO2 to fuels and value-added products[END_REF][START_REF] Roy | Toward Solar Fuels: Photocatalytic Conversion of Carbon Dioxide to Hydrocarbons[END_REF] Under thermal quasi-equilibrium plasma conditions, thermal decomposition of CO2 is the predominant process. While, under nonthermal plasma conditions, vibrational excitation is the most efficient CO2 dissociation route [START_REF] Lebouvier | Assessment of Carbon Dioxide Dissociation as a New Route for Syngas Production: A Comparative Review and Potential of Plasma-Based Technologies[END_REF]. The dissociation of CO2 using DBD plasma has been widely studied and many papers are already published. To achieve higher values of CO2 conversion and energy efficiency, several approaches have already been investigated, including changing the DBD geometry, applied frequency, applied power, gas flow rate, discharge length, discharge gap, reactor temperature, dielectric material, electrode material, mixing with gases, i.e. Ar, He, N2, and by introducing (catalytic) packing materials [START_REF] Wang | CO 2 conversion in a gliding arc plasma: 1D cylindrical discharge model[END_REF][START_REF] Ponduri | Fluid modelling of CO2 dissociation in a dielectric barrier discharge[END_REF][START_REF] Bogaerts | Modeling plasma-based CO 2 conversion: crucial role of the dissociation cross section[END_REF][START_REF] Bogaerts | CO 2 conversion by plasma technology: insights from modeling the plasma chemistry and plasma reactor design[END_REF].

To improve the energy efficiency of CO2 dissociation in a DBD plasma, a catalytic material can be added to the plasma reactor. The catalyst can increase reaction rates and selectivity, while the non-thermal plasma provides the energy to drive highly endothermic processes such as CO2 dissociation. Several materials have already been investigated, such as glass wool, glass beads, silica gel, quartz, quartz wool, quartz sand, Al2O3, CaTiO3, ZrO2, SiO2, BaTiO3, TiO2, MgO and CaO [START_REF] Mei | Plasma-photocatalytic conversion of CO 2 at low temperatures: Understanding the synergistic effect of plasma-catalysis[END_REF][START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF][START_REF] Michielsen | CO2 dissociation in a packed bed DBD reactor: First steps towards a better understanding of plasma catalysis[END_REF][START_REF] Yu | Characteristics of the Decomposition of CO2 in a Dielectric Packed-Bed Plasma Reactor[END_REF][START_REF] Uytdenhouwen | A packed-bed DBD micro plasma reactor for CO 2 dissociation: Does size matter?[END_REF][START_REF] Mei | Plasma-assisted conversion of CO 2 in a dielectric barrier discharge reactor: understanding the effect of packing materials[END_REF][START_REF] Uytdenhouwen | How process parameters and packing materials tune chemical equilibrium and kinetics in plasma-based CO2 conversion[END_REF]. The effect of the packing is usually correlated to the enhanced electric field at the contact points, due to polarization of the beads [START_REF] Bogaerts | Plasma-based conversion of CO 2 : current status and future challenges[END_REF]. A higher dielectric constant should give rise to a higher electric field and thus a lower breakdown voltage. Hence, based on this, one would expect to see an increasing conversion and energy efficiency upon rising dielectric constant of the beads, as the latter typically gives rise to more pronounced electric field enhancements and higher electron temperatures [START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF]. BaTiO3 and glass beads into the discharge gap have been shown to beneficially modify the discharge mode for the CO2 decomposition reaction when used as a packing material, resulting in an increase in the average electric field and mean electron energy due to the formation of surface discharges alongside the typical filamentary discharges formed in the absence of a packed bed [START_REF] Mei | Plasma-photocatalytic conversion of CO 2 at low temperatures: Understanding the synergistic effect of plasma-catalysis[END_REF]. The increase in electron energy and local electric field occurs at the bead contact points as the external electric field causes them to become polarized [START_REF] Van Laer | Improving the Conversion and Energy Efficiency of Carbon Dioxide Splitting in a Zirconia-Packed Dielectric Barrier Discharge Reactor[END_REF]. This latter leads to a more efficient usage of the applied electrical energy which contributes to maximizing the energy efficiency and conversion. As mentioned above, the polarization of the dielectric material occurs, enhancing the local electric field which increases the electron temperature. Recent works have shown that the combination of DBD plasma with a photocatalyst (BaTiO3 and TiO2) using a partial catalyst packing configuration significantly enhanced the conversion of CO2 and energy efficiency by up to 250% at low temperatures (~150°C) compared to the plasma conversion of CO2 in the absence of a catalyst [START_REF] Mei | Plasma-photocatalytic conversion of CO 2 at low temperatures: Understanding the synergistic effect of plasma-catalysis[END_REF]. Thus, this exceptional synergistic effect can be attributed to both the physical effect induced by the presence of the catalyst in the discharge and the dominant photocatalytic surface reaction driven by energetic electrons from the CO2 discharge. Moreover, Van Laer et al. investigated both the influence of bead size and dielectric constant by modeling a helium discharge in a packed bed DBD reactor [START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF]. At larger bead sizes, the shift from full gap discharge to localized discharges will occur at a higher dielectric constant, which can be explained through the larger voids in between the larger beads. Therefore, the combination of a high dielectric constant and a large bead size will lead to a stronger electric field and the highest electron density, thus increasing the conversion and energy efficiency [START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF]. In addition, there must be other material characteristics that can influence the conversion and energy efficiency, like surface acidity, surface area, specific and molar heat capacity, total open pore volume and pore size, or others [START_REF] Whitehead | Plasma-catalysis: the known knowns, the known unknowns and the unknown unknowns[END_REF]. Moreover, from a chemical point of view, the material plays a role in the splitting of the CO2 molecule via adsorption of the molecule onto the beads. Two types of molecular adsorption can occur: chemical (occurs with materials such as CaO and MgO) and physical (such as for γ-Al2O3).

Chemisorption leads to a higher CO2 conversion as CO2 molecules adsorbed this way more readily decompose [START_REF] Duan | Effect of dielectric packing materials on the decomposition of carbon dioxide using DBD microplasma reactor[END_REF]. Another characteristic that might play a role are the structural properties of the beads: pores, edges through porosity and surface roughness. In general, the electric field may be enhanced by some form of roughness or geometric distortion in the reactor, and this enhancement of the electric field strength can cause a higher conversion and energy efficiency [START_REF] Neyts | Plasma Catalysis: Synergistic Effects at the Nanoscale[END_REF]. From all these data's in the literature, we can conclude that a combined plasma DBD catalytic reactor can provide reasonable conversions and energy efficiencies, however, further improvements are also needed.

CO2 reforming of CH4

The dry reforming of methane (DRM) is a chemical process that consists of converting methane and carbon dioxide, identified as the world's most abundant greenhouse gases, to syngas, a mixture of hydrogen and carbon monoxide, alongside other valuable chemicals and fuels. This lower syngas ratio produced (H2/CO ≈1), is suitable for the synthesis of oxygenated chemicals and to produce a variety of chemicals and fuels, including via the Fischer-Tropsch process.

Many reviews have been studied the aspect of catalytic properties and explored the influences of the active metal, support, promoter, preparation methods, calcination temperature, reducing environment, particle size and reactor choice on catalytic activity and carbon deposition for the dry reforming of methane [START_REF] Usman | Dry reforming of methane: Influence of process parameters-A review[END_REF][START_REF] Jang | A review on dry reforming of methane in aspect of catalytic properties[END_REF][START_REF] Arora | An overview on dry reforming of methane: strategies to reduce carbonaceous deactivation of catalysts[END_REF]. Besides, due to thermodynamics limitation, DRM reaction was usually performed at high temperature (~800°C), leading to carbon deposition and catalyst deactivation which limits its lifetime. Both issues incur cost, as the energy input must be high, and catalysts must be replaced periodically. In order to overcome these issues plasma and plasma-catalyst based DRM have received a lot of attention in the last years [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF][START_REF] Fridman | Plasma Chemistry[END_REF][START_REF] Bogaerts | Plasma-Based CO2 Conversion[END_REF][START_REF] Michielsen | Altering Conversion and Product Selectivity of Dry Reforming of Methane in a Dielectric Barrier Discharge by Changing the Dielectric Packing Material[END_REF][START_REF] Ray | Dry Reforming of Methane in DBD Plasma over Ni-Based Catalysts: Influence of Process Conditions and Support on Performance and Durability[END_REF][START_REF] Khoja | Recent developments in non-thermal catalytic DBD plasma reactor for dry reforming of methane[END_REF][START_REF] Xia | Dry reforming of CO2CH4 assisted by high-frequency AC gliding arc discharge: Electrical characteristics and the effects of different parameters[END_REF][START_REF] Snoeckx | Plasma-based dry reforming: improving the conversion and energy efficiency in a dielectric barrier discharge[END_REF][START_REF] Liu | Review of Plasma-Assisted Catalysis for Selective Generation of Oxygenates from CO2 and CH4[END_REF]. The process parameters such as the SEI, applying pulsed power, frequency, changing the gas flow rate or feed ratio, the reaction temperature or pressure, dielectric materials, different electrode materials, and the catalyst must be optimized for each system in order to maximize reactant conversion and energy efficiency.

Plasma reforming which can be operated at a wide range of temperature (from room temperature to over 1000 °C) is another technique for DRM. However, the energy utilization efficiency is still low and relatively low syngas selectivity results in low syngas generation efficiency. Thus, combination of catalysis and plasma can be an alternative due to their advantages and their synergistic effects. As a result, the hybrid system was shown to be more efficient under catalyst-free conditions. A wide range of materials have been used, with Ni being the most common active phase and alumina is the most commonly used support, and they are all summarized in Table 9. Thus, the combination of plasma-catalysis depends on several factors, i.e., operating temperature, basicity of catalyst, power input, dielectric constant, reactor geometry and shape and packing method of catalyst. To enhance DRM performance, utilizing dissipated thermal energy and appropriate feeding flow rate, the contact possibility between electrons and gas molecules, reactor geometry and the design of catalyst type, sizes and packing methods are important factors to be considered. Catalysis composed of different active metals, promoters and supports with appropriate preparation method can promote its characteristics and enhance the performance. For more details about the performance of plasma and plasma catalysis for DRM reaction, we refer to these exhaustive reviews [START_REF] Chung | Review of catalysis and plasma performance on dry reforming of CH4 and possible synergistic effects[END_REF][START_REF] Michielsen | Altering Conversion and Product Selectivity of Dry Reforming of Methane in a Dielectric Barrier Discharge by Changing the Dielectric Packing Material[END_REF][START_REF] Khoja | Recent developments in non-thermal catalytic DBD plasma reactor for dry reforming of methane[END_REF][START_REF] Istadi | Co-generation of synthesis gas and C2+ hydrocarbons from methane and carbon dioxide in a hybrid catalytic-plasma reactor: A review[END_REF]. Summarizing all the data in the literature, we can conclude that a DBD reactor for DRM can provide reasonable conversions of up to 60% and 80% for empty (non-packed) and packed-bed DBDs, respectively. However, many challenges such as finding suitable catalysts, and advances in energy efficiency are still required. (Where: discharge gap: dgap -discharge length: dL -discharge volume: dV -discharge power: P -Flow rate: Q)

CO2 hydrogenation into Liquid fuels and Methanol

Carbon dioxide can be hydrogenated in plasma via reaction with hydrogen at atmospheric pressure, and low temperature thus avoiding the use of high pressure required by conventional thermal catalytic processes. However it is theoretically possible to produce a variety of different chemicals (CH4) yields CO and H2O as main products [START_REF] Zeng | Plasma-Catalytic CO 2 Hydrogenation at Low Temperatures[END_REF]. The most important secondary products by using plasma process are methanol, and the production of ethanol, formaldehyde, formic acid, dimethyl-ether, acetylene, ethylene and ethane has been reported as well. However, depending on the products desired, the H2/CO2 ratio as well as the catalyst can be varied as different products reach their maximum yields [START_REF] Zeng | Plasma-Catalytic CO 2 Hydrogenation at Low Temperatures[END_REF]. This unique plasma process offers a promising solution for lowering the kinetic barrier of catalytic CO2 hydrogenation (to methanol, methane...) instead of using traditional approaches (e.g., high reaction temperature and high-pressure process), and has great potential to deliver a step-change in future CO2 conversion and utilization. For DBD plasmas, most papers in literature indeed report the use of catalysts to enhance the performance of CO2 hydrogenation. Despite CO hydrogenation to methanol is a well-developed route, CO2 hydrogenation to methanol, which is a promising process for CO2 conversion and utilization, remains underexplored, and one of its major challenges is the high reaction pressure (usually 30-300 atm). Methanol is not only an important industrial raw material, but also a stable hydrogen storage compound, which is convenient for transport and reserve.

Chapter I: Literature Review on CO2 conversion Recently, the concept of "methanol economy" advocated by the Nobel Laureate George Olah revealed the importance of methanol in energy structure [START_REF] Olah | Beyond Oil and Gas: The Methanol Economy[END_REF]. It was shown by different studies that the plasma process offers a promising solution for lowering the kinetic barrier of catalytic CO2 hydrogenation to methanol instead of using high reaction temperature and pressure [START_REF] Zeng | Plasma-Catalytic CO 2 Hydrogenation at Low Temperatures[END_REF][START_REF] Wang | Atmospheric Pressure and Room Temperature Synthesis of Methanol through Plasma-Catalytic Hydrogenation of CO2[END_REF][START_REF] De La Fuente | Reduction of CO2 with hydrogen in a non-equilibrium microwave plasma reactor[END_REF][START_REF] De Bie | CO 2 Hydrogenation in a Dielectric Barrier Discharge Plasma Revealed[END_REF]. Wang et al. [START_REF] Wang | Atmospheric Pressure and Room Temperature Synthesis of Methanol through Plasma-Catalytic Hydrogenation of CO2[END_REF] investigated in their study, highly selective methanol synthesis using a water-cooled DBD, in combination with Cu/γ-Al2O3 or Pt/γ-Al2O3

catalysts. The Cu/γ-Al2O3 catalyst yielded a maximum methanol yield of 11.3% and methanol selectivity of 53.7%, for a CO2 conversion of 21.2% in plasma catalysis, whereas no methanol was formed at ambient conditions without plasma. Eliasson et al. showed in their study that the presence of the catalyst, increases the methanol yield and selectivity by more than a factor of 10 in the discharge [START_REF] Eliasson | Hydrogenation of Carbon Dioxide to Methanol with a Discharge-Activated Catalyst[END_REF]. Iliuta et al. explored the CO2 hydrogenation process in the microwave-induced plasma reactor via an unsteady-state, CO2 conversion reaches 82% when the reactor is supplied with only H2 and CO2 and 74% when H2 is supplied in the diesel engine exhaust (H2/CO2 ratio=3). However, this enhanced CO2 conversion at large H2/CO2 ratios is achieved by increasing the power of microwave plasma to compensate for the temperature drop. Methanol synthesis process in the fixed-bed reactor is improved by the amplification of H2/COx ratio and when CO2 is progressively substituted by CO, which is easily achieved via the reverse water-gas shift reaction in a microwave-induced plasma reactor located upstream from the methanol synthesis reactor [START_REF] Iliuta | Enhanced Methanol Synthesis Process via an Integrated Process Involving CO2 Hydrogenation under Plasma Conditions[END_REF]. Furthermore, for other products, Hayashi et al.

observed, in using a surface discharge at atmospheric pressure, a production of hydrocarbons such as dimethyl ether and methane were produced at the discharge voltage of 11 kV, when hydrogen (H2) gas was mixed with CO2 and the mixture ratio was 50% [START_REF] Hayashi | Effect of additive gases on synthesis of organic compounds from carbon dioxide using non-thermal plasma produced by atmospheric surface discharges[END_REF]. Species as formaldehyde, formic acid as well as ethylene and ethane were observed in the research of Maya et al. [START_REF] Maya | Plasma-assisted reduction of carbon dioxide in the gas phase[END_REF] and De bie et al. [START_REF] De Bie | CO 2 Hydrogenation in a Dielectric Barrier Discharge Plasma Revealed[END_REF]. Therefore, the area of carbon dioxide hydrogenation to methanol and chemical fuels is a very active sector, and as shown plasma-based conversion of CO2/H2 might be promising to fulfill it. Finally, Cu/ZnO-based catalysts promoted with Pd and Ga, or Pd/ZnO and Pd/SiO2 upon addition of Zn, Zr, Ce, Ga, Si, V, K, Ti, and Cr and also multicomponent systems [START_REF] Jadhav | Catalytic carbon dioxide hydrogenation to methanol: A review of recent studies[END_REF][START_REF] Toyir | Sustainable process for the production of methanol from CO2 and H2 using Cu/ZnO-based multicomponent catalyst[END_REF], that shown good performance for methanol formation in conventional route might be interesting to study it in this novel plasma process.

Reverse Water Gas Shift Reaction

The reduction of carbon dioxide by hydrogen, which constitutes the reverse water-gas shift reaction, is an active area of research as it represents the key intermediate step in the indirect route of production of methanol (CH3OH) and other fuels from CO2. However, there are few papers about using NTP in catalytic RWGS and the knowledge of choosing efficient catalysts for plasma catalytic RWGS is still very limited. Recently, various attempts have been focused

on developing novel and efficient catalysts for thermal catalytic RWGS [START_REF] Kim | The effect of the morphological characteristics of TiO2 supports on the reverse water-gas shift reaction over Pt/TiO2 catalysts[END_REF]. It can be concluded that the oxygen vacancies and redox property of catalysts play a crucial role in the binding and conversion of CO2 during RWGS reaction. Therefore, perovskite-type catalysts with general chemical formula of ABO3 are considered to be significantly promising since they are well-known for its abundant oxygen vacancies with the partial substitution of A site and B site metals, resulting in the lattice distortion and oxygen non-stoichiometry [START_REF] Oemar | Perovskite LaxM1-xNi0.8Fe0.2O3 catalyst for steam reforming of toluene: Crucial role of alkaline earth metal at low steam condition[END_REF][START_REF] Kim | Dopant Effect of Barium Zirconate-Based Perovskite-Type Catalysts for the Intermediate-Temperature Reverse Water Gas Shift Reaction[END_REF]. For these reasons, Liu et al. investigated a series perovskite materials over a hybrid dielectric barrier discharge (DBD) plasma-catalysis process [START_REF] Liu | Low temperature catalytic reverse water-gas shift reaction over perovskite catalysts in DBD plasma[END_REF]. Among, La0.9Sr0.1Ni0.5Fe0.5O3+δ exhibited the highest potential in promoting the selective conversion of CO2 to CO, and simultaneously suppressing the formation of CH4. Its superior catalytic performance should be attributed firstly to that higher metal dispersion, smaller particle size, stronger metal-support interaction and electronically richer state of Ni were achieved by the formation of Ni-Fe alloy, which facilitated the adsorption and conversion of CO2, and secondly more oxygen vacancies and higher oxygen mobility were created by the remaining La0.9Sr0.1FeO3+δ perovskite structure, which promoted the selective conversion of CO2 to CO. Moreover, Zeng et al. studied the RWGS by using a DBD plasma reactor loaded with a catalyst Mn/γ-Al2O3. They found an increase (of 114%) in CO yield as well as an increase (of 116%) in CO production efficiency in comparison to the pure plasma process (without catalyst) [START_REF] Zeng | Plasma-Catalytic CO 2 Hydrogenation at Low Temperatures[END_REF]. Thus, the combination of plasma with a catalyst can enhance the conversion of CO2 and the production of CO due to their resulting synergy.

Plasma catalytic CO2 methanation

As discussed in section 1.2.8., the thermodynamic and kinetic limitations can restrict the feasibility and scalability of conventional catalytic processes for Sabatier reaction at the industrial level. Therefore, the challenge is for looking on a low energy consuming process operating at atmospheric pressure and at a low temperature. It has been proven that hybrid Plasma-Catalysis process can be the suitable solution. In the present section the summary of research on plasma-catalytic CO2 hydrogenation to CH4 will be presented, as well as the effect of plasma pre-treatment on the catalytic activity in CO2 methanation.

Effect of plasma type on the performance CO2 methanation catalyst

The efficiency of CO2 hydrogenation in plasma was found to be greatly dependent on the plasma type (see section 1.3.2.3). Much higher conversions of CO2 were reported for microwave discharges or glow discharge plasmas with respect to DBD. However, high CO2 conversions did not result in high CH4 yields, pointing to the important role of catalyst for boosting CH4 production. The role of plasma type on the catalyst activity is however unclear.

The research on various plasma types in the presence of Ni-based catalysts is presented in Table 10. The types of plasma reported in literature for this reaction were focused mainly on the application of DBD [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF][START_REF] Nizio | Low temperature hybrid plasma-catalytic methanation over Ni-Ce-Zr hydrotalcite-derived catalysts[END_REF][START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[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 | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF][START_REF] Biset-Peiró | On the role of ceria in Ni-Al2O3 catalyst for CO2 plasma methanation[END_REF][START_REF] Zeng | Plasma-Catalytic CO 2 Hydrogenation at Low Temperatures[END_REF][START_REF] Chen | Nonthermal plasma (NTP) activated metal-organic frameworks (MOFs) catalyst for catalytic CO2 hydrogenation[END_REF][START_REF] Bacariza | DBD plasma-assisted CO2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[END_REF][START_REF] Ahmad | Low-Temperature CO2 Methanation: Synergistic Effects in Plasma-Ni Hybrid Catalytic System[END_REF][START_REF] Ruilong | In Situ Study of the Conversion Reaction of CO2 and CO2-H2 Mixtures in Radio Frequency Discharge Plasma[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] Lee | Enhancement of methanation of carbon dioxide using dielectric barrier discharge on a ruthenium catalyst at atmospheric conditions[END_REF][START_REF] Wierzbicki | Ni-Fe layered double hydroxide derived catalysts for non-plasma and DBD plasma-assisted CO2 methanation[END_REF][START_REF] Ge | Plasma-assisted CO2 methanation: effects on the lowtemperature activity of an Ni&#x2013;Ce catalyst and reaction performance[END_REF][START_REF] Benrabbah | Plasma-catalytic hybrid process for CO2 methanation[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][START_REF] Jwa | Plasma-assisted catalytic methanation of CO and CO2 over Nizeolite catalysts[END_REF][START_REF] Jwa | Nonthermal plasma-assisted catalytic methanation of CO and CO2 over nickelloaded alumina[END_REF], MW discharges [START_REF] De La Fuente | Reduction of CO2 with hydrogen in a non-equilibrium microwave plasma reactor[END_REF][START_REF] Alrafei | Synergetic effect of microwave plasma and catalysts in CO2 methanation[END_REF],

radio frequency discharges [START_REF] Ruilong | In Situ Study of the Conversion Reaction of CO2 and CO2-H2 Mixtures in Radio Frequency Discharge Plasma[END_REF][START_REF] Kano | Reforming of Carbon Dioxide to Methane and Methanol by Electric Impulse Low-Pressure Discharge with Hydrogen[END_REF], glow discharge [START_REF] Azzolina-Jury | Novel boehmite transformation into γ-alumina and preparation of efficient nickel base alumina porous extrudates for plasma-assisted CO2 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 Nibased 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 plasmaassisted CO2 hydrogenation over nickel zeolites under partial vacuum[END_REF], and corona discharge [START_REF] Hoeben | Plasma-Driven Water Assisted CO2 Methanation[END_REF]. The plasma type has a significant influence on the CH4 production. The most studied DBD plasma systems are reported to give the highest CH4 yields and high conversions of CO2

(see section 1.5.3). Microwave discharge is considered as a warm plasma (T≈ 600-700°C), this latter decreases the CH4 production through thermodynamic limitations (Figure 11). On the other hand, glow discharge plasmas operating at low pressures are less selective to CH4 with respect to DBD (Table 10), which may be explained by their low-pressure operation (few mbar)

as well as decomposition of produced CH4 in plasma. However, the performance of plasma process in terms of CO2 conversion may be improved in the presence of catalyst. The catalyst performance may be significantly improved by selecting appropriate operation conditions. As a representation of glow discharge, Azzolina-Jury et al. [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 plasmaassisted CO2 hydrogenation over nickel zeolites under partial vacuum[END_REF] voltage due to localized electric field enhancement. These effects explain high activity in the CO2 conversion of the glow discharge plasma-zeolite system. The main product observed during plasma-catalytic experiments was carbon monoxide, which may be considered the main disadvantage of low-pressure glow discharge with respect to DBD plasma. Interestingly, improved production of CH4 was observed after plasma extinction. This CH4 release from the surface of catalyst was proportional to the nickel reduction degree and to nickel content and was following the same sequence as CH4 selectivity during plasma-catalytic tests. The methane release was explained by the fact that under plasma conditions nickel species were occupied by CO. Once plasma stopped the CO production (from CO2 dissociation), the surface coverage decreased allowing H2 adsorption and reaction with remaining CO molecules to form CH4. Moreover, Azzolina-Jury et al. [START_REF] Azzolina-Jury | Chemical engineering aspects of plasmaassisted CO2 hydrogenation over nickel zeolites under partial vacuum[END_REF] investigated various plasma-catalyst configurations (IPC) and (PPC) systems (see section 1.4.1). The authors found that PPC system was characterized by much lower CO2 conversions and CH4 selectivity which can be explained by short lifetime of plasma produced excited species, which is not enough to reach catalyst bed.

Moreover, Azzolina-Jury et al. [START_REF] Azzolina-Jury | Novel boehmite transformation into γ-alumina and preparation of efficient nickel base alumina porous extrudates for plasma-assisted CO2 methanation[END_REF] investigated the Ni/ɣ-Al2O3 catalyst in low-pressure glow discharge plasma. However, the preparation of support extrudates had minimal effect on the final performance in the plasma-catalytic process. The best performance was observed at 200 °C reaching ca. 40% CO2 conversion and 8% CH4 selectivity. Chen et al. [START_REF] Chen | An overview of CO 2 conversion in a microwave discharge: the role of plasma-catalysis[END_REF] studied the presence of Ni/TiO2 catalysts in a microwave discharge. Their results showed that the presence of catalyst increased CO2 conversion and energy efficiency. However, the selectivity of obtained products was not discussed. Hoeben et al. [START_REF] Hoeben | Plasma-Driven Water Assisted CO2 Methanation[END_REF] examined CO2 methanation in the presence of water in pulsed corona discharge and showed that electrode material may influence the overall process as well. The authors did not use any catalyst bed in the reactor, but they examined to sets of electrodes and they found that CH4 production was significantly improved with respect to steel electrodes which is in clearly agreement with the study of Rico et al. [START_REF] Rico | Evaluation of Different Dielectric Barrier Discharge Plasma Configurations As an Alternative Technology for Green C1 Chemistry in the Carbon Dioxide Reforming of Methane and the Direct Decomposition of Methanol[END_REF]. DBD catalytic process is the most plasma assisted type studied in the literature for CO2 methanation. Amouroux et al. [258] studied the process of reducing carbon dioxide to methane by DBD plasma activated by a catalyst at atmospheric pressure. They showed that under adiabatic conditions, DBD plasma could greatly improve the conversion of CO2 at low temperatures [START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[END_REF]. In the section 1.5.3, we will focus and give more extensive details about the Ni-based catalysts tested in DBD plasma-catalytic process for CO2 methanation. 

DBD Plasma pre-treatment of CO2 methanation catalysts

Recently, the beneficial effect of plasma treatment was confirmed in the literature as these

Ni-based catalysts supported on various materials were pre-treated with various type of plasma, and plasma sources. Plasma treatment of catalyst may result in a material which greatly differs from catalyst prepared via conventional thermal treatment. In the literature, it was shown that plasma can be applied at any step of catalyst preparation or regeneration of deactivated catalyst [START_REF] Whitehead | Plasma-catalysis: the known knowns, the known unknowns and the unknown unknowns[END_REF][START_REF] Liu | Catalyst preparation using plasma technologies[END_REF][START_REF] Wang | Catalyst Preparation with Plasmas: How Does It Work?[END_REF][START_REF] Liu | Plasma methods for preparing green catalysts: Current status and perspective[END_REF]. Plasma pre-treatment was applied for CO2 methanation catalysts to decompose nickel precursors, usually nickel nitrate. It was found that lowtemperature plasma treatment of Ni-based catalyst significantly improved materials performance in CO2 methanation. The reason about this enhancement was in general attributed to the formation of small nickel crystallites, high dispersion of Ni species, increased reducibility of nickel, as well as increased CO2 and hydrogen adsorption capacity [START_REF] Zhou | Effect of the structure of Ni/TiO2 catalyst on CO2 methanation[END_REF][START_REF] Bian | Methanation of carbon oxides on Ni/Ce/SBA-15 pretreated with dielectric barrier discharge plasma[END_REF][START_REF] Wang | Partial oxidation of methane to syngas over glow discharge plasma treated Ni-Fe/Al2O3 catalyst[END_REF][START_REF] Yan | Dielectric barrier discharge plasma for preparation of Ni-based catalysts with enhanced coke resistance: Current status and perspective[END_REF][START_REF] Shi | Characterization of Silica Supported Nickel Catalyst for Methanation with Improved Activity by Room Temperature Plasma Treatment[END_REF][START_REF] Fan | Improved activity of Ni/MgAl2O4 for CO2 methanation by the plasma decomposition[END_REF]. Benrabbah et al. studied the effect of reduction/activation conditions of 15%Ni/Ce0.52Zr0.48O2 catalyst in a DBD plasma process. The samples reduced in the stream of H2 at 470°C and activated in DBD plasma for 20, 40 and 60 min were compared. They observed that hydrogen-plasma treatment resulted in the increased of CO2 adsorption capacity [START_REF] Benrabbah | Plasma DBD activated ceria-zirconia-promoted Ni-catalysts for plasma catalytic CO 2 hydrogenation at low temperature[END_REF]. Dielectric barrier discharge (DBD) plasma was applied in other papers to pretreat CO2 methanation catalysts and to decompose nickel nitrate. DBD decomposition is a rapid process, characterized by fast nucleation of nickel crystallites. Hence, this prevents diffusion of nickel species into the bulk of support and into support pores, thus influences both textural (pore volume, specific surface area) and structural (Ni crystal size and dispersion of Ni) properties. Moreover, it was proven that DBD plasma discharge is selective towards the formation of mainly well-defined Ni [START_REF] Burger | CO2 methanation over Fe-and Mnpromoted co-precipitated Ni-Al catalysts: Synthesis, characterization and catalysis study[END_REF] planes [START_REF] Zhou | Effect of the structure of Ni/TiO2 catalyst on CO2 methanation[END_REF][START_REF] Yan | Dielectric barrier discharge plasma for preparation of Ni-based catalysts with enhanced coke resistance: Current status and perspective[END_REF]. Upon plasma decomposition of nickel precursors highly energetic plasma species favor the formation of low energy Ni [START_REF] Burger | CO2 methanation over Fe-and Mnpromoted co-precipitated Ni-Al catalysts: Synthesis, characterization and catalysis study[END_REF] planes [START_REF] Yan | Dielectric barrier discharge plasma for preparation of Ni-based catalysts with enhanced coke resistance: Current status and perspective[END_REF], while upon thermal calcination nickel species slowly nucleate leading to the formation of irregular crystal structure. Besides, CO2 methanation was reported to be a structure-sensitive reaction where the high coordinated sites of Ni [START_REF] Burger | CO2 methanation over Fe-and Mnpromoted co-precipitated Ni-Al catalysts: Synthesis, characterization and catalysis study[END_REF] are more active and resistant to catalyze C-forming reactions, are as well more resistant to H2S poisoning with respect to low coordinated Ni [START_REF] Trovarelli | Catalytic Properties of Ceria and CeO 2 -Containing Materials[END_REF] and Ni [START_REF] Lu | Ce or La) doped nickel catalyst supported on ZrO2 modified mesoporous clays for CO and CO2 methanation[END_REF] sites [START_REF] Wang | Partial oxidation of methane to syngas over glow discharge plasma treated Ni-Fe/Al2O3 catalyst[END_REF][START_REF] Yan | Dielectric barrier discharge plasma for preparation of Ni-based catalysts with enhanced coke resistance: Current status and perspective[END_REF][START_REF] Hu | Catalytic Conversion of Methane to Synthesis Gas by Partial Oxidation and CO2 Reforming[END_REF]. The presented results

clearly point to the fact that plasma-prepared catalysts are characterized by an improved performance with respect to calcined samples. However, there is still much development involving plasma pre-treatment concerning CO2 methanation catalysts.

Ni-based catalysts tested under DBD plasma for CH4 production

As discussed before, plasma-catalytic process for CO2 methanation has several advantages compared to thermo-catalytic process. It may be clearly observed that majority of research concerning catalytic and plasma-catalytic process concerns Ni-based materials. Moreover, the most studied type of plasma for plasma-catalytic CO2 methanation is dielectric barrierdischarge DBD, as it can operate at atmospheric pressure and at much lower temperatures than thermal catalysis. By the application of plasma, we can shift temperature of the process to lower values (100-200°C) and still obtain high yields of methane as same as in catalytic processes performed at (300-400°C). The summary on various Ni-based catalysts tested for CH4 production in DBD plasma is presented in Table 11. The study of Amouroux and Cavadias included the application of Ni supported on mixed SBA-15 and ceria-zirconia support [START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[END_REF]258]. Nizio et al. investigated the performance of nickel supported on mixed ceria-zirconia with the various CeO2/ZrO2 ratio in DBD reactor. They observed high yields and conversion of CO2 (85%) under adiabatic conditions with the ideal gas ratio for CH4 generation at 90°C. The best performance was shown with this composition 15%Ni/Ce0.52Zr0.48O2 [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF]. These authors were also studied CeZr promoted hydrotalcitederived materials in a DBD plasma [START_REF] Nizio | Low temperature hybrid plasma-catalytic methanation over Ni-Ce-Zr hydrotalcite-derived catalysts[END_REF]. Besides, some studies have shown the importance of optimizing the operating conditions of the plasma in order to improve the efficiency of the process [START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF]. Additionally, these authors have also studied the effect of reactor configuration.

They retrieved that in-plasma system (catalyst fully covered by the plasma) is the best configuration as the high performances of activity are obtained with an energy consumption approximately twice lower than that of the post-plasma system. This could be explained by (i) the role of short-life reactive species and/or (ii) a higher temperature in the in-plasma system compared to the post-plasma system (at the same applied power) [START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF]. These results point that the plasma parameters have a significant effect on overall performance and may greatly increase synergetic effect between plasma and catalysis. Moreover, this clearly suggests that most probably reactor design for the plasma-catalytic process may require a new approach.

Zeng et al. studied the plasma-catalytic CO2 hydrogenation over a Ni/Al2O3 catalyst for the cogeneration of CO and CH4 in a dielectric barrier discharge (DBD) reactor at 150°C. They demonstrated a plasma-catalytic synergistic effect at low temperatures, by the presence of Ni catalyst, as the reaction performance of the plasma-catalytic CO2 hydrogenation is significantly higher than that of the sum of the individual processes (plasma process and thermal catalytic process) at the same temperature [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]. Jwa et al. [START_REF] Jwa | Nonthermal plasma-assisted catalytic methanation of CO and CO2 over nickelloaded alumina[END_REF] examined nickel catalyst in NTP. They showed that the performance of Ni/Al2O3 was better than Ni/Al2O3-TiO2 catalyst, which was explained by higher values of the specific surface area. This clearly points to the importance of catalyst surface in the hybrid plasma-catalytic process. Moreover, the same authors [START_REF] Jwa | Plasma-assisted catalytic methanation of CO and CO2 over Nizeolite catalysts[END_REF] in another research, they examined the performance of Ni-zeolite catalyst in similar DBD plasma system. CH4 production was observed only in the presence of a catalyst.

It was reported that the dispersion of Ni increased after plasma-catalytic tests, pointing to the reorganization of nickel particles upon reaction. The improved activity in the presence of catalyst was explained by the fact that plasma helps to dissociate adsorbed molecules, including breakage of the carbon-oxygen bond, which is believed to be necessary intermediate to produce CH4. Furthermore, It was observed in several studies that an increase in temperature had a negative effect on CH4 production, as at high temperatures RWGS reaction is well developed which contributes to high CO production [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF][START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[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]. Briefly, conversion increases with the applied voltage, remaining then more or less stable, while power increases constantly with increasing voltage. A 4:1 ratio (H2/CO2) is optimal for enhancing CH4 yield. For DBD plasmas, the use of alumina reactor instead of quartz is beneficial on reaction performance due to the enhanced relative dielectric permittivity coefficient of alumina [START_REF] Mora | Alumina and quartz as dielectrics in a dielectric barrier discharges DBD system for CO 2 hydrogenation[END_REF].

Arita et al., were observed that the addition of a magnetic field can enhance CO2 conversion, increasing the CH4 selectivity by over 10% at a discharge power of 30 W [START_REF] Arita | Production of CH<sub>4</sub> in a Low-Pressure CO<sub>2</sub>/H<sub>2</sub> Discharge with Magnetic Field[END_REF]. Therefore, application of plasma-catalytic process is necessary to obtain high conversions of CO2 with high yields of CH4 production at low temperature. Wang et al. investigated the threshold temperature of the Sabatier reaction in DBD plasma conditions which was found to be around 110-120°C [START_REF] Wang | Coupling experiment and simulation analysis to investigate physical parameters of CO 2 methanation in a plasma-catalytic hybrid process[END_REF]. Wierzbicki et al. showed that small addition of Fe into matrix of Ni(Mg,Al)O hydrotalcite-derived oxides may greatly improve CO2 conversion [START_REF] Wierzbicki | Ni-Fe layered double hydroxide derived catalysts for non-plasma and DBD plasma-assisted CO2 methanation[END_REF]. Ni-loaded zeolite materials (USY zeolites with various Si/Al ratio) were investigated in atmospheric pressure DBD reactor by Bacariza et al. [START_REF] Bacariza | DBD plasma-assisted CO2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[END_REF]. It is important to mention that the recent study of Amouroux et al. [START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[END_REF] and Bacariza et al. [START_REF] Bacariza | DBD plasma-assisted CO2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[END_REF] identified water adsorption on the active sites as one of the main limiting factors for conventional CO2 methanation. This problem may be easily overcome with the application of plasma. Water, on the other hand, blocks reaction active sites, thus samples with low affinity to water will enhance the effect of plasma on the activity. Therefore, the hydrophobic role of catalyst plays a crucial role in the overall process.

Additionally, Table 11 showed that the effectiveness of the overall process is strongly dependent not only on the applied catalysts but also on operating conditions. Nowadays, this plasma-catalytic process can be carried out at low temperatures (T<250°C) and atmospheric pressure, however, the power required for plasma discharge remains high [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF][START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[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] Mikhail | Nickel Supported Modified Zirconia Catalysts for CO2 Methanation in DBD Plasma Catalytic Hybrid Process[END_REF][START_REF] Biset-Peiró | Adiabatic plasma-catalytic reactor configuration: Energy efficiency enhancement by plasma and thermal synergies on CO2 methanation[END_REF][START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF], which slows down the industrial application of the plasma catalysis process. Further improvements in energy costs could be achieved by the implementation of an adequate catalyst [START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxide -Looking for an efficient catalyst[END_REF][START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF]. Therefore, the development of advanced catalysts with high stability enabling to obtain a better methane yield (at least >80%) while limiting energy consumption is crucial for industrial applications of CO2 methanation.

Mechanism of plasma-catalytic CO2 methanation

Since reactions with labelled 13 CO2 allowed to investigate the reaction mechanism in a DBD process using CoCeZrO4 as a catalyst. CO2 methanation occurs mainly through the conversion of gaseous CO2. Carbon dioxide is firstly converted to CO which is further adsorbed on Co particle and hydrogenated to form CH4 [START_REF] Parastaev | Temperatureprogrammed plasma surface reaction: An approach to determine plasma-catalytic performance[END_REF]. Additionally, other studies stressed out that the mechanism of the reaction in plasma conditions can be attributed to both Langmuir-Hinshelwood and Eley-Rideal mechanism due to the presence of gas-phase H species, while in thermal catalysis this latter proceeds only via Langmuir-Hinshelwood [START_REF] Chen | Coupling non-thermal plasma with Ni catalysts supported on BETA zeolite for catalytic CO 2 methanation[END_REF]. Moreover, to date, catalyst deactivation has not been assessed under plasma-catalytic conditions.

Deactivation is directly linked to the reaction mechanism in methanation, which remains in our days an open question for debate. As a summary for the mechanism, it is important to underline that investigation of plasma-catalytic process mechanisms is not easy due to the codependency of catalytic and plasma properties and due to the abundance of reactions occurring in the plasma and on the catalyst surface. That is why new studies are still needed in order to understand more the mechanism of this reaction in this hybrid process.

Aim of this PhD thesis

The present bibliographical study was made to establish the framework of the study to be followed. It showed that the plasma-catalytic CO2 methanation has a great potential for industrial application in the future thanks to the high synergetic effects resulting between plasma and catalysis. Moreover, plasma-based chemical reactions may already be competitive for conventional technologies. However, still much research is needed, especially fundamental studies concerning plasma-catalyst and their interactions, which will be the aim of this work. This will allow to increase the yield of desired products (in the studied case methane) and thus improve the energy efficiency of the process.

In this PhD thesis, we will therefore focus on understanding the synergy between plasma and catalysis that can yield in the application of CO2 methanation and finding the best catalyst for plasma-assisted CO2 methanation. It is obvious that without a catalyst, plasma alone is not able to produce CH4 in a considerable amount. Therefore, it is important to maximize the beneficial effects of both catalyst and plasma in order to enhance the energy efficiency of the process.

It is important to underline that in terms of any plasma-catalytic process, complex surface and gas-phase chemistry correlate strongly to physical properties of applied plasma and catalyst.

Investigation of fundamental reaction mechanisms occurring in such complex systems is therefore challenging. Moreover, to the best of our knowledge, studies of ageing of the catalyst in plasma are not reported up to now in the literature. Long-term studies are hence necessary, before implementation of plasma-catalytic CO2 methanation on a larger scale.

Besides, it should be noted that the surface mobility of the chemisorbed species and their desorption are essential for high catalytic performance. With these new degrees of freedom, the study of this reaction takes an innovative turn which must be developed with catalysts capable of responding to the constraints of the electrical discharge and the mobility of the hot electrons created by this later. Furthermore, it is reported in the literature that plasma performance in various CO2 valorization processes depends on the chemical and physical properties of catalyst and reactor configuration. Therefore, these properties and factors need to be considered in order to increase the yield of methane and improve the energy efficiency of the plasma-catalytic CO2 methanation process. Our work has therefore an approach far from previous studies and opens the way to demonstrations whose relevance will be shown in each chapter of this study. Hence, the aim of this PhD work can be divided into three axes:

1) Studying the long-term exposure of the CeZrOx-supported Ni catalyst in thermal and plasma processes and gaining crucial facts about reaction and deactivation mechanisms that can help in elucidating the mechanism of the CO2 methanation reaction in the presence of the DBD plasma.

2) Understanding the interactions between plasma and catalyst and studying the influence of different materials with different physicochemical and electrical properties on the efficiency of the process. Based on these results, we could then find a highly active, stable, and efficient catalyst enabling to reduce energy consumption and enhancing the methane yield.

3) Investigating the influence of plasma conditions and the reactor design (the influence of the pressure, frequency, addition of inert gas, and the discharge length, type of dielectric, bead size, the residence time, and management of the heating…) combined with a simulation study on COMSOL Multiphysics.

From there, the approach used in this work, as well as the techniques, materials and methods applied, will be discussed in Chapter 2. Chapter 3 will go into more depth on the aging study of plasma and thermal process, underlying the mechanism of the methanation reaction in the DBD plasma. This chapter will serve as the basis for Chapter 4, where the design of new catalysts will be discussed, and the influence of different materials with different physicochemical and electrical properties on the efficiency of the process will be investigated.

The physicochemical and electrical properties of the synthesized materials were evaluated by means of different techniques, in order to study their influence on the activity, stability and selectivity. In Chapter 5, the reactor configuration, as well as an investigation of plasma conditions, will be realized and tested on the best catalyst found in chapter 4. A simulation model on COMSOL Multiphysics is also used to confirm the experimental results. Finally, a general conclusion for this work will be given, together with a future outlook. Thereby, the objectives of this PhD thesis are summarized in Table 12. 

Chapter II: Experimental part, Materials and methods

The topic of this chapter is to present the experimental set up of the reaction system, and the procedure used in CO2 hydrogenation to CH4. The description of catalysts preparation and characterization are also discussed. Finally, the corresponding calculation methods are detailed. These subjects are presented in order to facilitate the interpretation and the understanding of the results of this experimental work presented in the following chapters III, IV, and V).

The activity and selectivity of selected catalysts in CO2 methanation, under plasma conditions, were evaluated at atmospheric pressure in an experimental setup briefly consisting of a quartz tubular cylindrical reactor, a plasma generator, and the corresponding devices for gas feeding and analysis. Plasma Experiments were performed at Institut de Recherche de Chimie Paris (PSL University) and Institut Pierre-Gilles de Gennes, which are both located in Paris. Catalyst's preparation and characterization were conducted at the Institut Jean Le Rond D'Alembert (Sorbonne University) located in Saint-Cyr-L'Ecole. Figure 26 shows the experimental set-up used in this thesis, consisting of mass flow controllers, a high-voltage power supply, a hybrid plasma-catalytic reactor, a digital oscilloscope, a picoscope, and a gas chromatograph.

Experimental setup for CO2 methanation:

Copper, Teflon, and stainless-steel tubing (1/4th and 1/8th inch) and Swagelok fittings were used for the reactor set-up. As the experiments involve a contribution of electric energy on a gaseous phase, so it is important to conceive separately the gaseous and electrical devices.

The experimental set-up consists of three major systems: the reactor, plasma generation, and product collection which will be discussed in detail in the following sections.

Reactor design

Plasma-assisted catalytic methanation was performed, at atmospheric pressure, in a nonthermal dielectric barrier discharge (DBD) plasma reactor, consisted of two coaxial tubes (quartz and alumina).

The DBD plasma was created between two electrodes: A cylindrical Cu electrode placed inside the inner dielectric alumina tube (ᴓ (diameter), 3 mm) surrounded by a coaxial external dielectric quartz tube (ᴓ (diameter),10 mm and a wall thickness, 1 mm) around which a steel wire, acting as the ground electrode, is wrapped and grounded via an external capacitor Cm.

Between the quartz and the alumina tube, the discharge zone (gas gap) was sustained in a gap of 2.5 mm. The catalyst was packed in a powder form in the annular space between the alumina and the quartz tubes (in the discharge gap). The effective length of the DBD reactor was about 6-6.5 mm, corresponding to the height of the steel wire and the catalyst bed. The DBD reactor (in two cutting views) and a photograph of the reactor used in the present work are presented in Figure 27 (A) and (B) respectively.

Under plasma conditions, all experiments were carried out in pseudo-adiabatic conditions (the reactor was at open air, without thermal insulation) and without any external heating. To keep the discharge volume equal to 0.27 cm 3 , the catalyst (300 mg (depending on the catalyst density) was placed at the annular space of the discharge zone in DBD reactor. Quartz wool was placed in the reactor in order to keep it in the discharge zone (see Figure 27 (B)). It should be noted that this latter has not any effect on the measurements. Rubber washers were used to keep the internal electrode and dielectric in the center of our reactor. Moreover, in order to ensure the tightness of the reactor and to prevent leaks, Teflon (tetrafluoro-ethylene) was used on the contact metal/metal and metal/glass. 

Plasma Generation system

An alternating current (AC) high voltage, was used to power the inner electrode in order to create the plasma discharge. This high voltage was supplied by a generator and transformer (CALVATRON SG2). It delivers a voltage of several thousand volts at high frequency (71 kHz).

The range of applied voltages (UA) used in this thesis was between 10-22 kV (peak to peak) depending on the frequency of the generator. The role of the frequency in the establishment of the plasma was discussed in this thesis (c.f. chapter 5). The high voltage was connected to (frequency range-300 Hz-200 MHz) respectively. The power consumption was calculated using Lissajous method.

Inlet feed and outlet product collection system

The feed composition of the reactor was composed of two gases H2 and CO2. Carbon dioxide was provided by the IRCP power supply network, while H2 (99.99% purity) was obtained by electrolysis of pure water by using the PGH2 100 generator of FDBS company. According to Sabatier's reaction, it is necessary to respect the stoichiometry of the reaction, CO2:H2 =1:4.

So the gas was introduced into the reactor with a composition of 80% hydrogen and 20% CO2

(200 cm 3 /min as total flow).

Gas flow rates were controlled by two BRONKHORST HI-TECH mass flow controllers connected to a HI-TECH analog interface comprising two channels, allowing to regulate the opening of the valves of the flow regulators.

As the reaction takes place at temperatures higher than 100°C, exhaust gases were cooled in order to collect the liquid products. The product stream passed through a short stainless-steel tube into an unheated section of tubing that led to the collector section of the apparatus.

Drops that condensed in this section fell down the tube into the condenser and collection vessel. For CO2 methanation the liquid products contained pure water.

The Water formed as product was continuously removed and condensed from the product gas. The mass balance was performed at steady state (after 30 min time on stream), and the conversion rate of carbon dioxide and the methane or carbon monoxide production was determined. The outlet gas flowrate was determined using a bubble flowmeter and was analyzed by an online gas chromatography (IGC 120 ML, Delsi Intersmat) equipped with thermal conductivity detector (TCD).

Gas hourly space velocity (GHSV) was calculated as presented below (Eq.II.1). This variable facilitates the evaluation of the catalyst behavior in direct relation with the amount of catalyst.

GHSV =

𝑸𝒊𝒏 𝑽𝒄𝒂𝒕

Equation.II.1

Qin -inlet volumetric flow rates (200 cm 3 /min= 12000 cm 3 /h)

Vcat -volume of catalyst

Under such conditions, the Gas Hourly Space Velocity (GHSV) was found to be 44,000 h -1 for used catalysts (which corresponds to 0.27 cm 3 the volume).

Thermal catalysis set-up

The activity and selectivity of the NiCZ catalyst in CO2 methanation, under thermal conditions, was evaluated in an experimental setup briefly consisting of a quartz tubular cylindrical reactor (the same described in section 2.1.1.1), a cylindrical resistive electric furnace, equipped with the corresponding devices for gas feeding and analysis (see section 2.1.1.3). A schematic representation of the thermo-catalytic setup is presented in Figure 28. The same cylindrical reactor described above was used herein. Under thermal conditions, the reaction was performed in the absence of the DBD plasma, the system being heated by the conventional electric furnace. The temperature of the oven was controlled by a regulation system allowing to set the temperature from 100 °C to 500 °C. A K-type thermocouple was placed close to the catalytic bed to measure the temperature of the reactor.

Prior to each methanation experiment, under thermal conditions, the reactor was loaded with 300 mg of catalyst (grain size about 30 µm). On both sides of the catalytic bed, glass wool was used to keep the catalyst fixed within the discharge zone. The catalyst was then pre-reduced under 160 cm 3 /min pure H2 for 30 min duration, under a DBD plasma generated at 14 kV, as described elsewhere [START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF] and in the section below 2.3.1.4. Under thermal conditions, CO2

methanation was performed at ambient pressure, flowing 200 cm 3 /min (44,000 h -1 GHSV) of a gas mixture containing CO2 and H2 in stoichiometric amounts. The liquid water formed through the methanation reaction was removed in a condenser. The gas flow rate exiting this condenser and entering the gas analysis device was continuously determined using a bubble flowmeter. The concentrations of CO2, H2, CH4 and CO were measured with the aid of a gas chromatograph (IGC A20 ML, Delsi Intersmat), equipped with a Carboxen column and a thermal conductivity detector (TCD). Plasma-assisted catalytic methanation and conventional catalytic methanation were performed at atmospheric pressure over a temperature range of 100-450 °C.

The experiments on Time of stream or ageing experiments were performed at a H2:CO2 stoichiometry of 4:1 for 100 h time-on-stream, under both thermal and plasma conditions.

These experiments were performed in iso-conversion conditions. The temperature set in the thermo-catalytic experiment, i.e. 350°C, was chosen in order to get the same starting conversion than the one obtained under plasma-catalytic conditions. For the 100 h time on stream plasma methanation experiment, the voltage was fixed at 15 kV, corresponding to a power of 13 W and a temperature of 240°C. In both cases, the pre-treatment of the catalyst NiCZ was identically performed, under H2 plasma at 14 kV for 30 minutes. 

Power and charge calculation

Physical properties of dielectric barrier discharges and PBRs can be obtained through the analysis of their electrical characteristics. Electric power is an indispensable parameter since it expresses the total amount of charges transferred by the plasma. In order to calculate the dissipated power in our reactor, we can distinguish two possible methods. Firstly, with method measures the input Voltage and the Current through the plasma reactor (UI) and then by Lissajous method (see Figure 29).

The former (UI) measures the input voltage and the current over a resistor (the current through the plasma reactor). Characteristic waveforms for the input voltage and current in a DBD reactor, recorded using an oscilloscope is shown in Figure 30. The temporary power (P)

in the reactor at any given time can be calculated by multiplying the U(t) (the high voltage (HV) on the reactor) and current I(t) (current flowing through the reactor (and resistor (R)), as shown in Eq.II.2.

P(t) = U(t)*I(t) Equation.II.2
The current is calculated as presented underneath, where VR is the voltage across the resistor and R is the resistance:

I(t) = 𝐕 𝐑 (𝐭) 𝐑

Equation.II.3

The average power over a single period (T) can be calculated as shown below by integrating the discharge power over one cycle (where t0 is the center of the cycle). However, since the plasma is a series of micro discharges of short duration and the current waveform needed to capture this information accurately, hence this method is difficult to perform [START_REF] Manley | The Electric Characteristics of the Ozonator Discharge[END_REF]. Lissajous method which was introduced by Manley in 1943 [START_REF] Manley | The Electric Characteristics of the Ozonator Discharge[END_REF] is now recognized to be the most precise method for DBD power determination. It requires the measurement of the input voltage and the voltage (Uc) across a capacitor displayed in oscilloscope, the latter is obtained thanks to a capacity placed in series with the reactor. The capacitor accumulates a charge from the current flowing over the reactor and this can be determined by measuring the voltage on the capacitor (Uc) as shown below:

P = 1 T ∫ P * dt (t0+ T 2 ) (t0- T 2 ) = 1 T ∫ (U(t) * V R (t) R ) * dt (t0+ T 
Q(t)=Cm *U c (t) Equation.II.5
The current flowing (IC(t)) over the measuring capacitor (C) is given by:

IC(t) = dQ(t) dt = C m * dUc(t) dt

Equation.II.6

The energy per cycle is defined as follows:

W =∫ U A (t) * dQ(t) t0-T/2 t0-T/2
Equation.II.7

Also, if we register UA(t) and Q(t) as a series of n regularly sampled points via one cycle we can approximate W (energy per cycle) by a summation using trapezoidal integration as:

W≈∑ (U k+1 +U k) 2 * (q k+1 -q k ) n k=1
Equation.II.8

Hence to get the power in the reactor we need to multiply by the number of cycles per second and if the voltage (UA) has a frequency (f), where:

f = 1 T
Equation.II.9

P-d,i=W * f = 1 T ∫ U A (t) * C m * dU(t) dt dt T 0 = 1 T ∫ U A (t) * T 0 C m * dU c (t)= f *∮ U A (t) * dQ(t) periode

Equation.II.10

Then the average power is obtained by integration:

P = f * ∑ (U k+1 +U k)
2 * (q k+1 -q k ) n k=1

Equation.II.11

Thus, by plotting the charge versus high voltage which is known as a Q-U Lissajous plot (Figure 31) by recording the values for Q(t) and U(t) via a series of regularly sampled points which capture the full cycle of the AC sinusoidal wave, we can obtain the discharge power dissipated in the reactor which is equal to the area of Q-U Lissajous plot [START_REF] Manley | The Electric Characteristics of the Ozonator Discharge[END_REF][START_REF] Peeters | The influence of partial surface discharging on the electrical characterization of DBDs[END_REF][START_REF] Kim | Effect of different catalysts on the decomposition of VOCs using flow-type plasma-driven catalysis[END_REF]. As shown the area of the Lissajous figure can be calculated by the integration in Eq.II.10.

The benefit of this method is that the charge is stored in the capacitor and does not require a fast-transient digitizer to record it.

Picoscope hardware (picoTechnology, PicoScope 5000 Series) was chosen to record the waveforms for the high voltage AC sine wave (via a 1:1000 reducing probe) and the voltage across a capacitor (2 nF). As part of our work the area has been computed numerically by the rectangle's method using a Python program. The area of a Q-U Lissajous figure which is equivalent to the power was calculated from Eq.II.10 with the use of the numerical approximation of Eq.II.11. 

Determination of the capacitance and dielectric constant

As presented above the measurement of the applied voltage (UA) and the voltage (Uc) across a 2 nF capacitor Cm placed in series with the reactor is required. The value of Cm was chosen in agreement with the value of the capacitance of our reactor (>100 times higher than the capacitance of the reactor). Once plasma is ignited, the power communicated to the plasma-catalytic reactor, i.e. the input power or the power dissipated in the reactor as a consequence of the DBD-discharges, can be easily obtained by integrating the area of the corresponding Lissajous plot [START_REF] Manley | The Electric Characteristics of the Ozonator Discharge[END_REF][START_REF] Valdivia-Barrientos | Analysis and electrical modelling of a cylindrical DBD configuration at different operating frequencies[END_REF] as reported in the section above (2.2.1.1). This input power is an increasing function of the applied voltage, UA.

Lissajous plots were built by plotting Q(t), the instantaneous number of charges accumulated on the 2 nF capacitor (Cm), versus the applied voltage, UA(t). Q(t) can be calculated using the following equation, using the UC (t) values continuously recorded via a series of regularly sampled points that capture the full cycle of the AC sinusoidal wave:

Q(t) =Cm*U C (t) Equation.II.12
Figure 32 shows a typical Q-U Lissajous plot. Lines BC and AD represent the discharge-off phase when there is only a displacement current and their slopes correspond to the Ccell in the plasma-off period. Lines AB and CD represent the discharge-on phase when the gas breakdown occurs in the gap and the plasma is ignited. The slope of Lines AB and CD is effective capacitance Ceff, which should equal Cd for a fully bridged gap [START_REF] Mei | Plasma-assisted conversion of CO 2 in a dielectric barrier discharge reactor: understanding the effect of packing materials[END_REF]. The peak-topeak voltage (Qpk-pk), charge discharged (Qd) and charge transferred per half-cycle (Qtrans) can be obtained from the Lissajous figure, as plotted in Figure 32. Moreover, the Q-UA Lissajous plots were also used to determine the breakdown voltage (UB), defined as the minimum voltage for which a plasma is generated in the reactor [START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Guaitella | Dynamic of the plasma current amplitude in a barrier discharge: influence of photocatalytic material[END_REF].

Indeed, when there is no plasma discharge inside the reactor (see Figure 33), the area of the Lissajous plot is zero and Q = f (UA) is a straight line whose slope depends on the value of the capacitance of the plasma-catalytic reactor, Ccell according to the Eq.II.13. In knowing Ccell, the determination the capacitance of the gaseous gap packed with catalyst particles Cg is then possible. To do that, it was assumed that in the absence of a plasma discharge, prior to plasma ignition, the plasma-catalytic reactor can be represented by an inseries arrangement of two capacitors (Figure 34): one representing the overall equivalent dielectric capacitance of the alumina and the quartz tubes, Cdie, and the other representing the equivalent capacitance of the gaseous gap packed with catalyst, Cg, i.e. comprising the solid catalytic material and the gas contained within the void fraction between solid particles.

U A = U C *(1+
These three capacitances Ccell, Cdie and Cbed are then linked together as follows:

Equation.II. [START_REF] Pan | Advances in state-of-art valorization technologies for captured CO 2 toward sustainable carbon cycle[END_REF] The overall equivalent dielectric capacitance of the dielectric materials, Cdie, is itself the result of an in-series arrangement of the respective capacitances of the alumina tube, Cdie-al, and the quartz tube, Cdie-q:

C die = C die-al * C die-q C die-al + C die-q
Equation.II. [START_REF] Li | Application of intelligent optimization techniques in CO2 geological storage and utilization[END_REF] Both Cdie-al and Cdie-q can be theoretically calculated using the coaxial topology of a double barrier:

C die-al = 2π • ε 0 • ε al • h ln ( r out al r in al ⁄ )
Equation.II.16

C die-q = 2π • ε 0 • ε q • h ln ( r out q r in q ⁄ )
Equation.II.17

With 0 being the permittivity of vacuum (8.85 pF/m), al and q the relative permittivities of either the alumina and the quartz tube (10 for alumina and 4.5 for quartz), h the discharge length and rin and rout the internal and external radius of the alumina and the quartz tube, respectively (1 mm and 1.5 mm for alumina and 4 mm and 5mm for quartz). All the values related to the geometry are shown in Table 13. For the plasma-catalytic reactor used in this study, Cdie was found to be equal to 4.32 pF. Cdie was therefore implemented into Eq.II.14. in order to determinate Cg, the equivalent capacitance of the packed bed. Applying again the theoretical equation corresponding to the coaxial topology of a double barrier (Eq.II.18) [START_REF] Valdivia-Barrientos | Analysis and electrical modelling of a cylindrical DBD configuration at different operating frequencies[END_REF],

the relative permittivity (the dielectric constant of the packed-bed of the packed-bed), bed, can be obtained, where h is to total discharge length; Rout and Rin represent the radius of discharge gap between the quartz and alumina tubes.

C g = 2π • ε 0 • ε bed • h 𝑙𝑛 ( r out bed r in bed ⁄ )

Equation.II.18

It should be noted that the values of the capacitance as well as the values of dielectric constant of the packed bed were confirmed and obtained numerically by using an electrostatic 2D Hence, the Lissajous figures and current profiles are processed and used to calculate the average number of discharges, the charge per filament, the minimal voltage, the average current, and total charge transferred after half a period [START_REF] Tu | Dry reforming of methane over a Ni/Al 2 O 3 catalyst in a coaxial dielectric barrier discharge reactor[END_REF][START_REF] Gallon | Effects of Reactor Packing Materials on H2 Production by CO2 Reforming of CH4 in a Dielectric Barrier Discharge[END_REF][START_REF] Valdivia-Barrientos | Analysis and electrical modelling of a cylindrical DBD configuration at different operating frequencies[END_REF][START_REF] Pipa | The Equivalent Circuit Approach for the Electrical Diagnostics of Dielectric Barrier Discharges: The Classical Theory and Recent Developments[END_REF][START_REF] Chen | Investigation of operating parameters on CO2 splitting by dielectric barrier discharge plasma[END_REF][START_REF] Chung | Dry Reforming of Methane with Dielectric Barrier Discharge and Ferroelectric Packed-Bed Reactors[END_REF][START_REF] Li | Performance of Ca 1-x Sr x TiO 3 as barriers in dielectric barrier discharges with different Sr content[END_REF]. The calculation of the charge transferred is done after smoothing the current profile and subtracting the displacement current (the current in the absence of plasma discharge) (Figure 30) and calculating the values above a certain threshold, with a certain resolution. Since this is an approximative calculation, the values are prone to error and should be compared with caution. To ensure a steady state of the plasma, the plasma is first stabilized for 30-40 minutes, before measuring Lissajous figures and performing GC measurements.

Catalytic bed temperature measurements

The increase of the temperature in the reactor is due to the plasma's discharge and to the activity of the exothermic reaction. Hence, the temperature should be always measured and controlled to avoid undesirable products and co-reactions. The reactor temperature was measured using different devices and methods. Experimentally, the reactor temperature was measured with a K-type thermocouple located on the ground electrode close to the catalytic bed as shown in Figure 35.

Besides, in order to confirm the viability and reliability of this latter method used experimentally for the measurement of the temperature, we performed a computational method. COMSOL simulations were conducted for the plasma-catalytic reactor under our experimental conditions to investigate the temperature of CO2 methanation in plasmacatalytic process. The results are presented in Appendix III. We found that there is a temperature gap of 9°C (from around 176°C to 185°C) between the catalytic bed and the ground electrode where the temperature was experimentally measured. Hence, the method used experimentally (with a K-type thermocouple) is viable and all the values of temperatures shown in this work take into account the experimental errors. 

Gas chromatography

Description and calibration

A gas chromatography equipped with thermal conductivity detector (TCD) was used during experiments in this thesis to analyze the outlet gas mixture from our reactor in order to determine conversion, the CH4 yield and the efficiency of the process. The gas chromatography analyses the composition and concentration of sample gas by flowing it over long capillary tubes (column). Chromatography needs a "mobile phase" (including the mixture to be separated) and a "stationary phase" over which the mobile phase can be eluted. The mobile phase is generally an inert carrier gas (helium or argon), which is continuously passed over a column containing the stationary phase. GC columns consisted of a tube containing a packing of solid support material with different liquid or solid coatings depending on the type of mixture being separated. Most GCs currently use capillary columns, which give many benefits over packed columns. The stationary phase is covered evenly on the inside of a capillary tube which eliminates problems related with irregular packing [START_REF] Baugh | Gas Chromatography: A Practical Approach[END_REF].

The mixture is injected into the column. Various gas species pass over the column at various rates depending on the strength of electrostatic interactions with the walls of the column. This causes the gas mixture to be separated into individual components that reach the end of the column and are detected at different times. The component gases can be identified by comparison with chromatograms for known species (by measuring the retention time of each species in the column). Selection of right column materials and operating conditions are critical for resolution of the gas mixture, because retention times are affected by the gas concentration, flow rate and pressure, the column material and temperature [START_REF] Baugh | Gas Chromatography: A Practical Approach[END_REF]. The signal produced by each gas is characteristic for that gas, as it reaches the detector results in a peak on the chromatogram at a residence time. Moreover, the peak area is proportional to the gas concentration. A typical gas chromatogram is presented in Figure 36.

The concentrations of relevant compounds were analyzed by a gas chromatograph -an IGC 120 ML, Delsi Intersmat equipped with an analytical column (Carboxen), using helium as a carrier gas. Gas sample components were detected using a Thermal Conductivity Detector (TCD). Thermal conductivity (TCD) is a commonly used detector in gas chromatography. This detector can be used for the detection of any gases that are different in thermal conductivity to the carrier gas. Gas products were analyzed during experimental runs by taking gas samples from the exit stream with a gas-tight syringe and injecting into the GC. Gas sample analysis required approximately 20 minutes. The composition of product gases, including the unreacted gases analyzed by GC-TCD, are depicted below, numbers 1-6 denote the retention time (RT, min) for every component detected, for which He is used as reference as shown in carbon monoxide (CO) (RT≈6.5); (5). methane (CH4) (RT≈12) and (6). carbon dioxide (CO2) (RT≈15.5). The product compositions were determined from the peaks area, corresponding at retention time of the various components, compared to the peaks area of standard gas. The product compositions were determined from the peaks area, corresponding at RT of the various components compared to the peaks area of standard gas. In order to know the concentration of the outlet gas, the gas chromatograph (IGC 120 ML, Delsi Intersmat) was calibrated using the external standard method by using pure and mixture of gases with a wellknown concentration of (CO, CO2 and CH4). Each species of the 3 different gases was calibrated with at least six runs. These tests were repeated to increase the reliability of the results. Gas sample was injected to the gas chromatograph using glass syringes (Dynatech Precision Sampling, Series 5 cm 3 ) of 0.5, 1, 1.5, 2, 3, 4 and 5 cm 3 . Using different volumes allows sixseven points, linear calibrations for each gas. Then, the peaks areas of gas calculated were plotted against their respective percentage concentrations to produce calibration curves for each gas. In Appendix I, the calibration of the equipment is reported briefly.

Calculation of the reaction products and mass balance

As described above, the concentrations of CO2, CH4 and CO in the gas exiting the condenser

were measured with a gas chromatograph. In order to calculate CO2 conversion (XCO2) and the selectivity of CH4 (SCH4), the products were collected after 30 minutes of steady-state operation at each condition. The calculation of product selectivity for CO2 methanation was based on the carbon in the CO2 converted for CH4 and CO.

The following equations were used for the calculation of CO2 conversion, CH4 selectivity, CO selectivity and carbon balance, all in percentage: Where F i in and F i out denote the inlet and outlet flow (moL•s -1 ) of i species, respectively, and Q in and Q out the inlet and outlet volumetric flow fed and exiting the reactor.

Conversion of CO2 =X CO 2 (%) = F CO 2 in -F CO 2 out F CO 2 in × 100= %CO 2 in ×Q in -
When the analyses show a deficit in the carbon balance, FTIR and TPD-MS characterizations are conducted on the spent catalyst as well as a total carbon analysis for the produced liquid (see section 2.3.2).

It should be noted that gas mixtures were stabilized and blank measurements of the inlet gas(es) were taken, i.e. without plasma. All measurements for the same conditions are repeated three times (to account for the influence of repacking the reactor), and every measurement includes four GC and power measurements to obtain a standard deviation based on 12 measurements of the same condition. An extra vibrating step was used to ensure a dense packing in order to ensure the packing reproducibility.

Energy efficiency calculation of the DBD plasma-catalytic CO2 methanation

In order to evaluate the energy requirements of the DBD plasma catalytic process, two parameters were considered: (i) the specific energy input (SIE), and (ii) the energy efficiency (η). The specific input energy (SIE) is one of the most common parameters used to characterize the performance of plasma reactors [START_REF] Tu | Plasma catalysis fundamentals and applications[END_REF]. SIE is the ratio of input power to total flow rate (Eq.II.25). It is also defined as the amount of energy spent per liter of reactant or product gas by the following equations:

SIE [ J L ] = Input Power [ J s ] Total flow rate [ L s ]

Equation.II.25

Power [W] -Power input at discharge, and Flow rate [L/s] -Total input flow rate.

This parameter directly influences the methanation reaction. Furthermore, the latter changes along with the reactants flow rate and/or the residence time.

In the present process, the energy cost is defined as the electrical energy needed to produce one mole of CH4 as shown in Eq.II.26. The energy efficiency of the methanation reaction was defined as the ratio between the outlet energy in the form of methane, (without considering the unreacted hydrogen at the outlet), and the overall energy input as shown in Eq.II.27. For the total input energy, both the energy cost (EC) which is a reflectance of the power consumption and the low heating value (LHV) of the converted hydrogen ( [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF], hence, we will focus on studying this latter denoted as CZ in chapters 3-4 & 5.

Preparation of Ni-based catalysts

In this study, three type of catalysts were prepared, namely: NiCZ (unpromoted), NiCZ-M (doped with same loading of promoter M) and NiCZ-Mx (doped with different loading of promoter M). The nickel supported on ceria-zirconia mixed oxide (Ce0.58Zr0.42O2) catalyst and the promoter-doped (M-metal) nickel based (Ce0.58Zr0.42O2) catalyst systems were prepared in a conventional wet impregnation method. Commercial ceria-zirconia mixed oxide Ce0.58Zr0.42O2 (Rhodia Solvay) was used a support since it already showed very promising results in plasma-methanation [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF]. The targeted nickel loading of all the catalysts was fixed at 15 wt.% as it showed the higher performances for plasma CO2 methanation reaction [START_REF] Ocampo | Methanation of carbon dioxide over nickel-based Ce0.72Zr0.28O2 mixed oxide catalysts prepared by sol-gel method[END_REF][START_REF] Ocampo | Effect of Ce/Zr composition and noble metal promotion on nickel based CexZr1-xO2 catalysts for carbon dioxide methanation[END_REF][START_REF] Cai | Fractional-hydrolysis-driven formation of non-uniform dopant concentration catalyst nanoparticles of Ni/CexZr1-xO2 and its catalysis in methanation of CO2[END_REF]. It should be noted that for comparison, selected materials were also prepared by sol-gel and co-precipitation methods. The description of the preparation method and the results are presented in Appendix II. As the metal species in the catalyst, after impregnation, are present in the form of salt, hence, it is necessary to perform the calcination step for each catalyst for the purpose of removing all the volatile substances [START_REF] Gao | Ni/Al2O3 catalysts for CO methanation: Effect of Al2O3 supports calcined at different temperatures[END_REF], oxidizing its mass, and rendering it active. During this step, the sample was heated in a Nabertherm furnace from room temperature (20°C) to 550°C at a heating rate of 10°C/min in synthetic air. The set temperature was then held for 4 hours before cooling down the oven to room temperature. Upon calcination the catalyst samples were hand-milled and sieved to a grain size of around 30 μm. The grain size distribution was certified by laser granulometry.

Nickel Catalyst is only active in methanation reaction when the metal oxide (NiO) is reduced to Ni° with hydrogen at medium temperature [START_REF] Nizio | Plasma catalytic process for CO2 methanation[END_REF]. Temperature-Programmed Reduction (TPR) method provides information regarding the most suitable conditions for proper catalysts reduction. In agreement to this techniques, before methanation reaction, the NiCZ catalyst can be pre-reduced thermally or in-situ by plasma [START_REF] Benrabbah | Plasma DBD activated ceria-zirconia-promoted Ni-catalysts for plasma catalytic CO 2 hydrogenation at low temperature[END_REF].

The reduction of the catalyst, using thermal process, was carried out in a H2 stream for 2h with a total gas flow of 40 cm 3 /min (mixture 50% H2/Ar) at temperature 470°C with a heating rate of 5°C/min corresponding to the higher temperature used for process evaluation. While the reduction in situ by plasma was performed under 160 cm 3 /min pure H2 for 40-60 minutes duration (depending on the catalyst), under a DBD plasma generated at 14 kV, as described elsewhere [START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF] and the temperature used during the reduction process was around 230-250°C. In this work, all the catalysts were pre-reduced in situ using the plasma process.

b) Shaping in different particle sizes

For the purpose of studying the effect of the catalyst particle size on the plasma discharge and on the activity of CO2 methanation, two catalysts in different particle sizes were considered after calcination step according to the following procedure (see Figure 38). As mentioned above, after calcination, the catalyst system samples were ground by hand and sieved to an average grain size between 10 and 50 μm. After this step, the original catalyst powders were pressed into a tablet using a mold and then the tablet was crushed into small pieces. Then, the catalyst particles were separated into different sizes using several meshes ranging from 30 µm to 500 µm. Hence, two types of catalytic particles were obtained: P1 with particle size below 30 µm (original size), P2 with particle size above 500 µm. The grain size distribution was certified by laser granulometry. 

Characterization techniques

The material characteristics of the different packing materials can influence the different aspects of the results obtained in this work, i.e. conversion, energy-efficiency and selectivity.

Moreover, the study of these characteristics can provide insight on how the plasma interacts with the catalyst and how the plasma can alter the catalyst surface. Therefore, the knowledge about the catalyst features helps in improved catalysts and in modifying the preparation method or in adding promoters with the aim of enhancing the catalytic performances.

Nowadays, an extensive range of characterization techniques of supported catalysts have been widely reported and aim to describe the different features schematized in Figure 39. Among these techniques, appropriated ones as described below were chosen in this thesis:

• X-ray diffraction (XRD), for the determination of crystallite sizes and Lattice parameter

• Temperature programmed reduction in H2 (TPR-H2), for the determination of catalyst's reducibility and Ni-support interactions.

• Temperature programmed desorption of CO2 (TPD-CO2), for the determination of the catalyst's surface basicity.

• Low temperature nitrogen sorption, for the description of the textural parameters.

• Transmission electron microscopy (TEM) & High-resolution transmission electron microscopy (HRTEM), for the determination of Ni crystallite size distribution, and the type of formed carbon deposits in the spent catalysts.

• Fourier Transform Infrared (FTIR) Spectroscopy, for the identification of the type of carboncontaining species on the catalytic surface (in case of deficit of carbon balance).

• Temperature programmed desorption coupled with Mass spectrometry, for the investigation and identification of the species adsorbed on the catalyst's surface.

• Thermogravimetric analysis (TGA) for the investigation on the possibility of carbon formation.

• Total organic carbon analyzer, for the examination of water solution produced.

• Granulometric distribution for the measurement of particle-size distribution.

X-ray diffraction (XRD) analysis

X-ray diffraction analysis is a characterization method commonly used to identify bulk structures crystalline structures of solids [START_REF] Richards | Surface and Nanomolecular Catalysis[END_REF][START_REF] Nowick | X-ray diffraction procedures for polycrystalline and amorphous materials[END_REF][START_REF] Gallezot | X-Ray Techniques in Catalysis[END_REF]. XRD analysis is typically limited to the identification of specific lattice planes that produce reflections at their corresponding angular positions 2θ, determined by Bragg's law (Eq.II.28):

2𝑑 sin θ = nλ Equation.II. [START_REF] Olah | Beyond Oil and Gas: The Methanol Economy[END_REF] where: n -the order of the reflection; λ -the wavelength of the beam; d -the distance between diffracting planes, and θ-the Bragg angle. At specific angles the crystalline powder distracts the X-ray in such a manner that constructive interference gives rise to a diffraction pattern for the sample. The scattering is spherical, and each peak corresponds to a single 2θ angle. The peaks contain information about the distance between atomic planes named miller indices (hkl) in the crystal structure. The Bragg equation (Eq.II.28) is used to establish the crystal structure of the catalyst and to characterize active metals present on the support.

Diffraction patterns are usually presented as a plot of intensity versus 2θ. The smallest Bragg angle to the left in the plot is caused by the largest dhkl spacing. X-ray diffraction comparison of various catalysts with each other and achievable standardized diffraction pattern ensure important information about the sample preparation and metal-support interaction. It is a fast analysis technique that contributes to better understanding of the catalyst.

The technique can only identify crystalline phases and fails to provide information on the amorphous or highly dispersed solid phases commonly met in catalysts. Additionally, due to its low sensitivity, the concentration of the crystalline phase needs to be high enough in order to be detected [START_REF] Richards | Surface and Nanomolecular Catalysis[END_REF][START_REF] Nowick | X-ray diffraction procedures for polycrystalline and amorphous materials[END_REF][START_REF] Gallezot | X-Ray Techniques in Catalysis[END_REF]. In this work, XRPD (X-Ray powder diffraction) was performed on a Panalytical X'Pert Pro diffractometer with an incident-beam Ge monochromator, at U=45 kV and I=40 mA. The apparatus was equipped with CuKα radiation source (λ=1.5418A˚). The patterns for structural analysis were recorded over a 2θ range of 20≤2θ≤80° and a position sensitive detector using a step size of 0.05°/min and a step time of 1s. For all the catalysts, the medium size of crystallites (L) was determined based on the Debye-Scherrer equation (Eq.II.29) [START_REF] Nowick | X-ray diffraction procedures for polycrystalline and amorphous materials[END_REF].

L= (k*λ)/(ε*cosθ) Equation.II.29
where λ is the X-ray wavelength of incident X-rays (λ=1.5418A˚); ε: full widths at maximum half-height (FWMH) of the peak in radians of 2θ, and θ: the Bragg angle for hkl reflexion (in radians) and K -the dimensionless shape factor, assumed as 0.94, for spherical crystallites with cubic symmetry.

Lattice parameter (a) is calculated by the Eq.II.30, characteristic of cubic phase, with dhkl: the interreticular distance which is equal to λ/(2*sinθ) (see Eq.II.28) and h,k,l the Miller indexes (used to specify directions and planes in crystals).

a=d* √h2 + k 2 + l 2

In this work, all the catalysts were supported on Ce0.58Zr0.42O2. Hence, the crystallite sizes of CZ, were calculated using the Scherrer formula and are determined from the strongest [START_REF] Burger | CO2 methanation over Fe-and Mnpromoted co-precipitated Ni-Al catalysts: Synthesis, characterization and catalysis study[END_REF] reflection at 29.1°. While Ni crystallite sizes were calculated basing on Scherrer equation and the halfwidth of 2θ at 44.5°.

Hydrogen Temperature Programmed Reduction (H2-TPR)

H2-Temperature-programmed reduction (TPR) is a widely used technique for the characterization of supported catalysts. The TPR method yields quantitative information of the reducibility of the oxide's surface, as well as the heterogeneity of the reducible surface.

Moreover, H2-TPR profiles may give additional information about the type of metal species present in the catalyst and metal support interactions revealed by the resulting hydrogen consumption commonly expressed in moles of H2 consumed per moL of metal atoms. In this work, temperature programmed reduction (TPR-H2) experiments were carried out in a BEL Japan BELCAT-M equipped with a thermal conductivity detector (TCD), in order to measure the reducibility of the Ni based catalysts. The experiments were carried out under controlled heating in hydrogen flow. The calcined materials (60 mg) were first treated and degassed in helium at 100°C for 2 h and then reduced in 5 % (vol/vol) H2/Ar mixture with a heating rate of 10 °C/min starting from 100 to 900 °C. The resulting profile can be deconvoluted and integrated in order to calculate the H2 consumption of the sample. Moreover, the results of the measurements allowed to examine the reducibility of the synthesized samples and to choose the appropriate reduction temperature of the catalyst prior to catalytic tests.

Additional information i.e. the strength of metal-support interaction and the type of metal species present in the materials could be obtained from these experiments.

Temperature Programmed Desorption of CO2 (CO2-TPD)

Temperature programmed desorption of CO2 (TPD) technique allows to study the interaction of CO2 gas reaction with solid surfaces, due to its nature tendency to get adsorbed (strongpair acceptor) on the most basic sites (electron-pair donor) on the surface. Thereby, this technique is a powerful tool for both the evaluation of active sites on catalyst surfaces and the understanding of the mechanisms of catalytic reactions including adsorption, surface reaction and desorption [START_REF] Ishii | Temperature Programmed Desorption[END_REF].

In this work, this technique was used to determine the total basicity, the surface basic sites and to investigate the way of adsorption of the CO2 molecule with the catalyst surface [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF], as the basicity could greatly affect the chemisorption and activation of the CO2 during the catalytic reaction. CO2-TPD experiments were carried out for all the unpromoted and promoted samples (after pre-treatment in hydrogen atmosphere in DBD plasma). The basicity of the studied materials was determined by CO2-TPD on the same apparatus (BELCAT-M from BEL Japan) as H2-TPR. The measurements were performed for the reduced samples. Before adsorption, the calcined materials were reduced in plasma process (cf. section 2.3.1.4). The catalysts were then degassed and cleaned in-situ by pretreatment under a flow of 100 mL/min pure Helium at 80°C for 30 minutes. This step is followed by the adsorption of CO2 using 10%

(vol/vol) CO2/He flow for 1 h. After adsorption, a flow of pure He was subsequently fed for 20 minutes to desorb the weakly physically adsorbed CO2. The samples were further heated up from 80°C to 800°C under He flow at heating rate 10°C/min, while the evolution of CO2 was measured with the aid of thermal conductivity detector in the equipment. The resulted TPD spectrum can be analyzed, the area can be calculated given an accurate CO2 adsorption amount calculation. The strength of the basic sites is categorized as weak, medium and strong, depending on desorption temperature. In order to calculate the number of basic sites of each strength (weak, medium-strength and strong) and total basicity, the TPD profiles were deconvoluted into three Gaussian peaks using Origin Software.

Low temperature nitrogen sorption Brunauer-Emmett-Teller (BET)

In this thesis, in order to describe the textural parameters, N2 sorption experiments were carried out at 77 K by using Belsorp Mini II apparatus from BEL Japan. Prior to the analysis, synthesized samples (≈100 mg) were degassed at 110 °C for 3h with a constant N2 flow to remove all adsorbed moisture from the catalyst surface and pores. These pre-treatment conditions are suggested in the operational manual for oxides material. The specific surface area of the obtained materials was calculated using Brunauer-Emmet-Teller (BET) method.

This method is based on N2 physisorption which take place on almost all kind of surfaces at 77 K and low pressure. At the beginning, a monolayer of adsorbed molecules is assumed to be formed when N2 gas is added. The instrument device inserts measured parameters in the BET Eq.II.32 and extrapolates the slope to the intercept, which contains the monolayer volume (Vm) term. The surface area can be then calculated according to Eq.II.31 where Am is the area of a nitrogen molecule and NA/VA is Avogadro's number per cubic meter. The pore size distribution, volume of pores and mean pore diameter were examined by Barrett-Joyner-Chapter II: Experimental part, Materials and methods Halenda (BJH) analysis. This method is a procedure for calculating pore size distribution from isotherms. It uses the modified Kelvin model of pore filling, in order to relate the amount of absorbent removed from the pores of the material to the size of the pores. The method applies only to the mesopore and small macropore size range [START_REF] Leofanti | Surface area and pore texture of catalysts[END_REF].

SA= Vm*Am*

N A V A Equation.II.31 P V (P 0 -P 1 ) = 1 V m * C + (C -1) V m * C * P P 0
Equation.II.32

Transmission Electron Microscopy (TEM)

The Transmission Electron Microscopy is used for the determination of particle size distribution, and catalyst morphology [START_REF] Williams | The Transmission Electron Microscope[END_REF][START_REF] Chaturvedi | Electron Microscopy in Heterogenous catalysis[END_REF]. In Transmission Electron Microscopy (TEM), electromagnetic lenses are used to focus an electron beam on the specimen. Two modes are available in TEM, a bright-field mode where the intensity of the transmitted beam provides a two-dimensional image of the density or thickness of the sample, and a dark-field mode, where the electron diffraction pattern is recorded. A combination of topographic and crystallographic information, including particle size distributions, can be obtained in this way [START_REF] Richards | Surface and Nanomolecular Catalysis[END_REF]. The micrographs obtained from Transmission Electron Microscopy (TEM, JOEL JEM-100XCII) under an acceleration voltage of 270 kV, were used for the determination of Ni crystallite size distribution, and the type of formed carbon deposits in the spent catalysts. The samples were prepared by the dropwise addition of a colloidal solution in ethanol onto a copper grid covered with amorphous carbon film. The particles were measured in the ImageJ software in order to obtain the average Ni particle size in the reduced and spent catalysts.

Moreover, High-Resolution Transmission Electron Microscopy (HRTEM) is capable of imaging individual planes in crystalline particles and can provide more detailed structural information on the surface of the catalysts than TEM [START_REF] Bernal | Some contributions of electron microscopy to the characterisation of the strong metal-support interaction effect[END_REF]. High-Resolution Transmission Electron Microscopy (JEOL JEM-2010 with EDS) was used to characterize carbon deposits and to obtain precise analysis of the planes registered at the nanometer scale. The specimens were prepared in the same way as for TEM analysis. HRTEM and TEM analyzes were performed by Eng. Patricia Beaunier (Sorbonne University).

Fourier Transform Infrared (FTIR) Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is an effective tool used for the detection and characterization of different types of molecules at the surface of a solid [START_REF] Derenne | Lipid quantification method using FTIR spectroscopy applied on cancer cell extracts[END_REF]. IR spectra contains a wealth of information on both the chemical structure of molecules and on their conformation [START_REF] Banwell | Fundamentals of molecular spectroscopy[END_REF][START_REF] Baykal | Fourier Transform Infrared (FT-IR) Spectroscopy for Biological Studies[END_REF][START_REF] Herzberg | Infrared and Raman Spectra of Polyatomic Molecules[END_REF]. The intensity of the signal on the IR spectrum is proportional to the concentration of that species, making FTIR spectroscopy appropriate for both qualitative and quantitative analyses. In this thesis, Fourier transform infrared (FTIR) spectroscopy was performed in order to determine the type of adsorbed species and to identify the type of carbon-containing species on the catalytic surface (in case of deficit of carbon balance) as described in detail later. The Infrared spectra were acquired using a Fourier-transform infrared spectrometer (Cary 660 Spectrometer; Agilent, Les Ulis, France) with an attenuated total reflectance module (GladiATR; Pike, Madison). The attenuated total reflection (ATR)-FTIR spectra were collected from 4,000 to 1000 cm -1 , at a resolution of 4 cm -1 . One hundred scans were made for each measurement. The background (air) was taken before each measurement.

Temperature programmed desorption coupled with Mass spectrometry

Temperature-programmed desorption (TPD) of the spent catalyst (after DBD plasma or thermal experiments) was performed in a tubular quartz reactor at atmospheric pressure, with a K type thermocouple inside the catalyst bed, coupled with a Quadstar Mass Spectrometer (MS) equipped with a Pfeiffer Vacuum. This technique was used in order to desorb and to identify the species adsorbed on the catalyst's surface. Prior to the desorption, the catalysts were degassed and cleaned in-situ under a 100 cm 3 /min flow of Argon at 50°C for 30 minutes. The desorption profile of CO2 was obtained by heating the sample at a rate of 5°C/min from 50°C to 850°C in argon flow of 100 cm 3 /min. The signal of desorbed CO2 was obtained by following the m/z = 44 on the mass spectrometer. Moreover, other signals of desorbed CO, water and oxygen were also obtained by following the m/z = 28, 18 and 32 respectively on the MS.

Thermogravimetric analysis

The possibility of carbon formation was investigated using thermogravimetric analysis under air atmosphere. Thermogravimetry is associated with the changes in sample weight under inert, reduced and oxidative atmosphere. The experiments were carried out in a SDT Q600 apparatus (TA Instruments), as a function of temperature. The temperature increases linearly over time, while the weight changes are recorded. A mixture of air flow of 100 cm 3 /min and argon protective gas flow of 20 cm 3 /min were applied. 10 mg of a spent sample was heated starting from room temperature to 900 °C with a heating rate of 10°C/min. The amount of the formed carbon deposits if it exists was estimated by mass loss in TGA analysis [START_REF]Concepts of Modern Catalysis and Kinetics[END_REF].

Total organic carbon analyzer

Due to the deficit of carbon balance in some experimental conditions, the liquid water produced was examined by total organic carbon analyzer. The total carbon in solution was followed using a Shimadzu TOC-VCSH analyzer calibrated with potassium phthalate solution.

Granulometric distribution

It is known that packing different particle size effects discharge phenomena and chemistry within the packed bed, and can therefore impact the conversion and the efficiency [START_REF] Butterworth | Effects of particle size on CO 2 reduction and discharge characteristics in a packed bed plasma reactor[END_REF]. In a plasma packed DBD, micro discharges tend to happen between the voids of the catalyst particles due to the high electric field within the packed bed. These micro discharges are favored by the existence of sharp-edged pellets and are more frequent with small particles [START_REF] Zhang | A novel plasma-treated Pt/NaZSM-5 catalyst for NO reduction by methane[END_REF]. Hence, the importance of the measurement particle-size distribution (PSD) of a powder as this latter needs to be tightly controlled in such process. Indeed, the particles in a system rarely have a unique size. The variation in the size of the particles is represented as a distribution. The latter is a function that represents the variation in the relative frequencies of a quantity, typically the number, the surface or volume, of particles present in the sample according to their size. Laser beam particle size distribution analysis devices use the physical effect of scattering or diffraction by particles of electromagnetic waves. Indeed, the angle of diffraction is inversely proportional to the particle size. Large particles diffract light at small angles and small particles diffract light at large angles. In this work, after calcination step, the grain size distribution was certified by laser granulometry, using an ANALYSETTE 22 FRITSCH NanoTec operating under phase-dispersion conditions aqueous (water) of the particles.
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Chapter III: Thermal vs. plasma processes: ageing study and reaction mechanism

An overall comparison between the thermal and plasma processes for CO2 methanation will be carried out in this chapter using the nickel-supported Ceria-Zirconia catalyst synthesized as described in Chapter 2. In this chapter, short-term tests will be performed to investigate the performance of the catalyst as a function of temperature and voltage applied in the thermal and plasma processes respectively. In addition, long-term tests will be conducted to study the resistance to deactivation over time. Several techniques will be used to provide a mechanistic contribution to this work such as X-ray diffraction, temperature programmed desorption of H2 and CO2, mass spectrometry, infrared spectroscopy, and transmission electron microscopy... The hypotheses will be confronted with what has been reported in the literature.

Electrocatalytic behavior of CeZrO x -supported Ni catalysts in plasma assisted CO 2 methanation

Strategy adopted and motivation

In the last years, considerable effort has been devoted to the synthesis of more active and resistant catalysts, in CO2 methanation process, able to operate at lower temperatures and atmospheric pressure. Besides, among the several supports that have been considered [START_REF] Frontera | Supported Catalysts for CO2 Methanation: A Review[END_REF][START_REF] Abelló | Synthetic natural gas by direct CO 2 hydrogenation on activated takovites: effect of Ni/Al molar ratio[END_REF][START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF][START_REF] Weatherbee | Hydrogenation of CO2 on group VIII metals IV. Specific activities and selectivities of silica-supported Co, Fe, and Ru[END_REF][START_REF] Aziz | Methanation of carbon dioxide on metal-promoted mesostructured silica nanoparticles[END_REF][START_REF] Aziz | CO 2 methanation over heterogeneous catalysts: recent progress and future prospects[END_REF][START_REF] Vesselli | Carbon Dioxide Hydrogenation on Ni(110)[END_REF], mixed oxide CeO2-ZrO2 solid solutions present several remarkable physicochemical features, such as good oxygen storage capacity and mobility, enhanced surface basicity favoring CO2 adsorption, as well as adequate thermal stability. One of the most outstanding studies concerning the utilization of Ni/CeO2-ZrO2 catalysts for methanation was published by Ocampo and co-workers [START_REF] Ocampo | Methanation of carbon dioxide over nickel-based Ce0.72Zr0.28O2 mixed oxide catalysts prepared by sol-gel method[END_REF][START_REF] Ocampo | Effect of Ce/Zr composition and noble metal promotion on nickel based CexZr1-xO2 catalysts for carbon dioxide methanation[END_REF]. They explored different compositions of the CeO2-ZrO2 solid solution proving excellent activity, still at temperatures not lower than 350°C. They reported, however, a considerable loss of catalytic activity upon 150 h time-on stream.

Ni hydrothermal sintering, occurring through the formation of di-or tri-carbonyls on the Nisite, the formation of stable polydentate carbonates, blocking the CO2 adsorption sites, as well as irreversible changes concerning the structure and texture of the oxide support, have been pointed out as the main causes behind poor catalyst stability [START_REF] Abelló | Synthetic natural gas by direct CO 2 hydrogenation on activated takovites: effect of Ni/Al molar ratio[END_REF][START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF][START_REF] Ocampo | Methanation of carbon dioxide over nickel-based Ce0.72Zr0.28O2 mixed oxide catalysts prepared by sol-gel method[END_REF][START_REF] Ewald | On the deactivation of Ni-Al catalysts in CO2 methanation[END_REF]. Detailed studies about catalyst deactivation are however scarce. Moreover, to date, catalyst deactivation has not been assessed under plasma-catalytic conditions. Deactivation is directly linked to the reaction mechanism in methanation, which remains in our days an open question for debate.

Different reaction mechanisms have been proposed, and they can be classified depending on the sites on which CO2 is activated (see Chapter 1).

However, it is important to underline that investigation of plasma-catalytic process mechanism is not easy due to the co-dependency of catalytic and plasma properties and due to the abundance of reactions occurring in the plasma and on the catalyst surface. The introduction of a complex system such as plasma has a direct impact on different parameters which further complicates the studied system due to the interaction and the synergy between plasma and catalysis. Further insight into these facts is therefore essentially needed, in view of a more rational design of methanation catalysts and plasma-catalytic methanation processes.

Hence, several experiments are mandatory in order to provide additional information about the behavior of CeO2-ZrO2 supported Ni-catalysts under plasma-catalytic coupling in CO2 methanation. Crucial facts about reaction and deactivation mechanisms, can be obtained through a detailed characterization of both fresh and spent catalysts under different reaction conditions and after long-term experiments. These latest results will help us elucidating the role of the DBD plasma in the presence of CeO2-ZrO2 supported Ni-catalysts.

The aim of the first section of this chapter is therefore to present and discuss these results, which can be importantly employed in order to make a mechanistic contribution to this work and to contribute to the further development of plasma-catalytic processes for energy transformation and environmental protection, directly related or not to CO2 methanation.

The activity and selectivity of the NiCeZr catalyst in CO2 methanation, under either thermal or plasma conditions, were evaluated in a quartz tubular fixed bed reactor at ambient pressure.

Both under thermal and plasma conditions, CO2 methanation was performed at ambient pressure, flowing 200 mL/min (44,000 h -1 GHSV) of a gas mixture containing CO2 and H2 in stoichiometric amounts (H2:CO2 = 4:1).

Prior to each methanation experiment, the tubular reactor was loaded with 0.27 cm 3 volume of catalyst (grain size ca. 30 µm). Under both conditions, before each experiment, the catalyst was pre-reduced in-situ under 160 mL/min of pure H2 for 30 min duration, in a DBD plasma generated at 15 kV, as detailed in chapter 2, which corresponds to a power of 14 W and a temperature of 240°C. The reactor setup is the same as described in Chapter 2. All calculations and characterizations done in this chapter are also detailed in Chapter 2. Ageing experiments were performed at a H2:CO2 stoichiometry of 4:1 for 100 h time-onstream, under both thermal and plasma conditions. These experiments were performed in iso-conversion conditions: the temperature set in the thermo-catalytic experiment, i.e. 350°C, was chosen in order to get the same starting conversion than the one obtained under plasmacatalytic conditions. For the 100 h duration plasma methanation experiment, the voltage was fixed at 15 kV, corresponding to a power of 14 W and a temperature of 240°C. In both cases, the pre-treatment of the catalyst was identically performed, under H2 plasma at 15 kV for 30 minutes.

To summarize, in this section, we will discuss the ageing of the NiCeZr catalyst in both thermal and plasma processes and the mechanism of the reaction of CO2 methanation. This discussion will be based on the results obtained by various techniques such as X-ray diffraction, programmed temperature desorption of H2 and CO2, mass spectrometry, infrared spectroscopy, and Transmission electron microscopy... The hypotheses put forward will be confronted with what has been reported in the literature.

Plasma vs thermal conditions: Influence of voltage and/or reaction temperature

The strong influence of the applied voltage on the CO2 conversion attained when working under DBD plasma-catalytic conditions is already reported in the literature [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF][START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF]. The analysis of the experimental results, coupled to theoretical calculations, recently confirmed that the voltage applied, together with thermal inertia and heat transfer, determine the steady state temperature in the reactor, further sustained by the heat released in the exothermal methanation reaction. Other parameters, such as the capacitance and the dielectric constant of the system, as well as the operating frequency, may as well influence the CO2 conversion and its selectivity. Under plasma-catalytic conditions, it becomes therefore mandatory to study, for each lab-scale setup, the influence of the voltage applied on the power communicated to the system, the steady state temperature reached, and their consequences in terms of product yield and catalytic behavior. It becomes therefore clear that, at any voltage from 13 to 16 kV, the DBD plasma is able to activate the methanation reaction on the NiCeZr surface at lower temperatures than under thermal conditions. However, the experiments performed so far, only explored the first 60 minutes of reaction for each condition. Knowing that poor catalyst stability at ambient pressure and low temperature is one of the main drawbacks of operating under such reaction conditions, we wanted to find out if this outstanding plasma-catalytic performance could be maintained with time-on-stream, contrarily to what was previously reported for the conventional thermo-catalytic reaction [START_REF] Ocampo | CO 2 methanation over Ni-Ceria-Zirconia catalysts: effect of preparation and operating conditions[END_REF].

Plasma prevents catalyst deactivation

We first followed the thermo-catalytic methanation activity in the presence of NiCeZr for 100 h time-on-stream under isothermal conditions at 350°C and at ambient pressure. The results obtained are presented in Figure 42.A. The CO2 conversion rapidly decreases with time-onstream, from 72% to 57% after 100 h operation. Even more interestingly, methane selectivity decreases from 99% to 78%, whereas the CO selectivity increases from 1.9 to 7.2%. As expected, our results confirm that the NiCeZr catalyst is not stable under conventional thermo-catalytic operation at 350°C and ambient pressure.

Long-term CO2 methanation experiments were also performed under plasma-catalytic conditions, using an identically pre-treated NiCeZr catalyst. The initial CO2 conversion was kept at 72% (15 kV and 240°C). Upon 100 h operation, this CO2 conversion remained practically constant, as can be observed in Figure 42 As previously commented, Optical Emission Spectroscopy (OES) measurements recently evidenced the formation of excited species in the presence of the plasma [START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF][START_REF] Benrabbah | Plasma-catalytic hybrid process for CO2 methanation[END_REF]. However, this partially explains the increased on-plasma methanation activity, since pre-excited gas molecules may be more easily transformed into the reaction products, but does not provide any clear answer about the reaction mechanism itself and about the reasons behind the absence of deactivation under such plasma-catalytic conditions.

Moreover, the CO* species formed may as well passivate the Ni sites through the formation of Ni-carbonyls or saturate the basic sites for CO2 adsorption on the support. If this is the main reason for poor stability, nothing will change under plasma vis-à-vis the conventional thermocatalytic reaction. In this sense, plasma must be able to modify the catalytic surface and its further interaction with the gaseous species, excited or not. Indeed, the modification of surface basicity has been recently proven during operando FTIR analyses of CO2 adsorption under a glow-discharge plasma and on the surface of Ni-containing hydrotalcite-derived catalysts [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]. However, the details of this plasma-surface interaction and its consequences on the CO2 methanation reaction mechanism remain still to be unveiled.

Post-mortem characterization of the NiCeZr catalysts after thermal and plasma operation

Unclosed carbon balance under thermo-catalytic conditions points to the presence of some kind of carbon species, i.e. reaction intermediates and/or by-products, which accumulate on the catalytic surface. The analysis of the liquid products recuperated during reaction (GC-MS)

did not evidence the presence of alcohols, whereas no CxHy species other than methane were found in the gas analyses. Transition electron microscopy (TEM) observation of the spent catalyst, as well as thermogravimetric analysis (TGA), helped us to rule out the possibility of the formation of solid carbon deposits (no presence of nano-structures such as fibers or filaments, no evidences of amorphous carbon deposition). The species remaining on the surface might be therefore carbonyls, carbonates or intermediate hydrocarbon species, which cannot be further converted to the reaction products under the action of the NiCeZr catalyst.

Temperature programmed desorption coupled with Mass spectrometry

Additional information about the nature of such adsorbed species was gained through temperature-programmed desorption analyses (TPD) performed on the spent catalysts. The intensity of mass m/z 44 was followed by mass spectrometry (MS) and is plotted as a function of temperature in Figure 43.A. The TPD-MS profile obtained for the pre-reduced catalyst (fresh, before reaction) is also plotted as reference. Let us note here that prior to TPD-MS analyses, the samples were degassed and cleaned in-situ under 100ml/min Ar, at 50°C for 30 minutes (see chapter 2, section 2. Being strongly linked to the catalyst surface, these C-species block the adsorption sites making them inactive with time-on-stream.
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Figure 43. TPD-MS profiles (A) and ATR-FTIR spectra (A) for the catalysts upon thermo-catalytic (TA-NiCeZr) and plasma-catalytic (PA-NiCeZr) methanation, as well as for the reduced catalyst (NiCeZr Pred).

Fourier-transform infrared spectroscopy (FTIR) measurements

In order to gain further knowledge on the type of C-species adsorbed, ATR-FTIR measurements were carried out for both the spent and the reduced NiCeZr catalysts. The results are presented in Figure 43.B. The bands at 2100-2300 cm -1 , observed for all the catalysts, are related to physically adsorbed CO2, corresponding to the peak observed at 50-200°C in TPD-MS. For the catalyst after plasma-catalytic methanation, PA-NiCeZr, the bands at 1358 and 1600 cm -1 indicate the presence of monodentate and bidentate carbonates. Monodentate and bidentate carbonates, as well as formates, can be easily hydrogenated to form methane [START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF]. For the catalyst submitted to thermo-catalytic methanation, TA-NiCeZr, these bands are also visible, but some additional bands appear at 1160 and 1058 cm -1 , which can be assigned to the presence of polydentate and bridged carbonates [START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF][START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF] (for your guidance, Figure 44 details the structure of the different carbonates and adsorbed species). Contrary to monodentate and bidentate carbonates, polydentate and bridged carbonates possess high thermal stability, especially when they are formed on oxidized CeO2 surfaces [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF]. The occurrence of these bands is in agreement with the results of the TPD-MS experiments, which evidenced the presence of C-species strongly adsorbed on the catalyst surface for TA-NiCeZr. Polydentate and bidentate carbonates will not therefore participate in the methanation reaction, since they are far too strongly linked to the surface and high temperature is needed for their transformation into methane. Note as well that band appears for TA-NiCeZr at 2973 cm -1 , typical of sp 3 CH species (CH4), which is not present in the ATR-FTIR spectra acquired for the plasma-catalytic spent catalyst. In addition, there are no evidences of Ni-carbonyl formation in the ATR-FTIR spectra acquired for the spent catalysts.

Bands at 2077, 2035, and 1917 cm -1 , typical of CO adsorbed on Ni sties, or even at 2121 cm -1 , for CO adsorption of CeO2 [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Sharma | Mechanistic Insights into CO 2 Methanation over Ru-Substituted CeO 2[END_REF][START_REF] Cai | Fractional-hydrolysis-driven formation of non-uniform dopant concentration catalyst nanoparticles of Ni/CexZr1-xO2 and its catalysis in methanation of CO2[END_REF], are absent for these spent catalysts, either after thermo-catalytic or after plasma-catalytic methanation. This indicates that CO may not be an intermediate of the methanation reaction, and that it can only be formed through parallel pathways involving CO2 reduction and/or the reverse water gas shift reaction (RWGS).

Carbonyl formation can be thus excluded as a cause of catalyst deactivation in our case.

Additional TPD-MS and ATR-FTIR analyses were performed on NiCeZr and on the pristine of Ce0.58Zr0.42O2 support after either thermal or plasma treatment under CO2 atmosphere (in absence of H2, same temperature and plasma conditions than those used in the methanation reaction). The results of these experiments are presented in Figure 45. Either after thermal or under plasma treatment, the TPD-MS profiles are identical for both the NiCeZr catalysts and for the Ce0.58Zr0.42O2 support, pointing to CO2 adsorption only occurring on the basic sites of the support and not on the Ni-sites. Indeed, CO2 behaves as a Lewis acid. For materials such as Ce0.58Zr0.42O2, possessing weak and medium basic sites [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF], CO2 will adsorb preferably on the support's sites and not on Ni. For more acidic supports or for supports only containing strong basic sites, CO2 will adsorb on Ni-sites, forming carbonyls [START_REF] Ewald | On the deactivation of Ni-Al catalysts in CO2 methanation[END_REF][START_REF] Hwang | Methanation of Carbon Dioxide Over Mesoporous Nickel-M-Alumina (M = Fe, Zr, Ni, Y, and Mg) Xerogel Catalysts: Effect of Second Metal[END_REF]. The TPD-MS profiles in Figure 45.A show, once again, that the desorption of C-species occurs at lower temperatures when CO2 treatment was performed under plasma, vis-à-vis thermal conditions. The ATR-FTIR spectra evidence the presence of monodentate and bidentate carbonates for the plasma treated samples, whereas for the thermal treated samples bands at 1160 and 1058 cm -1 appear, pointing to the formation of polydentate and bridged carbonates upon the thermal treatment.
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Figure 45. TPD-MS (A) profiles and ATR-FTIR spectra (B) acquired for the catalysts upon thermal and plasma treatment under pure CO2 atmosphere.

Thermal and plasma CO2 adsorption differ, and this seems to be dependent on the structure of the Ce0.58Zr0.42O2 support, which may be altered by the presence of the plasma, in agreement to what was previously reported by Debek et al. [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]. Evidently, when H2 is not fed within the reactant mixture, the band at 2973 cm -1 , corresponding to sp 3 CH species, cannot be observed in the ATR-FTIR spectrum acquired for the NiCeZr catalyst submitted to thermal treatment under pure CO2. The absence of these CH species further confirms that the high temperature peak observed in the TPD-MS profile corresponds principally to carbonate species, polydentate and bridged, and not to the thermal decomposition of these CH intermediates. (see Figure 47). Hence, the results of TGA combined with TEM helped us to rule out the possibility of the formation of solid carbon deposits in the case of TA-NiCeZr catalyst (no presence of nano-structures such as fibers or filaments, no evidences of amorphous carbon deposition).

TEM and HR-TEM measurements

XRD diffraction

Ni-particle size increases from 22.7 nm in the reduced catalyst to 51.2 nm for the catalyst after thermo-catalytic methanation. Only slight particle size increase can be observed for the spent catalyst upon plasma-catalytic reaction. Sintering occurs thus to a greater extent during thermo-catalytic methanation than under plasma catalytic coupling.

Ni-sintering was further confirmed through X-ray diffraction analyses (XRDPD). The patterns obtained are presented in Figure 48 (XRDPD was additionally performed on the calcined catalyst and support). The diffraction pattern for the calcined support evidences the presence of a Ce0.58Zr0.42O2 fluorite cubic structure (Fm3m space group) presenting peaks at 29.1,33.9, 48.6 and 57.5°, related to the reflection planes ( 111), ( 200), ( 220) and (311) of Ce0.58Zr0.42O2 [START_REF] Ferreira | A spectroscopic study of Au/CeX Zr1-X O2 catalysts[END_REF][START_REF] Ferreira Da Silva | Optical determination of the direct bandgap energy of lead iodide crystals[END_REF]. 15.

The results are completely in agreement with TEM observations: Ni-sintering occurs in the catalyst during thermo-catalytic methanation, with Ni-crystallite size increasing from 23.9 to 46.5 nm, whereas negligible sintering can be observed upon plasma-catalytic conditions. More interestingly, metallic Ni is not the only Ni-phase present in the catalyst submitted to plasmacatalytic reaction. Diffraction peaks corresponding to a NiO phase appear for the spent PA-NiCeZr catalyst (at 37.38, 43.28, and 62.98°). Indeed, the formation of NiO can prevent Nisintering to an important extent, since it is well known that metallic Ni tends to sinter more easily that its oxide phase [START_REF] Moon | New Ni-based quaternary disk-shaped catalysts for low-temperature CO2 methanation: Fabrication, characterization, and performance[END_REF]. Let us remark here that this NiO phase cannot be detected in XRD pattern acquired for the thermally treated spent catalysts TA-NiCeZr. Of course, the presence of this NiO phase can be observed for the calcined NiCeZr catalyst. NiO is also present in reduced catalyst, pointing to surface passivation of metallic Ni-species, or even to partial

Chapter III: Thermal vs. plasma processes: ageing study and reaction mechanism 122 reduction as a consequence of the mild in-situ plasma reduction procedure chosen for the pre-treatment of these catalysts. Note that the BET surface area decreases after thermocatalytic methanation, to a greater extent than for the catalyst used in the plasma-catalytic reaction Upon Ni-loading, H2-consumption logically increases, whereas its interaction with the Ce0.58Zr0.42O2 support results in a clear shift of the CeO2 reduction peaks towards lower temperatures. The oxygen exchange between the metallic and the mixed oxide phase promotes the reduction of Ce-cations from Ce 4+ to Ce 3+ , as previously claimed for Ni/ CexZr1-xO2 (0<x<1) catalysts used in methane reforming [START_REF] Kumar | Nickel-Based Ceria, Zirconia, and Ceria-Zirconia Catalytic Systems for Low-Temperature Carbon Dioxide Reforming of Methane[END_REF][START_REF] Lisboa | Investigation of Ni/Ce-ZrO2 catalysts in the autothermal reforming of methane[END_REF][START_REF] Cova | A First-Principles Modeling of Ni Interactions on CeO 2 -ZrO 2 Mixed Oxide Solid Solutions[END_REF].

The presence of zirconia moreover enhances this O-exchange ability, favoring the formation of oxygen vacancies [START_REF] Shah | Ceria-Zirconia Mixed Metal Oxides Prepared via Mechanochemical Grinding of Carbonates for the Total Oxidation of Propane and Naphthalene[END_REF]. Ni 2+ cations are directly reduced to metallic Ni° without passing through any intermediate species [START_REF] Frontera | Supported Catalysts for CO2 Methanation: A Review[END_REF]. However, the reducibility of Ni-species also depends on their size as well as on their interaction with the support. Ni-reduction takes place at temperatures between 150 and 450°C, overlapping with the bands that correspond to CeO2 consumption may be mostly linked to CeO2 reduction rather than to the reduction of NiOx, and therefore points to an higher oxidation state of Ce-cations, i.e. Ce 4+ . In the case of the catalyst submitted to plasma-catalytic methanation, PA-NiCeZr, a single H2-consumption peak can be observed, centered at 230°C and tailing to higher reduction temperatures. No shoulder or single peak corresponding to CeO2 reduction is observed. This peak may have shifted to lower reduction temperatures, pointing to a much easier reduction of the support that can be linked to the presence of Ce 3+ instead of Ce 4+ within the Ce0.58Zr0.42O2 structure.

X-ray diffraction and H2-TPR results point therefore to the presence of a mixed Ni 0 /NiO phase in the plasma-treated catalysts, PA-NiCeZr, whereas only metallic Ni is present in the thermally treated one, TA-NiCeZr. The Ce0.58Zr0.42O2 support seems to contain Ce 3+ cations and more oxygen vacancies in the case of PA-NiCeZr, while this support seems to be more saturated in oxygen in the case of TA-NiCeZr, with Ce 4+ prevailing over Ce 3+ . The formation of NiO through the plasma-catalytic methanation cycle prevents the sintering of the Ni-phase. Moreover, strongly adsorbed and non-reactive polydentate and bridged carbonates adsorb and accumulate on the surface of Ce0.58Zr0.42O2 under thermo-catalytic conditions, leading as well to catalyst deactivation. Indeed, CO2 was reported to adsorb more strongly on CeO2 having a higher ratio Ce 4+ /Ce 3+ than on CeO2 presenting an important number of oxygen vacancies [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF]. On the other hand, Migani et al. demonstrated that an increased presence of oxygen vacancies and a higher concentration of Ce 3+ sites contributes to CO2 activation on intrinsic defect sites of the CeO2 surface [START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Migani | Greatly facilitated oxygen vacancy formation in ceria nanocrystallites[END_REF][START_REF] Staudt | Ceria reoxidation by CO2: A model study[END_REF].

Role of plasma: Electrocatalytic behavior of Ni/ CexZr1-xO2 catalysts in plasma-catalytic methanation

Plasmas are basically composed of ionized gases. This implies that electrons are no longer bound to atoms or molecules, what induces the formation of positively charged ions, yielding a complex mixture of neutral, positively and negatively charged particles. In our plasmacatalytic reactor, a DBD plasma of the H2/CO2 reactant mixture is generated as a consequence of the voltage difference between the inner and outer electrodes. H2 and CO2 are thus ionized, liberating free electrons and generating different ionic or excited species.

In its ground state, CO2 is a linear non-polar molecule containing two polar C=O bonds that are arranged symmetrically. The carbon lowest unoccupied molecular orbitals (LUMO) has a Lewis acid character, whereas the oxygen atoms highest occupied molecular orbitals (HOMO) are weak Lewis bases. When the LUMO orbitals of CO2 are occupied via electron transfer or through electronic excitation, the lowest energy state of CO2 corresponds to a bent geometry of the molecule with an angle of 134°. It is highly possible that, under plasma operation, the high-voltage pulses imposed will activate the adsorption of CO2 in its bent configuration [START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[END_REF][START_REF] Fridman | Plasma Chemistry[END_REF][START_REF] Bogaerts | Plasma-based conversion of CO 2 : current status and future challenges[END_REF][START_REF] Aerts | Carbon Dioxide Splitting in a Dielectric Barrier Discharge Plasma: A Combined Experimental and Computational Study[END_REF][START_REF] Aerts | Influence of Vibrational States on CO 2 Splitting by Dielectric Barrier Discharges[END_REF][START_REF] Wambach | CO2 activation and reaction with hydrogen on Ni(110): formate formation[END_REF] to a greater extent than under conventional thermal conditions.

Under plasma conditions, the CO2 molecules have three normal vibrational modes typical of molecules of symmetry group D∞h. These three modes are: asymmetric valence vibration ν3

(energy quantum hω3 = 0.30 eV), symmetric valence vibration ν1 (energy quantum hω1 = 0.17eV), and a double degenerate symmetric deformation vibration ν2 (energy quantum hω2 = 0.085eV) [START_REF] Fridman | Plasma Chemistry[END_REF]. Moreover, the vibrational excitation of H2 at electron temperatures Te = 1-2eV increase its dissociation rate [START_REF] Fridman | Plasma Chemistry[END_REF]. All these facts will contribute to an enhanced adsorption of both reactants on the catalytic surface. Still, this fails to explain the different evolution of the catalyst structure during thermo-catalytic and plasma-catalytic reaction.

Our NiCeZr catalyst is composed by the mixed oxide support and the Ni-active phase. The support Ce0.58Zr0.42O2, similarly to pure CeO2, acts as a non-stoichiometric oxide [322], with many possible oxidation levels. Ceria and its mixed oxides behave thus electron acceptors [START_REF] Elaziouti | Preparation and characterization of p-n heterojunction CuBi2O4/CeO2 and its photocatalytic activities under UVA light irradiation[END_REF][START_REF] Cerón | Reactivity differences of Sc 3 N@C 2n (2n = 68 and 80). Synthesis of the first methanofullerene derivatives of Sc 3 N@D 5h -C 80[END_REF][START_REF] Irinel | Transport Properties of Cerium Oxide Pure Non Doped[END_REF], i.e. N-type semiconductors (excess of electrons), leading to the formation of oxygen vacancies, denoted VÖ:

2CeO2 + 2e -→ Ce2O3 + VÖ + O 2- Equation III.1
On the other hand, the metallic Ni sites behave as a P-type semiconductor (excess of holes), releasing electrons and accepting the oxygen released by the support:

Ni 0 + O 2-→ NiO + 2e -Equation III.2
It this way, the NiCeZr catalyst can be considered as a P-N junction with electrons and oxygen being continuously exchanged between both sides. Using a reversible fuel cell analogy, the support will work as cathode, while the Ni-sites can be considered the as the anode in this system.

If the flow of either electrons or oxygen is not guaranteed between the cathode and the anode, the redox cycle will be therefore stopped or substantially decelerated. This implies that the surface of the support will be increasingly enriched in oxygen, whereas the Ni-site will not be able to release the electrons demanded by the cycle. The absence of a NiO phase see XRD results, in example, Figure 48 together to the higher oxidation state of the Ce0.58Zr0.42O2 support (H2-TPR results, Figure 49) evidenced for the spent TA-NiCeZr catalyst indicate that, under thermo-catalytic conditions this redox cycle cannot be maintained. In this thermally activated process, the support is only excited by the temperature increase, what seems to be enough, but only during the first minutes of reaction. Afterwards, the Brownian and random movement of the gas molecules impede the electron transfer, whereas under plasma conditions, this movement is no longer random but organized, in the sense of the voltage Chapter III: Thermal vs. plasma processes: ageing study and reaction mechanism difference applied and within a medium that is rich in ionized species and free electrons.

Electrons are thus conducted from the cathode to the anode, i.e. oriented towards the electron consuming sites, and plasma behaves as their carrier, as the electrolyte in a fuel cell.

Therefore, the redox cycle provides available Ce 3+ (Ce 4f1) sites on the surface of the support that can chemisorb CO2 it its bending configuration, forming monodentate and bidentate carbonates. At the same time, H2 is dissociatively adsorbed on the metallic Ni-sites. From these sites and upon oxygen transfer yielding NiO and two electrons, it can migrate [START_REF] Prins | Hydrogen Spillover. Facts and Fiction[END_REF] to the vicinity of the carbonate-occupied sites on the support, forming first hydrogeno-carbonates, then formates, and finally methane and water, the reaction products [START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF][START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF]. In the absence of the plasma, and since the redox cycle is no longer maintained or considerably slowed down, Ce 4+ (Ce 4f0) sites accumulate on the support, resulting in the formation of the more stable polydentate and bridged carbonates, which cannot be converted to methanation products. Ni stays as metallic Ni°, finally sintering with time-on-stream, all this fact leading to catalyst deactivation. A schema of this plasma-catalytic cycle is shown in Figure 50. Whitehead already pointed out that the presence of a plasma can contribute to a more effective adsorption of the different reactive species on the catalyst surface, lowering adsorption energy barriers and increasing the number of active sites [START_REF] Whitehead | Plasma-catalysis: the known knowns, the known unknowns and the unknown unknowns[END_REF]. Effective adsorption under plasma excitation increases the residence time of the adsorbed species, leading to increased product yield and allowing operation at milder reaction temperatures. As previously commented, the modification of the catalyst's physicochemical properties under plasma operation, i.e. its surface basicity, was also recently evidenced by Dębek et al. [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].

Indeed, the physical state of the catalyst and its physicochemical features strongly determine the adsorption probability of the different molecules involved in the reaction, and this may lead to increased conversions under certain discharge conditions [START_REF] Whitehead | Plasma-catalysis: the known knowns, the known unknowns and the unknown unknowns[END_REF]. The mechanism proposed herein involves the transfer of electrons from the P side (Ni 0 /Ni 2+ , active phase) to the N side (Ce 4+ /Ce 3+ , support). This transfer of electrons, facilitated by the presence of the DBD plasma, is the main reason behind the modification of the physicochemical properties of the catalyst, which determine the adsorption of the main reactive species on the surface. In addition to this, the inversion of the polarity of the DBD discharge leads also to an inversion in the polarization of the surface wave function. The HOMO-LUMO orbitals and the flow of electrons are periodically inverted, with each cycle lasting from 100 to 1000 ns. Plasmonic hot electrons have lifetimes in the range of 10 ps remaining available for the redox reactions [START_REF] Lin | Chapter 8 -Exciton-Plasmon Interactions in Noble Metal-Semiconductor Oxide Hybrid Nanostructures[END_REF].

Transient states are produced by the electrical impulses, which animate the plasma flow at the surface of the catalyst. Electromagnetic waves between active sites generate surface fluxes of excited COx species that are mobile and that can change their sites according to H + and electron flows. The inversion of HOMO/LUMO states during the DBD discharge can favor as well the repulsion and the desorption processes, i.e. methane and highly polar molecule water, which may also block the active sites [START_REF] Paul | Electric-Field Assisted Desorption of Water Molecules in DNA Functionalized CNT Network[END_REF][START_REF] Che | Catalytic water dehydrogenation and formation on nickel: Dual path mechanism in high electric fields[END_REF]. Indeed, we believe that the inversion of acid sites to basic sites, due to the action of plasma pulses, can be a driving force for water desorption [START_REF] Paul | Electric-Field Assisted Desorption of Water Molecules in DNA Functionalized CNT Network[END_REF][START_REF] Che | Catalytic water dehydrogenation and formation on nickel: Dual path mechanism in high electric fields[END_REF]. Gao et al. reported that water as a product of the methanation reaction can accelerate sintering of the catalyst [START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF]. This will be moreover avoided in the presence of the DBD plasma. To sum up, our NiCeZr catalyst behaves therefore like a PN junction or like the anode and cathode in a fuel cell, where plasma acts as the electrolyte, carrying the electrons implied in the process and orienting them on the right direction (Figure 51). Adsorption and desorption processes are also favored by in the presence of the DBD plasma, through the excitation of the reactant molecules and through the inversion of the HOMO/LUMO orbitals of the different molecules involved.

Conclusions

In the present chapter, plasma-catalytic and thermo-catalytic methanation were assayed in the presence of a CeZrOx-supported Ni catalyst, proving that high CO2 conversions and high methane yields can be obtained under dielectric barrier discharge (DBD) plasma conditions.

Besides, we provide further and very significant details on the reaction pathways of CO2 methanation in the presence of a CeZrOx-supported Ni catalyst.

We first verified that the activity and selectivity of this catalyst is well maintained over thus helping desorb H₂O molecules produced. In addition, it should be noted that Plasmacatalysis uses a state of matter which is not at thermodynamic equilibrium, in which several distinct temperatures can be defined. The energy injected in the system is not spread over all degrees of freedom (as in thermal catalysis) but directed towards a selected reaction.

Therefore, the results presented herein offer completely new possibilities for an optimal catalyst design for plasma-catalytic methanation process, which will be the goal of our next chapter. Furthermore, the plasma discharges can be further tailored in order to minimize energy consumption in this CO2 chemical upgrading pathway.

Chapter III: Thermal vs. plasma processes: ageing study and reaction mechanism Despite the growing interest in plasma catalysis for various promising environmental and energy applications, as shown in chapter 1, the fundamental synergism of plasma-catalyst interactions is not yet fully understood. It is a complex environment, as the catalyst may affect the plasma behavior, and vice versa, the plasma also affects the catalyst and catalysis mechanisms. In Chapter 3, we elucidated an overview of the key mechanism and species in the plasma phase and at the catalytic surface. We proposed that the catalyst NiCZ behaves like a PN junction in a DBD plasma discharge. The DBD plasma, rich in ionic species and free electrons, acts as the electrolyte, making the redox cycle working as a reversible fuel cell by guiding the transfer of electrons and oxygen in the right direction, which make the process efficient and regenerated all the time. However, additional research efforts are needed, particularly fundamental studies concerning plasma-catalyst and their interactions, which will be the aim of this chapter. Besides, the energy consumption required for plasma discharge remains high, which slows down the industrial application of the plasma catalysis process.

Further improvements in energy costs could be achieved by the implementation of an adequate catalyst [START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxide -Looking for an efficient catalyst[END_REF][START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF]. Therefore, the development of advanced catalysts with high stability leading to higher methane yield (at least >80%) while limiting energy consumption is crucial for industrial applications of CO2 methanation.

In this chapter, we will therefore focus on understanding the synergy between plasma and catalysis that in the aim of improving the efficiency of DBD plasma-catalytic CO2 methanation.

To do so, a methodologic study was elaborated in order to find a more appropriate catalyst for this process. It is obvious that without a catalyst, plasma alone is not able to produce CH4 in a considerable amount. Therefore, it is important to maximize the beneficial effects of both catalyst and plasma in order to enhance the energy efficiency of the process. Optimization of plasma catalysis involves optimization of the entire system, including the operating conditions of the plasma, the integration of plasma with catalyst, and the physical and chemical composition of the catalyst itself. As changing one of these may change others in unknown ways, the optimization becomes high dimensional, and the general lack of fundamental understanding on the governing physical processes makes the progress challenging. The key Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

134 defy is to design cost-effective, highly active and stable catalysts tailored to the plasma environment. Therefore, insight from thermal catalysis as well as electro-catalysis is crucial.

To select the optimal catalyst in plasma catalysis, systematic measurements are required to elucidate the impact of all the electrical, mechanical, chemical and physical properties of the catalytic material on the performance of the process. The physicochemical and electrical properties of the synthesized materials will be investigated by means of different techniques, described in chapter 2, in order to study their influence on the efficiency of the process. Based on these results, the objective is to define what should be the properties of the catalyst so that it is highly active, stable, and energy efficient. Hence, these results will generate new knowledge enabling us to gain the necessary understanding to guide the design of the process required to take the promising laboratory results to the next level.

State of the art

In plasma-assisted catalysis systems, it was reported that the plasma can change the properties of the catalyst and vice versa. In their excellent review, E. Neyts and A. Bogaerts [START_REF] Neyts | Plasma Catalysis: Synergistic Effects at the Nanoscale[END_REF] discussed several of the effects that could lead to a plasma-catalyst synergy. The catalyst can influence the plasma properties by increasing the electric field, changing the type of discharge (homogeneous vs filamentary) and forming micro-discharges in the catalyst pores.

Concerning the effects of plasma on the catalyst properties, we can mention the modification of the chemical groups present at the surface of the catalyst, the specific surface area or the oxidation state of the metallic active phase, and the modification of the surface reaction pathway. Therefore, plasma-assisted catalytic processes can be optimized through a better understanding of the parameters governing the mutual interaction between the catalyst and the plasma [START_REF] Bogaerts | The 2020 plasma catalysis roadmap[END_REF][START_REF] Quezada | Influence of ionic conductivity and dielectric constant of the catalyst on DBD plasma-assisted CO2 hydrogenation into methanol[END_REF]. In the literature, the local curvature of the catalyst surface, its support structure, its dielectric properties and the accumulation of charges on the catalyst surface were shown to influence the electric field in the plasma. The electric field affects the discharge characteristics, the electron energy distribution function (EEDF) and electron density, and thereby the plasma composition, including the excitation of plasma species. For instance, in packed-bed reactors, the electric field enhancement is more significant for high dielectric constant beads such as ferroelectric materials, with plasma streamers behaving as local filamentary discharges. In contrast, for beads with lower dielectric constants such as Al2O3 and SiO2, most of the streamers act as surface discharges. This, in turn, influences the fluxes and properties of species incident on the catalyst. Butterworth et al. [START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Butterworth | Effects of particle size on CO 2 reduction and discharge characteristics in a packed bed plasma reactor[END_REF] reported that an increase in the dielectric constant of the catalyst decreases the breakdown voltage. In their work, the authors described two types of discharge modes: the polar mode (commonly referred to as a point-to-point or partial discharge, at the contact points between the packing pellets) and the surface streamer mode. For a given dielectric, the plasma discharge first occurs in polar mode and then switches to surface streamer mode upon voltage increase. If the dielectric constant is increased, the necessary voltage for the transition between those two modes is also increased. However, the authors also reported that this transition can be also influenced by the ionic conductivity and the porosity of the bed. The influence of the dielectric constant was also addressed by K. Van Laer and A. Bogaerts [START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF][START_REF] Bogaerts | Burning questions of plasma catalysis: Answers by modeling[END_REF]. Upon simulation studies, the authors indicated that the plasma relocates into the voids of the catalyst bed when the dielectric constant of the material is increased. In this case, the electron energy is also higher. On the other hand, for low dielectric constants, the plasma distributes more uniformly in the space between the beads. It behaves as a surface discharge and no longer as a volume discharge. The authors state that higher voltages are required for plasma ignition when the material has a low dielectric constant. Wang et al., reported in their simulation study that with a low dielectric constant of the packing, plasma ignition between the beads occurs directly in the mode of surface discharges (or surface ionization waves), which can connect with the surface of the adjacent bead. However, for a high dielectric constant, no surface streamer jumping towards the adjacent bead surface is observed and spatially limited filamentary microdischarges, so-called local discharges, are generated between the beads [START_REF] Wang | Streamer propagation in a packed bed plasma reactor for plasma catalysis applications[END_REF]. Hence, this may limit the catalyst activation due to the limited catalyst surface area in contact with the discharge. Furthermore, their simulation reveals that higher dielectric constant of the packing leads to an electric field enhancement, higher volume average number density of N atoms and electrons. H. Song et al. [START_REF] Song | Synthesis gas production via dielectric barrier discharge over Ni/γ-Al2O3 catalyst[END_REF] found that the dielectric constant of the material influenced the plasma-catalyst synergetic effect on chlorobenzene decomposition. The decomposition rate was higher in the case of catalysts with high dielectric constant because the ionization of the gas and the electron energy are enhanced by increasing the dielectric constant of the packed materials. Michielsen et al. [START_REF] Michielsen | CO2 dissociation in a packed bed DBD reactor: First steps towards a better understanding of plasma catalysis[END_REF][START_REF] Uytdenhouwen | How process parameters and packing materials tune chemical equilibrium and kinetics in plasma-based CO2 conversion[END_REF] studied CO2 dissociation in a packed bed DBD reactor using different dielectric materials and bead sizes.

The authors identified that the influence of the packed bed porosity with a positive or negative effect depends on the dielectric constant of the material inside the DBD reactor.

Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.
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From the previous paragraph, it is clear that although several parameters have been observed

to be influential, their effects are however not yet fully understood. Furthermore, to our knowledge, no study has previously addressed a combined understanding of the physicochemical and electrical properties of the catalysts on the efficiency of CO2 methanation driven by DBD plasma catalysis process.

In chapter 3, we reported that under DBD plasma the catalyst behaves in a very similar way than an electrocatalyst, making the redox cycle working as a reversible fuel cell, with the Niactive phase and the CeZrOx support respectively working as anode and cathode, or as the the P and N-sides in a PN junction. Electrons are efficiently transported within then ion-rich H2/CO2 plasma, from the Ni-sites to the support, assuring O-depletion from the CeZrOx surface [START_REF] Mikhail | Electrocatalytic behaviour of CeZrO x -supported Ni catalysts in plasma assisted CO 2 methanation[END_REF].

In this hybrid system, high energetic efficiency could be achieved using adequate semiconductor catalysts allowing optimal utilization of electric field across the discharge gap.

One of the strategies that can be used to improve the activity of semiconductor catalyst consists in modifying it by doping transition metal ions. This manipulation can affect different properties such as the electrical conductivity of the catalyst [START_REF] Zhao | Cr-doped ZnS semiconductor catalyst with high catalytic activity for hydrogen production from hydrogen sulfide in non-thermal plasma[END_REF] and/or the permittivity of the dielectric material which is one of the key factors for the proper functioning of the DBD plasma [START_REF] Kogelschatz | Dielectric-Barrier Discharges. Principle and Applications[END_REF][START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Ray | Dry Reforming of Methane in DBD Plasma over Ni-Based Catalysts: Influence of Process Conditions and Support on Performance and Durability[END_REF]. Therefore, this chapter aims to determine the essential physicochemical and electrical properties of dopant needed in order to enhance the energy efficiency of CO2 conversion into CH4. Hence, this will lead to the implementation of a general methodology allowing the optimization of the plasma catalytic process.

For this purpose, the chapter will be divided into 3 sections.

1) The effect of Na and K impurities.

2) The impact of several promoters covering alkaline earth metals, lanthanides, transition and some of the typical rare earth metals.

3) The impact of dopant concentration.

It should be noted that among the different catalysts that have been tested and prepared on different supports (CeO2, ZrO2 and CeZrOx) and methods (see Appendix II), the ones supported on CeZrOx prepared by the wet impregnation method gave the best performances. Hence, all the catalysts presented in this chapter are supported on CeZrOx (Solvay) and prepared by wet impregnation method. The dopants studied in this chapter are presented in Figure 52.

Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation. Table 17 shows the experimental parameters that are maintained constant throughout this chapter. The reactor setup is the same as described in Chapter 2. All calculations and characterizations done in this chapter are also detailed in Chapter 2.

Effect of Na and K impurities/dopants on the performance of Ni/CeZrOx catalysts in DBD plasma-catalytic CO2 methanation 4.2.1. Strategy and motivation

The influence of alkali compounds on the catalytic performance needs to be assessed in the CO2 hydrogenation reaction since the presence of these compounds is frequently nonintended. In fact, alkali compounds are often present in biomass pyrolysis/gasification syngas [START_REF] Sikarwar | An overview of advances in biomass gasification[END_REF] or can remain on the surface of the catalyst upon its synthesis, i.e. the catalyst prepared through co-precipitation or hydrothermal synthesis, where common precipitants or pH adjusters, such as NaOH, are used [START_REF] Frontera | Supported Catalysts for CO2 Methanation: A Review[END_REF][START_REF] Le | Effects of Na content in Na/Ni/SiO 2 and Na/Ni/CeO 2 catalysts for CO and CO 2 methanation[END_REF]. Their presence conditions the performance of the Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

catalyst used in CO2 hydrogenation reaction. This extends to plasma-activated catalysis, since alkali compounds can moreover alter the electric features of the catalytic material.

Under plasma-catalytic conditions, electron transfer seems to play a very important role. In this sense, the catalyst can be considered as a semiconductor and its ability to enhance or not this electron transfer may as well condition the overall catalytic performance, in addition to its intrinsic physico-chemical and surface features. It is well documented in our days that the conductivity of intrinsic semiconductors can be easily modified by introducing "impurities"

(dopants) into their crystal lattice [START_REF] Dominique | Advances in Semiconductor Research[END_REF]. For example, it has been previously reported that Kdoping of bulk SWNTs samples resulted in a substantial increase of the conductivity of these materials [START_REF] Lee | Conductivity enhancement in single-walled carbon nanotube bundles doped with K and Br[END_REF][START_REF] Tuttle | High electron mobility due to sodium ions in the gate oxide of SiC-metal-oxide-semiconductor field-effect transistors[END_REF][START_REF] De Lucas-Consuegra | New Trends of Alkali Promotion in Heterogeneous Catalysis: Electrochemical Promotion with Alkaline Ionic Conductors[END_REF]. Potassium is a prototypical electron donor and, even in very small amounts, it can notably change the semiconductor properties of a material, i.e. it decreased the resistivity of SWNTs by up to a factor of 30 [START_REF] Lee | Conductivity enhancement in single-walled carbon nanotube bundles doped with K and Br[END_REF].

Additionnaly, alkali compounds have been employed in the aim of boosting the activity and selectivity of the catalysts used in several classical thermo-catalytic processes, and particularly for CO and CO2 hydrogenation reactions [START_REF] Ahmad | An experimental and thermodynamic study for conversion of CO2 to CO and methane over Cu-K/Al2O3[END_REF][START_REF] Panagiotopoulou | Methanation of CO2 over alkali-promoted Ru/TiO2 catalysts: II. Effect of alkali additives on the reaction pathway[END_REF][START_REF] Kalaitzidou | Comparative study of the electrochemical promotion of CO2 hydrogenation on Ru using Na+, K+, H+ and O2-conducting solid electrolytes[END_REF][START_REF] Bajusz | Methanation on K ‡-modified Pt/SiO2: the impact of reaction conditions on the effective role of the promotor[END_REF][START_REF] Chai | Alkali promoters on supported nickel: Effect of support, preparation, and alkali concentration[END_REF]. The presence of alkali additives was reported to promote chain-growth [START_REF] Xiong | Effect of Group I alkali metal promoters on Fe/CNT catalysts in Fischer-Tropsch synthesis[END_REF][START_REF] An | Comparative study of iron-based Fischer-Tropsch synthesis catalyst promoted with potassium or sodium[END_REF][START_REF] Li | Sodium promoter on iron-based catalyst for direct catalytic synthesis of light alkenes from syngas[END_REF][START_REF] Li | Effects of alkali on iron-based catalysts for Fischer-Tropsch synthesis: CO chemisorptions study[END_REF], to increase the rate of the CO dissociation step [START_REF] Bajusz | Methanation on K ‡-modified Pt/SiO2: the impact of reaction conditions on the effective role of the promotor[END_REF], and, to generally result in enhanced the catalytic performance in Fischer-Tropsch synthesis [START_REF] Li | Sodium promoter on iron-based catalyst for direct catalytic synthesis of light alkenes from syngas[END_REF]. K and Na-promoted CeO2-supported catalysts showed as well increased activity in the water-gas shift reaction [START_REF] Ang | High-temperature water-gas shift reaction over Ni/xK/CeO2 catalysts: Suppression of methanation via formation of bridging carbonyls[END_REF][START_REF] Ang | Highly Active Ni/ x Na/CeO 2 Catalyst for the Water-Gas Shift Reaction: Effect of Sodium on Methane Suppression[END_REF]. However, some works report also on the negative effects of the presence of alkali additives, since they were thought to block the active catalytic sites for some reactions. Concretely, Le et al. studied the CO and CO2 methanation over Na-promoted Ni-catalysts, prepared using different alkali contents. The effect of Na and K depended on the support: for CeO2-supported catalysts a negative effect was observed, while in the case of SiO2-supported the presence of Na resulted in an increased CO2 methanation activity [START_REF] Le | Effects of Na content in Na/Ni/SiO 2 and Na/Ni/CeO 2 catalysts for CO and CO 2 methanation[END_REF]. In general, the influence of the presence of alkali compounds in CO2 utilization reactions is still difficult to predict, since the effects greatly vary with the type of catalyst, the alkali compound, and the desired reaction products [START_REF] Le | Effects of Na content in Na/Ni/SiO 2 and Na/Ni/CeO 2 catalysts for CO and CO 2 methanation[END_REF][START_REF] Chai | Alkali promoters on supported nickel: Effect of support, preparation, and alkali concentration[END_REF][START_REF] Liu | Direct Transformation of Carbon Dioxide to Value-Added Hydrocarbons by Physical Mixtures of Fe5C2 and K-Modified Al2O3[END_REF].

Therefore, for all these reasons, in the present section, non-thermal plasma (NTP)-assisted CO2 methanation was performed over alkali metal (Na and K)-containing Ni/CeZrOx catalysts.

Aiming to better understand the influence of the presence of such alkali compounds, both fresh and spent catalysts were characterized using different techniques, helping us to draw up some important conclusions about the presence of such imputities in the catalysts used for
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139 this particular application. The influence of the presence of such alkali compounds on the physicochemical, dielectric and catalytic behavior of these materials during on-plasma operation was assessed and detailed in Appendix IV.1. The alkali-containing nickel catalysts supported on CeZrOx (15 wt.% Ni) were prepared through a classical wet co-impregnation method as described in chapter 2. The content of Ni was fixed at 15 wt.%, whereas for Na or K the nominal loading was 2 wt.%.

Plasma-catalytic CO2 methanation behavior: influence of the presence of Na and K in the on-plasma reaction pathway

CO2 methanation DBD plasma-catalytic experiments were performed at voltages in the range of 13 to 16 kV, corresponding to input powers between 10.5 and 22.9 W, depending on the catalyst assayed. The power values obtained were plotted as a function of the applied voltage (Figure 53). For NiCZ, as previously shown [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF], CO2 conversions slightly higher than 60% can be already obtained at relatively low temperatures, around 200°C, corresponding to a power consumption of 10.5 W. At 14.5 W, the temperature increases up to 250°C as the CO2 conversion reaches 73-74%, with CO2 being fully converted into methane (near 100% CH4 selectivity). For the alkali-containing catalysts, NiCZ-Na and NiCZ-K, the maximum CO2 conversions attained were only 59.9 % and 57.7%, respectively, and this corresponded to much higher power consumptions, i.e. 16.8 W and 18.7W, in comparison to the non-promoted catalyst. Moreover, the selectivity to CH4 was all the times much lower when using the Na and K-containing catalysts, i.e. between 70 and 80%. CO production was systematically higher in the presence of NiCZ-Na and NiCZ-K, reaching 20-30%, whereas CO selectivity never exceeded 3% in the presence of NiCZ. At the same time, as shown in Figure 54 (D), the carbon balance was not fully closed for NiCZ-Na and NiCZ-K, pointing to an uncompleted catalytic cycle and to the accumulation of carbon species on the surface of these catalysts. Table 18 contains a summary of the main facts concerning the on-plasma catalytic activity of this series of catalysts.

The inferior plasma-catalytic performance towards CO2 methanation observed for the alkalicontaining catalysts could be explained at the sight of both their physicochemical features and their electric properties. The detailed study of this section and all the physicochemical and electrical characterizations done are presented in Appendix IV.1.

New insights gained: electrical and physicochemical properties of the Na and K-containing catalysts

This study has allowed us to acquire new knowledge and preliminary insights about the main parameters that can influence the CO2 methanation process in DBD plasma assisted over NiCZ based catalysts.

From an electrical point of view, for this series of catalysts tested, and in order to have further clues about the influence of the presence of Na and K, we decided, to investigate the influence of the voltage applied on the power communicated to the system, the capacitance of the reactor, and their consequences in terms of product yield and catalytic behavior. We found that the packed-bed capacitance increases upon Na and K loading. The plasma ignition voltage, i.e. the breakdown voltage, UB, decreases in the presence of the alkali-containing catalysts. This decrease in the breakdown voltage is just a direct consequence of the higher dielectric constant of the packing material used in the plasma-reactor [START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF][START_REF] Butterworth | Effects of particle size on CO 2 reduction and discharge characteristics in a packed bed plasma reactor[END_REF][START_REF] Peeters | Electrical Diagnostics of Dielectric Barrier Discharges[END_REF]. Hence, the higher power consumption (Figure 53) measured for the alkali-containing catalysts can be explained at the sight of the values obtained for the dielectric constant and for the capacitance Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

of the packed-bed. The higher packed-bed capacitance is directly linked to the higher permittivity of the solid packed inside the reactor gap, which contributes to increased power dissipation and generates a strong electric field within the gap, due to the electrically arrangement of the catalyst and the gas in the void fraction of the packed-bed. Meanwhile, packed beds having higher dielectric constant possess a higher ability to trap charges. This behavior has been well described in the existing literature [START_REF] Mei | CO2 reforming with methane for syngas production using a dielectric barrier discharge plasma coupled with Ni/γ-Al2O3 catalysts: Process optimization through response surface methodology[END_REF][START_REF] Mei | Plasma-assisted conversion of CO 2 in a dielectric barrier discharge reactor: understanding the effect of packing materials[END_REF][START_REF] Guaitella | Dynamic of the plasma current amplitude in a barrier discharge: influence of photocatalytic material[END_REF]. Therefore, this charge accumulation within the packed-bed can lead to important differences in the on plasma-catalytic activity. Hence, concerning the electrical properties, higher dielectric constant values were measured for the packed-bed containing the alkali-loaded solids. This results in a more intense electric field in within the gas gap, i.e. the gas trapped within the void fraction of the packed-bed [START_REF] Ray | CO 2 decomposition in a packed DBD plasma reactor: influence of packing materials[END_REF], resulting in the formation of highly energetic ionic species and hot electrons, as well as in increased power dissipation and net discharge energy in the presence of NiCZ-Na and NiCZ-K. The presence of highly energetic species is also supposed to enhance the direct dissociation of CO2 yielding CO [START_REF] Michielsen | CO2 dissociation in a packed bed DBD reactor: First steps towards a better understanding of plasma catalysis[END_REF][START_REF] Uytdenhouwen | How process parameters and packing materials tune chemical equilibrium and kinetics in plasma-based CO2 conversion[END_REF], which explains the increased CO formation and the poorer selectivity to CH4 observed for the alkali-containing catalysts in comparison to the pristine NiCZ (c.f. Section 4.2.2).

Let's focus now on the resulting physicochemical properties upon the addition of Na and K.

The results are also presented in Appendix IV.1. First of all, the results of the physicochemical characterization evidence poorer Ni-dispersion and lower interaction of this metallic phase with the CZ support upon the addition of the alkali compounds. Furthermore, higher crystallite sizes were measured for the CZ-phase in NiCZ-Na (8.6 nm) and NiCZ-K (9.9 nm) than in NiCZ (7.8 nm), leading to a less defective CZ structure (less oxygen vacancy). All these facts resulted in a somehow impeded reduction of Ce 4+ cations within the crystalline network of the CZ support and low rate of the redox cycle. The presence of Na and K resulted moreover in an increased presence of strong basic sites. Besides, the intrinsic physicochemical features of these materials, i.e. lower reducibility upon alkali addition, the increased Ni and CZ crystallite sizes and increased presence of strong basic sites, add up to this fact, since they favor CO2 fixation in the form of strongly adsorbed species which are not able to participate in the plasma-catalytic methanation mechanism. Aiming to get further insights about the influence of the presence of Na and K in the plasma-catalytic methanation mechanism, the spent catalysts were submitted to additional physicochemical characterization. Let us note here as well that the GC-MS (Agilent Technologies 5977B) analysis of the liquid products collected
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during reaction did not evidence the presence of alcohols, whereas no CxHy other than methane was found in the gas analyses. Since solid carbon formation is not an issue either in thermal [START_REF] Ocampo | Effect of Ce/Zr composition and noble metal promotion on nickel based CexZr1-xO2 catalysts for carbon dioxide methanation[END_REF][START_REF] Ewald | On the deactivation of Ni-Al catalysts in CO2 methanation[END_REF][START_REF] Mutz | Methanation of CO2: Structural response of a Ni-based catalyst under fluctuating reaction conditions unraveled by operando spectroscopy[END_REF] or plasma CO2 methanation processes [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF], the species remaining on the surface that result in unclosed carbon balance may be therefore carbonyls, carbonates or intermediate hydrocarbon species, which cannot be further converted to the reaction products. Further information about the thermal stability of such adsorbed species was gained through temperature-programmed desorption analyses (TPD) performed on the spent NiCZ-Na and NiCZ-K catalysts. The intensity of mass m/z 44 was followed by mass spectrometry (MS). The results are also presented in Appendix IV.1. They confirm that CO2 is strongly adsorbed on the surface of the alkali-containing catalyst during the plasma-catalytic methanation reaction. In fact, a major broad peak appears at temperatures between 320 and 700°C, which can be assigned to CO2 adsorbed on strong basic sites and that accounts for 75-80 % of the total basicity of these materials. This high-temperature peak did not appear in the TPD-MS profile acquired for NiCZ, but has been previously observed in similar profiles registered for NiCZ catalysts after classical thermo-catalytic methanation [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF]. The ATR-FTIR spectra acquired for the spent NiCZ-Na and NiCZ-K catalysts presents two additional bands at 1160 and 1058 cm -1 that cannot be observed for the spent NiCZ catalyst. Identically, such bands were previously observed in the ATR-FTIR spectra recorded for the catalyst used in thermo-catalytic methanation and were assigned to the presence of CO2 adsorbed in the form of polydentate and bridged carbonates [START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF][START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF][START_REF] Vayssilov | Reassignment of the Vibrational Spectra of Carbonates, Formates, and Related Surface Species on Ceria: A Combined Density Functional and Infrared Spectroscopy Investigation[END_REF]. This bands are particularly more intense in the case of the NiCZ-K catalysts, which, at the sight of the CO2-TPD results, presents the highest amount of strong basic sites. Contrary to monodentate and bidentate carbonates, polydentate and bridged carbonates possess high thermal stability, especially when they are formed on oxidized CeO2 surfaces with strong basic sites [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF]. Therefore, these results confirm the presence of strongly adsorbed C-species, i.e. polydentate and bridged carbonates, on the surface of the alkali-containing catalysts, and provide an explanation for the unclosed carbon balance observed in the plasma-catalytic experiments performed in the presence of NiCZ-Na and NiCZ-K. Note as well that band appears for NiCZ-K and NiCZ-Na at 2973 cm -1 , typical of sp 3 CH species (CH4), which is not present in the ATR-FTIR spectra acquired for the NiCZ catalyst. This band further confirms the presence of partially hydrogenated C-species as a consequence of an uncomplete catalytic cycle. Powder X-ray diffraction (XRD) analyses were as well performed on the different spent catalysts. In the diffractograms acquired for NiCZ-Na
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and NiCZ-K the Ni-phase seems to be completely reduced, whereas in NiCZ the presence of NiO reflections evidence some extent of Ni-phase re-oxidation all through the catalytic cycle.

Similar observations were made when comparing the spent NiCZ catalysts used in plasmacatalytic and thermo-catalytic methanation [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF], and were taken as an indicator of a somehow incomplete catalytic cycle under off-plasma conditions. Concerning the reducibility of the spent catalysts, the H2-TPR profiles obtained for the spent NiCZ-Na and NiCZ-K present a broad H2-consumption peak that can be divided in two contributions. Contrarily, one single peak was obtained for the spent NiCZ catalyst, centered at the same temperature than the first contribution of the wide peak observed for the NiCZ-Na and NiCZ-K and related to the reduction of NiO or surface passivated Ni-species. The second contribution, not observed for NiCZ, can be linked to the reduction of Ce 4+ cations that accumulate within the structure of the CZ support, as a consequence of oxygen accumulation during the uncompleted catalytic cycle.

Hence, all these results confirm that the surface basicity of the catalytic sites is essential in determining the way of fixing CO2 molecules. If this latter is of strong type, the CO2 will be preferentially fixed in the form of polydentate and bridged carbonates, where the plasma will not be capable to transform them into methane. Moreover, we have found that the presence of the redox couples NiO/Ni° and Ce 4+ /Ce 3+ and their rates are essential to guarantee the functioning of the PN junction and the reduction of CO2 to methane. With bigger CZ crystallite size, the support becomes less defective, which decelerate and block the redox cycle and the reduction of Ce 4+ species. This results in a support enriched in Ce 4+ species that yield strongly fixed carbonates which are not able to participate in the catalytic cycle.

Conclusions

Alkali compounds, Na and K, were intentionally added to the composition of a Ni/CeZrOx catalyst used in DBD plasma-catalytic CO2 methanation, in order to simulate their occurrence as impurities in the synthesis gas or reuslting from the catalyst preparation procedure. The presence of these alkali compounds was found to considerably alter both the physicochemical and the electrical features of the catalysts, resulting in poorer plasma-catalytic performance.

Lower CO2 conversions and much higher extent of CO formation were measured for the alkalicontaining catalysts. At the same time, the power consumption was all the times higher for these catalysts. The presence of Na and K was found to alter the structure of the CeZrOx (CZ)
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145 support. Bigger CZ sizes were observed as a consequence of a molten salt effect. This led to a defect-less CZ structure, less prompt to form oxygen vacancies, which therefore difficulted the reduction of the Ce-phase. The dispersion of the Ni-phase was also poorer in the alkalicontaining catalysts. The intrinsic presence of Na and K, as well as the impeded reduction of Ce-cations, enhanced the presence of strong basic sites on the alkali-containing catalysts.

Concering the electrical properties and the on-plasma behavior of these materials, the presence of Na and K resulted in a notable increase of the dielectric constant of the packedbed. As a consequence of the intense ionization of the gas gap, direct CO2 splitting was favored, which explained the higher CO formation extents measured for the alkali-promoted catalysts, as well as the higher power consumptions observed.

All these facts result in the fixation of CO2 in the form of strongly adsorbed species, i.e.

polydentate and bridged carbonates, that are not able to participate in the plasma-catalytic cyclic mechanism. As a consequence of the presence of Na and K, carbon and oxygen accumulate on the support's surface, resulting in lower conversion and selectivity.

Therefore, the presence of these impurities negatively affected the physicochemical and electrical properties of the catalyst, which contributed to the low activity. Hence, further analysis should be performed with other types of promoters to exploit and better understand the effect of each parameter separately, which will be the goal of the next section.

Tailoring physicochemical and electrical properties of Ni/CeZrOx doped catalysts for high efficiency of plasma catalytic CO2 methanation 4.3.1. Strategy adopted and motivation

As shown in the section above, the NiCZ catalyst was observed to be seriously poisoned by the doping of Na + , or K + ions. This is due to several properties that were influenced by the addition of these compounds, such as the increase in strong basic sites and dielectric constant, the decrease in oxygen vacancy, and the Ce 4+ /Ce 3+ redox cycle rate as well. Thus, in this section, a series of promoters will be intentionally added to the composition of a Ni/CeZrOx based catalysts to go further into details and to investigate the effect of physicochemical and electrical properties of the catalyst on the energy efficiency of CO2 methanation. Their selection will be explained as follow.

According to the literature in thermo-catalytic process, many studies have emphasized the importance of using an appropriate promoter to boost catalytic efficiency [START_REF] Mebrahtu | CO2 Methanation: Principles and Challenges[END_REF][START_REF] Liang | Methanation of CO2: Impacts of modifying nickel catalysts with variable-valence additives on reaction mechanism[END_REF]. For CeO2 supported catalysts, it was shown that the addition of rare-earth metals into its lattice can
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improve its thermal stability and create additional oxygen vacancies that are very useful in restricting the agglomeration of metal particles (e.g., Ni) [START_REF] Siakavelas | Highly selective and stable nickel catalysts supported on ceria promoted with Sm2O3, Pr2O3 and MgO for the CO2 methanation[END_REF][START_REF] Luisetto | Dry reforming of methane over Ni supported on doped CeO2: New insight on the role of dopants for CO2 activation[END_REF][START_REF] Branco | Methanation of CO2 over nickel-lanthanide bimetallic oxides supported on silica[END_REF]. More interestingly, it was reported that the formation of a solid solution with trivalent rare-earth cations (CeO2-Me2O3 with Me = La, Sm, Gd, Pr, Y) causes an oxygen non-stoichiometry, which enhances O 2- ion mobility, good oxygen release/storage capacity, and improves catalytic performance [START_REF] Gómez-Sainero | Steam Reforming of Methanol with Sm 2 O 3 -CeO 2 -Supported Palladium Catalysts: Influence of the Thermal Treatments of Catalyst and Support[END_REF][START_REF] Alketbi | Cu-Ce-La-Ox as efficient CO oxidation catalysts: Effect of Cu content[END_REF][START_REF] Polychronopoulou | Ce-Sm-x Cu cost-efficient catalysts for H 2 production through the glycerol steam reforming reaction[END_REF][START_REF] Xu | CO2 methanation over rare earth doped Ni based mesoporous catalysts with intensified low-temperature activity[END_REF]. The addition of f-block elements to promote electronic and/or structural characteristics of nickel-based catalysts was also studied. These elements can increase the dispersion of the active phase, act as chemical promoters by influencing the acid-base properties of support and enhancing the activity and stability of the catalysts [START_REF] Branco | Low Temperature Partial Oxidation of Methane over Bimetallic Nickel-f Block Element Oxide Nanocatalysts[END_REF][START_REF] Ahmad | Synthesis of lanthanide series (La, Ce, Pr, Eu & Gd) promoted Ni/γ-Al2O3 catalysts for methanation of CO2 at low temperature under atmospheric pressure[END_REF][START_REF] Park | A highly dispersed Pd-Mg/SiO2 catalyst active for methanation of CO2[END_REF][START_REF] Ferreira | Methanation of CO2 over nanostructured nickel-4f block element bimetallic oxides[END_REF]. Besides, La 3+ doping may enhance the surface basicity of pure ceria [START_REF] Aneggi | Promotion effect of surface Lanthanum in soot oxidation over ceria-based catalysts[END_REF]. Additionally, in their relevant study, Chen et al. stressed out the effect of using La doped Ni catalyst for plasma-assisted CO2 methanation [START_REF] Chen | Coupling non-thermal plasma with Ni catalysts supported on BETA zeolite for catalytic CO 2 methanation[END_REF]. Furthermore, many studies have indicated that strongly basic material such as MgO, SrO, CaO can be utilized as additives in CeO2 or other support, in order to improve the adsorption capacity of CO2 at lower temperature by increasing the Lewis basic sites [START_REF] Liang | Methanation of CO2 over Ni/Al2O3 modified with alkaline earth metals: Impacts of oxygen vacancies on catalytic activity[END_REF][START_REF] Guo | The difference of roles of alkaline-earth metal oxides on silica-supported nickel catalysts for CO 2 methanation[END_REF][START_REF] Liu | The distributions of alkaline earth metal oxides and their promotional effects on Ni/CeO2 for CO2 methanation[END_REF][START_REF] Tsiotsias | The Role of Alkali and Alkaline Earth Metals in the CO2 Methanation Reaction and the Combined Capture and Methanation of CO2[END_REF].

Other studies have indicated that the use of cobalt as promoter can improve metal dispersion, metal support interactions and surface basicity which enhance Co-promoted catalysts stability for longer durations [START_REF] Varun | Highly stable M/NiO-MgO (M = Co, Cu and Fe) catalysts towards CO2 methanation[END_REF]. Identically, it was found that the addition of manganese [START_REF] Vrijburg | Efficient Base-Metal NiMn/TiO2 Catalyst for CO2 Methanation[END_REF]or copper [START_REF] Alketbi | Cu-Ce-La-Ox as efficient CO oxidation catalysts: Effect of Cu content[END_REF] promoters increases the dispersion of nickel species and expands the reducibility to higher activity and stability. On the other hand, it was reported that gadolinium, yttrium, and praseodymium doped ceria composite anodes can be an attractive solution for the intermediate temperature solid oxide fuel cells (SOFCs) and metal-supported fuel cells (MSCs) [START_REF] Stojanović | Electrical properties of yttrium-doped Zn and Ni-Zn ferrites[END_REF][START_REF] Dikmen | Effect of co-doping with Sm3+, Bi3+, La3+, and Nd3+ on the electrochemical properties of hydrothermally prepared gadolinium-doped ceria ceramics[END_REF][START_REF] Sciazko | Influence of Initial Powder Morphology on Polarization Characteristics of Nickel/Gadolinium-Doped-Ceria Solid Oxide Fuel Cells Electrode[END_REF][START_REF] Wang | Electrical and Ionic Conductivity of Gd-Doped Ceria[END_REF][START_REF] Kim-Lohsoontorn | Gadolinium doped ceria-impregnated nickelyttria stabilised zirconia cathode for solid oxide electrolysis cell[END_REF][START_REF] Thaler | Redox stability of metal-supported fuel cells with nickel/gadolinium-doped ceria anode[END_REF][START_REF] Maffei | Solid oxide fuel cells of ceria doped with gadolinium and praseodymium[END_REF][START_REF] Chockalingam | Praseodymium and gadolinium doped ceria as a cathode material for low temperature solid oxide fuel cells[END_REF]. Indeed, these modified doped composites exhibit significant improvements in redox tolerance by enhancing the cell performance with increasing the number of redox cycles, minimizing losses in energy conversion and greatly boosting the efficiency of the fuel cells [START_REF] Stojanović | Electrical properties of yttrium-doped Zn and Ni-Zn ferrites[END_REF][START_REF] Dikmen | Effect of co-doping with Sm3+, Bi3+, La3+, and Nd3+ on the electrochemical properties of hydrothermally prepared gadolinium-doped ceria ceramics[END_REF][START_REF] Sciazko | Influence of Initial Powder Morphology on Polarization Characteristics of Nickel/Gadolinium-Doped-Ceria Solid Oxide Fuel Cells Electrode[END_REF][START_REF] Wang | Electrical and Ionic Conductivity of Gd-Doped Ceria[END_REF][START_REF] Kim-Lohsoontorn | Gadolinium doped ceria-impregnated nickelyttria stabilised zirconia cathode for solid oxide electrolysis cell[END_REF][START_REF] Thaler | Redox stability of metal-supported fuel cells with nickel/gadolinium-doped ceria anode[END_REF][START_REF] Maffei | Solid oxide fuel cells of ceria doped with gadolinium and praseodymium[END_REF][START_REF] Chockalingam | Praseodymium and gadolinium doped ceria as a cathode material for low temperature solid oxide fuel cells[END_REF]. However, to the best of our knowledge, the application of such promoters and their effect in DBD plasma assisted catalysis for the methanation of CO2 has not yet been investigated. Therefore, in this section, several bimetallic oxide catalysts supported on ceriazirconia combining nickel and a series of promoters including Cu, Co, Mn, La, Y, Gd and Sr were synthesized using the wet impregnation technique (see Chapter 2). These promoters encompass alkaline earth metals, transition metals, lanthanide metals and some of the typical rare earth metals and cover a different range of dielectric constant and bandgap. The Ni and M content in supported Ni-M catalyst were intended to be 15 wt.% and 4 wt.%, respectively.
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In total, 7 elements in the periodic table were used, and a comparative study was conducted in order to evaluate the impact of these promoters on the catalytic behaviors on one hand and the electrical performances on the other hand. The influence of physicochemical properties was examined by X-Ray Diffraction, N2 adsorption/desorption, H2-TPR, CO2-TPD, TPD-MS and FTIR spectroscopy. Moreover, the measurement of the dielectric constant of each packed-bed containing the promoted catalysts was also performed. These later properties were correlated with catalyst efficiency during time on stream experiments. Prior to each catalytic testing and methanation experiment, the synthesized catalysts were reduced in situ under non thermal DBD plasma with H2 as the discharge gas (voltage= 14.0 kV, frequency= 70.3 kHz, flow rate = 160 mL/min) for a duration of 60 minutes [START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF]. All the experimental parameters are presented in Table 17. The XRD patterns of the calcined and reduced NiCZ unpromoted and promoted catalysts are presented in Figure 55 (A,B) and (C,D) respectively. For all the catalysts a characteristic XRD Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation. reflection of Ce0.58Zr0.42O2 fluorite cubic structure (Fm3m space group) is observed, with peaks centered at 2θ=29.1, 33.9, 48.6 and 57.5° corresponding to the reflection from planes ( 111), [START_REF] Dardor | Solar carbon production via thermochemical ZnO/Zn carbon dioxide splitting cycle[END_REF], ( 220) and (311) of Ce0.58Zr0.42O2 respectively [START_REF] Ferreira | A spectroscopic study of Au/CeX Zr1-X O2 catalysts[END_REF][START_REF] Ferreira Da Silva | Optical determination of the direct bandgap energy of lead iodide crystals[END_REF]. For this series of catalysts, the crystallite sizes of CZ were calculated using the Scherrer formula and were determined from the strongest (111) reflection at 29.1° (Table 19). Four well-resolved diffraction peaks were observed for all the calcined Ni based samples at (2θ = 37.3, 43.3, 63 and 75.4), corresponding respectively to the reflection from ( 111), ( 200), ( 220) and ( 311) planes of cubic NiO phase (JCPDS 65-5745). The NiO crystallite sizes (Table 19) were determined using the diffraction peak of the [START_REF] Dardor | Solar carbon production via thermochemical ZnO/Zn carbon dioxide splitting cycle[END_REF] NiO plane. The reduced catalysts (Figure 55.C&D) show only one phase which can be attributed to metallic nickel (JCPDS 04-0850). Besides, the typical diffraction peaks obtained at 2θ of 44.5, 51.8 and 7.4 corresponding to ( 111), ( 200), ( 220) planes, respectively, indicate that NiO was reduced to metallic Ni during the reduction process. The CZ, NiO and Ni° crystallite sizes of the calcined, reduced and spent catalysts, as well as the lattice parameter, were calculated using Debye-Scherrer equation [START_REF] Nowick | X-ray diffraction procedures for polycrystalline and amorphous materials[END_REF] as explained in detail in chapter 2 and listed in Table 19. The changes observed in the values of the lattice parameter point to a partial substitution of Ce-cations by smaller bivalent or trivalent cations for some of the catalysts. Some of the doped reduced catalysts (M= Co, Mn, Y and Gd) present CZ crystallite sizes slightly smaller than that of the undoped catalyst (≈7.9-8 nm), which may be an indicator of the formation of a solid solution, and may confirm the incorporation of the above bivalent (Co 2+ and Mn 2+ ) and trivalent cations (Y 3+ and Gd 3+ ) into the lattice of CZ. It should be noticed that the smallest CZ particle size was registered for NiCZ-Gd. In addition, the absence of the Gd2O3 crystallographic planes implies that Gd2O3 has an amorphous structure, confirming the incorporation of the above trivalent cations into the cerium zirconium oxide crystal lattice.

Physicochemical properties of the fresh catalysts

Besides, the addition of dopants also resulted in different nickel particle sizes, possibly due to interaction/synergism between Ni-support. It is also worthwhile to mention that the smallest Ni particle size (16.2 nm) is achieved in the case of the smallest support size (CZ-Gd: 7.5 nm) (Table 19). This demonstrates the better Ni dispersion on the smallest crystallite size CZ support and allows us to speculate for stronger metal-support interactions due to the finer interface. Also, from Table 19, it can be noted that the addition of promoters slightly modifies the Specific surface area (SBET) (between 54 and 63 m 2 /g for the NiCZ catalyst the highest and NiCZ-Sr the lowest).

Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation. The reducibility of the calcined NiCZ unpromoted and promoted catalysts and the interaction between metal particles and support were also investigated using H2-TPR measurements (Figure 56). As can be seen in Figure 56, doping NiCZ with 4wt% of M (promoter) leads to a modification in the H2-TPR profiles of the modified catalytic samples in terms of position, shape and intensity of the hydrogen consumption peaks. The reduction profile of all the samples reveals three main reduction peaks noted: i, ii and iii for all the samples. The first reduction peak (i) registered at low temperatures (≈200-250°C) can be assigned to the reduction of weakly adsorbed surface oxygen such as -OH or O2 species on the Ni surface and the reduction of highly dispersed NiO species on the surface of the prepared supports [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF].

Between 250-450°C (ii) a significant hydrogen consumption peak can be observed for all the samples, which can be linked to CeO2 reduction in the mixed oxide or the reduction of Ni-O-Ce oxides formed upon strong interaction of Ni-species with the support. According to several studies, dispersed NiO particles are reduced at around in the 250-350°C range [START_REF] Dong | Methane reforming over Ni/Ce-ZrO2 catalysts: effect of nickel content[END_REF][START_REF] Escritori | Methane autothermal reforming on nickel-ceriazirconia based catalysts[END_REF]. It is well known that the reducibility of Ni-species also depends on their size as well as on their interaction with the support [START_REF] Alarcón | Optimization of nickel and ceria catalyst content for synthetic natural gas production through CO2 methanation[END_REF]. Finally, the third board peak (T>450°C) (iii) detected for all the tested based NiCZ catalysts, can be attributed to either the formation of solid solution between metal and support (NiO species having strong interaction) or to the surface/subsurface reduction of reducible CeO2 species in close contact to Ni in the CZ support.

Moreover, it can be stated that the addition of d and f block elements to the catalyst Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

150 composition modifies the NiO oxygen lability (changes the maximum reduction temperature), that varies according to the added element: Mn<Cu< Gd <Y<La < Co. At last, as can be seen from the H2-TPR profile of NiCZ-Sr catalyst, the addition of Sr 2+ into the lattice of CeO2 affects the reduction temperatures of nickel species (ii and iii) leading to a stronger electronwithdrawing making the reduction of the NiO species more difficult [START_REF] Ran | Microstructure and oxygen storage capacity of Sr-modified Pt/CeO2-ZrO2 catalysts[END_REF]. This indicates a stronger interaction between nickel oxide species and the Sr-modified support matrix, in comparison with the Sr-free sample. It also shows that Sr-promotions lead to a decrease in reducibility, as confirmed by the uptake of hydrogen (Table 20). In order to determine the total basicity and to investigate the way of adsorption and interaction of the CO2 molecules with the catalyst surface [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF], CO2-TPD experiments were carried out for all the studied samples. As reported in Figure 57, for all the samples, similar desorption peaks can be observed. In agreement with the literature, these peaks can be easily divided into three contributions corresponding to low, medium and strong basic sites depending on the desorption temperature. The first 'region' located at low adsorption temperatures (< 200°C) can be assigned to weak basic sites provided surface type Bronsted OH -groups, the second adsorption region situated between 200 and 400°C can be attributed to moderate basic sites with metal-O 2-pairs [START_REF] Staudt | Ceria reoxidation by CO2: A model study[END_REF], while the third adsorption region at higher temperatures (> 400°C) can be ascribed to high strength basic sites [START_REF] Kumar | Nickel-Based Ceria, Zirconia, and Ceria-Zirconia Catalytic Systems for Low-Temperature Carbon Dioxide Reforming of Methane[END_REF]. The corresponding values for the CO2 uptake are given in Table 20. According to the literature [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Siakavelas | Highly selective and stable nickel catalysts supported on ceria promoted with Sm2O3, Pr2O3 and MgO for the CO2 methanation[END_REF][START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF], it is admitted that the contribution of medium basic sites is considered to be beneficial for CO2 methanation reaction. NiCZ catalyst possessed basic sites, exhibiting only small amounts of desorbed CO2 in the low and high-temperature regions, while high amounts were detected in the medium region (Figure 57 & Table 20). Depending on the type of the promoter, a

Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation. modification in the basicity distribution was observed, in accordance with the literature [START_REF] Guo | The difference of roles of alkaline-earth metal oxides on silica-supported nickel catalysts for CO 2 methanation[END_REF][START_REF] Liu | The distributions of alkaline earth metal oxides and their promotional effects on Ni/CeO2 for CO2 methanation[END_REF][START_REF] Tsiotsias | The Role of Alkali and Alkaline Earth Metals in the CO2 Methanation Reaction and the Combined Capture and Methanation of CO2[END_REF]. The investigation of basic properties showed that the addition of the promoters (Gd 3+ , Y 3+ and Co 2+ ) not only increases the total number of basic sites of the catalyst, but also it predominantly increments that of moderate basic sites. On the other side, it was found that the addition of Gd to NiCZ catalyst leads to the highest percentage of moderate basic sites.

Otherwise, a larger amount of desorbed CO2 was observed at high temperatures for NiCZ-Sr that registered the highest amount of total basicity. Besides according to the literature [START_REF] Staudt | Ceria reoxidation by CO2: A model study[END_REF][START_REF] Yan | Improved stability of Y 2 O 3 supported Ni catalysts for CO 2 methanation by precursor-determined metal-support interaction[END_REF], the CO2 adsorption follows a similar trend with the oxygen vacant sites (defect sites) that are usually located at the surface (the most significant ones) for the CO2 adsorption, subsurface and bulk. In conclusion, we have demonstrated that the additives have a significant impact on the physiochemical properties of the catalysts. Indeed, their incorporation has altered the distribution of the basic sites on the surface of the catalysts, which contributed to a difference in the way of adsorption and activation of CO2. Additionally, a switch in the Nisupport interaction and the crystallite sizes of Ni metal and CZ was found. This latter could influence the oxygen vacancy and the redox cycle which are the main factors that condition the operation of this process. 

Determination of the dielectric properties of the packing materials

According to the literature, the performance of DBD reactor in terms of conversion and the yield of products clearly depends on different parameters such as the configuration of the reactor, the background gas, the flow rate of the gas and the catalyst-packing (dielectric constant, porosity, specific surface area, size and shape of the particles) [START_REF] Taheraslani | Coupling of CH4 to C2 Hydrocarbons in a Packed Bed DBD Plasma Reactor: The Effect of Dielectric Constant and Porosity of the Packing[END_REF][START_REF] Mei | Plasma-assisted conversion of CO 2 in a dielectric barrier discharge reactor: understanding the effect of packing materials[END_REF][START_REF] Gallon | Effects of Reactor Packing Materials on H2 Production by CO2 Reforming of CH4 in a Dielectric Barrier Discharge[END_REF][START_REF] Guaitella | Dynamic of the plasma current amplitude in a barrier discharge: influence of photocatalytic material[END_REF].

Among all properties, the dielectric constant of the packing is one of the determining factors in creating a synergistic plasma-catalyst system [START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Uytdenhouwen | How process parameters and packing materials tune chemical equilibrium and kinetics in plasma-based CO2 conversion[END_REF]. However, a fundamental understanding of the interaction between plasma and packing materials, from both physical and chemical perspective, in plasma CO2 methanation is still very patchy. Thus, in this part, the dielectric constants of the different packing materials were computed. To do that, the gap capacitances were first determined using the Lissajous figures in the discharge off phase (see Figure 58). The dielectric constants were calculated as described in chapter 2. The results presented in Table 21 indicates that adding promoters to NiCZ beads significantly changes the value of the gap capacitance and the dielectric constant. In fact, the presence of dielectric materials increases the overall capacitance of the plasma electric circuit due to their high dielectric constant compared to a non-packed (empty) reactor. The trend in the value of the dielectric constant ε follows the order: NiCZ-Sr< NiCZ-Gd< NiCZ-Y< NiCZ-Co < NiCZ-Mn< NiCZ-La< NiCZ < NiCZ-Cu. This variation of dielectric constant could be explained by the difference Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

153 in the ionic radius of the dopant cations as reported elsewhere [START_REF] Kim-Lohsoontorn | Gadolinium doped ceria-impregnated nickelyttria stabilised zirconia cathode for solid oxide electrolysis cell[END_REF][START_REF] Chockalingam | Praseodymium and gadolinium doped ceria as a cathode material for low temperature solid oxide fuel cells[END_REF][START_REF] Yang | Effects of Dopant Ionic Radius on Cerium Reduction in Epitaxial Cerium Oxide Thin Films[END_REF][START_REF] Sk | Structural and ionic transport mechanism of rare earth doped cerium oxide nanomaterials: Effect of ionic radius of dopant cations[END_REF][START_REF] Eyring | Handbook on the Physics and Chemistry of Rare Earths[END_REF].

Furthermore, the breakdown voltage for each of the different materials was also measured and is presented in Table 21. From this table, it can be seen that by increasing dielectric constant, the threshold voltage for plasma ignition decreases. This result correlates well with other studies that have demonstrated that a higher dielectric constant should give rise to a higher electric field strength in the gas gap and between two packing beads, and thus to a lower breakdown voltage [START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF]. The lowest breakdown voltage was registered for the NiCZ and for the promoted NiCZ-Cu catalysts, owning to their highest dielectric constants and gap capacitances. Moreover, the gap breakdown voltage was calculated and is presented in Table 21. A similar trend as the breakdown voltage was found with more pronounced values.

It was shown that materials with low dielectric constants increases the values of gap voltages.

A) B)

Figure 58. Lissajous figures for the different packed materials tested when Plasma Off (UA<UB) Similar phenomena were already observed in several studies [START_REF] Taheraslani | Coupling of CH4 to C2 Hydrocarbons in a Packed Bed DBD Plasma Reactor: The Effect of Dielectric Constant and Porosity of the Packing[END_REF][START_REF] Yu | Characteristics of the Decomposition of CO2 in a Dielectric Packed-Bed Plasma Reactor[END_REF][START_REF] Mei | Plasma-assisted conversion of CO 2 in a dielectric barrier discharge reactor: understanding the effect of packing materials[END_REF][START_REF] Duan | Effect of dielectric packing materials on the decomposition of carbon dioxide using DBD microplasma reactor[END_REF][START_REF] Ray | CO 2 decomposition in a packed DBD plasma reactor: influence of packing materials[END_REF][START_REF] Zhou | DBD Plasma-ZrO2 Catalytic Decomposition of CO2 at Low Temperatures[END_REF][START_REF] Tu | Plasma-catalytic dry reforming of methane in an atmospheric dielectric barrier discharge: Understanding the synergistic effect at low temperature[END_REF].

Effect of Packing Materials on Discharge Electrical Characteristics

According to the literature, by adding a packing bed, the discharge mode varies from filamentary discharge with a few current spikes that decays rapidly, to a mode of filamentary discharge combined with surface discharge, where more discharge current pulses are produced. Thus, the introduction of packing materials into the DBD reactor has a promotional effect on the discharge characteristics, as the total transferred charge increases (Figure 59).

For a DBD reactor without any packing, the charge transferred after half a period at 14 kV is only about 0.015 μC. Under the same applied voltage, with a packed reactor, the transferred charge is approximately 2 to 5 times higher compared to the non-packed DBD, depending on the nature of the packed material. Table 21 summarizes the transferred charge after half a period measured by Lissajous figures at 14 kV for all the tested catalytic materials. It can be observed that the charge increases when the dielectric constant of the packed material increases. This trend can be explained by the fact that for a given total applied voltage, the Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

higher is the dielectric constant of the packing material, the higher is the electric field strength between 2 pellets, resulting in more electrical charges generated and transferred per halfcycle of the applied voltage. A similar evolution was observed elsewhere [START_REF] Mei | Plasma-assisted conversion of CO 2 in a dielectric barrier discharge reactor: understanding the effect of packing materials[END_REF][START_REF] Guaitella | Dynamic of the plasma current amplitude in a barrier discharge: influence of photocatalytic material[END_REF]. The impact of the various packing materials on the power dissipated in the discharge as a function of the applied voltage is presented in Figure 60. It should be mentioned that these results refer to the values obtained before the reaction and once this latter is triggered. Regarding DBD plasma-catalysis experiments, for all the tested catalysts, the increase of power consumption by increasing the applied voltage is logically observed. Moreover, at the same applied voltage, the values of power consumption increase with the dielectric constant on the materials, which is consistent with the results presented above, indicating a positive impact of the dielectric constant of the material on the transferred charge. Indeed, the plasma power is an indispensable key parameter that expresses the total amount of charges transferred by the plasma in a full cycle of the AC sinusoidal wave Q(t), at an input high voltage U(t). The lowest power consumption at an applied voltage of 12 kV was thus registered for the packing material with the lowest dielectric constant, NiCZ-Sr. Finally, these results indicate that a high dielectric constant of the packing increases the magnitude of micro-discharges, and reduces the resistance of the reactor, resulting in higher leakage current density [START_REF] Lee | Interface-controlled high dielectric constant Al 2 O 3 /TiO x nanolaminates with low loss and low leakage current density for new generation nanodevices[END_REF] and power dissipation in reactor [START_REF] Uytdenhouwen | How process parameters and packing materials tune chemical equilibrium and kinetics in plasma-based CO2 conversion[END_REF]. Interestingly, for all the tested materials, a similar trend in the CO2 conversion was observed.

An increase in the CO2 conversion was initially noticed with the injected power, followed by a slight decrease depending on the material used, once a specific power was reached. Besides, the largest differences in activity between the catalysts were recorded at the lowest power consumption. From the results obtained herein, it can be deduced that the power value needed for reaction initiation depends on the catalyst materials. On the other hand, it was found that the catalysts with the highest dielectric constants (NiCZ, NiCZ-Cu, and NiCZ-La)

were those for which a power of 8 W was required to launch the reaction. The maximum conversion achieved in this hybrid system was different according to the materials used. In general, the highest conversions were obtained with the catalysts characterized by low dielectric constants that could initiate the reaction at the lowest power. For instance, a maximum CO2 conversion of about 85% was obtained by using NiCZ-Gd catalyst (ε=12.6)

whereas by using NiCZ (ε=35), the maximum conversion achieved was only 73%. Thus, with NiCZ-Gd, to obtain a CO2 conversion of 85%, only 7 W was needed, with a temperature around 240°C. For the other materials, and at the same power of 7 W, either there was no reaction, or the conversions were around 65%. At last, the results presented in Figure 61.A indicate that the least active catalysts are the promoted NiCZ-Cu and NiCZ-La. While, the NiCZ-Y and NiCZ-Co catalysts seem to be quite similar in terms of their total activity and the most active one is the NiCZ-Gd catalyst. To conclude, it was demonstrated that doping NiCZ with a suitable promoter such as gadolinium generates beneficial effect on catalytic performances in terms of CO2 conversion and power consumption. In contrast, adding Cu, Mn, Sr and La leads to a decline in electrical performance and activity to some extent. As for the CH4 and CO Indeed, at a power consumption of around 8 W, the addition of Gd and Y was found to improve the CH4 selectivity from 95% up to 98%. On the other hand, a CH4 selectivity lower than 95%

was obtained for NiCZ-La and NiCZ-Sr. Regarding the CO selectivity, adding promoters generally leads to a significant increase of the CO formation, except for Gd and Y promoters.

Comparing the catalytic performance in terms of SCH4 and SCO, we have found that NiCZ-Gd sample registers the highest SCH4 and the lowest SCO for the whole power consumption range. Hence, based on the results reported above, it is evident that NiCZ-Gd catalyst delivers superior performances among all the other catalysts. To confirm the high activity of NiCZ-Gd catalyst, a long-term experiment was performed for 15 h. It was found that NiCZ-Gd exhibits the same conversion, selectivity and energy efficiency after 15 h compared to 3h runs (Figure 62). Consequently, these experiments explored the activity of methanation reaction for different applied voltage and power consumption using different catalysts. For a better understanding of the different behaviors, especially the change of power consumption and

Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

159 the catalyst activity, the respective influences of the electrical and physicochemical properties will be discussed below in the next sections. 

Physical and Chemical properties controlling the activity in plasma catalytic conditions

As discussed above, the promoted catalysts are nanoporous materials with the same NiCZ carrier with similar particle sizes, specific surface areas and surface roughness (see Table 19); however, their dielectric constants were found to be significantly different which can deeply affect the characteristics of the discharge. In the previous section (c.f. 4.3.4), the catalytic activity was only studied as a function of power. Since power is a parameter that reflects both the applied voltage and the transferred charge, the respective influences of these two

Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation. 160 parameters were separately analyzed. Figure 63 presents first the molar fluxes of CH4 and CO produced versus the charge transferred in half a period. One could expect an increase of CH4

and CO with the transferred charge, as the electrons generated in the gas gap are usually considered as the species that initiate the conversion of CO2 in plasma processes [START_REF] Michielsen | CO2 dissociation in a packed bed DBD reactor: First steps towards a better understanding of plasma catalysis[END_REF]. As reported in Figure 63.B, the obtained results for CO follow this tendency. On the other hand, for CH4, an opposite trend is observed as the molar flow of CH4 produced globally drops with the charge transferred. On NiCZ based catalysts [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF], we assumed that CO2 vibrationally excited in its bent configuration adsorbs on the catalyst surface on which it forms carbonates intermediate species. These carbonates are then reduced yielding methane through a redoxtype mechanism. Thus, the electrical discharge in the gaseous gap volume should ideally generate just enough electrons to vibrate and excite CO2 [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF]. Indeed, with much higher charge transferred, the CO2 can be dissociated into CO in the volume discharge gas gap what is counterproductive for the process [START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Ray | Dry Reforming of Methane in DBD Plasma over Ni-Based Catalysts: Influence of Process Conditions and Support on Performance and Durability[END_REF]. According to Figure 63.A, the highest production of CH4 was obtained with NiCZ-Gd with a transferred charge of only 0.025 µC.

Further increase of the charge was not beneficial for the process as it does not allow to increase the CH4 production and even causes the increase of CO production. Hence, high transferred charges do not necessarily generate high production of CH4. On the contrary they even seem to affect the performance by favoring CO production. Thereby, it can be concluded that in the conditions tested in this study, the quantity of electrons generated by the plasma discharge is not a limiting factor. Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.
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In view of the suggested redox-type mechanism, it could be hypothesized that the polarization of the catalyst material, favoring the electronic transfers at its surface, could be a key parameter in the hybrid catalytic-plasma process. Practically, the polarization of the catalyst is caused by the electrical field at its surface, the latter being proportional to the gap voltage.

Therefore, to verify this hypothesis, the molar flow of CH4 produced, corresponding to a maximum of CO2 conversion registered for each catalyst, was plotted as a function of the gap voltage in Figure 64.A. This latter clearly shows that the highest the gap voltage is, the better is the CH4 production. The surface polarization could represent then a crucial parameter for the process, explaining why better results were generally obtained with the catalysts with the lower dielectric constants. Indeed, the lower the dielectric constant of the material is, the higher is the gap voltage. Thus, these results point out the importance of the dielectric constant of the catalytic material which affects positively the polarization of the catalyst surface and negatively the charge transferred. These findings confirm once more that the dielectric constant of the catalyst is a crucial parameter for the hybrid plasma/catalytic process. Finally, catalysts with a low dielectric constant should be chosen for CO2 methanation. Furthermore, a high polarization of the catalyst surface can be achieved without producing too much electrons in the gas volume. In
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these conditions, the electrocatalytic conversion of CO2 to CH4 is favored and the undesirable production of CO is prevented, resulting in the highest energy efficiency of the process. It should be noted that to the best of our knowledge, no study has shown activity and energy efficiency as high as those presented herein. In the literature, the maximum efficiency reported under the same conditions (pseudo-adiabatic without insulation, GHSV of 44000 h - 1 ) was 40% [START_REF] Bacariza | DBD plasma-assisted CO2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[END_REF][START_REF] Biset-Peiró | Adiabatic plasma-catalytic reactor configuration: Energy efficiency enhancement by plasma and thermal synergies on CO2 methanation[END_REF] against 72% in the present study.

Nevertheless, it should be noted that even though NiCZ-Sr catalyst registered the lowest dielectric constant, it did not result in the best catalytical performances. This finding indicates that the dielectric constant is not the only factor that controls the process, other factors such as the physicochemical properties, discussed below, can have significant impact on the process performances. Based on the physicochemical properties (c.f. Section 4.3.2)), it was found that the addition of the different promoters strongly modifies important features such as the Ni-dispersion, the crystal sizes, the Ni-reducibility, as well as the basicity. Figure 65 (A-B-C) present the maximum amount of CH4 produced as function of several physicochemical properties. It is well known that the presence of Ce 3+ /Ce 4+ ion pairs, the surface oxygen vacancies and the high oxygen ionic conductivity which are enhanced with smaller ceria particle sizes [START_REF] Dutta | Concentration of Ce3+ and Oxygen Vacancies in Cerium Oxide Nanoparticles[END_REF][START_REF] Kim | Critical differences in 3D atomic structure of individual ligandprotected nanocrystals in solution[END_REF], are major factors that contribute to the enhancement of CO2 methanation activity [START_REF] Wang | Deactivation mechanism of Ce/TiO 2 selective catalytic reduction catalysts by the loading of sodium and calcium salts[END_REF]. Moreover, it was found that the dopant type and valence lead to the formation of different oxygen vacancies configurations/clusters [START_REF] Campbell | CHEMISTRY: Oxygen Vacancies and Catalysis on Ceria Surfaces[END_REF]. In this work, NiCZ-Gd, that registered the highest amount of CH4 produced, shown a lattice parameter similar to NiCZ (Figure 65.A). Many studies [START_REF] Wang | Electrical and Ionic Conductivity of Gd-Doped Ceria[END_REF][START_REF] Kim-Lohsoontorn | Gadolinium doped ceria-impregnated nickelyttria stabilised zirconia cathode for solid oxide electrolysis cell[END_REF][START_REF] Thaler | Redox stability of metal-supported fuel cells with nickel/gadolinium-doped ceria anode[END_REF][START_REF] Kimpton | Investigation of electrical conductivity as a function of dopant-ion radius in the systems Zr0[END_REF] highlighted that the Ce 4+ and Gd 3+ ions have a similar size in the defect-fluorite structure, resulting in the highest oxygen-ion conductivity.

Besides, Kimpton et al. [START_REF] Kimpton | Investigation of electrical conductivity as a function of dopant-ion radius in the systems Zr0[END_REF] demonstrated, that the activation energy is minimized in various ceria-based binary systems for dopant ions that have similar size as the host cation. Moreover, it was proposed that the incorporation of larger dopants (in this case M 3+ or M 2+ ) relative to the host cations (ceria-zirconia), increases the ion-migration enthalpy and consequently decreases the oxygen-ion conductivity. As reported in Figure 65.A, Sr 2+ as a large cation, presented a high lattice parameter (the largest deviation of Lattice parameter with respect to NiCZ), thus revealing a decrease in oxygen-ion conductivity and acquiring higher potential to launch the redox cycle (the reaction did not take place below 13 kV). These results may explain the low efficiency of NiCZ-Sr even though this latter registered the lowest dielectric constant.
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According to Figure 65.B, basic properties indicate that the catalysts with moderate basic sites lead to the production of the higher selectivity in CH4, which is in agreement with the literature [START_REF] Siakavelas | Highly selective and stable nickel catalysts supported on ceria promoted with Sm2O3, Pr2O3 and MgO for the CO2 methanation[END_REF][START_REF] Ahmad | Synthesis of lanthanide series (La, Ce, Pr, Eu & Gd) promoted Ni/γ-Al2O3 catalysts for methanation of CO2 at low temperature under atmospheric pressure[END_REF][START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF][START_REF] Branco | Methanation of CO2 over nickel-lanthanide bimetallic oxides supported on silica[END_REF]. The percentage of medium basicity of the Gd-doped catalyst is higher in comparison with the other samples used herein (Figure 65.B). In contrast, the addition of Sr 2+ increased the total number of basic sites with strong type in detriment of the moderate type. These strong types increased the adsorption of CO2 by forming stable bridged and polydentate carbonates strongly linked to the catalyst surface. Besides, the relatively high medium basicity of the NiCZ-Gd catalyst could be explained by the increasing number of oxygen vacancies caused by the insertion of the Gd cations in the CZ support, in accordance with XRD evidences and lattice parameters (Figure 65.A & Table 19) and also in agreement with the results obtained by Jia et al. [START_REF] Jia | Structural effect of Ni/ZrO2 catalyst on CO2 methanation with enhanced activity[END_REF]. The authors positively correlated the oxygen vacancy concentration with the basic reactivity of O 2-sites (medium basic sites). Moreover, it was found that the addition of different promoters altered the crystallite size of Ni° (Figure 65.C & Table 19). Smaller metal particles should improve the dispersion of active sites and lead to higher catalytic activity and selectivity in CH4 [START_REF] Le | The Impact of Ce-Zr Addition on Nickel Dispersion and Catalytic Behavior for CO 2 Methanation of Ni/AC Catalyst at Low Temperature[END_REF]. According to the results presented in Figure 65.C, the poor performances obtained with NiCZ-Sr, NiCZ-La and NiCZ-Cu could be referred to their relatively high Ni crystallite size compared to the other catalytic materials.

Finally, the electrical and the physicochemical properties were both found to significatively influence the reactor performance and are essential to obtain highly active and stable catalysts for CO2 methanation. Hence, it was demonstrated that the promoter addition enables to reduce the dielectric constant of the catalytic material while maintaining a high dispersion of the nickel on the surface as well as a high percentage of medium basic sites. All these properties lead to the production of the higher amounts of CH4 along with low power consumption. The Table 23 presented below summarize and emphasize the importance of the combined effect of both physicochemical and electrical properties of the catalysts on the energy efficiency of DBD plasma-assisted CO2 methanation. The ranking of energy efficiency is as follows: NiCZ-Gd> NiCZ-Y>NiCZ-CO>NiCZ-Sr> NiCZ > NiCZ-Mn>NiCZ-La>NiCZ-Cu. Thus, the best catalysts exhibit the same physicochemical properties as those sought in conventional thermo-catalysis: high percentage of medium basic sites, low nickel crystallite size and low deviation of Lattice parameter. However, in a plasma-catalysis process, in addition to these physicochemical properties, the catalyst should have also a low dielectric constant. This explains why in Table 23, NiCZ-Y and NiCZ catalysts do not lead to the same energy efficiency despite their similar physicochemical properties. Indeed NiCZ-Y possesses different electrical properties (lower dielectric constant) compared to NiCZ. Analogously, due to their difference
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in terms of physicochemical properties, the energy efficiencies of catalysts such as NiCZ-Gd and NiCZ-Sr presenting similar electrical properties are significantly different. Hence, it is difficult to separate electrical and physico-chemical properties since (i) they are both crucial in DBD plasma-assisted CO2 methanation and (ii) they seem moreover to be interrelated to some extent. Therefore, all these properties should be controlled in order to obtain the highest efficiency in plasma-assisted CO2 methanation. 

Conclusions

In the present work, a series of promoters (Cu, Co, Mn, La, Y, Gd and Sr), were intentionally added to the composition of a Ni/CeZrOx based catalysts used in DBD plasma-catalytic CO2 methanation. The presence of these elements was found to considerably alter both the physicochemical and the electrical features of the catalysts, resulting in different plasmacatalytic performance.

Concering the electrical properties and the on-plasma behavior of these materials, the promoter's addition affected some electrical parameters, such as the burning voltage, the dielectric constant, the discharge power, and the transferred charge. Linked to electron conductivity, a higher dielectric constant was resulted in an intense ionization of the gas gap, where direct CO2 splitting and CO formation are favored. Hence, using catalyst with a low dielectric constant was found to be essential as this latter enables a polarization and a
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sufficient electric field at the catalyst surface which leads to a high catalytic efficiency at low power consumption.

Moreover, the presence of the different promoters was found to alter the structure of the CeZrOx (CZ) support, and to influence the CO2 adsorption capacity of the materials by changing the distribution of the basic sites, the dispersion of the active metal and CZ crystallite sizes. All these facts control the actual catalytic activity by affecting the oxygen storage capability, the reactivity of Ce 4+ /Ce 3+ ions and the rates of the redox cycles.

NiCZ-Gd resulted in the highest activity with 85% conversion of CO2 fully converted to methane at around 7 W. Moreover, the energy efficiency was increased from 50% with NiCZ to 72% for NiCZ-Gd catalyst. This increase in efficiency was attributed to an accurate control and choice of the electrical and physicochemical properties of the catalyst. Hence, in order to obtain the best performances, the promoter should make it possible to reduce the dielectric constant of the catalytic material while maintaining a high dispersion of the nickel on surface of the catalyst as well as a high percentage of medium basic sites. These combined facts open new perspectives for designing ceria-based materials with tailored properties by choosing suitable dopant, that allows a substantially increase in the yield of methane and improving the energy efficiency of the plasma catalytic CO2 methanation. 

Strategy adopted and motivation

As reported in the previous section, doping NiCZ with Gd or Y contributed to the highest energy efficiency. Moreover, it was shown that some physicochemical and electrical properties can influence the performance of the plasma catalysis process. However, these parameters were studied using a fixed concentration (4%) of the dopant. In this section, to confirm the hypothesis proposed in section 4.3, and try to better understand the respective roles of the electric and physicochemical properties, the impact of concentration of Yttrium, Y, on the catalytic and energetic performances is investigated. This promoter was chosen because of its good performances related in the previous section and its lower cost compared to that of Gd (rare earth metal). It should be noted that the impact of the Gd concentration was also studied and presented in Appendix II.

Y2O3 oxide satisfies also several important properties in presenting a relatively moderate
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167 permittivity [START_REF] Li | A review of research progress on CO2 capture, storage, and utilization in[END_REF][START_REF] Benoit | MIL-91(Ti), a small pore metal-organic framework which fulfils several criteria: an upscaled green synthesis, excellent water stability, high CO2 selectivity and fast CO2 transport[END_REF][START_REF] Sabetghadam | Influence of Filler Pore Structure and Polymer on the Performance of MOF-Based Mixed-Matrix Membranes for CO2 Capture[END_REF][START_REF] Ünveren | Solid amine sorbents for CO2 capture by chemical adsorption: A review[END_REF][START_REF] Pan | Advances in state-of-art valorization technologies for captured CO 2 toward sustainable carbon cycle[END_REF][START_REF] Li | Application of intelligent optimization techniques in CO2 geological storage and utilization[END_REF][START_REF] Amouroux | Carbon dioxide: A new material for energy storage[END_REF][START_REF]Carbon Capture and Sequestration (CCS) in the United States[END_REF], a relatively large bandgap (~5.5 eV), and therefore a low leakage current with a high dielectric strength [START_REF] Durand | Electrical property improvements of yttrium oxide-based metal-insulator-metal capacitors[END_REF][START_REF] Wang | Growth and Performance of Yttrium Oxide as an Ideal High-κ Gate Dielectric for Carbon-Based Electronics[END_REF]. In particular, Y2O3 is important for enabling electronic applications, including complementary metal-oxide semiconductors (CMOS) [START_REF] Wang | Growth and Performance of Yttrium Oxide as an Ideal High-κ Gate Dielectric for Carbon-Based Electronics[END_REF], metalinsulator-metal (MIM) [START_REF] Manchanda | Yttrium oxide/silicon dioxide: a new dielectric structure for VLSI/ULSI circuits[END_REF] capacitors, and intermediate temperature solid oxide fuel cells (SOFC) [START_REF] Durand | Electrical property improvements of yttrium oxide-based metal-insulator-metal capacitors[END_REF]. Furthermore, Yttrium has various applications being used to stabilize the structure of some composite oxide mixture [START_REF] Yan | Improved stability of Y 2 O 3 supported Ni catalysts for CO 2 methanation by precursor-determined metal-support interaction[END_REF]. It was confirmed that it is possible to improve the electrical characteristics by the introduction of Y2O3 to the varistor ceramics [START_REF] Nahm | Yttrium Doping Effect on Varistor Properties of Zinc-Vanadium-Based Ceramics[END_REF][START_REF] Xu | Comparative characteristics of yttrium oxide and yttrium nitric acid doping in ZnO varistor ceramics[END_REF][START_REF] Youvanidha | Investigation on the structural, optical and electrical properties of ZnO-Y2O3 (YZO) thin films prepared by PLD for TCO layer applications[END_REF]. Nahm et al. first reported that zinc-vanadium varistors doped with manganese-niobium and yttrium oxides exhibited highly nonlinear properties [START_REF] Nahm | Yttrium Doping Effect on Varistor Properties of Zinc-Vanadium-Based Ceramics[END_REF]. Moreover, Xu et al. [START_REF] Xu | Comparative characteristics of yttrium oxide and yttrium nitric acid doping in ZnO varistor ceramics[END_REF] showed that the addition of 0.16% Y(NO3)3•6H2O to the ZnO-Bi2O3-based varistor ceramics produced optimum electrical properties such as the threshold voltage, the nonlinear coefficient, and the leakage current. On the other hand, many studies have emphasized the importance of physicochemical properties of Y2O3 in promoting Ni-based catalysts performances [START_REF] Li | Y2O3-promoted NiO/SBA-15 catalysts highly active for CO2/CH4 reforming[END_REF][START_REF] Świrk | Syngas production from dry methane reforming over yttrium-promoted nickel-KIT-6 catalysts[END_REF]. It was reported that doping ceria with yttrium can lead to the enhancement of both oxygen vacancies and oxygen mobility [START_REF] Burbano | Oxygen Vacancy Ordering and the Conductivity Maximum in Y2O3-Doped CeO2[END_REF][START_REF] Guo | A Ni/CeO2-CDC-SiC Catalyst with Improved Coke Resistance in CO2 Reforming of Methane[END_REF]. Ions of Ce 4+ (0.97 Å) can be replaced by Y 3+ (0.9 Å) and form a solid solution due to their similar ionic radii [START_REF] Burbano | Oxygen Vacancy Ordering and the Conductivity Maximum in Y2O3-Doped CeO2[END_REF][START_REF] Fernández | New Hydrotalcite-like Compounds Containing Yttrium[END_REF].

Furthermore, Yttrium is also known to stabilize the structure of some composite oxide mixture [START_REF] Yan | Improved stability of Y 2 O 3 supported Ni catalysts for CO 2 methanation by precursor-determined metal-support interaction[END_REF].

Hence, in this section, the studied catalysts are labelled as NiCZ-Yx where x indicates the nominal Y loading (4 to 20.0 wt%) for the promoted catalysts. This work also provided positive suggestions for catalyst optimization and design and led to a correlation between the electrical and physicochemical properties of catalysts.

Packed-bed dielectric behavior under plasma-catalytic operation

As shown in the previous section and according to the existing literature [START_REF] Taheraslani | Coupling of CH4 to C2 Hydrocarbons in a Packed Bed DBD Plasma Reactor: The Effect of Dielectric Constant and Porosity of the Packing[END_REF][START_REF] Mei | Plasma-assisted conversion of CO 2 in a dielectric barrier discharge reactor: understanding the effect of packing materials[END_REF][START_REF] Gallon | Effects of Reactor Packing Materials on H2 Production by CO2 Reforming of CH4 in a Dielectric Barrier Discharge[END_REF][START_REF] Guaitella | Dynamic of the plasma current amplitude in a barrier discharge: influence of photocatalytic material[END_REF][START_REF] Ray | CO 2 decomposition in a packed DBD plasma reactor: influence of packing materials[END_REF], the dielectric constant of the packed-bed, i.e. its relative permittivity, is one of the most decisive factors, since it strongly determines the synergy created between the plasma and the solid catalytic material in a DBD reactor [START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Uytdenhouwen | How process parameters and packing materials tune chemical equilibrium and kinetics in plasma-based CO2 conversion[END_REF]. In the previous section 4.3, we reported a very marked influence of the composition of the catalysts on their onplasma behavior, upon doping of NiCZ with different compounds. Some dopants were able to influence the physicochemical properties such as La and Sr. The presence of these latter increased the basicity of the catalyst surface, leading to the formation of strongly adsorbed

Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation. commented before, the power input increases with the applied voltage, but the values obtained strongly depend on the composition of the catalyst placed in the packed bed. It follows the trend: NiCZ-Y7 < NiCZ-Y4 < NiCZ-Y10 < NiCZ-Y15 <NiCZ-Y20 ≈ NiCZ, with NiCZ-Y7

presenting the lowest value of power input and the lowest dielectric constant of the series. In plasma applications, high dielectric constant and high capacitances can be linked to a higher relative permittivity of the solid placed in the packed-bed, which contributes to increased power dissipation [START_REF] Uytdenhouwen | How process parameters and packing materials tune chemical equilibrium and kinetics in plasma-based CO2 conversion[END_REF]. Moreover, high dielectric constants lead to higher leakage current density [START_REF] Lee | Interface-controlled high dielectric constant Al 2 O 3 /TiO x nanolaminates with low loss and low leakage current density for new generation nanodevices[END_REF][START_REF] Nahm | Yttrium Doping Effect on Varistor Properties of Zinc-Vanadium-Based Ceramics[END_REF], resulting in lower breakdown voltages and in increased power consumption. and its mixed oxides [START_REF] Stojanović | Electrical properties of yttrium-doped Zn and Ni-Zn ferrites[END_REF][START_REF] Nahm | Yttrium Doping Effect on Varistor Properties of Zinc-Vanadium-Based Ceramics[END_REF][START_REF] Xu | Comparative characteristics of yttrium oxide and yttrium nitric acid doping in ZnO varistor ceramics[END_REF][START_REF] Youvanidha | Investigation on the structural, optical and electrical properties of ZnO-Y2O3 (YZO) thin films prepared by PLD for TCO layer applications[END_REF][START_REF] Parra | The influence of yttrium on a typical SnO2 varistor system: Microstructural and electrical features[END_REF]. For example, Youvandiha et al. studied the influence of the Y-doping at different loadings, finding that the electric behavior of these materials did not follow a linear trend with Y-content [START_REF] Youvanidha | Investigation on the structural, optical and electrical properties of ZnO-Y2O3 (YZO) thin films prepared by PLD for TCO layer applications[END_REF]. At the sight of the results obtained in the analysis of the on-plasma behavior of the different Y-doped NiCZ catalysts, we can conclude that the influence of the presence of this promoter is more than remarkable, and that an optimum in terms of power input is obtained for the less dielectric packed bed of the series, i.e. the catalyst promoted with 7 wt% Y. 

Physicochemical characterization of the catalyst: Determination of the structure and properties of catalysts

In this section, in order to go further into details on the structural properties of the catalysts studied with different concentration of yttrium, we used the method of Rietveld refinement analysis. The Rietveld method uses a least squares approach to refine a theoretical line profile until it matches the measured profile. It consists on using a mathematical convolution method to separate the peaks and to calculate an average value for each crystallite phase. The Rietveld analyses were carried out using Match! and FullProf software packages.
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Figure 67. XRD diffraction patterns for the calcined (A) and reduced (B) catalysts

Additionally, the Rietveld analysis allowed also the determination of the elemental composition of the prepared catalysts. The values presented in Table 24 are in agreement with the nominal weight percentages with a slight difference that can be due to the presence of an amorphous phase of the different compounds (mostly yttrium and nickel oxides).

The powder X-ray diffraction patterns for unpromoted and yttrium promoted NiCZ calcined and reduced catalysts are presented in Figure 67. The crystallite size of NiO, CZ and Ni° are presented in Table 24. It can be noticed that all the XRD patterns show peaks at 2θ=29.1, 33.9, 48.6 and 57.5° related to the reflection from planes ( 111), ( 200), ( 220) and (311) of Ce0.58Zr0.42O2 fluorite cubic structure (Fm3m space group) respectively [START_REF] Ferreira | A spectroscopic study of Au/CeX Zr1-X O2 catalysts[END_REF][START_REF] Ferreira Da Silva | Optical determination of the direct bandgap energy of lead iodide crystals[END_REF]. For all the catalysts, the crystallite sizes of CZ, were calculated using the Scherrer equation and were determined by averaging all the peaks of CZ (Table 24). 111), ( 200), ( 220) and ( 311) planes of cubic NiO phase respectively (JCPDS 65-5745).

As reported in Figure 67, the promoted NiCZ-Yx catalysts show similar XRD patterns as NiCZ catalyst. However, it can be seen that the presence of yttrium in Ni-containing samples leads to a slightly decrease of NiO particle sizes (Table 24) with values varying from 9.5 to 11.9 nm for promoted catalysts whereas 11.8 nm was obtained for NiCZ. This result suggests that the The smallest Ni crystallite size corresponds to NiCZ-Y7.

Crystallite sizes of CZ support for the calcined NiCZ promoted and unpromoted were also determined and are presented in Table 24. The results show that the CZ crystallite sizes of the promoted NiCZ-Yx decrease for values of x ranging from 4 to 7% and then become larger by increasing the Yttrium loading from 10 to 20 wt%. The decrease of the CZ crystallite size for (x=4 and 7wt%) can be correlated to a solid solution formation, which confirms the incorporation of the trivalent cations (Y 3+ ) into the lattice of CZ [START_REF] Vidmar | Effects of Trivalent Dopants on the Redox Properties of Ce0.6Zr0.4O2Mixed Oxide[END_REF][START_REF] Dow | TPR and XRD studies of yttria-doped ceria/␥-alumina-supported copper oxide catalyst[END_REF][START_REF] Ruhrup | Ionic Conductivity of Gd-and Y-Doped Ceria-Zirconia Solid Solutions[END_REF].

The Y-phase cannot be directly distinguished in the XRD profiles of the promoted catalysts. This is due to the fact that the peaks of the cubic structure of yttrium oxide appear implicitly at 28.89, 33.49, 48.09, and 57.08° (approximately at the same Bragg angle of CZ phase).

Besides, it could also be due to the incorporation of the Y2O3 trivalent cations in the cerium Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

zirconium oxide crystal lattice solid solution for some Yttrium loading. Indeed, NiCZ support has a lattice parameter of 5.294 A°, while the promoted-based NiCZ systems showed lattice parameters ranging from 5.287 to 5.303 A°, indicating a partial substitution of the CZ support with smaller trivalent cations for some catalysts (low Y concentration). On NiCZ-Y7 catalyst, a similar lattice parameter (very close) to NiCZ was observed. Similar phenomena were reported previously on Y based catalysts [START_REF] Li | Y2O3-promoted NiO/SBA-15 catalysts highly active for CO2/CH4 reforming[END_REF][START_REF] Świrk | Syngas production from dry methane reforming over yttrium-promoted nickel-KIT-6 catalysts[END_REF]406]. In view of the XRD results presented in Figure 67, we infer that the smallest CZ particle size is obtained for NiCZ-Y7 which registered the highest surface area among all the studied Y promoted catalysts. The textural properties of various catalysts as the specific BET surface area and total pore volume calculated from a N2 adsorption isotherm using the BJH model were examined (Appendix IV.3). The reducibility of the calcined NiCZ and NiCZ-Yx (x = 4, 7, 10, 15 and 20 wt%) catalysts and the interaction between metal particles and support were investigated using H2-TPR measurements (Figure 68). The reduction profile of NiCZ reveals three main reduction peaks that overlap forming a wide H2-consumption band at temperatures from 250 to 650°C. The first peak can be assigned to the reduction of weakly adsorbed surface oxygen such as -OH or O2 species on the Ni surface and the reduction of NiOx species in weak interaction with the support [START_REF] Sun | Ni/CeO2 Nanoparticles Promoted by Yttrium Doping as Catalysts for CO2 Methanation[END_REF]. Similarly, the second broad H2-consumption peak is linked to CeO2 reduction in the mixed oxide or to the reduction of Ni-O-Ce oxides formed upon strong interaction of Nispecies with the support. Finally, the third board peak is assigned to the reduction of the bulk ceria zirconia oxide [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF]. Meanwhile, Ni 2+ cations are directly reduced to metallic Ni° without passing through any intermediate species [START_REF] Frontera | Supported Catalysts for CO2 Methanation: A Review[END_REF]. It is well known that the reducibility of Nispecies also depends on their size as well as on their interaction with the support [START_REF] Alarcón | Optimization of nickel and ceria catalyst content for synthetic natural gas production through CO2 methanation[END_REF]. It is Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

important to note that under the adopted experimental conditions, Y2O3 can only be reduced at temperatures higher than 900°C, as verified by Bellido et al. [START_REF] Bellido | Effect of the Y2O3-ZrO2 support composition on nickel catalyst evaluated in dry reforming of methane[END_REF].

Comparing the TPR profiles acquired for the non-promoted catalyst NiCZ to the one obtained for the catalysts promoted with 4 and 7 wt% Y, we can observe that the peak appearing at temperatures around 375-388°C is slightly shifted towards higher reduction temperatures.

This shift becomes more important in the case of NiCZ-Y7, pointing to smaller NiO crystallite sizes (in agreement with the results of the XRD analysis) and to a stronger interaction between the Ni-phase and the CZ support [START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF][START_REF] Kumar | Nickel-Based Ceria, Zirconia, and Ceria-Zirconia Catalytic Systems for Low-Temperature Carbon Dioxide Reforming of Methane[END_REF][START_REF] Li | Y2O3-promoted NiO/SBA-15 catalysts highly active for CO2/CH4 reforming[END_REF][START_REF] Dow | TPR and XRD studies of yttria-doped ceria/␥-alumina-supported copper oxide catalyst[END_REF][START_REF] Wang | Study of ceria-supported nickel catalyst and effect of yttria doping on carbon dioxide reforming of methane[END_REF]. On the contrary, the shoulder appearing at higher reduction temperatures, corresponding to the reduction of Ce cations in the CZ support, appears shifted to lower reduction temperatures and overlaps to the previous peak assigned to the reduction of Ni-species, pointing to an easier reduction of Ce 4+ to Ce 3+ . A further increase in the amount of Y-loaded, i.e. for the NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20 catalysts, results in several clear changes concerning the reducibility of the different species present in these materials. For NiCZ-Y10, the H2-consumption related to the reduction of Nispecies starts at lower temperatures and generates a wide and not well resolved band. This points to the presence of bigger NiO particles, poorer dispersion and lower interaction with the support, but these facts can be even more clearly observed in the TPR profiles acquired for NiCZ-Y15 and NiCZ-Y20. For these two catalysts, a separate peak appears at low reduction temperature. This peak can be linked to the presence of bigger NiO clusters, easier to reduce than well dispersed NiO (in agreement with the XRD results). Moreover, the H2 consumption band assigned to the reduction of Ce-species in the support appears shifted to higher reduction temperatures, pointing to a more difficult reducibility of Ce 4+ cations.

Summarizing, the reducibility of Ni-species and of Ce cations in the CZ matrix is affected by the presence of Y. Low Y contents (up to 7 wt%) results in an improved dispersion of the Niphase and in a stronger interaction of this active phase with the CZ support. Moreover, at Y loadings up to 7 wt%, the reducibility of the support is favored, promoting an easier reduction of Ce 4+ to Ce 3+ .

Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation. In order to determine the total basicity and to investigate the adsorption and interaction of the CO2 molecule with the catalyst surface, CO2-TPD experiments were carried out for all the non-promoted and promoted catalysts (after pre-treatment in hydrogen atmosphere in DBD plasma) (Figure 69). It is generally admitted that the contribution of medium basic sites is considered to be of advantage for CO2 methanation reaction rather than the strong sites [START_REF] Frontera | Supported Catalysts for CO2 Methanation: A Review[END_REF][START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[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]. Figure 69 shows that on all the catalytic samples, similar desorption peaks were observed. In agreement with the literature, these peaks can be easily divided into three contributions corresponding to low, medium and strong basic sites depending on the desorption temperature, i.e. low temperature (<200°C): weak basic sites; 200-400°C: moderate basic sites; and at a higher temperature (> 400°C): strong basic sites. The results of the deconvolution of the TPD profiles are presented in Table 25. Depending on the Y-loading, a change in the basicity distribution was observed, which agrees with the results presented in Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

the existing literature [START_REF] Sun | Ni/CeO2 Nanoparticles Promoted by Yttrium Doping as Catalysts for CO2 Methanation[END_REF][START_REF] Świrk | Yttrium promoted Ni-based double-layered hydroxides for dry methane reforming[END_REF][START_REF] Hayashi | Yttrium-Modified Ceria As a Highly Durable Catalyst for the Selective Conversion of Ethanol to Propene and Ethene[END_REF]. The highest percentage of moderate basic sites is registered for NiCZ and NiCZ-Y4 and NiCZ-Y7. One can note that the strong basic sites as well as the total basicity increase with the Y loading when the loading is higher than 10 wt%. Hence, the highest total basicity and the strong basic sites were registered for the NiCZ-Y20 catalyst. First of all, the NiCZ-Yx catalysts promoted with x = 4, 7 wt% Y, NiCZ-Y4 and NiCZ-Y7, are able to trigger the methanation reaction at much lower power inputs than the non-promoted catalyst NiCZ and the promoted NiCZ-Yx with high concentration of yttrium (x>=10 wt%).

Moreover, over the entire range of voltages applied, NiCZ-Y4 and NiCZ-Y7 allow higher CO2 conversions than the pristine NiCZ catalyst. For example, 68% CO2 conversion can be reached at only 5 W power input in the presence of NiCZ-Y7 catalyst. The presence of Y at x = 4 and 7 wt% is therefore highly beneficial and results in an improved plasma-catalytic activity of such Y-promoted catalysts compared to NiCZ. However, at Y-loadings higher than 7 wt% this trend inverses and a decline in the overall performance of these catalysts is observed. Lower CO2 conversions are attained for the catalysts NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20, in comparison to NiCZ-Y4 and NiCZ-Y7. Same than for NiCZ, the power inputs for these catalysts range from 8-15.5 W, representing higher energy consumptions than the ones measured for NiCZ-Y4 and NiCZ-Y7.

The selectivity to CH4 is as well notably affected by the presence of Y, particularly at low voltages and power inputs (Figure 70.B). The catalysts NiCZ-Y4 and NiCZ-Y7 are not only the most active but also the most selective for plasma-catalytic methanation, particularly at low applied voltages. For NiCZ-Y7 and at 5 W the selectivity to methane amounts to more than 98%, reaching almost 100% selectivity at 7.5 W (78% CO2 conversion). In the presence of the non-promoted catalyst, NiCZ, the highest selectivity to CH4 (almost 100%) is only reached at much higher applied voltages and power inputs, around 13 W. Similar to NiCZ, the series of catalysts promoted with Y at higher loadings (10, 15 and 20 wt%), NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20, show less selective behavior in plasma-catalytic methanation, with selectivities to CH4 rarely surpassing 97-98%. This lack of selectivity is also reflected in the amount of CO formed during the methanation reaction. CO selectivities are shown also in Figure 70.B, and are slightly higher for NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20.

NiCZ-Y4 and NiCZ-Y7 still show the highest values of CH4 selectivity among the different catalysts assessed. An increase in CH4 selectivity is first observed for these catalysts, followed
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by its stabilization and by a slight decrease at the highest applied voltages and power inputs.

This fact could be explained by the increase of the charge transferred by increasing the applied voltage, as it was found in section 4.3.5, and as the temperature reached under plasma assistance are not higher enough to favor RWGS reaction (see Table 26). In section 4.3.5, we have shown that the electrical discharge in the gaseous gap volume should ideally generate just enough electrons to vibrate and excite CO2 [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF]. Indeed, with much higher charge transferred, (by increasing the applied voltage), the CO2 can be dissociated into CO in the volume discharge gas gap what is counterproductive for the process [START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Ray | Dry Reforming of Methane in DBD Plasma over Ni-Based Catalysts: Influence of Process Conditions and Support on Performance and Durability[END_REF]. Hence, again, high transferred charges do not necessarily generate high production of CH4. This means that most of the CO is not formed over the catalyst but in the gas phase. On the contrary they even seem to affect the performance by favoring CO production. According to Table 26, it can be noticed that the contribution in the temperature increase can be referred to the energy input (heat generated by plasma discharges) and to the exothermicity of the conversion of CO2 to CH4. In addition, the threshold temperatures for launching the reaction for all the tested catalysts were around 190°C. On the basis of the results obtained in the plasma-catalytic experiments, the energy efficiency (ɳ) was calculated at iso-conversion of CO2 (63%) for this series of catalysts and is presented as function of Y-loading in (Figure 71). As expected, NiCZ-Y7, followed by NiCZ-Y4, present the highest energy efficiencies, amounting to 64.5% for NiCZ-Y7, almost 1.3 times higher than for the non-promoted catalyst NiCZ. Let us note here that the energy efficiency obtained for NiCZ-Y7 in the present study is moreover much higher than other previously reported energy efficiencies in plasma-catalytic methanation [START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF][START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF][START_REF] Biset-Peiró | On the role of ceria in Ni-Al2O3 catalyst for CO2 plasma methanation[END_REF][START_REF] Bacariza | DBD plasma-assisted CO2 methanation using zeolite-based catalysts: Structure composition-reactivity approach and effect of Ce as promoter[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] Biset-Peiró | Adiabatic plasma-catalytic reactor configuration: Energy efficiency enhancement by plasma and thermal synergies on CO2 methanation[END_REF][START_REF] Mikhail | Electrocatalytic behaviour of CeZrO x -supported Ni catalysts in plasma assisted CO 2 methanation[END_REF]. Carbon balance is an important parameter to be considered when evaluating the performance of a catalyst in CO2 methanation. Unclosed carbon balance points to the accumulation of Cspecies on the surface of the catalytic material, which result in a passivation of its surface leading to a loss of activity with time-on-stream. Carbon balance is completely closed for NiCZ, NiCZ-Y4 and NiCZ-Y7 at 10 W (see Table 26), whereas it is not the case for the catalysts prepared at higher Y-loadings NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20. This fact consequently points to the presence of carbon species, such as reaction intermediates and/or by-products, which accumulate on the catalytic surface for NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20. The post-mortem characterization of these catalyst allowed us to gather additional information about the nature of such C-species. Temperature-programmed desorption (TPD-MS) and ATR-FTIR analyses (Appendix IV.3) evidenced the presence of strongly adsorbed C-species after the plasma-catalytic experiments for NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20. These C-species are most probably polydentate and bridged carbonates, possessing high thermal stability, especially when they are formed on oxidized CeO2 surfaces [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF]. They are not able to participate in the methanation reaction and remain stored on the surface of the catalysts, leading to its deactivation. The presence of such species indicates, therefore, that the catalytic cycle is not completed on NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20, as previously observed for NiCZ under thermo-catalytic operation [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF], as well as for La-doped and Sr-doped NiCZ [START_REF] Mikhail | Tailoring physicochemical and electrical properties of Ni/CeZrOx doped catalysts for high efficiency of plasma catalytic CO2 methanation[END_REF]. Under thermo-catalytic operation this is due to the non-efficient transfer of electrons resulting in the accumulation of C and O on the NiCZ surface, i.e. the reaction is only thermally driven in the absence of the DBD plasma. In the case of La-NiCZ and Sr-NiCZ, the accumulation of C-species
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occurs even under plasma-catalytic operation, due to the formation of strongly adsorbed and stable carbonates on La and Sr sites.

The stability of NiCZ-Y7 was further verified in a long-term plasma-catalytic methanation experiment performed during 10 h time-on-stream. The results, shown in Appendix IV.3, evidence no change in the CO2 conversion and on CH4 selectivity measured, confirming its stable behavior under plasma-catalytic operation.

Correlation between electrical and physicochemical properties

In this section, both the physicochemical properties and the electrical behavior of the Ypromoted catalysts will be discussed, aiming to correlate these features to the improved plasma-catalytic behavior observed for NiCZ-Y7 in plasma-catalytic methanation, as well as to gather additional clues on the plasma-activated reaction mechanism.

From an electrical point of view, we observed a decrease of the dielectric constant with the increase of the Y content up to 7 wt%, then an increase was measured for high contents. In order to see the influence of the electrical properties on the catalytic performance, the maximum molar flux of CH4 produced, for each catalyst, was plotted against the gap voltage in Figure 72. This latter clearly shows and confirms the tendency obtained with different catalyst in section 4.3.5. The higher the gap voltage is, the higher is the CH4 production. The surface polarization could represent then a crucial parameter for the process, explaining why better results were generally obtained with the catalysts with the lower dielectric constants. Indeed, the lower the dielectric constant of the material is, the higher is the gap voltage and the higher is the surface polarization of the catalyst. The plasma ignition in this later case between the beads occurs in the mode of surface discharges. Hence, again, the highest quantity of CH4 produced was obtained with NiCZ-Y7 catalyst (lowest dielectric constant).
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Therefore, catalysts with a low dielectric constant should be chosen for CO2 methanation with this type of NiCZ based catalyst.

However, from Figure 72, we can notice also that for approximately an identical gap voltage of about 3.3-3.4 kV (for NiCZ-Y4 and NiCZ-Y10), different performances were obtained, with an abrupt decrease of the CH4 produced for NiCZ-Y10 catalyst, indicating that other material properties must also play a key role, as discussed in section 4.3. Hence, it is necessary to investigate which physicochemical property has been significantly modified between 4 and 10% and has led to these different performances.

From the textural properties, it was found that the introduction of yttrium with different concentrations reduced slightly the total surface area. In addition, the total pore volume and average pore size of all supports were found to be diminished after the introduction of the yttrium (see Appendix IV.3), indicating a partial blocking of the pores of the support. Along with the surface area, a question arises concerning the generation (and potential influence) of plasma in the catalyst pores. It has been claimed that in order to generate plasma within the catalyst pores, the Debye length should be lower than the pore size, as revealed by particle in cell + Monte Carlo collision model simulations [START_REF] Zhang | Propagation of a plasma streamer in catalyst pores[END_REF]. The Debye length can be estimated through the following equation:

λD = √ 0 * kB * Te n * e 2
, where λD is the Debye length, 0 is the permittivity of free space (8.85 × 10 -12 F/m), kB is the Boltzmann constant (1.38 × 10 -23 J/K), e is the charge of an electron (1.6 × 10 -19 C), Te is the temperature of the electrons (K) and n is the density of electrons (m -3 ). In our plasma DBD system, Te is around 3 eV (34 800 K) and the density of electrons is approximately equal to 10 18 m -3 [START_REF] De Bie | CO 2 Hydrogenation in a Dielectric Barrier Discharge Plasma Revealed[END_REF][START_REF] Quezada | Influence of ionic conductivity and dielectric constant of the catalyst on DBD plasma-assisted CO2 hydrogenation into methanol[END_REF][START_REF] Ronda-Lloret | CO2 Hydrogenation at Atmospheric Pressure and Low Temperature Using Plasma-Enhanced Catalysis over Supported Cobalt Oxide Catalysts[END_REF].

In this case, we would have a Debye length of 13 µm, which represents three orders of magnitude larger than all catalysts' pores in this study (lower than 10 nm) (Appendix IV.3, Table 44). From this point of view, plasma cannot be created inside the catalyst pores. For pores with smaller diameters than the Debye length, the plasma can only penetrate to some extent and at very short times, i.e. at the beginning of a micro-discharge, before the actual plasma streamer reaches the catalyst surface and a sheath is formed in front of the surface [START_REF] Zhang | Propagation of a plasma streamer in catalyst pores[END_REF]. Zhang and Bogaerts studied the effect of surface charging on the formation of plasmas inside catalyst pores for small and large pores. They concluded that when the pore size is lower than 50 nm (which corresponds to this work), plasma cannot be formed inside the pores since plasma streamers at the dielectric surface will create sheath-rejecting plasma and only some
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short-lived reactive species can diffuse inside the pores. Therefore, the internal surface area (textural properties) is not an important parameter in our case and its usage could be limited in plasma catalysis.

Thereby, in the following paragraph, we will focus on the other catalyst's physicochemical properties that changed upon the addition of Y.

From the physicochemical results, from XRD, we have observed smaller crystallite sizes for the catalyst containing 7 wt% Y. It is well known, that high Ni° dispersion can contribute to enhancing the catalytic performance as reported elsewhere [START_REF] Ahmad | Synthesis of lanthanide series (La, Ce, Pr, Eu & Gd) promoted Ni/γ-Al2O3 catalysts for methanation of CO2 at low temperature under atmospheric pressure[END_REF][START_REF] Le | The Impact of Ce-Zr Addition on Nickel Dispersion and Catalytic Behavior for CO 2 Methanation of Ni/AC Catalyst at Low Temperature[END_REF]. Smaller metallic particles improve the dispersion of active sites and lead to higher catalytic activity and selectivity. Moreover, it is clear that NiCZ-Y7 which presents the lowest CZ crystallite size, (thus the highest oxygen vacancy and oxygen ionic conductivity) registered the highest energy efficiency. Besides, we have found that the lattice parameter decreases first at low Y contents (4 and 7 wt%), then increases. This is due to the incorporation of Y to the CZ lattice, but occurs to a relative low extent due to the mild calcination temperatures employed (we are far away from forming a real mixed oxide solution).

From the TPD, we have shown that the presence of Y at Y-loadings of 4 and 7 wt.% favors the presence of medium strength basic sites, whereas higher Y-contents (10 to 20) result in an increase of the presence of strong basic sites. These strong types increase the adsorption of CO2 by forming stable and polydentate carbonates strongly linked to the surface. Thus, we can conclude that the increase in surface basicity, mainly the strong basic sites negatively, has an impact on the methanation activity of ceria catalysts. This could explain the nonlinear behavior of these yttrium catalysts doped with more than 7 wt% of yttrium. However, this basicity is not the main factor justifying the increase in the energy efficiency from 50% for NiCZ to 65%

for NiCZ-Y7, since these catalysts present almost the same percentage of basicity with medium strength sites.

From the TPR, we have found that the reducibility of Ni-species and of Ce cations in the CZ matrix is affected by the presence of Y. Low Y contents (up to 7 wt%) results in an improved dispersion of the Ni-phase and in a stronger interaction of this active phase with the CZ support. Moreover, at Y loadings up to 7 wt%, the reducibility of the support is favored, promoting an easier reduction of Ce 4+ to Ce 3+ .

Hence, to recapitulate, we presented in Figure 73 the main physiochemical properties that changed upon the addition of Y versus the maximum amount of CH4 produced, with the aim of understanding the differences between the performances obtained and finding out the crucial physicochemical parameters that influence the methane production. It's clear from Figure 73 and Table 24 that the Lattice parameter measurements reveal an enlargement (with respect to NiCZ) as the concentration of the yttrium cation increased (higher than 10wt%). It was proposed in the literature [START_REF] Wang | Electrical and Ionic Conductivity of Gd-Doped Ceria[END_REF][START_REF] Kim-Lohsoontorn | Gadolinium doped ceria-impregnated nickelyttria stabilised zirconia cathode for solid oxide electrolysis cell[END_REF][START_REF] Thaler | Redox stability of metal-supported fuel cells with nickel/gadolinium-doped ceria anode[END_REF][START_REF] Eyring | Handbook on the Physics and Chemistry of Rare Earths[END_REF][START_REF] Kimpton | Investigation of electrical conductivity as a function of dopant-ion radius in the systems Zr0[END_REF][START_REF] Ruhrup | Ionic Conductivity of Gd-and Y-Doped Ceria-Zirconia Solid Solutions[END_REF][START_REF] Kilner | Fast anion transport in solids[END_REF] that the introduction of a high concentration of dopants (in this case Y 3+ ) or larger cations (relative to the host cations) distorts the oxygen-ion conduction path, changes in the ion-migration enthalpy. This leads to a decrease of the oxygen-ion conductivity which may explain the delay in the triggering of the reaction by using the NiCZ-Yx with x ≥10 wt%. The NiCZ-Yx catalysts with x ≥10 wt% present high lattice parameters, thus, acquire higher potential and power to launch the redox cycle. Hence, based on Figure 73, we can conclude that the closest is the lattice parameter of the catalyst from the host crystal (NiCZ), (the highest is the oxygen conductivity), the highest is the performance of the catalyst (Case of NiCZ-Y7).

Moreover, we can see from Figure 73 that the two main properties that changed between NiCZ-Y4 and NiCZ-Y10 are the Lattice parameter (oxygen conductivity) and the percentage of medium basic sites.

Indeed, Boaro et al. demonstrated that the remarkable redox properties and oxygen storage capacity of cerium oxide play the most important role in the methanation activity of CO2

Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation. [START_REF] Boaro | Ceria-Based Materials in Hydrogenation and Reforming Reactions for CO2 Valorization[END_REF][START_REF] Vita | Catalytic Applications of CeO2-Based Materials[END_REF]. The actual catalytic activity was controlled by the oxygen storage capability, the reactivity of Ce 4+ /Ce 3+ ions and the oxygen release/uptake characteristics (rates of the redox cycles) [START_REF] Sk | Structural and ionic transport mechanism of rare earth doped cerium oxide nanomaterials: Effect of ionic radius of dopant cations[END_REF][START_REF] Wang | Deactivation mechanism of Ce/TiO 2 selective catalytic reduction catalysts by the loading of sodium and calcium salts[END_REF][START_REF] Esch | Electron Localization Determines Defect Formation on Ceria Substrates[END_REF]. The existence of the oxygen vacancies could be accompanied by the presence of Ce 3+ in the cerium oxide particles. Since the Ce 3+ comes from the cerium oxide defects, the number of surface defects will increase with the decrease in size of cerium oxide particles [START_REF] Dutta | Concentration of Ce3+ and Oxygen Vacancies in Cerium Oxide Nanoparticles[END_REF][START_REF] Kim | Critical differences in 3D atomic structure of individual ligandprotected nanocrystals in solution[END_REF]. Furthermore, it was assumed that Ce 3+ species plays a crucial role in the excellent CO2 methanation performance under the combination of DBD plasma with NiCZ catalyst due to the presence of a high ratio of Ce 3+ /Ce 4+ together with oxygen vacancies [START_REF] Mikhail | Electrocatalytic behaviour of CeZrO x -supported Ni catalysts in plasma assisted CO 2 methanation[END_REF].

Besides, it must be mentioned that also the location, the energy of the oxygen vacant sites and oxygen ionic conductivity are very important. In several analysis and studies [START_REF] Wang | Electrical and Ionic Conductivity of Gd-Doped Ceria[END_REF][START_REF] Kim-Lohsoontorn | Gadolinium doped ceria-impregnated nickelyttria stabilised zirconia cathode for solid oxide electrolysis cell[END_REF][START_REF] Thaler | Redox stability of metal-supported fuel cells with nickel/gadolinium-doped ceria anode[END_REF][START_REF] Eyring | Handbook on the Physics and Chemistry of Rare Earths[END_REF][START_REF] Kimpton | Investigation of electrical conductivity as a function of dopant-ion radius in the systems Zr0[END_REF][START_REF] Ruhrup | Ionic Conductivity of Gd-and Y-Doped Ceria-Zirconia Solid Solutions[END_REF][START_REF] Kilner | Fast anion transport in solids[END_REF], it was assumed that the Ce 4+ and Y 3+ ions present similar sizes in the defect-fluorite structure. This later results in a very high oxygen-ion conductivity (proportional until some concentration extent (2.5 mass%). They have shown that by increasing the Y2O3 concentration over a certain limit, both the surface ionic conductivity and the mobility of the oxygen ions decrease [START_REF] Munteanu | Temperatureprogrammed reduction of lightly yttrium-doped Au/CeO2 catalysts: Correlation between oxygen mobility and WGS activity[END_REF]. Additionally, Atribak et al., found similar trends, that increasing the yttrium atomic ratio harms on the activity with respect to lower yttrium loading. They showed by XPS that yttrium is mainly accumulated at the surface of the particles, a progressive decrease of the cerium amount and surface cerium depletion on the surface occurs by increasing the yttrium loading [START_REF] Atribak | Role of yttrium loading in the physico-chemical properties and soot combustion activity of ceria and ceria-zirconia catalysts[END_REF]. Wang et al. reported a similar non-linear influence of the Y-content on the oxygen ionic conductivity of pure CeO2 [START_REF] Wang | Oxygen-ion conductivity and defect interactions in yttria-doped ceria☆[END_REF]. Two regions were therefore observed: i) the low-concentration range, in which the ionic conductivity increases due to favored coulombic interactions, and ii) the high-concentration range (>1 moL% Y2O3), in which the oxygen ionic conductivity decreases, contradicting the default theory of nonstoichiometric oxides and for which the concept of "free vacancy" is no longer applicable. This seems to be a consequence of the modification of the non-stoichiometric behavior and the ion conductivity of the support upon Y-doping. Jury et al. reported in their study that the role Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.

to
of the oxygen ionic conductivity of the catalyst is a crucial parameter in plasma-assisted CO2 hydrogenation. They found that the lower the value of the ionic conductivity, the better the CO2 conversion into CO. Indeed, low oxygen ionic conductivity enhances the density of the plasma in the gas volume and increases the dissociation of CO2 [START_REF] Quezada | Influence of ionic conductivity and dielectric constant of the catalyst on DBD plasma-assisted CO2 hydrogenation into methanol[END_REF].

Hence, according to the literature and the results obtained, we can relate the differences of the catalytic activity registered for NiCZ-Y4 and NiCZ-Y10 to the difference of their oxygen ionic conductivity that influence highly the redox cycle, the plasma type (volume or surface discharge) and therefore the methane production. Hence, the oxygen conductivity could be a crucial parameter in our process (as it was hypothesized in part 4.3.5) and should be tailored to obtain high performances and stable operation of the redox cycle.

Therefore, we can confirm that in addition to the dielectric constant, the lattice constant (that reflect the oxygen conductivity) with the surface basicity could constitute crucial parameters for developing a highly active catalyst in CO2 plasma catalytic hydrogenation process, as it was reported in the section 4.

To summarize, Y-incorporation into the lattice of the support at such relative low contents (4 and 7 wt.%) but particularly at 7 wt.% (NiCZ-Y7), confirmed by the lattice constant calculation, resulted in: an improvement of the Ni dispersion, a high oxygen ionic conductivity and a high reduction of Ce 4+ cations in the CZ matrix (CZ non-stoichiometric behavior is favored). This last fact, i.e. the improved reducibility of the CZ support, results in a more important contribution/presence of medium strength basic sites, which favor the adsorption of CO2 in the form of mono and bi-dentate carbonates. Besides, an improvement of the dispersion of the Ni-phase, leads to a decrease of the dielectric constant. Indeed, the lowest dielectric constant was registered for NiCZ-Y7 that own the lowest Ni° metal crystallite size. Hence, we can say from these results that a high dispersion of Nickel (low crystallite size of Ni° metal) could result in low dielectric constant of the catalytic bed. The low dielectric constant of this material (NiCZ-Y7) results in a lower energy dissipation and high polarization of the catalyst surface in the plasma-catalytic process. Therefore, in general, an equilibrium must exist between the transfer of electrons and the transfer of oxygen, which in this case is favored upon doping with 7 wt.%. We can also say that this is due to the interaction and the incorporation of Y into the host crystal of CZ. This interaction does not exist for other promoters (for example, La, Cu, Sr) and for high concentration of Yx (with x>=10%), but we
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can consider it to be very similar to the case of Gd, whose addition resulted as well in a notably improved overall plasma-catalytic performance. Thus, to conclude, we have demonstrated that the physicochemical and electrical properties can influence the energy efficiency and the activity of the process in terms of CO2 conversion and methane yield. However, it is difficult to separate these parameters since each one can influence the other and they are all crucial for high performance.

Conclusions

The catalytic performances of Yttrium promoted NiCZ were investigated in a DBD plasmaassisted reactor for CO2 methanation reaction and were discussed in line with electrical and physicochemical characterizations of calcined, reduced, and spent catalysts. Results showed that the addition of Y to the NiCZ catalyst first affected the Lissajous plots and the plasma electrical parameters. On the other hand, it was found that the addition of Y also influenced the CO2 adsorption capacity of the materials by changing the distribution of the basic sites, the dispersion of active metal and impacted the nickel/support interaction. Besides, depending on the yttrium loading, different Lattice parameter and CZ crystallite size were obtained. These properties controlled the actual catalytic activity by affecting the oxygen storage capability, the reactivity of Ce 4+ /Ce 3+ ions and the rates of the redox cycles. The promotion with 7 wt% Y (NiCZ-Y7) resulted in the highest activity with 81% conversion of CO2 fully converted to methane at 8.5W. Hence, the incorporation of Yttrium to the NiCZ led to an increase in the energy efficiency from 51% using NiCZ until 64.5% using NiCZ-Y7. Moreover, it should be highlighted that a nonlinear effect was observed by increasing Y loading to more than 7 wt%, where a decline in electrical performances and activity was registered. An optimum of yttrium loading was found necessary to obtain a maximum of energy efficiency.

This was attributed to some important electrical and physicochemical properties as low dielectric constant, high content of medium basic sites, moderate Ni crystallite size, high oxygen vacancy and ionic conductivity and rapid Ce 4+ /Ce 3+ redox cycle rate. At last, finding the right correlations between catalyst properties and reaction performance remains a challenge in this field.

General conclusion

In this chapter, various compounds from the periodic table covering alkali, alkaline earth metals, lanthanides, transition and some of the typical rare earth metals were selected, e.g.
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186 Na, K, Cu, Co, Mn, La, Y, Gd and Sr, for their dielectric properties, and their physicochemical characteristics. These compounds were added intentionally to the composition of a Ni/CeZrOx catalyst, with same and different concetrations and tested in DBD plasma-catalytic CO2 methanation. The influence of physicochemical properties was examined by X-Ray Diffraction, N2 adsorption/desorption, H2-TPR, CO2-TPD, TPD-MS and FTIR spectroscopy. Moreover, the measurement of the dielectric constant of each catalyst was also performed. The aim behind this manipulation was to study the synergy between the plasma and the catalyst, and to investigate the crucial electrical and physicochemical properties that can influence the energy efficiency of the process. The activities and properties of these catalysts were investigated and compared in the same rector configuration and with the plasma processing parameters and operating conditions. We have found that the presence of these compounds alters considerably both the physicochemical and the electrical features of the catalysts, resulting in various plasma-catalytic performances.

A catalyst with a low dielectric constant was found to be essential as this latter enables a high polarization and a sufficient electric field at the catalyst surface which leads to high catalytic efficiency at low power consumption. In these conditions, the electrocatalytic conversion of CO2 to CH4 is favored and the undesirable production of CO is prevented.

These electrical properties are crucial in our process, however, they must be complemented by adequate physicochemical properties to attain high efficiency and stability of the catalyst (i.e. NiCZ-Sr a catalyst with low dielectric constant but it resulted in a low performance and stability due to its strong basic properties).

Moreover, we have found that the promoter cation radii or its concentration should be adequate with the host crystal of CZ (case of Gd and Y at low concentration). This latter case could result in high defect CZ structure, prompt to form high oxygen vacancies, in other words, high oxygen ionic conductivity which therefore enhanced the reduction of the Ce-phase, the reactivity of Ce 4+ /Ce 3+ ions, and the rates of the redox cycles. All these facts control the actual catalytic activity by ensuring an oxygen transfer to ensure an efficient redox cycle and preventing the carbon and oxygen accumulate on the support's surface.

Furthermore, we have found that an increase of the strong basic sites results in the fixation of CO2 in the form of strongly adsorbed species, i.e. polydentate and bridged carbonates, that are not able to participate in the plasma-catalytic cyclic mechanism (case of NiCZ-K, NiCZ-La, and NiCZ-Sr).

It is therfore necessary to find the best compromise between the electrical properties (that influence type of plasma discharge, polarization of the catalyst, and the transfer of electrons)

and the physicochemical properties of the material (transfer of oxygen that govern the redox cycle, and the surface basicity that control the way of CO2 adsorption) in order to obtain the best performances.

NiCZ-Gd was found to be the best catalyst in terms of CO2 conversion methane. Moreover, the energy efficiency was increased from 50% with NiCZ to 72% for NiCZ-Gd catalyst. This increase was attributed to the accurate control and the suitable choice of the electrical and physicochemical properties of the catalyst. Hence, to obtain the best performances, the promoter should have an adequate cation radii with the host crystal (CZ) to ensure a high oxygen conductivity which is essential for the redox cycle and should make it possible to reduce the dielectric constant of the catalytic material while maintaining a high dispersion of the nickel on the surface of the catalyst as well as a high percentage of medium basic sites (see Figure 74). These combined facts open new perspectives for designing ceria-based materials with tailored properties by choosing suitable dopant, that allows a substantial increase in the yield of methane and improving the energy efficiency of the plasma catalytic CO2 methanation. This makes plasma catalysis a promising technology not only applicable in a scale-out plasma catalytic reactor but also on an industrial scale in the longer term. Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO 2 methanation.

State of the art

A major challenge in the use of plasma for CO2 conversion is how to further enhance the energy efficiency of the plasma process to make it more competitive and attractive. In chapter 4, we have demonstrated that the combination of DBD with suitable catalysts could be one promising option to achieve this objective, which is in agreement with other studies [START_REF] Chung | Review of catalysis and plasma performance on dry reforming of CH4 and possible synergistic effects[END_REF][START_REF] Whitehead | Plasma-catalysis: the known knowns, the known unknowns and the unknown unknowns[END_REF][START_REF] Whitehead | Plasma catalysis: A solution for environmental problems[END_REF][START_REF] Mei | Conversion of CO 2 in a cylindrical dielectric barrier discharge reactor: Effects of plasma processing parameters and reactor design[END_REF].

Optimization of hybrid plasma-catalytic process involves optimization of the entire system, including the operating conditions of the plasma, the reactor design, and the physical and chemical composition of the catalyst itself. In addition to the physicochemical and electrical properties of the catalyst, which were revealed in Chapter 4 to be very important and whose control is essential for high process activity, the plasma processing parameters and the reactor design should not be overlooked. Numerous studies in the literature have focused on the effect of such parameters plasma processing parameters and operating conditions (e.g. frequency, discharge power, addition of inert gas…) in the context of CO2 reforming and dissociation as largely detailed in chapter 1 [START_REF] Van Laer | Influence of Gap Size and Dielectric Constant of the Packing Material on the Plasma Behaviour in a Packed Bed DBD Reactor: A Fluid Modelling Study: Influence of Gap Size and Dielectric Constant…[END_REF][START_REF] Chung | Review of catalysis and plasma performance on dry reforming of CH4 and possible synergistic effects[END_REF][START_REF] Uytdenhouwen | A packed-bed DBD micro plasma reactor for CO 2 dissociation: Does size matter?[END_REF][START_REF] Mora | Alumina and quartz as dielectrics in a dielectric barrier discharges DBD system for CO 2 hydrogenation[END_REF][START_REF] Mora | Alumina and quartz as dielectrics in a dielectric barrier discharges DBD system for CO 2 hydrogenation[END_REF][START_REF] Butterworth | Effects of particle size on CO 2 reduction and discharge characteristics in a packed bed plasma reactor[END_REF][START_REF] Aerts | Carbon Dioxide Splitting in a Dielectric Barrier Discharge Plasma: A Combined Experimental and Computational Study[END_REF][START_REF] Tu | Plasma-catalytic dry reforming of methane in an atmospheric dielectric barrier discharge: Understanding the synergistic effect at low temperature[END_REF][START_REF] Mei | Conversion of CO 2 in a cylindrical dielectric barrier discharge reactor: Effects of plasma processing parameters and reactor design[END_REF][START_REF] Khoja | Dry reforming of methane using different dielectric materials and DBD plasma reactor configurations[END_REF][START_REF] Ramakers | Effect of Argon or Helium on the CO2 Conversion in a Dielectric Barrier Discharge[END_REF][START_REF] Bahri | Impact of design parameters on the performance of nonthermal plasma air purification system[END_REF][START_REF] Ozkan | The influence of power and frequency on the filamentary behavior of a flowing DBD-application to the splitting of CO 2[END_REF].

However, their influence on the conversion of CO2 is still not clear, even if it is a key for the optimization of the plasma processing of CO2. Recently, several studies in the literature underlined that the applied discharge frequency can modify the plasma properties and the products. By adjusting the driving frequency for the plasma, several pathways can be turned on or off depending on the lifetime of the reacting species [START_REF] Paulussen | Conversion of carbon dioxide to value-added chemicals in atmospheric pressure dielectric barrier discharges[END_REF][START_REF] Ozkan | How do the barrier thickness and dielectric material influence the filamentary mode and CO 2 conversion in a flowing DBD?[END_REF]. DBD reactor can be fabricated in various configurations, but planar and cylindrical geometries are frequently used.

Amongst the different geometrical parameters, we can cite the discharge gap, the discharge length and the discharge volume. For example, Tu et al. [START_REF] Mei | Conversion of CO 2 in a cylindrical dielectric barrier discharge reactor: Effects of plasma processing parameters and reactor design[END_REF][START_REF] Paulussen | Conversion of carbon dioxide to value-added chemicals in atmospheric pressure dielectric barrier discharges[END_REF][START_REF] Mei | Optimization of CO 2 Conversion in a Cylindrical Dielectric Barrier Discharge Reactor Using Design of Experiments: Optimization of CO 2 Conversion[END_REF] suggested that the reactor configuration (geometry) in DBD plasma can contribute to reactor efficiency and products selectivity. Bogaerts et al. [START_REF] Van Laer | Influence of Gap Size and Dielectric Constant of the Packing Material on the Plasma Behaviour in a Packed Bed DBD Reactor: A Fluid Modelling Study: Influence of Gap Size and Dielectric Constant…[END_REF][START_REF] Uytdenhouwen | A packed-bed DBD micro plasma reactor for CO 2 dissociation: Does size matter?[END_REF][START_REF] Ozkan | How do the barrier thickness and dielectric material influence the filamentary mode and CO 2 conversion in a flowing DBD?[END_REF], studied the effect of dielectric material packing placed in the discharge zone and concluded that the morphology of packing dielectric material is an important factor in reactor performance. However, to the best of our Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

knowledge, very limited work was dedicated to evaluate the effect of different reactor configuration and plasma parameters in the case of CO2 methanation [START_REF] Mikhail | Plasmacatalytic hybrid process for CO2 methanation: optimization of operation parameters[END_REF][START_REF] Biset-Peiró | Adiabatic plasma-catalytic reactor configuration: Energy efficiency enhancement by plasma and thermal synergies on CO2 methanation[END_REF][START_REF] Wang | Improvement of the activity of CO2 methanation in a hybrid plasma-catalytic process in varying catalyst particle size or under pressure[END_REF].

Therefore, modifying the DBD plasma processing parameters, operating conditions or developing a new reactor design could open a new avenue to improve the energy efficiency of the plasma process for CO2 methanation.

Strategy adopted and motivation

As discussed before in chapter 4, the catalyst's dielectric constant can deeply affect the characteristics of the discharge. The catalytic activity (molar fluxes of CH4 and CO produced)

was studied as a function of the transferred charge and the results showed that only a small amount of power is needed with high gap voltage (polarization of the catalysts surface) in order to enhance the CH4 selectivity. The highest production of CH4 was obtained with NiCZ-Gd (low dielectric constant), where the plasma ignition between the beads occurs in the mode of surface discharges (see chapter 4), with a transferred charge of only 0.025 µC. Thus, the electrical discharge in the gaseous gap volume should ideally generate just enough electrons to vibrate and excite CO2 [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF]. Indeed, with much higher charge transferred, the CO2 can be dissociated into CO in the volume discharge gas gap what is counterproductive for the process.

However, in chapter 4, the study of the different catalysts was conducted using the same reactor configuration and the same plasma operating conditions (f= 70 kHz, P = 1 atm, pure CO2/H2 mixture). Thereby, herein in this chapter, the aim is to study the reaction with the best catalyst found in chapter 4 under different operating conditions and various configurations of the reactor in order to see if the conclusions drawn in the previous chapter are still valid.

Therefore, an eventual role of the catalytic bed polarization was systematically investigated.

To do that, the gap voltage defined previously as the voltage applied on either side of the catalytic bed when the voltage applied at the high-voltage electrode is the breakdown voltage, was always calculated using the method presented in chapter 2. The polarization field (V/m) can be obtained by dividing the gap voltage (V) by the discharge gap (m). For a given reactor geometry, the highest the value of gap voltage is, the more the catalytic material can be polarized without the power of the plasma discharge being too high.

In the first section of this chapter, the effect of a wide range of parameters related to the plasma source (e.g. discharge frequency) and operating conditions (pressure, temperature, gas composition) on the conversion of CO2, methane selectivity and energy efficiency of the Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

193 plasma process was evaluated in a cylindrical DBD reactor.

In the second section, parameters related to the geometry of the reactor such as discharge length, type of dielectric material, and particle size were also investigated. These parameters were evaluated in DBD plasma catalytic reactor for CO2 methanation packed with the best catalyst found in chapter 4 in terms of CO2 conversion and energy efficiency (NiCZ-Gd). It should be noted that for some experiments, NiCZ-Gd and NiCZ (the reference catalyst) were investigated and compared.

Finally, the results were compared with other studies, and the limitations and future possibilities for CO2 methanation by DBD plasmas were identified.

The reactor setup is the same as described in Chapter 2. A summary of the experimental parameters used in this chapter is shown in Table 27. All calculations done are also described in Chapter 2. The effect of GHSV on the catalytic activity is presented in Appendix V. 

Impact of operating conditions influencing the generation of plasma

In this section, we will focus on studying the effect of some operation parameters which can greatly affect the nature of the plasma discharge as it was reported in chapter 1 and in the section above. Hence, the influence of the pressure, the high voltage signal frequency and the composition of the gas on the CO2 methanation in a DBD plasma catalytic reactor will be the main objective of the following section. These parameters were selected in order to ensure that the hypotheses of Chapter 4 (i.e. the polarization of the catalyst surface is a crucial parameter) are still valid. The difference between this following section and chapter 4 is that in the latter, we compared different catalysts with different physicochemical and electrical properties at the same plasma operating conditions. Whereas herein, the aim is to evaluate Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

194 the influence of the polarization of the catalyst surface with the same catalyst (same physicochemical properties) but under different plasma operating conditions.

Effect of adding inert Gas

In this part, the gas composition was varied by diluting the inlet mixture with helium. Mixtures of He/H2/CO2, where the helium concentration varies between 0 and 75%, were studied. The total gas flow rate remained constant at 200 mL/min and the H2/CO2 ratio was fixed to 4. The catalyst used is NiCZ-Gd with particle size of 30 µm. In the studies dealing with CO2 dissociation and reforming, several authors pointed out an enhancement of the conversion of CO2 to CO upon addition of Ar or He [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][START_REF] Ramakers | Effect of Argon or Helium on the CO2 Conversion in a Dielectric Barrier Discharge[END_REF][START_REF] Pinhão | Influence of Helium on the Conversion of Methane and Carbon dioxide in a Dielectric Barrier Discharge[END_REF]. They explained this behavior by the increase of the plasma power when diluting the gas mixture with He or Ar, which enhances the possibility of CO2 conversion. Additionally, these authors reported that the rates of electron impact excitation-dissociation of CO2, estimated from the electron densities and mean electron energies, are indeed higher in the CO2/Ar and the CO2/He mixtures, compared to the pure CO2 plasma. However, to our knowledge, no systematic studies on the effects of He or Ar addition on the CO2 methanation in DBD plasma were reported yet.

The first observable effect upon adding He to the inlet gas mixture was a change in the breakdown voltage, extracted from an analysis of the Lissajous figures obtained from the applied voltage, U, and discharge current, I. A clear reduction in breakdown voltage with increasing helium moLe fraction was observed as shown in Table 28. The decrease of the breakdown voltage by adding He to the inlet mixture can be partially explained by the lower probability for inelastic collisions. Indeed, in He, electron impact excitation and ionization are the only possible inelastic collisions, and they are characterized by rather high threshold energies (i.e., 24.59 and 19.8 eV for ionization and excitation of He) [START_REF] Ramakers | Effect of Argon or Helium on the CO2 Conversion in a Dielectric Barrier Discharge[END_REF]. On the other hand, for CO2, the threshold for inelastic collisions is much lower, i.e., 6.23 eV for electronic excitation, 5.52 eV for dissociation, and only 0.08 eV for vibrational excitation to the lowest vibrational levels. Furthermore, as many vibrational levels can be excited, there are many more possibilities for the electrons to participate in elastic collisions in CO2 than in He.

Moreover, the probability for recombination of electrons with He ions is also much lower than for recombination with CO2 ions, because of the absence of dissociative recombination. In conclusion, the lower probability of the electrons for inelastic collisions with He, on one hand, and for recombination with He ions, on the other hand, results in a longer mean free path of Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

195 the electrons in the He plasma. Hence, the electrons have more time to become accelerated in the applied electric field, so that lower voltages are sufficient for electrical breakdown.

Additionally, the drop in the breakdown voltage can also be explained by the reduced Townsend ionization coefficient (α/N), (where N is the concentration of neutral particles) (see chapter 1, section 1.3.3). The corresponding values, calculated with Bolsig+ [429], for different He concentrations in the inlet mixture, are presented in Figure 75.A. We can notice from this figure that the values of (α/N), are significantly larger for high concentration of He than for a pure mixture of H2/CO2. This explains the lower breakdown voltage for high concentration of He, as a larger value for (α/N), yields more electron production per unit length [START_REF] Ramakers | Effect of Argon or Helium on the CO2 Conversion in a Dielectric Barrier Discharge[END_REF], so that a lower voltage can be sufficient to initiate the plasma. This can be explained by the fact that the electrons do not lose their energy so rapidly by Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

196 inelastic collisions, because of the higher thresholds for inelastic collisions with He, as discussed above.

As a result, for a given applied voltage, the discharge power increased with the Helium percentage, as shown in Figure 76. This result is in agreement with other studies [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][START_REF] Ramakers | Effect of Argon or Helium on the CO2 Conversion in a Dielectric Barrier Discharge[END_REF][START_REF] Pinhão | Influence of Helium on the Conversion of Methane and Carbon dioxide in a Dielectric Barrier Discharge[END_REF] and is due to the highest mean electron energy and the lowest breakdown when diluting with He. The Table 28 presents also the gap capacitance Cg and the gap voltage. It can be noted that the gap capacitance was almost the same for all the conditions (with and without He), which is logical because the dielectric constant of gases does not depend on their chemical nature.

According to the results presented in Table 28, the consequence of adding He in the reactant mixture is a decrease of the gap voltage. It can be hypothesized therefore that for a given plasma power, the higher the percentage of inert gas, the less polarized the catalytic material.

From Figure 77, we can notice a lower conversion of CO2 into CH4 at a same power consumption when the helium moLe fraction increases. Also, the CO selectivity is higher in the CO2/He/H2 mixtures compared to CO2/H2 mixtures. From Figure 77.C, we can notice lower temperatures for the same energy consumption when using high concentrations of He and this can be explained by the lower conversion of CO2 shown in (Figure 77.A) which leads to a lower heat released from the exothermicity of the reaction.

Meanwhile, it is important to note that the effective amount of CO2 that is converted is not the same for different He concentrations. The reason is simply because there is less CO2 present for high concentration of He in the inlet mixture, that can be converted. Indeed, at lower CO2 fractions in the gas mixtures, a larger fraction of the energy will be consumed by Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

197 the He gas into ionization/excitation of He atoms, and only part of it (through the He ions or excited atoms) will be finally used for CO2 conversion.

Finally, in the conditions used herein for DBD plasma assisted CO2 methanation and with a NiCZ-Gd based catalyst, it was found that the addition of inert gas (He) is not beneficial in terms of CH4 yielding and energy efficiency. 

Effect of pressure

The pressures and temperatures appropriate to conventional thermal catalysis and plasma catalysis are intrinsically mismatched. Thermal catalytic processes operate at high pressures, exceeding 200 atm in some cases, to drive chemical reactions. As mentioned in chapter 1, most of the industrial thermo-catalytic plants of CO2 methanation operate at high temperatures and pressures in order to increase the rate production of methane and to avoid catalyst deactivation [START_REF] Ünveren | Solid amine sorbents for CO2 capture by chemical adsorption: A review[END_REF]. Moreover, the CO2 methanation is a volume reducing reaction and its thermodynamically favorable at high pressure. Hence, herein in this section the effect of Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

pressure on the CO2 methanation reaction in the hybrid DBD plasma-catalysis process will be studied.

For this purpose, a pressure valve regulator was put at the outlet of the plasma reactor to adjust the pressure inside the reactor. A bourdon pressure gauge was put at the inlet of plasma reactor to measure the pressure before the plasma reactor.

The experiments were performed with pressures at the inlet of the plasma reactors varying between 0 and 1.5 bars over the atmospheric pressure. It is worth to be noted that the values of the pressure mentioned in this study are the ones measured at the inlet of the reactor and that the pressure drop in the plasma reactor could be estimated negligible at around 0.08-0.1 bar for all experiments. Therefore, it can be roughly assumed that the pressure in the plasma reactor is almost equal to the pressure at the reactor inlet. The first observable effect upon increasing the pressure was a change in the breakdown voltage. A clear increase of the breakdown voltage with increasing the reactor pressure was observed as shown in Table 29. As exposed in chapter 1, according to Paschen's law, the increase in the frequency of gas collisions at high pressure results in an increase in the breakdown voltage due to the energy losses from collisions [START_REF] Abelló | Synthetic natural gas by direct CO 2 hydrogenation on activated takovites: effect of Ni/Al molar ratio[END_REF]. The energy acquired by an electron in an electric field depends on the distance on which it was accelerated, i.e. its mean free path in the gas (a few cm at low P, and of the order of tens of nm at Patm). Discharges at low pressure are therefore easy to produce, while discharges at atmospheric and high pressures are more difficult to initiate as more collisions take place [START_REF] Fridman | Plasma physics and engineering[END_REF]. Higher electric field are then required at high pressures so that the electrons reach the required ionization energy.

Table 29 presents the breakdown voltage, the gap capacitance and the gap voltage at breakdown. Logically it was observed that the breakdown voltage increases when the pressure increases. Concerning the gap capacitance, it remained approximately constant when the relative pressure rises from 0 to 1.5 bar. This was expected as for a same catalytic Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation. 199 bed, the dielectric constant of gases does almost not depend on the pressure in the studied range. Finally, the gap voltage increases when increasing the pressure (see Table 29).

Therefore, a higher polarization of the catalyst surface could be achieved at high pressure.

Figure 78 shows the plasma power measured by Q-V Lissajous method at different voltages from 12 to 18 kV under the four different pressures. It should be mentioned that these results

refer to the values obtained once the reaction is triggered. It is clear that at the same voltage, the higher is the pressure, the lower is the plasma power.

This latter is due to the fact that the plasma discharges are more difficult to be initiated at higher pressure [START_REF] Abelló | Synthetic natural gas by direct CO 2 hydrogenation on activated takovites: effect of Ni/Al molar ratio[END_REF]. This result is in agreement with what was reported elsewhere [START_REF] Wang | Improvement of the activity of CO2 methanation in a hybrid plasma-catalytic process in varying catalyst particle size or under pressure[END_REF].

Moreover, a similar trend as the one obtained experimentally was found numerically with a 1D plasma model conducted in COMSOL Multiphysics, where at the same applied voltage, the power is lower at higher pressure (see Appendix III & V).

The influence of the pressure on the catalytic performance for CO2 methanation in a plasmacatalytic hybrid process is presented in Figure 79. As depicted in Figure 79.A, the increase of the pressure inside lead to an increase of the CO2 conversion, while no difference of CO and CH4 selectivity was observed in Figure 79.B. For instance, at around 8 W, the CO2 conversion increased from 83 % to 89 % as the reactor pressure increased from 0 to 1.5 bar. Figure 79.C presents the temperature measured during the experiments as function of the plasma power.

Hence, we can conclude that in our experimental conditions, an increase of the pressure inside the plasma reactor from 0 bar to 1.5 bar led to only an increase of the CO2 conversion of 6-7%. This result could be explained by the fact that the conventional methanation reaction is thermodynamically favorable at high pressure, as mentioned before. Besides, this result could Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

200 also be explained by the enhancement of the both crucial parameters that governs the process efficiency, the capability to work at low power and high polarization of the catalyst's surface at the same time. 

Effect of the discharge frequency

For a given reactor, the plasma mode (pulse, alternating current (AC)), characteristics (high voltage amplitude, rise time, duration, frequency), and the efficiency of chemical reactions have to be considered [START_REF] Mei | Conversion of CO 2 in a cylindrical dielectric barrier discharge reactor: Effects of plasma processing parameters and reactor design[END_REF][START_REF] Ozkan | The influence of power and frequency on the filamentary behavior of a flowing DBD-application to the splitting of CO 2[END_REF]. Frequency is an important factor in plasma-chemical reactions. Several studies in the literature underlined that the applied discharge frequency can modify the plasma properties and the products. By adjusting the driving frequency for the plasma, several pathways can be turned on or off depending on the lifetime of the reacting species [START_REF] Ozkan | The influence of power and frequency on the filamentary behavior of a flowing DBD-application to the splitting of CO 2[END_REF][START_REF] Paulussen | Conversion of carbon dioxide to value-added chemicals in atmospheric pressure dielectric barrier discharges[END_REF][START_REF] Ozkan | Routes to increase the conversion and the energy efficiency in the splitting of CO 2 by a dielectric barrier discharge[END_REF]. Moreover, the energy distribution among ions and electrons is different at high frequencies, with a smaller proportion allotted to ions which are unable to respond to the quickly oscillating field due to their high mass relatively to electrons [START_REF] Valdivia-Barrientos | Analysis and electrical modelling of a cylindrical DBD configuration at different operating frequencies[END_REF][START_REF] Paulussen | Conversion of carbon dioxide to value-added chemicals in atmospheric pressure dielectric barrier discharges[END_REF].

Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.
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Thus, the frequency control may be important to optimize conversions, selectivities or power management within the plasma process. Additionally, it should be noted that the shape of the electron energy distribution function (EEDF) is different when the plasma is in the filamentary regime (high frequency) or less filamentary regime-glow regime (low frequency) [START_REF] Valdivia-Barrientos | Analysis and electrical modelling of a cylindrical DBD configuration at different operating frequencies[END_REF][START_REF] Paulussen | Conversion of carbon dioxide to value-added chemicals in atmospheric pressure dielectric barrier discharges[END_REF].

In this thesis, the effect of discharge frequency on the conversion of CO2 into CH4 using NiCZ-Gd catalyst was studied. The frequencies studied were 20, 40 and 70 kHz (Figure 80). From Table 30, we can notice that by increasing the frequency, the breakdown voltage slightly decreases. This result is in accordance with the study of Valdivia-Barrientos et al. [START_REF] Valdivia-Barrientos | Analysis and electrical modelling of a cylindrical DBD configuration at different operating frequencies[END_REF]. They showed that a DBD presents a higher memory voltage formation by charge accumulation on the dielectric surface when operating at a higher frequency. The resulting breakdown voltage is thus lowered upon an increase in the operating frequency (valid in the range of kHz). In fact, the sustaining voltage present during the plasma ignition is lower than the ignition voltage at the very beginning of the discharge process. This is due to the polarization of the dielectric surface, which is always present when the polarity of the voltage is reversed [START_REF] Paulussen | Conversion of carbon dioxide to value-added chemicals in atmospheric pressure dielectric barrier discharges[END_REF].

Furthermore, a slight change in terms of gap capacitance of the catalytic bed was evidenced by varying the frequency from 20 to 70 kHz, which could be explained by the fact that the dielectric constant of material could be also slightly modified in the limited range of the Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

202 frequency studied herein [START_REF] Stuart | Dielectric Constant of Quartz as a Function of Frequency and Temperature[END_REF][START_REF] Chen | Temperature Dependent Dielectric Properties of Polycrystalline 96% A12O3[END_REF]. Finally, the increase of the frequency from 20 to 70 kHz causes only a slight decrease of the gap voltage at breakdown from 4.4 kV at 3.9 kV.

A) B)

Figure 81. Average power dissipated (A) and energy per period (B) as a function of the voltage for various frequency.

The impact of the frequency on the power dissipated in the discharge and on the energy per period as a function of the applied voltage are presented in Figure 81 (A) and (B), respectively.

It should be mentioned that these results refer to the values obtained once the reaction is triggered. Regarding DBD plasma-catalysis experiments, for all the tested catalysts, the increase of power consumption by increasing the applied voltage is logically observed.

Moreover, at the same applied voltage, the values of power consumption increase with the frequency. Hence, in order to maintain a constant power level in the reactor, the applied voltage amplitude diminishes by increasing the frequency. This result was already reported in [START_REF] Valdivia-Barrientos | Analysis and electrical modelling of a cylindrical DBD configuration at different operating frequencies[END_REF][START_REF] Mei | Conversion of CO 2 in a cylindrical dielectric barrier discharge reactor: Effects of plasma processing parameters and reactor design[END_REF][START_REF] Ozkan | The influence of power and frequency on the filamentary behavior of a flowing DBD-application to the splitting of CO 2[END_REF][START_REF] Paulussen | Conversion of carbon dioxide to value-added chemicals in atmospheric pressure dielectric barrier discharges[END_REF][START_REF] Ozkan | Routes to increase the conversion and the energy efficiency in the splitting of CO 2 by a dielectric barrier discharge[END_REF]. In addition, the energy per period at the same applied voltage increases with the frequency (Figure 81.B). For a given power, the reason for the drop in voltage (applied voltage) and the increase of the energy in period has already been studied in detail, e.g. by Valdivia-Barrientos et al. [START_REF] Valdivia-Barrientos | Analysis and electrical modelling of a cylindrical DBD configuration at different operating frequencies[END_REF] and are related to the memory effect explained above.

To understand the effect of different frequency on NiCZ-Gd catalyst, a comparative Interestingly, for all the tested range of frequency, the classical trend in the CO2 conversion was observed. An increase in the CO2 conversion was initially noticed with the injected power, followed by a slight decrease once a specific power was reached, the latter depending on the frequency used. Besides, the largest differences in activity between the different frequencies were recorded at the lowest power consumption. From the results obtained herein, it can be deduced that the power value for reaction initiation depends on the frequency applied. In addition, it is worth to be mentioned that the temperature remained moderate between 190 and 270 °C depending on the plasma power and the frequency.

In the literature dealing with CO2 dissociation, several authors found that it is better to work at low frequency. Mei et al. reported in their study that both CO2 conversion and energy efficiency were slightly decreased when increasing the discharge frequency from 8 to 11 kHz at a constant SEI of 96 kJ/L [START_REF] Mei | Conversion of CO 2 in a cylindrical dielectric barrier discharge reactor: Effects of plasma processing parameters and reactor design[END_REF]. Paulussen et al. found that at power input levels higher than 11 W/cm 3 , the optimal frequency lies between 30 and 60 kHz. A further increase in the frequency up to 90 kHz, resulted in lower CO2-conversion [START_REF] Paulussen | Conversion of carbon dioxide to value-added chemicals in atmospheric pressure dielectric barrier discharges[END_REF]. Besides, other reports on the effect of frequencies showed no substantial variation of conversion or selectivity in the frequency range between 60 and 12 050 Hz at a constant applied voltage in an AC fan-type reactor [START_REF] Brock | Factors Influencing the Decomposition of CO2in AC Fan-Type Plasma Reactors: Frequency, Waveform, and Concentration Effects[END_REF]. Finally, in these studies, increasing the frequency has either a positive effect or no effect at all.

In the study presented herein, the opposite trend was observed as the CO2 conversion and CH4 selectivity were slightly improved by increasing the discharge frequency from 20 to 70 kHz at constant power. This time, the positive influence of the frequency cannot be explained by a better polarization of the catalyst as the gap voltage decreases when the frequency increases (see Table 30). Hence, this means there are other parameters that control the methanation reaction in DBD plasma catalytic process. A variation of the signal frequency means a variation of the time interval between two consecutives Plasma On periods. Indeed, at high frequency, the time interval between Plasma On periods is shorter than at low frequency at the same applied voltage.

According to our experimental results, the shortest is the interval time between two plasma On periods (obtained at high frequency (i.e. 70 kHz)), the lowest is the voltage and the power to sustain the reaction. This could be explained by the fact that the characteristic times of physicochemical processes (adsorption of reactants and desorption of products) are short compared to the characteristic time of the plasma generation, which can be considered as the period of the applied AC signal. Therefore, at high frequency, the cycle of plasma On/Off On is fast and could be compatible with the kinetics of the reaction and the prevention of recombination reactions.

Therefore, to summarize, it was found that in the studied range of frequencies, the highest conversion of CO2 into methane was obtained at the higher frequency of 70 kHz.

Summary of results and conclusion

In view of the suggested redox-type mechanism, and our findings in Chapter 4, we reported that the polarization of the catalyst material, favoring the electronic transfers at its surface, Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation. could be a key parameter in the hybrid catalytic-plasma process. Practically, the polarization of the catalyst is caused by the electrical field at its surface, the latter being proportional to the gap voltage. Therefore, to verify if these propositions are still valid herein and in order to draw a global conclusion on the several operating conditions studied above, we illustrate in These findings are in full agreement with our results reported in chapter 4 (section 4.3.5)

where better results in terms of CH4 production were generally obtained with the catalysts with lower dielectric constants (higher gap voltage). This behavior is presented in Figure 83 (A) and (B), in which we added the results obtained with the 2 other catalysts (NiCZ-Y and NiCZ-Co), tested in chapter 4 at f=70 kHz, 0%He and P=0 bar and resulted in a XCO2 of 81%).

Therefore, the results reported in the section 5.3 complete and endorse our propositions of Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

206 chapter 4. We can confirm then that the surface polarization can represent a crucial parameter for the process, and attest that only a small amount of power is needed when the gap voltage is high (polarization of the catalysts surface) in order to enhance the CH4's production.

Reactor design

Although a relatively high CO2 conversion was achieved by tuning the operating conditions, further optimization is necessary for improving both the conversion and the energy efficiency of the reaction, for example by optimization of the reactor geometry and the dielectric material used.

DBDs can be constructed in various geometries, depending on the application, with planar and cylindrical configurations being the most common. Amongst the different geometrical parameters, we can cite the discharge gap, the discharge length and the discharge volume.

Moreover, a DBD reactor may be constructed with one or both electrodes covered by a dielectric material, respectively referred to as either a single or double barrier configuration.

For gas conversion applications, where the formation of reactive intermediates is possible, a double barrier is the preferred configuration as it chemically isolates the electrodes from the reaction environment. Being a capacitively coupled method, several parameters such as the dielectric properties of the gas and dielectric(s) (catalyst and barriers), in combination with the time derivative of the applied voltage, govern energy transfer to the system. Next to the material of the catalyst/packing and its dielectric properties studied in chapter 4, also the material properties of the dielectric barrier can affect the interaction between the beads and the dielectric. Hence, in this part, we will discuss effect of particle size, the effect of type of dielectric material, and the discharge length on the catalytic performances of DBD plasma CO2 methanation.

Effect of particle size

Van Laer and Bogaerts mentioned in their study that the catalyst/packing size is an important feature in the reactor configuration (both through modelling and experiments for a ZrO2 packing). They reported that packing beads should have a diameter of at least 1/3 of the gap size to enhance the conversion and energy efficiency of CO2 splitting [START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF]. This result appears to be material-dependent, which is not unexpected, because the electric field enhancement is determined by the dielectric constant of the materials. Hence, herein in this thesis, we are interested in studying the effect of particle size on the catalytic activity of CO2 methanation in DBD plasma by using two types of catalysts with different dielectric constant (NiCZ and NiCZ-Gd). Two types of particle size were investigated, with P1=30 µm and P2=500µm (see Figure 84). The shaping of the catalysts with different particle size is described in detail in Chapter 2, section 2.3.1.3.b. The gap capacitances and gap voltage measured with two different particle sizes of NiCZ-Gd and NiCZ are presented in Table 31. For a given material, the results show that the breakdown voltage increases with decreasing particle size. Moreover, the gap capacitance Cg, which is dependent upon material dielectric constant, size, shape, and packing density, decreases with decreasing particle size. These results are in agreement with other studies in the literature and supports the findings of other research groups who also found an increase of the gap capacitance and decrease of the breakdown voltage by an increase of the particle size [START_REF] Michielsen | CO2 dissociation in a packed bed DBD reactor: First steps towards a better understanding of plasma catalysis[END_REF][START_REF] Uytdenhouwen | A packed-bed DBD micro plasma reactor for CO 2 dissociation: Does size matter?[END_REF][START_REF] Butterworth | Effects of particle size on CO 2 reduction and discharge characteristics in a packed bed plasma reactor[END_REF][START_REF] Bogaerts | Burning questions of plasma catalysis: Answers by modeling[END_REF].

Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation. The Figure 85 shows the effect of the particle size on the power consumption and the catalytic activity of both catalysts in DBD plasma assisted reactor at different applied voltages between 12.5 and 15 kV. It is clear from Figure 85.A, that by increasing the particle size for both catalysts, the power consumption slightly increases. This latter result can be explained by the increase of the dielectric constant of the catalyst bed and the decrease of the breakdown voltage upon the increase of the particle size. Moreover, a slight increase of the CO2 conversion at high power consumption can be detected upon increasing the particle size for both catalysts as indicated in Figure 85.B. The positive effect of increasing the particle size in terms of CO2 conversion is more pronounced for NiCZ catalyst. From Figure 85.C., it can be noted that the increase of the particle size resulted in a slight decrease of the CH4 selectivity especially for NiCZ at high power consumption.

Previous studies on the effects of particle size [START_REF] Michielsen | CO2 dissociation in a packed bed DBD reactor: First steps towards a better understanding of plasma catalysis[END_REF][START_REF] Uytdenhouwen | A packed-bed DBD micro plasma reactor for CO 2 dissociation: Does size matter?[END_REF][START_REF] Butterworth | Effects of particle size on CO 2 reduction and discharge characteristics in a packed bed plasma reactor[END_REF][START_REF] Bogaerts | Burning questions of plasma catalysis: Answers by modeling[END_REF][START_REF] Montoro-Damas | Plasma reforming of methane in a tunable ferroelectric packed-bed dielectric barrier discharge reactor[END_REF] in PBRs have not reached an overall consensus on the optimum particle size. This is due to an inherent Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

209 variability in the conditions that are used, especially reactor geometry, packing material properties and gas composition. For CO2 dissociation studies, it was identified that smaller particle sizes may inhibit formation of a discharge in the void spaces of the packed bed [START_REF] Montoro-Damas | Plasma reforming of methane in a tunable ferroelectric packed-bed dielectric barrier discharge reactor[END_REF].

In addition to this, other negative effects that are likely to occur with decreasing particle size are a reduction in reactor residence time, an increase in pressure drop through the bed, as well as an increased loss rate of reactive species and electrons. However, with consideration of all of the possible effects listed, Butterworth et al. [START_REF] Butterworth | Effects of particle size on CO 2 reduction and discharge characteristics in a packed bed plasma reactor[END_REF] demonstrates that the dominant negative effect with reducing particle size is that the reactor will be less filled with plasma caused by the inability to ignite a discharge in the void spaces of the packing material if insufficient electric field strength is applied in a PBR. The conclusions drawn in these mentioned studies apply to pure CO2 splitting where a high electric field in the gas volume is needed to dissociate CO2 into CO and cannot necessarily be generalized to other systems where the reaction does not follow the same mechanism.

However, there are also many potential positive effects from decreasing particle size such as changes to localized electric field strengths, and most importantly, a change in the nature of the discharge [START_REF] Butterworth | Effects of particle size on CO 2 reduction and discharge characteristics in a packed bed plasma reactor[END_REF][START_REF] Chen | Catalyst Size Impact on Non-Thermal Plasma Catalyst Assisted deNOxReactors[END_REF]. For example, surface discharges [START_REF] Gallon | Effects of Reactor Packing Materials on H2 Production by CO2 Reforming of CH4 in a Dielectric Barrier Discharge[END_REF] (or some other, as yet, unidentified discharge mechanism) may become increasingly dominant over micro discharges in packed beds with small particle sizes. Moreover, an increase in the number density of contact points, where discharges tend to initiate due to magnification of the electric field [START_REF] Duan | Effect of dielectric packing materials on the decomposition of carbon dioxide using DBD microplasma reactor[END_REF][START_REF] Butterworth | Effects of particle size on CO 2 reduction and discharge characteristics in a packed bed plasma reactor[END_REF]. Additionally, an increase of the density of "sharp edges" on which filamentary discharges can occur simultaneously with an enhancement solid-plasma surface area for heterogeneous catalytic reactions. Furthermore, with respect to our findings in chapter 4, a configuration with a high gap voltage and a low power consumption is the optimal one in terms of energy efficiency and CH4 production. These properties were attributed herein to the lowest particle size, which can explain its slightly higher performances at low power consumption.

To recapitulate, in general, no clear evidence and significant change were detected in terms of plasma-catalytic activity between both configurations. Thereby, the conclusions drawn in this study apply to CO2 methanation, and cannot necessarily be generalized to other systems as discussed before. To draw conclusions for other reactions, dedicated experiments should be performed.

Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

Effect of type of external dielectric

In this section, two different dielectric barriers with the same thickness (1 mm) but different relative permittivities (εr) are compared: alumina (εr = 10), and quartz (εr = 4.5). According to the literature, these εr values can be supposed constant for our conditions of frequency (between 1 kHz and 1 MHz) and temperature [START_REF] Stuart | Dielectric Constant of Quartz as a Function of Frequency and Temperature[END_REF][START_REF] Chen | Temperature Dependent Dielectric Properties of Polycrystalline 96% A12O3[END_REF]. Additional properties of the barriers are indicated in Table 33, i.e. the dimensions, the thermal conductivity from the literature and the capacitance calculated as explained in chapter 2. The first observable effect upon changing the dielectric material was a change in the breakdown voltage. A decrease of the breakdown voltage was observed by replacing the external dielectric material from quartz to alumina (Table 33) which is normal and in agreement with other studies as the permittivity of alumina is higher than the quartz [START_REF] Kundu | Experimental investigation of alumina and quartz as dielectrics for a cylindrical double dielectric barrier discharge reactor in argon diluted methane plasma[END_REF].

Furthermore, it should be noted that no significant changes in terms of gap capacitance of the catalytic bed were evidenced by varying the external dielectric material, however, a change in the dielectric capacitance was detected due to the change of the dielectric material Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

211 permittivity Table 33. Indeed, from Table 33, we can notice that the gap voltage is slightly higher in the configuration with alumina as dielectric material than the one with quartz. This is due to the fact that the Cdie with alumina as an external dielectric is higher than that with the quartz (Ugap= 𝐶𝑑𝑖𝑒 𝐶𝑑𝑖𝑒+𝐶𝑔 * UB). Relative permittivity of alumina ( 10) is higher than that of the quartz (4.5) [START_REF] Stuart | Dielectric Constant of Quartz as a Function of Frequency and Temperature[END_REF][START_REF] Chen | Temperature Dependent Dielectric Properties of Polycrystalline 96% A12O3[END_REF]), resulting in increased capacitance for a given dielectric thickness. Consequently power dissipation in the alumina reactor is greater than in the quartz reactor for a given applied voltage, due to the higher dielectric capacitance when using alumina material as an external dielectric (see Figure 87) [START_REF] Kundu | Experimental investigation of alumina and quartz as dielectrics for a cylindrical double dielectric barrier discharge reactor in argon diluted methane plasma[END_REF]. production of excited species. Similar comparative results were obtained by Shin and Raja [START_REF] Shin | Run-to-run variations, asymmetric pulses, and long time-scale transient phenomena in dielectric-barrier atmospheric pressure glow discharges[END_REF] for helium in alumina and quartz reactors at 20 kHz and Kundu et al. [START_REF] Kundu | Experimental investigation of alumina and quartz as dielectrics for a cylindrical double dielectric barrier discharge reactor in argon diluted methane plasma[END_REF].

To understand the effect of different dielectric materials on NiCZ-Gd catalyst, a comparative investigation of DBD plasma-activated catalytic CO2 hydrogenation was conducted. DBD plasma experiments were performed by applying different voltages in the range of 12.5 to 15 kV, without any external heating (pseudo-adiabatic conditions), corresponding to powers between 3.5 and 17 W, depending on the dielectric material. Figure 88 (A), (B), and (C) respectively show the evolution of CO2 conversion, CH4 and CO selectivities and temperature as a function of power consumption for the different type of dielectric materials. Interestingly, for both conditions, a similar trend in the CO2 conversion was observed. An increase in the CO2 conversion was initially noticed with the injected power, followed by a slight decrease depending on the material used, once a specific power was reached. Besides, the largest differences in activity between the dielectric materials were recorded at the lowest power consumption. From the results obtained herein, it can be deduced that the power value needed for reaction initiation depends on the dielectric materials for a given catalyst. The maximum conversion achieved in this hybrid system was different according to the dielectric material used. The highest conversion was obtained with the quartz as an external dielectric material. For instance, a maximum CO2 conversion of about 85% was obtained by using NiCZ-Gd catalyst with quartz as external dielectric (ε=4.5) whereas by using alumina as dielectric (ε=10), the maximum conversion achieved was only 75-76%. Thus, with quartz, to obtain a CO2 conversion of 85%, only 7 W was needed, with a temperature around 240-245°C. For the alumina, and at the same power of 7 W, the conversion was only around 70% with a temperature of 195°C. Then these experiments indicated that the performances in terms of CO2 conversion and power consumption are better when using quartz instead of alumina as the dielectric material. As regards the CH4 and CO selectivities, both dielectric materials present optimum values as a function of the power consumption and the use of alumina as dielectric leads to an increase of the CO formation and lower selectivity towards CH4 under NTP activation, in comparison with the quartz material (see Figure 88.B).

The polarization of the catalyst surface cannot explain herein the differences observed between quartz and alumina (Table 33) and this means that there is another parameter that control the methanation reaction in the DBD plasma-catalytic reactors. As shown in Table 33, it can be noted that changing the nature of the dielectric material does not solely mean a change of its capacitance. Other crucial physical properties of the dielectric material are modified, such as the thermal conductivity [START_REF] Mora | Alumina and quartz as dielectrics in a dielectric barrier discharges DBD system for CO 2 hydrogenation[END_REF][START_REF] Ozkan | How do the barrier thickness and dielectric material influence the filamentary mode and CO 2 conversion in a flowing DBD?[END_REF][START_REF] Kundu | Experimental investigation of alumina and quartz as dielectrics for a cylindrical double dielectric barrier discharge reactor in argon diluted methane plasma[END_REF] which drastically increases from 1.5 to 27 W.m -1 .K -1 when quartz is replaced by alumina. The consequence of this increase of thermal conductivity is depicted in Figure 88.C: at a given plasma power and in the absence of reaction, plasma zone wall temperature of the quartz reactor is significantly higher than that of alumina. Indeed, increased thermal conductivity of alumina leads to improved thermal dissipation and lower temperature operation in the plasma zone. Hence, in order to reach the threshold temperature for launching the reaction (this threshold temperature was estimated at around 130° by Wang and coworkers [START_REF] Wang | Coupling experiment and simulation analysis to investigate physical parameters of CO2 methanation in a plasma-catalytic hybrid process[END_REF]), highest plasma power is needed in the discharge zone.

A 2D axisymmetric heat transfer model in porous medium was conducted in COMSOL Multiphysics in order to illustrate the effect of the thermal conductivity of the dielectric material on the temperature distribution in the catalyst bed. The model used is presented in Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

detail in Appendix III. Figure 89 illustrates the values of the temperatures computed with quartz (A) and (B) and alumina (C) and (D) at a fixed total power of 7.5 W. A similar trend as the one obtained experimentally was found numerically. From Figure 89. A and C, it can be noticed that the average temperature in the catalytic bed is higher when using the quartz as dielectric material (184 °C against 116 °C for alumina). In this study, the use of the quartz dielectric was qualitatively assessed and conversion rates of CO2 into CH4 in a DBD reactor were compared against those of a similar alumina reactor across a range of applied voltages. For a given power consumption, differences in conversion rates between alumina and quartz reactors were observed. While the possible roles of differences in dielectric surface chemistry and relative permittivity of the dielectric materials cannot be discounted, the differences in observed conversion rates would be due in large part to the different thermal properties of the materials. Indeed, we confirmed herein that in Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

pseudo-adiabatic configuration, the thermal conductivity of the dielectric material is a crucial parameter for the transformation of CO2 into methane in DBD plasma process along with the couple of high catalyst surface polarization and low power consumption.

The effect of using only one external outer dielectric was also studied on NiCZ-Gd catalyst.

Similar conclusions can be drawn. Without an internal dielectric, a very high current can flow through the packed bed reactor. This favors the dissociation of CO2 into CO as the number of electrons and their fde are much higher compared to a configuration with a double dielectric.

After a certain voltage, an electric short circuit occurs followed by the appearance of an arc.

Hence, the presence of a double dielectric barrier was found to be mandatory to prevent too much charge build up in the plasma that dissociate CO2 into CO, large energetic filaments can appear and damage the barrier due to strong local heating and the formation of a thermal arc.

The details and the results of this study are presented in Appendix V.

Effect of discharge length (catalyst bed length)

In this section the effect of discharge length on plasma assisted CO2 methanation is studied.

Three different discharge lengths (6, 12 and 15 mm) were studied by increasing the catalyst weight and the inlet flow rate (Figure 90). It is worth to be noted that the GHSV and the discharge gap remained constant in these experiments (see Table 34). The second scenario ("down") is based on decreasing the voltage after triggering the reaction, in order to determine what is the plasma power necessary for a self-sustaining reaction. These 2 scenarios must be considered separately as cold start ("up") requires more power than a hot start ("down"). Indeed, the thermal inertia of the reactor is responsible for a hysteresis phenomenon. The results for both scenarios of power consumption, CO2 conversion, and CH4

and CO selectivity as well as the temperature as function of power consumption are presented respectively in Figure 91(A-D). The impact of the various discharge length on the power dissipated as a function of the applied voltage is presented in Figure 91. It should be mentioned that the values presented in Figure 91.A were obtained in the presence of the reaction, the CO2 conversion being equal or higher than 65% (see Figure 91.B)). Regarding DBD plasma-catalysis experiments, for all the tested discharge length, the increase of power consumption by increasing the applied voltage is logically observed. Moreover, at the same applied voltage (i.e. 12 kV), the values of power consumption increase slightly with the discharge length (from 3 W at 6 mm to 4.2 W at 15 mm). One would have expected that the power would be proportional to the length of the discharge. This only slight increase of the power with the discharge length can be explained by the fact that by increasing the discharge length from 6 to 15 mm, the pressure drop increased from 0.1 to 0.5 bars (Table 34). Thereby, as it was previously reported in section 5.3.2., plasma discharges are more difficult to be generated when the pressure increases. To support these assumptions concerning the effect of the discharge length on the temperature in the catalyst bed, a simulation was performed with the "heat transfer in porous medium" module of COMSOL Multiphysics and an axisymmetric 2D geometry. The model used is presented in detail in Appendix III. Figure 92 illustrates the simulated values of the temperature computed for discharge lengths of 6 and 15 mm at a fixed total power of 2.9*10 - 5 W/m 3 . A similar trend as the one obtained experimentally was found. From Figure 92.A and C, it can be observed that at the same power density, the temperature in the catalytic bed is higher for dL=15 mm (324 °C against 184 °C for dL= 6mm). As expected, at the same plasma power density, the temperature is higher when L=15mm because of less heat loss with the surroundings and the lowest value of S/V.

For the second scenario ("down"), the voltage was decreased after the reaction was triggered by applying 12 kV. For the lowest discharge length (dL= 6 mm), the reaction was immediately stopped as soon as the voltage was diminished below 11 kV. On the contrary, for the highest discharge length (dL= 15mm), the methanation reaction was found to be always present even at low power consumption (less than 0.01 W) and applied voltage (less than 1 kV). The temperature measured in this condition was around 170°C. Even though the voltage was low, once the plasma generator was turned off, the reaction stops directly. Additionally, if the reactor was cooled (by a fan gun) to a temperature around 100°C, the reaction also immediately stops. In these conditions, it can be assumed that the reaction is maintained here thanks to its exothermicity and the existence of a potential difference which is essential in order to maintain the PN junction and vibrate the CO2 molecules. Moreover, the increase of the heat released by the reaction caused by the increase of length of the bed may favor the appearance of hot spots that could be the reason for the sustainability of the reaction even at very low energy consumption. Notice that hot spots are one of the reported effects of the plasma on the catalyst in the literature. Some authors have pointed out that hotspots may be responsible for a local increase in temperature, which could also influence the reaction pathways [START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF][START_REF] Bogaerts | The 2020 plasma catalysis roadmap[END_REF]. Thereby, again the importance of the temperature and the heat transfer were well demonstrated as crucial parameter to obtain high activity in the DBD plasma assisted CO2 methanation. These findings are interesting as they indicate that the plasma power needed to reach good CH4 yield could be much lower that what was expected at the beginning of the study. However, the question which remains is that of the stability of the catalyst under these conditions of low plasma power. Indeed, in such conditions, the duration of the catalytic tests presented in Figure 91 did not exceed about 20 hours. Furthermore, although these results are interesting, it should be noted that they are obtained under pseudo-adiabatic conditions without reactor temperature management. As such, the difficulty of the thermal management of the reaction, and the possibility of the appearance of hot spots that are recurrent in the literature of industrial operations constitute a major problem of process stability. Therefore, we will focus in the next section on the isothermal operation by circulating oil around the reactor at a constant temperature. In this case, the heat transfer is well managed, and the temperature in the reactor will be more homogeneous and Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation. 220 independent of the plasma power. Moreover, such conditions are more similar to those encountered on an industrial scale. From the results presented above, it was found that the temperature and the associated heat management are essential. In this regard, the heat management approach in the reactor design is relevant for enhancing the energy efficiency of the process. In their work, Peiro et al.

Effect of heat management

reported an increase of the energy efficiency of the process from 40% to up to 73%, by managing the heat released from the exothermicity of CO2 methanation reaction [START_REF] Biset-Peiró | Adiabatic plasma-catalytic reactor configuration: Energy efficiency enhancement by plasma and thermal synergies on CO2 methanation[END_REF]. There are three classical heat management approaches; isothermal, adiabatic and pseudo-adiabatic.

In the isothermal approach, the reactor temperature is fixed by an external heating system, which controls the working temperature. With this approach, the role of the plasma is only to enhance the activity of the catalyst, via the presence of an electric field and/or the generation of excited species. Thus, in this section, in order to avoid the involvement of several variable parameters at the same time and to control the temperature of the reactor independently of plasma power, the reactor was operated under isothermal conditions. In addition, under these isothermal conditions we are closer to the industrial operation of this process. To operate with isothermal conditions, the plasma reactor was immersed in a cylindrical vessel containing silicon oil. The silicon oil was heated using an electrical resistance controlled by PID and a manual stirring was periodically done to ensure heat transfer. A K-type thermocouple was placed on the surface of the reactor to measure the surface temperature of the reactor Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

as before. The cylindrical vessel was covered by glass wool to minimize heat loss. In this reactor, the temperature of the silicon oil could be set from 100°C until 250 °C.

During the experiments, the procedure was as follows: the temperature at the reactor surface was first kept stable at [START_REF] Trovarelli | Catalytic Properties of Ceria and CeO 2 -Containing Materials[END_REF][START_REF] Biset-Peiró | On the role of ceria in Ni-Al2O3 catalyst for CO2 plasma methanation[END_REF][START_REF] Chen | Plasma assisted catalytic decomposition of CO 2[END_REF][START_REF] Dardor | Solar carbon production via thermochemical ZnO/Zn carbon dioxide splitting cycle[END_REF][START_REF] Vakili | Plasmaassisted catalytic dry reforming of methane (DRM) over metal-organic frameworks (MOFs)-based catalysts[END_REF] or 250 °C respectively, then the desired peak to peak voltage (from 6 kV to 14 kV, by 2 scenarios up and down) was applied in order to investigate the catalyst activity for CO2 methanation in the plasma-catalytic process.

In the results shown in Figure 94.B, the reactor temperature was kept stable at different values independently of the applied voltages. The plasma power measured for different applied voltages, the CO2 conversion, the CH4 and CO selectivities as function of the power consumption at different fixed temperatures are presented in Figure 94.B, D and F respectively. As can be seen from Figure 94.B, there was some differences between the power consumption at the same applied voltage for different temperatures. For instance, at 12 kV, for a temperature of 100°C, the plasma power is around 4.2 W at 100°C and 2.9 W at 225°C.

This indicates that at high temperature, the plasma is easier to be sustained and created. This could be explained by the influence of the temperature on some physicochemical properties of the catalytic and dielectric materials, such for example the dielectric constant or the emission coefficient. However, these differences remain moderate. Moreover, from Table 35, we can notice that by increasing the temperature, the breakdown voltage decreases, which confirms that higher temperatures favors the generation of plasma discharges. First, it is clear that at the same plasma power, the CO2 conversions are influenced by the temperature, as shown in Figure 94.D. For instance, at a power of 3W, the CO2 conversion increased from 66 to 86% by increasing the temperature from 100 until 200°C. Additionally, at low temperature (i.e. 100°C), the maximum CO2 conversion achieved is 68% at high power (7W). Hence, the temperature significantly influences the reaction performance independently of the plasma power.

Besides, we can see from Figure 94.D. that at a fixed temperature, the CO2 conversion always reaches a maximum before decreasing when the plasma power increases. Two hypotheses have been made previously about the effect of the decrease in the conversion of CO2 to methane after reaching a maximum: the increase in temperature (>280-300°C at atmospheric pressure) that favors the RWGS reaction and the increase in transferred charge (section 4.3.5) that favors more the CO2 dissociation in the gas phase rather than the electrocatalytic reaction of CO2 into methane. Herein, in this section, the values presented were obtained at isothermal conditions (fixed T< or equal 250°C). Hence, again, we can confirm that an additional increase of the charge transferred is not beneficial for the electrocatalytic CO2 methanation.

At a temperature of 200°C, we can notice a decrease in the conversion when the applied voltage decreases which emphasizes that the plasma conditions (applied voltage and power consumption) influence the speed at which the reaction can occur.

Additionally, thanks to isothermal experiments, we have found that a temperature of 200°C is an optimal temperature in plasma catalysis for the methanation of CO2. An increase of the temperature beyond this value did not prove beneficial in terms of activity.

Furthermore, it should be noted that the results obtained herein at isothermal conditions between 175 and 200°C are very similar to the ones obtained in the pseudo-adiabatic conditions (Figure 94.C and D). For example, the same maximum CO2 conversion of 85-86%

was obtained for a plasma power of around 2 W and a temperature of 200-220 °C for both isothermal and pseudo-adiabatic conditions.

In a conclusion, the CO2 methanation could take place at a low temperature (lower than 150°C), but in this case higher voltage and power were needed. At a certain temperature, the CO2 conversion increased to a certain extent with the applied voltage (plasma power), and the CO2 conversion increased with temperature at the same voltage (plasma power). Hence, we confirmed that a proper balance between both temperature and voltage is essential for high performances.

At these operating conditions (dL=15 mm and inlet flow of 500 mL/min), by fixing a temperature of around 175-200°C, we can obtain high catalytic performances (i.e. 85% of CO2 conversion at a low power consumption of 2W).

Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.

The results obtained herein are very promising and important. Indeed, many advantages can be gained by working under isothermal conditions such as: effective temperature control, decoupling of plasma power and temperature and finally the possibility to initiate the reaction at lower voltages. Moreover, these operating conditions are also closer to real industrial operations.

Conclusions

In this chapter, the impact of a wide range of plasma operating conditions and reactor configurations on the conversion of CO2, methane selectivity and energy efficiency of the plasma-catalytic process was evaluated in a cylindrical DBD reactor. A heat management study was conducted at the end of the chapter with the aim of decoupling temperature and plasma power and approaching to more realistic industrial operating conditions. These parameters were studied in DBD plasma catalytic reactor for CO2 methanation packed with NiCZ-Gd catalyst (the best catalyst found in chapter 4). Moreover, computer simulations on COMSOL Multiphysics were performed to better understand the influence of some parameters on the plasma-catalytic activity.

The first objective was to verify the hypothesis presented in Chapter 4 about the polarization of the catalyst surface and this by varying the plasma parameters and operating conditions (% of He, pressure and frequency). The results obtained confirm this hypothesis and showed that the best performances were generally obtained when the operating conditions make it possible to work with a high polarization of the catalysts surface (high gap voltage) and at the same time at a low plasma power. The highest production of CH4 of 2.71*10 -5 moL/s was obtained at the highest gap voltage of 5 kV, corresponding to a gauge pressure of 1.5 bar, while the lowest CH4 production of 2.27*10 -5 moL/s was obtained for the lowest gap voltage of 3.5 kV, corresponding to a mixture diluted with 75% of He. In addition, the positive influence of the discharge frequency could not be explained by a stronger polarization of the packing material, indicating that the frequency of the polarization reversal could also be a key parameter influencing the reaction kinetics.

In a second time, the influence of the catalyst morphology and the heat transfer on the catalytic and energetic performances were investigated. For the influence of the heat transfer, the thermal conductivity of the dielectric material constituting the tube and the surface to volume ratio of the catalyst bed were varied.

Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation.
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Firstly, regarding the impact of the catalyst morphology, the results obtained did not show a significant change of the catalytic activity upon increasing the particle size of NiCZ-Gd. These findings indicate that the use of large particles is possible in the hybrid plasma-catalysis reactor.

Secondly, about the reactor configuration, the results showed that the nature of the dielectric material and the geometry of the reactor highly influence the heat transfer and therefore the catalytic activity. On the one hand, it was found that by using alumina, a material with high thermal conductivity, as an external dielectric, the heat from the reactor was easily dissipated, and it was necessary to increase the plasma power to maintain the reaction. On the other hand, an increase in the catalytic bed length led to an increase in the heat released by the reaction and resulted in a lower S/V ratio and thus a lower heat loss. This last point allowed us to notice the hysteresis phenomenon that led to a sustainability of the reaction even at negligible power.

Finally, these results showed that the temperature is a key parameter that should be better controlled from now on. Indeed, many advantages can be gained by working in isothermal conditions such as: effective temperature control, decoupling of plasma power and temperature and finally the possibility to initiate the reaction at lower voltages. In fact, the lowest plasma power consumption to obtain high CO2 conversion into methane was obtained at a temperature of 200°C. Moreover, these operating conditions are also closer to real industrial operations.

Chapter VI: General Conclusions and Future Outlook

The research work carried out during this thesis was mainly focused on the performance tuning and the understanding of plasma-catalytic interactions for CO2 methanation (Sabatier reaction), in a combined system regrouping a DBD plasma discharge and NiCZ based catalyst at atmospheric pressure and low temperatures. It is known that the conversion of CO2 into CH4 is a promising approach for CO2 reduction since the generated CH4 can be readily transported and stored in the existing gas grid and used as raw materials for valuable chemical production.

This PhD thesis is a multidisciplinary study, in which in the first step, we focused on elucidating crucial facts about the mechanism of the CO2 methanation reaction when a Dielectric Barrier Discharge is generated in a packed bed of NiCZ catalyst. In the second step a series of promoters was intentionally added to the composition of a NiCZ based catalyst with the aim of investigating the effect of physicochemical and electrical properties of the catalyst on the energy efficiency of CO2 methanation. Finally, we examined the influence of plasma processing parameters and the reactor design on the energy efficiency of the plasma-catalytic CO2 methanation process. The results obtained contribute to a better knowledge of the interaction between the plasma and the catalyst in CO2 methanation and allowed us to set up a new methodology to select the most appropriate catalysts and plasma operating parameters in terms of energy efficiency for DBD plasma catalytic CO2 methanation. This way, we hope to gain insights to substantially improve the synergy between the plasma and the packing material, and thus to aid with the transition towards a sustainable future.

In the first chapter, we presented a plethora on why the mitigation and valorization of CO2 is necessary, what the challenges are and how it can be done more efficiently. Moreover, information about the catalytic methanation, as well as about catalysis and reaction mechanisms for CO2 methanation were detailed. The potential of non-thermal plasma technologies for the conversion of CO2 was also described. Although the general principles of plasma catalysis are well documented, it remains a new field of research with many aspects yet to be discovered especially fundamental studies concerning plasma-catalyst and their interactions. A major challenge for using plasma-catalysis for CO2 conversion is to identify the key parameters enhancing the energy efficiency of this process by maximizing the beneficial effects of both plasma and catalyst to make it more competitive and attractive.

In chapter 2, information about the experimental setup with a description of the experimental parameters, analytics and material used as well as the catalyst preparation and characterization were presented.

In Finally, the use of higher temperatures favors also the Ni-sintering in thermo-catalytic conditions.

In chapter 4, in view of the previously suggested mechanism, the objective was to investigate the influence of the electrical and physicochemical properties of the catalyst. To do that, the Ni/CeZrOx catalyst was doped with various compounds from the periodic table covering alkali, alkaline earth metals, lanthanides, transition, and some of the typical rare earth metals, e.g. Na, K, Cu, Co, Mn, La, Y, Gd, and Sr. The final aim was to study the synergy between the plasma and the catalyst, and to investigate the crucial electrical and physicochemical properties that can influence the energy efficiency of the process. The activities and properties of these catalysts were investigated and compared in the same reactor configuration and operating conditions. It was found that the presence of dopants can alter considerably both the physicochemical and the electrical features of the catalysts, resulting in various plasma-catalytic performances. Thereby, a catalyst with a low dielectric constant was found to be essential as this latter allows a high polarization and electric field on the catalyst surface, leading to high catalytic efficiency at low power consumption. In these conditions, the electrocatalytic conversion of CO2 to CH4 is favored and the undesirable production of CO is prevented. Moreover, it was found that the promoter cation radii or its concentration should be adequate with the host crystal of CZ (case of Gd and Y at low concentration). Therefore, when the radii of the dopant cation was very close to the ionic radius of the host crystal, it resulted in high defect CZ structure with numerous oxygen vacancies. The consequence was a catalyst material with high oxygen ionic conductivity, what therefore enhanced the reduction of the Ce-phase, the reactivity of Ce 4+ /Ce 3+ ions, and finally the rates of the redox cycles. All of these facts control the actual catalytic activity by providing an oxygen transfer to ensure an efficient redox cycle and by preventing the accumulation of carbon and oxygen on the catalyst surface.

Furthermore, it was found that an increase of the strong basic sites results in the fixation of CO2 in the form of strongly adsorbed species, i.e. polydentate and bridged carbonates, that are not able to participate in the plasma-catalytic redox mechanism.

Finally, it is therefore necessary to find the best compromise between the electrical properties (influencing the type of plasma discharge, the polarization of the catalyst, and the transfer of electrons) and the physicochemical properties of the material (influencing the transfer of oxygen that govern the redox cycle, and the surface basicity that control the adsorption of CO2) in order to obtain the best performances.

Amongst the tested dopants, NiCZ-Gd was found to be the best catalyst in terms of methane yield and energy efficiency (an increase of ≈ 40% compared to NiCZ). The good performances of NiCZ-Gd were attributed to a low dielectric constant combined with a cation ionic radii close to the host crystal (CZ) radii, a high dispersion of the nickel on the surface of the catalyst as well as a high percentage of medium basic sites. These findings open new perspectives for designing ceria-based materials with tailored properties by choosing a suitable dopant to improve the energy efficiency of the plasma catalytic CO2 methanation.

In chapter 5, the impact of a wide range of plasma operating conditions and reactor configurations on the conversion of CO2, methane selectivity and energy efficiency of the plasma-catalytic process was evaluated in a cylindrical DBD reactor. The influence of heat management was also studied at the end of the chapter with the aim of decoupling temperature and plasma power and approaching to more realistic industrial operating conditions. These parameters were studied in DBD plasma catalytic reactor for CO2 methanation packed with NiCZ-Gd catalyst (the best catalyst found in chapter 4). Moreover, computer simulations on COMSOL Multiphysics were performed to better understand the influence of some parameters on the plasma-catalytic activity.

The first objective was to verify the hypothesis presented in Chapter 4 about the polarization of the catalyst surface and this by varying the plasma parameters and operating conditions (% of He, pressure and frequency). The results obtained confirm this hypothesis and showed that the best performances were generally obtained when the operating conditions make it possible to work with a high polarization of the catalysts surface (high gap voltage) and at the same time at a low plasma power. The highest production of CH4 of 2.71*10 -5 moL/s was obtained at the highest gap voltage of 5 kV, corresponding to a gauge pressure of 1.5 bar, while the lowest CH4 production of 2.27*10 -5 moL/s was obtained for the lowest gap voltage of 3.5 kV, corresponding to a mixture diluted with 75% of He. In addition, the positive influence of the discharge frequency could not be explained by a stronger polarization of the packing material, indicating that the frequency of the polarization reversal could also be a key parameter influencing the reaction kinetics.

In a second time, the influence of the catalyst morphology and the heat transfer on the catalytic and energetic performances were investigated. For the influence of the heat transfer, the thermal conductivity of the dielectric material constituting the tube and the surface to volume ratio of the catalyst bed were varied.

Firstly, regarding the impact of the catalyst morphology, the results obtained did not show a significant change of the catalytic activity upon increasing the particle size of NiCZ-Gd. These findings indicate that the use of large particles is possible in the hybrid plasma-catalysis reactor.

Secondly, about the reactor configuration, the results showed that the nature of the dielectric material and the geometry of the reactor highly influence the heat transfer and therefore the catalytic activity. On the one hand, it was found that by using alumina, a material with high thermal conductivity, as an external dielectric, the heat from the reactor was easily dissipated, and it was necessary to increase the plasma power to maintain the reaction. On the other hand, an increase in the catalytic bed length led to an increase in the heat released by the reaction and resulted in a lower S/V ratio and thus a lower heat loss. This last point allowed us to notice the hysteresis phenomenon that led to a sustainability of the reaction even at negligible power.

Finally, these results showed that the temperature is a key parameter that should be better controlled from now on. Indeed, many advantages can be gained by working in isothermal conditions such as: effective temperature control, decoupling of plasma power and temperature and finally the possibility to initiate the reaction at lower voltages. In fact, the lowest plasma power consumption to obtain high CO2 conversion into methane was obtained at a temperature of 200°C. Moreover, these operating conditions are also closer to real industrial operations.

As an outlook, and based on this work, we propose some recommendations and future perspectives on this topic.

In a plasma-catalytic process, it was demonstrated that the CO2 methanation could take place at low plasma power. Therefore, it will be interesting to perform long-term stability tests under these specific conditions, followed by some characterizations of the catalyst (DRIFT analysis...).

In addition, the use of in situ diagnostics (FTIR and Optical emission spectroscopy…) is necessary to achieve significant progress in identifying detailed reaction mechanisms of CO2 methanation and of plasma catalyst synergy. Moreover, we believe that plasma models can have an essential role in moving the plasma-catalytic field from one founded on empirical observation to one founded on well-integrated physical and chemical principles.

Additionally, the impact of impurities of the gas mixture on the CO2 methanation in plasmacatalytic process should be investigated. In general, from an industrial approach, the feed of CO2 produced from biodigester is not pure and there are always some impurities, such as VOCs, methane, water and H2S. It will therefore be important to create a matrix closer to the real gas to test the catalyst and evaluate its stability under real operating conditions. It is true that gas separation and purification processes can be used upstream of the methanation reactor, but the possibility of feeding the reactor with the mixture from the biodigester directly without impacting the catalyst in place is an economic and energy challenge.

Besides, the use of other type of power supply of plasma such as pulsed or nano-pulsed could be beneficial in terms of energy consumption.

Further development of precisely engineered packing materials fitted to specific plasma and chemistry processes may hold a lot of value such as MOFS, rigid 3D structures with varying geometry can help studying the influence of the flow patterns, the contact between the gas and the surface, mass and heat transport, etc. A further study towards the packing material and more specifically its thermal conductivity, its water affinity, and morphology can be carried out as well.

Finally, it may be worthwhile to study the behavior of the catalyst under varying CO2/H2 ratios.

The latter is of interest when treating CO2 with H2 from water electrolysis, which may be exposed to the typical fluctuations of its production from renewable energy sources.

To conclude, all these results found and presented in this thesis unveil a promising future for plasma as an alternative energy source to improve the catalytic methanation of CO2. The development of such a process arouses a positive transformation of industrial emissions and hence a step in the right direction in our fight against climate change.

The specific surface areas of the samples were obtained using a BEL Japan device at the UPMC laboratories in Saint Cyr. This technique consists in using a probing gas to quantify the surface area of a sample. This is done by calculating the number of molecules in the first layer of the absorbed gas which is then used to calculate the sample's specific area by dividing the value by the area of a single gas molecule. BET goes beyond Langmuir's single layer theory by using the gas' partial pressure to treat the multiple layers of the sample to obtain the desired information of the first layer. In this case, N2 is used as the probing gas and hence the measurement is done at 77 K (N2's boiling temperature). From Figure 96 we can notice that our catalyst NiCZ has mesoporous distribution of type IV.

• Barrett-Joyner-Halenda (BJH) : BJH data was obtained using the same equipment as the BET data; BEL Japan device at the UPMC laboratories in Saint Cyr and using N2 as the probe gas. Though BJH also provides information about the pore's dimensions, it does so by using a mathematical model. BJH assumes that the pores have a cylindrical shape and that the radios are equal to the sum of the Kelvin radius and the thickness of the absorbed gas layer. 

Appendix II

The performances of all the tested catalysts and their method of preparation a) Preparation of the Supports: Several supports were used: 1) A commercial Cerium-Zirconium mixed oxide (CexZr1-xO2, x = 0.58, Solvay); 2) A commercial cerium oxide CeO2 (Sigma-Aldrich); List of Appendices III 3) A commercial zirconium oxide ZrO2 (Daiichi Kigenso kagaku Kogyo Co); 4) A mixed oxide of Cerium-Zirconium of molar composition Ce0.58Zr0.42O2, synthesized according to the method described below. This support has the same composition as support 1). -Synthesis of the support 4) of the mixed cerium-zirconium oxide type of molar composition Ce0.58Zr0.42O2 (CZ) For the synthesis of the CZ type support, the starting organometallic salts that were used are cerium sesquihydrate acetate (III) and zirconium acetylacetonate (IV). These salts are dissolved separately in propionic acid under heat for 1 h, so as to obtain solutions of concentration 0.12 moL/L. It is essential to dissolve the appropriate starting salts, which will lead to the exclusive obtaining of the desired metal propionates. The different solutions are then mixed and heated under reflux in a flask equipped with a ball cooler for 90 min (Teb propionic acid = 141°C), giving rise to mixed propionates. The solvent is then evaporated via a controlled distillation under vacuum until a mixed gel is obtained by oligomerization, containing the metallic elements in the chosen stoichiometry. This gel is solidified with liquid nitrogen and calcined under air for 6 h at a temperature of 500°C, using a temperature ramp of 2°C/min. This step results in the thermal decomposition of the propionates to obtain the mixed oxide with the desired composition.

b) Synthesis of catalytic systems:

Catalyst systems were synthesized by wet impregnation or co-precipitation. The catalyst systems were prepared from the three supports described above (cerium oxide, zirconium oxide or mixed oxide cerium and zirconium) with 15% by weight of Nickel based on the weight of the support. In addition to the promoters presented in chapter 4, the following promoters were also investigated: Praseodymium (Pr), Magnesium (Mg), Zinc (Zn), Indium (In), and Iron (Fe). Different natures of support, different methods of preparation of the catalytic system, different promoters and different quantities of promoters were studied.

i) Preparation of the catalytic system by co-precipitation

The catalyst system prepared by co-precipitation comprises a commercial mixed oxide support of cerium and zirconium in powder form (CexZr1-xO2, x = 0.58, Solvay) designated as CZ. NiCZ-M (M being the promoter) catalyst systems were prepared with a Ni mass content of 15% relative to the support. For comparison, a NiCZ-type catalyst (without promoter) with 15 wt% Ni to the weight of the support was also prepared by the same method. The CZ powder was first suspended in the aqueous solution containing an appropriate amount of nickel nitrate and nitrate of the desired promoter at room temperature. In order to synthesize the desired amount of catalyst, a 2M NaOH solution was also prepared. The latter solution was added dropwise to the mixture containing the CZ powder with the nickel and promoter nitrates, at a temperature of 80°C and under stirring, until the pH value of the mixed solution reached 10. Then, this mixture was aged for 3 h under vigorous stirring at 80°C, during which the nickel and promoter hydroxide was exclusively precipitated from the surface of the support. The pH and temperature were monitored throughout the synthesis with a sealed pH and temperature tester. The resulting solid is then filtered and washed with distilled water and dried in an oven at 100°C overnight. The resulting solid is calcined in air at 550°C for 4 h with a temperature ramp of 10°C/min. After calcination, the catalyst system samples were hand-ground and sieved to an average grain size around 30 μm.

ii) Preparation of the catalytic system by sequential impregnation

The catalytic system is prepared by two successive impregnation sequences. In other words, a first wet impregnation of the support with nickel and the desired promoter is carried out according to method b) above until the calcination step. After calcination, a new impregnation, this time only of the promoter, is carried out on the catalytic system resulting from the first impregnation.

c) Results

The catalytic performance and energy consumption were evaluated for each catalytic system synthesized in the CO2 methanation reaction using DBD plasma according to the set-up and the methods described in chapter 2.

i) The influence of the nature of the promoter CeZr mixed oxide support catalysts with 15 wt% nickel based on the weight of the support and different promoters were tested. The mass content of promoter in the catalytic system is 4wt% with respect to the weight of the support. The results of their catalytic performance and energy consumption according to the nature of the promoter introduced in the catalytic system are summarized in Table 36 below. It's clear that Indium, Zinc, Magnesium and Iron do not bring any improvement in terms of catalytic performances. Pr is the best catalyst tested in this series.

ii) The influence of the promoter's content Catalytic systems based on CeZr mixed oxide support with 15 wt.% nickel based on the weight of the support gadolinium/ Yttrium as promoter with different mass contents have been tested. The mass content is expressed as weight of promoter to weight of support. The results of their catalytic performances according to the mass content of the promoter introduced in the catalytic system are summarized in Table 37 below. List of Appendices V

The catalytic performances are evaluated according to the conversion rate at a reference power of 8 W.

At all the mass contents studied, and particularly at mass contents between 2wt% and 10wt% with respect to the weight of the support, the introduction of the promoter improves the catalytic performances of the reaction compared to the reference catalyst without promoter.

For gadolinium-based catalysts, the best results are obtained with a mass content of 4%.

iii) The influence of the nature of the support Catalysts based on CeZr mixed oxide support, CeO2 cerium oxide support or ZrO2 zirconium oxide support with 15 wt% nickel and 7 wt% yttrium as weight promoter based on the weight of the support were tested. The reference catalyst systems (entries 0, 2, and 4) do not include a promoter. The results of the catalytic performances depending on the nature of the support in the catalytic system are summarized in Table 38 below. Whatever is the nature of support used, the introduction of a promoter makes it possible to improve the catalytic performances of the reaction. The support based on a mixed ceriumzirconium oxide allows to obtain the best results.

iv) The influence of the method of preparation CeZr (Solvay) mixed oxide support-based catalysts with 15 wt% nickel and 7 wt% yttrium or 4 wt% gadolinium was prepared via different methods and were evaluated in this section. The results of their catalytic performances according to the preparation method are summarized in Table 39 below. The velocity of the gas mixture in domains 2, 3, and 4 was calculated using the inlet mixture flowrate. Concerning the properties of the gas mixture, heat capacity at constant pressure (Cpmixture) and heat capacity at constant volume (Cvmixture) were estimated as the following formulas: (Where m1 and m2 are the mass fractions of CO2 and H2, respectively, in the mixture). Additionally, a sensitivity study was performed to determine the value of some parameters whose true values are not known precisely. These parameters are the thermal conductivity of the copper, of the catalyst λcatalyst, and finally the convective heat transfer coefficient at the surface of the reactor h. The most suitable values found are h=10 W

•m -2 •K -1 ; λcatalyst= 10 W•m -1 •K -1 ; λcopper= 200 W•m -1 •K -1
which are in agreement with the literature. This Comsol model was also used under our experimental conditions to determine the temperature gradient between the surface of the quartz dielectric (where the thermocouple was placed experimentally) and the temperature in the catalytic bed. The results are presented in Figure 98. We found that there is a temperature gradient of 9°C (from around 176°C to 185°C) between the catalytic bed and the ground electrode where the temperature was experimentally measured. Hence, the values of temperature obtained with thermocouple are very close to the temperature inside the catalytic bed. Meanwhile, it should be noted that in this thesis all the temperature values presented take into account these experimental errors.
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ii) Dielectric constant determination

An "Electrostactic" model was applied in COMSOL Multiphysics®5.4 software to determine the dielectric constant of the catalytic bed. A 2D axisymmetric geometry model of the reactor was created for the simulation of the dielectric constant. Experimentally, we first measure the cell capacitance with an empty reactor (without catalytic bed). Knowing the epsilon of the gas, we can iterate to find the Cdie and then the epsilon of the outer and inner dielectrics until we find a Maxwell capacitance value equal to the experimentally measured cell capacitance. Then, for each catalytic bed tested, we calculate Ccell experimentally and by iteration we can find the value of the epsilon of the bed, which corresponds to a Maxwell capacitance equal to the measured cell capacitance. For this purpose, we have performed an "Electrostactic" model on COMSOL Multiphysics®5.4 software to determine the electric field on the surface of the catalyst particle at a similar electric field in the gas (same power).

Figure 100 presents the model used with 3 demi spheres that represent 3 particles of the catalyst packed in the gas gap. The methodology used was as follow: -draw a line between two particles to determine the electric field in the gas gap -find in each case (for each epsilon) the voltage needed to apply so that the maximum electric field on the lines is identical. We suppose that when the applied voltage allows to have the same maximum electric field on this line located in the gas, hence, this corresponds to identical plasma powers.

-In conditions of identical maximum electric field on the line, we calculate the average electric field on the surface of the particles of the catalyst. The powder X-ray diffraction patterns acquired for the CZ support, as well as for the calcined and the reduced catalysts, are displayed in Figure 104 (A) and (B). The calcined CZ-support, Figure 104 (A), presents the characteristic reflections of a fluorite cubic structure (Fm3m space group), with peaks at 2θ = 29.1, 33.9, 48.6 and 57.5°, related to the diffraction planes [START_REF] Burger | CO2 methanation over Fe-and Mnpromoted co-precipitated Ni-Al catalysts: Synthesis, characterization and catalysis study[END_REF], [START_REF] Dardor | Solar carbon production via thermochemical ZnO/Zn carbon dioxide splitting cycle[END_REF], [START_REF] Istadi | Co-generation of synthesis gas and C2+ hydrocarbons from methane and carbon dioxide in a hybrid catalytic-plasma reactor: A review[END_REF] and (311) of Ce0.58Zr0.42O2 [START_REF] Ferreira | A spectroscopic study of Au/CeX Zr1-X O2 catalysts[END_REF][START_REF] Ferreira Da Silva | Optical determination of the direct bandgap energy of lead iodide crystals[END_REF]. Four well-resolved reflections at 2θ = 37.3, 43.3, 63 and 75.4° appear in the patterns of the calcined Ni-catalysts, corresponding to the [START_REF] Burger | CO2 methanation over Fe-and Mnpromoted co-precipitated Ni-Al catalysts: Synthesis, characterization and catalysis study[END_REF], [START_REF] Dardor | Solar carbon production via thermochemical ZnO/Zn carbon dioxide splitting cycle[END_REF], ( 220) and (311) planes of cubic NiO (JCPDS 65-5745). The diffraction patterns acquired for the alkali-containing catalysts do not evidence any reflection characteristic of the presence of Na or K compounds. This is due to the relatively low amounts of these compounds used in the preparation of the alkali-containing catalysts, together with their good dispersion on the support, resulting in far too low crystallite sizes for XRD detection. However, the 2θ = 29.1° reflection appears thinner and more intense in these two patterns, pointing to increased crystallite size for the CZ-phase as a consequence of Na and K loading. This is furthermore confirmed by the values of crystallite size calculated for CZ, presented in Table 40. Indeed, the decrease in surface area and pore volume observed for these catalysts, as well as the increase in their average pore size, can be related to this fact, i.e. bigger CZ crystallites results in lower interparticle porosity and less developed textural properties. Na and K seem to modify the structure of the CZ support resulting in particle agglomeration. We believe that these changes are due to the effect known as ''molten salt flux'' [START_REF] Afanasiev | Ce-Zr mixed oxides prepared in molten nitrates[END_REF][START_REF] Bondioli | Nonconventional Synthesis of Praseodymium-Doped Ceria by Flux Method[END_REF]. Indeed, during calcination and/or during catalytic operation, molted sodium or potassium salts can cover the CZ support resulting in increased size and crystallinity, leading to a less defective CZ structure. Metallic Ni (JCPDS 04-0850) is present in all the reduced catalysts (Figure 104 (B)) as evidenced by the reflections at 2θ = 44.5, 51.8 and 76.4° corresponding to the [START_REF] Burger | CO2 methanation over Fe-and Mnpromoted co-precipitated Ni-Al catalysts: Synthesis, characterization and catalysis study[END_REF], [START_REF] Dardor | Solar carbon production via thermochemical ZnO/Zn carbon dioxide splitting cycle[END_REF], [START_REF] Istadi | Co-generation of synthesis gas and C2+ hydrocarbons from methane and carbon dioxide in a hybrid catalytic-plasma reactor: A review[END_REF] List of Appendices XII diffraction planes. The crystallite sizes of the Ni° and CZ in these reduced catalysts are presented in Table 40. For this metallic Ni phase, the crystallite size increase notably in the Na and K-containing catalysts, i.e. from 18.7 nm to 26.1 and 36.8 nm, respectively, for NiCZ-Na and NiCZ-K. Since the NiO crystallite sizes measured for the calcined materials are also bigger in the case of the alkali-containing catalysts, we can conclude that the presence of Na and K results in a poorer dispersion of the Ni-phase. Concerning the crystallite sizes of the CZ phase, the reduced catalysts follow the same trend observed in the calcined ones, i.e. CZ crystallites are also bigger in the reduced alkali-containing catalysts. 41). Moreover, a clear shift of the CeO2 reduction peaks towards lower temperatures is observed. The oxygen exchange between Ni and the CZ support promotes the reduction of Ce-cations from Ce 4+ to Ce 3+ [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF]. Ni 2+ cations can be, in turn, directly reduced to metallic Ni 0 , without passing through any intermediate species. The presence of Ni itself promotes, therefore, the reduction of the CZ support. However, the reducibility of Ce-cations seems to be somehow impeded by the presence of Na and K. Indeed, the shift towards lower reduction temperatures observed for the CeO2-reduction bands is less remarkable for the alkali-containing catalysts than for the non-promoted one, and the band assigned to the reduction of Ce-species seems to be clearly shifted to higher reduction temperatures. Concerning the reducibility of Ni-species, it is well known nowadays that it greatly depends on the dispersion of the Ni-phase, i.e. its crystallite size, as well as on its interaction with the support. Nickel oxide reduction takes place at temperatures between 150 and 450°C, and partially overlaps the H2-consumption peaks corresponding the reduction CZ support, especially in the case of NiCZ. The complex H2-consumption peaks due to the reduction of Ni-species can be divided into three contributions: The first one is assigned to the reduction of weakly adsorbed surface oxygen such as -OH or O2 species on the Ni surface; the second one is related to the reduction of bulk NiOx species in weak interaction with the support; and, finally, a third broad H2-consumption peak that is linked to the reduction of Ni-O-Ce oxides formed upon strong interaction of Ni-species with the CZ support. The presence of Na and K seems to alter the reducibility of the Ni-species as well. Concretely, the List of Appendices XIII first H2-consumption peaks shift to lower reduction temperatures, pointing to higher amounts of surface-passivated Ni, less strong interaction of the Ni-phase, bigger crystallite sizes and worst Ni-phase dispersion for the alkali-promoted catalysts. The results of the XRD characterization of these catalysts confirm the presence of bigger NiO crystallites as a consequence of the presence of Na and K (see Table 40). In this sense, the weaker interaction of an important part of the Ni-species with the CZ support may as well influence the reducibility of the Ce-phase. We believe, however, that the main factor affecting the reducibility of the Ce-phase is the increased crystallite sizes as a consequence of the "molten salt" effect. The presence of Na and K results in bigger and defect-less CZ clusters that are less bound to generate oxygen vacancies. The lower total H2-consumption measured for the Na and K-containing catalysts furthermore confirms the more difficult and limited reduction of Ce-cations within the structure of the CZ support. Finally, let us note here that the reduction of K and Na-oxide species normally takes place at temperatures much higher than those used in our H2-TPR analyses. CO2-TPD experiments were carried out in order to evaluate the presence and distribution of basic sites on the surface of the catalysts prepared. The results obtained are presented in Figure 105 (B) and in Table 41. In fact, the CO2 adsorption/desorption is associated to the List of Appendices XIV strength of basic sites on the catalytic surface [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF], and this can be determined from the CO2evolution profiles registered during TPD. The profiles can be therefore decomposed into three main regions: The first one appearing at low desorption temperatures (<200°C), assigned to weak basic sites; the second one, at intermediate desorption temperatures (200-400°C), attributed to moderate basic sites; and the third one, located at higher desorption temperatures (>400°C), linked to the presence of high strength basic sites. These regions can be easily identified in the CO2-desorption profiles obtained for the NiCZ, NiCZ-Na and NiCZ-K catalysts. The results of the deconvolution are presented in Table 41 (contributions in moL.%). Alkali compounds are well known for fixing CO2 in the form of stable carbonates. Therefore, as expected, the presence of Na and K result in a considerable increase of the contribution corresponding to strong basic sites. Moreover, at the sight of the results of H2-TPR, the impeded reduction of Ce-species, favoring the presence of Ce 4+ cations, can also contribute to the strong adsorption of CO2, in the form of polydentate and bridged carbonates [START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF].

b) Effect of the presence of Na and K on the electrical behavior under DBD-discharge According to the existing literature, several parameters such as the dielectric constant of the material, its surface area and porosity, the packed-bed density, as well as the particle size and shape of the catalyst, can notably affect the conversion and product yield in fixed-bed plasmacatalytic reactors [START_REF] Taheraslani | Coupling of CH4 to C2 Hydrocarbons in a Packed Bed DBD Plasma Reactor: The Effect of Dielectric Constant and Porosity of the Packing[END_REF][START_REF] Mei | Plasma-assisted conversion of CO 2 in a dielectric barrier discharge reactor: understanding the effect of packing materials[END_REF][START_REF] Gallon | Effects of Reactor Packing Materials on H2 Production by CO2 Reforming of CH4 in a Dielectric Barrier Discharge[END_REF][START_REF] Guaitella | Dynamic of the plasma current amplitude in a barrier discharge: influence of photocatalytic material[END_REF][START_REF] Ray | CO 2 decomposition in a packed DBD plasma reactor: influence of packing materials[END_REF]. Among all these properties, the dielectric constant of the packed-bed containing the catalytic material is one of the most determining factors [START_REF] Butterworth | Plasma-catalyst interaction studied in a single pellet DBD reactor: dielectric constant effect on plasma dynamics[END_REF][START_REF] Uytdenhouwen | How process parameters and packing materials tune chemical equilibrium and kinetics in plasma-based CO2 conversion[END_REF]. Furthermore, any modification in the composition of the catalyst can lead to important changes in its dielectric behavior. Indeed, as explained within the introduction, the addition of alkali compounds can lead to increased electron conductivity, altering the dielectric behavior of the plasma-catalytic reactor. For this series of catalysts, and in order to have further clues about the influence of the presence of Na and K, we decided, therefore, to investigate the influence of the voltage applied on the power communicated to the system, the capacitance of the reactor, and their consequences in terms of product yield and catalytic behavior. In order to evaluate the behavior of the plasma discharges in the presence of the different catalyst assayed the Q-UA plots (Lissajous) plots were analyzed in detail, as described within the experimental section and in the SI file. These Q-UA plots obtained during the discharge-off phase, U<Uh, plasma-off, are presented in Figure 106 (A). The simple observation of the shape of these curves proves that the electric behavior of the catalysts is considerably affected by the presence of the alkali compounds. Moreover, as explained within the experimental part, several key parameters, such as the packed-bed capacitance, Cbed, and the dielectric constant of this packed-bed, bed, can be calculated from the off-plasma Q-UA plots. The values obtained are presented in Table 42. Both the dielectric constant of the packed-bed and the packed-bed capacitance increase upon Na and K loading. The plasma ignition voltage, i.e. the breakdown voltage, UB, decreases in the presence of the alkali-containing catalysts. This decrease in the breakdown voltage is just a direct consequence of the higher dielectric constant of the packing material used in the plasma-reactor [START_REF] Van Laer | How bead size and dielectric constant affect the plasma behaviour in a packed bed plasma reactor: a modelling study[END_REF][START_REF] Butterworth | Effects of particle size on CO 2 reduction and discharge characteristics in a packed bed plasma reactor[END_REF][START_REF] Peeters | Electrical Diagnostics of Dielectric Barrier Discharges[END_REF]. Figure 106 (B) presents the Lissajous plots obtained in the presence of the different catalysts at a fixed voltage of 15 kV (U>UB, plasma-on). The area of the Lissajous plots is proportional to the power dissipated in the DBD discharge and it clearly differs depending on the catalyst packed in the reactor gap. Power values at 15 kV are considerably higher for the alkalicontaining catalysts, particularly for NiCZ-K. The Lissajous plots were as well acquired at different plasma operating voltages and the power dissipated was obtained from these plots. The power values obtained were plotted as a function of the applied voltage (Figure 107). As expected, the power consumption increases with increasing operating voltage, but the increase is significantly more abrupt in the case of NiCZ-K and NiCZ-Na. The higher power consumption measured for the alkali-containing catalysts can be explained at the sight of the values obtained for the dielectric constant and for the capacitance of the packed-bed. The higher packed-bed capacitance is directly linked to the higher permittivity of the solid packed inside the reactor gap, which contributes to increased power dissipation and generates a strong electric field within the gap, due to the electrically arrangement of the catalyst and the gas in the void fraction of the packed-bed. Neyts et al., reported in their computational study that the higher the dielectric constant of the packed-bed, the stronger is the polarization of the material, and thus, the greater is the difference between opposite charges at the contact points between the packing and the dielectric layer, and between two packing beads [START_REF] Van Laer | Influence of Gap Size and Dielectric Constant of the Packing Material on the Plasma Behaviour in a Packed Bed DBD Reactor: A Fluid Modelling Study: Influence of Gap Size and Dielectric Constant…[END_REF]. Meanwhile, packed-beds having higher dielectric constant possess a higher ability to trap charges. This behavior has been well described in the existing literature [START_REF] Mei | CO2 reforming with methane for syngas production using a dielectric barrier discharge plasma coupled with Ni/γ-Al2O3 catalysts: Process optimization through response surface methodology[END_REF][START_REF] Mei | Plasma-assisted conversion of CO 2 in a dielectric barrier discharge reactor: understanding the effect of packing materials[END_REF][START_REF] Guaitella | Dynamic of the plasma current amplitude in a barrier discharge: influence of photocatalytic material[END_REF]. Therefore, this charge accumulation within the packed-bed can lead to important differences in the on plasma-catalytic activity. c) Post-mortem characterization of the catalysts Temperature-programmed desorption analyses (TPD) were performed on the spent NiCZ-Na and NiCZ-K catalysts. The intensity of mass m/z 44 was followed by mass spectrometry (MS) and is plotted as a function of temperature in Figure 108 (A). The TPD-MS profile obtained for the NiCZ spent catalyst is also plotted as reference. The first CO2 desorption peak observed in the three TPD-MS profiles at temperatures around 50-200°C can attributed to weakly bound atmospheric CO2, most probably physically adsorbed or trapped within the porosity of the catalyst. For NiCZ, this is followed by a desorption peak between 200 and 350°C, linked to the presence of medium-strength basic sites and accounting for around 62% of its total basicity, in complete agreement with the CO2-TPD results (Table 41). For NiCZ-Na and NiCZ-K the peak at 200 and 350°C only accounts for 20% of the total amount desorbed, whereas a major broad peak appears between 320 and 700°C, corresponding to CO2 adsorbed on strong basic sites and accounting for 75-80 % of the total basicity of these materials. The CO2 species adsorbed on medium-strength basic sites can participate in the plasma-catalytic methanation reaction (taking place at temperatures lower than 280-300°C), while strongly adsorbed CO2 is not involved in the catalytic cycle, resulting in the accumulation of such adsorbed species on the surface. The presence of the high-temperature desorption peak on the TPD-MS profiles acquired for the alkali-promoted catalysts confirms therefore the presence of strongly adsorbed CO2-species on the surface of this catalysts, resulting in unclosed carbon balance. Further details on the nature of the different C-species adsorbed on the surface of the spent catalysts were obtained through ATR-FTIR analyses. These spectra are presented in Figure 108 (B). The band at 2100-2300 cm -1 , observed with high intensity for NiCZ catalyst, is related to physically adsorbed CO2, corresponding to the peak observed at 50-200°C in TPD-MS. The bands at 1358 and 1600 cm -1 are indicative of the presence of monodentate and bidentate carbonates. The intensity of these is clearly smaller in the spectra acquired for the spent NiCZ-Na and NiCZ-K than for NiCZ. Monodentate and bidentate carbonate species, as well as formate species, can be easily hydrogenated to produce methane [START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF]. In addition, for NiCZ-Na and NiCZ-K catalysts, some additional bands appear at 1160 and 1058 cm -1 , which can be assigned to the presence of polydentate and bridged carbonates [START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF][START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF][START_REF] Vayssilov | Reassignment of the Vibrational Spectra of Carbonates, Formates, and Related Surface Species on Ceria: A Combined Density Functional and Infrared Spectroscopy Investigation[END_REF]. This bands are particularly more intense in the case of the NiCZ-K catalysts, which, at the sight of the CO2-TPD results, presents the highest amount of strong basic sites. Contrary to monodentate and bidentate carbonates, polydentate and bridged carbonates possess high thermal stability, especially when they are formed on oxidized CeO2 surfaces [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF]. The results of these ATR-FTIR analysis confirms therefore the presence of strongly adsorbed species, i.e. polydentate and bridged carbonates, on the surface of the alkali-containing catalysts. Together with the results obtained in the TPD-MS they provide an explanation for the unclosed carbon balance observed in the plasma-catalytic experiments performed in the presence of NiCZ-Na and NiCZ-K. Note as well that band appears for NiCZ-K and NiCZ-Na at 2973 cm -1 , typical of sp 3 CH species (CH4), which is not present in the ATR-FTIR spectra acquired for the NiCZ catalyst. This band further confirms the presence of partially hydrogenated C-species as a consequence of an uncomplete catalytic cycle. XRD and H2-TPR analysis were also performed on the spent catalysts. The results are respectively presented in Figure 109 (A) and (B). In order to examine the Ni 0 crystallite size, and the possible changes in the support with the promoting effect after the catalytic process, XRD diffractograms were recorded for the spent catalysts. The results are presented in Figure 109 (A) and in Table 40 of our manuscript. It should be noticed that, the reflections of graphite carbon (ICOD 01-075-2078) at 2 = 26.6° were not registered for all the catalysts. The average crystallite sizes of Ni° were determined by line broadening of (111) line of Ni at about 2θ = 44.4°. Ni metal crystallite sizes were estimated to be 25, 32 and 47 nm for the spent NiCZ, NiCZ-Na and NiCZ-K catalysts, respectively. Thus, a similar upward trend in the metallic Ni crystallite size is observed for the reduced catalysts as adding Na and K to the NiCZ catalyst. Indeed, the peak of NiO phase cannot be detected in XRD pattern acquired for the promoted catalyst, while its presence in NiCZ catalyst prevent Ni-sintering to an important extent, since it is well known that metallic Ni tends to sinter more easily that its oxide phase [START_REF] Moon | New Ni-based quaternary disk-shaped catalysts for low-temperature CO2 methanation: Fabrication, characterization, and performance[END_REF]. Likewise, in the case of CeO2 crystallite size, a monotonic increase in CeO2 crystallite size from 7.7, 8.9
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List of Appendices XVIII and 9.9 was observed for NiCZ, NiCZ-Na and NiCZ-K respectively. The increase of crystallite size of these alkali metals on CZ was also observed for the reduced catalysts. Figure 109 (B) shows the results of H2-TPR profiles for the spent catalysts. A main H2consumption peak can be observed for the NiCZ catalyst, centered at about 270 °C. The profiles of the NiCZ-Na and NiCZ-K catalysts contain two reduction peaks. The first peak can be assigned to the reduction of surface reduction of NiOx species in weak interaction with the support and the second peak is linked to CeO2 reduction in the mixed oxide or to the reduction of Ni-O-Ce oxides formed upon strong interaction of Ni-species with the support. However, the absence of a NiO phase in the XRD patterns acquired for the NiCZ-Na and NiCZ-K catalysts makes us suspect that H2-consumption may be mostly linked to CeO2 reduction rather than to the reduction of NiOx, and therefore points higher oxidation states of Ce-cations, i.e. Ce 4+ . 20. Depending on the promoter nature a change in the carbon balance as well as the catalytic performance of the catalysts was observed. Instead, the TPD-MS profiles for NiCZ-Sr show a major broad peak for around 51 % between 400 and 800°C referring to the strong basic sites. The presence of this high temperature peak for NiCZ-Sr, NiCZ-La, NiCZ-Cu and NiCZ-Co catalysts helps to understand the deficit in carbon balance calculated. Indeed, such strongly adsorbed C-species accumulate without being able to participate in the reaction (DBD plasma conditions at T less than 280-300°C). For more details about the nature of these species, FTIR experiments were carried and plotted in Figure 111. As reported in our previous work [START_REF] Mikhail | Electrocatalytic behaviour of CeZrO x -supported Ni catalysts in plasma assisted CO 2 methanation[END_REF], the bands at 1358 and 1600 cm -1 indicate the presence of monodentate and bidentate carbonates. Monodentate and bidentate carbonate species, as well as formate species, can be easily hydrogenated to produce methane [START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF]. Furthermore, for NiCZ-Sr, NiCZ-La and NiCZ-Cu catalysts, some additional bands appear at 1160 and 1058 cm -1 , which can be assigned to the presence of polydentate and bridged carbonates [START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF][START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF][START_REF] Vayssilov | Reassignment of the Vibrational Spectra of Carbonates, Formates, and Related Surface Species on Ceria: A Combined Density Functional and Infrared Spectroscopy Investigation[END_REF]. It should be noticed that this band is more distinct for these catalysts as they have shown the highest amount of strong basic sites. Contrary to monodentate and bidentate carbonates, polydentate and bridged carbonates possess high thermal stability, especially when they are formed on oxidized CeO2 surfaces [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF]. The occurrence of these bands agrees with the deficit of the carbon balance and the results of the TPD-MS experiments. Therefore, we can conclude from these characterizations that the increase in surface basicity, mainly the strong basic sites as shown in CO2-TPD and TPD-MS, negatively affected the methanation activity of ceria-based catalysts. XRD diffractograms and H2-TPR were recorded for the spent catalysts in order to examine the Ni° and CZ crystallite size, the reducibility and oxygen vacancy change with the promoting effect after the catalytic process. The results are presented in Figure 112 and in Table 20. For the metallic Ni crystallite size, a slight increase is observed, where the lowest Ni° size was registered for the NiCZ-Gd. Likewise, in the case of CZ, the lowest crystallite size was observed for NiCZ-Gd, that presented the highest activity.

IV.2. Tailoring physicochemical and electrical properties of

List of Appendices XIX Meanwhile, it is known that the existence of the oxygen vacancy could be accompanied by the presence of Ce 3+ in the ceria particle. Since the Ce 3+ came from the ceria defects, the number of surface defects would increase with the decrease in size of ceria particles [START_REF] Dutta | Concentration of Ce3+ and Oxygen Vacancies in Cerium Oxide Nanoparticles[END_REF][START_REF] Kim | Critical differences in 3D atomic structure of individual ligandprotected nanocrystals in solution[END_REF]. As it is already well known, the remarkable redox property, rates of the redox cycles and oxygen storage capability of ceria played the most important role in the catalysis reactions. Actually, the control of the density and the nature of the oxygen vacancies could provide a means for tailoring the reactivity of ceria-based catalysts [START_REF] Wang | Deactivation mechanism of Ce/TiO 2 selective catalytic reduction catalysts by the loading of sodium and calcium salts[END_REF][START_REF] Esch | Electron Localization Determines Defect Formation on Ceria Substrates[END_REF]. In Figure 113 and Table 20, the H2-TPR profiles and the H2 consumption of all the spent catalysts are compared. It could be seen that the temperature of main desorption peak as well as its shape changes according to the promoter added. In contrast to what observed for NiCZ-Gd, the catalysts NiCZ-Sr and NiCZ-La showed a broad peak with low intensity. Thus, the ability of CeO2 to lose its lattice oxygen to form Ce 3+ , and the rate of redox cycle is slow. °C, the best CH4 yields obtained with NiCZ-Y and NiCZ-La catalysts were respectively 76.4 and 67.1 %, against 78.9 and 63.3% obtained in plasma conditions. Therefore, short-term catalytic performances were similar using thermal or plasma activation and the best performing catalysts under thermal activation were also the best performing under plasma activation.
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 1 Figure 1. Annual global anthropogenic CO2 emissions from 1750 to 2019[2]
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 2 Figure 2. Carbon Dioxide Emissions from OECD and Non-OECD Countries [5].
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 3 Figure 3. Contribution of the various business sectors to global CO2 emissions in 2013. Other*: includes public and commercial services, agriculture, forestry, energy industries that do not generate electricity or heat and other minor emissions [6].
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 4 Figure 4. Global Temperature and Carbon Dioxide[8]

Figure 8 .

 8 Figure 8. Concept of CO2 methanation / possible application
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 9 Figure 9. Compressed Natural Gas (CNG) used to fuel car engines[START_REF] Vehiclezebgas | oldbrew in Energy[END_REF] 

Figure 11 .

 11 Figure11. Product compositions for CO2 methanation at atmospheric pressure[START_REF] Gao | Recent advances in methanation catalysts for the production of synthetic natural gas[END_REF] 

  iron and cobalt have been reported to be efficient materials for CO2 methanation. Selection of an appropriate metal is very important not only from the point of view of catalytic performance but also from the economic standpoint. Recently, Debek et al. presented in their review a comparison of the activity of various metals in CO2 methanation as a turnover Chapter I: Literature Review on CO2 conversion frequency as a function of temperature as shown in Figure13[START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxide -Looking for an efficient catalyst[END_REF]. The comparison based on the presented data (Figure13) shows that noble metals are characterized by much higher activity than some other transition metal-based catalysts. According to the review of Younas et al.[START_REF] Younas | Recent Advancements, Fundamental Challenges, and Opportunities in Catalytic Methanation of CO 2[END_REF], the following order of activity and selectivity for various metals in CO2 methanation is revealed: activity: Ru > Rh > Ni > Fe > Co > Os > Pt > Ir > Mo > Pd > Ag > Au and selectivity: Pd > Pt > Ir > Ni > Rh > Co > Fe > Ru > Mo > Ag > Au.

Figure 13 .

 13 Figure13. CH4 production registered for various CO2 methanation catalysts[START_REF] Dębek | A review on plasma-catalytic methanation of carbon dioxide -Looking for an efficient catalyst[END_REF] However, in both cases, such direct comparison does not show complete picture as: (i) data presented via various authors, although described the same parameters was established through application of various methodologies, (ii) catalysts were tested in various reaction conditions, (iii) it does not take into account the role of other catalyst components (support in particular) and (iv) it does not take into account the economic factors such as cost of catalyst preparation, modification etc. Therefore, the activity of Ni metal and a comparison of various active metals will be described below.a) Nickel as active phase (Ni):From all the transition metals nickel is the most studied one.The Ni-based catalyst is so intensively studied because they are characterized by high activity.Supported Ni catalysts are the most widely investigated materials for CO2 methanation due to their high efficiency in CH4 production and low cost (much cheaper than materials based on noble metals). A lot of supports have been investigated for Ni catalysts. The effect of the support for the Ni-based catalysts will be discussed in more details in the next section. The most investigated supports for the hydrogen reaction with CO2 to CH4 (Al2O3, Al2O3-TiO2-ZrO2, Zeolites, SiO2, as hydrotalcite, carbon nanotubes, and W-Mg oxides CeO2, ZrO2, and Ce-ZrO2)

  at 250°C followed the sequence: Ni/Y2O3 > Ni/Sm2O3 > Ni/ZrO2 > Ni/CeO2 > Ni/γ-Al2O3 > Ni/La2O3. Le et al.[START_REF] Le | CO and CO 2 methanation over supported Ni catalysts[END_REF]studied Ni supported on TiO2, γ-Al2O3, CeO2, ZrO2 and SiO2 in both CO and CO2 methanation. The catalytic performance of the catalysts in CO2 methanation at 250°C followed the sequence: Ni/CeO2 >> Ni/ZrO2 > Ni/SiO2 > Ni/TiO2 > Ni/γ-Al2O3. The superior activity of Ni supported on CeO2 was attributed to high Ni dispersion and increased CO2 adsorption capacity. Tada et al.[START_REF] Tada | Ni/CeO2 catalysts with high CO2 methanation activity and high CH4 selectivity at low temperatures[END_REF] studied the effect of CeO2, α-Al2O3, TiO2 and MgO. The CO2 conversion followed the sequence: Ni/CeO2 > Ni/α-Al2O3 > Ni/TiO2 > Ni/MgO. Ni/CeO2 showed the highest activity among all studied catalysts, with selectivity towards methane very close to 100%. The high activity of Ni/CeO2 was attributed to the surface coverage by CO2derived species on CeO2, as well as a partial reduction of surface CeO2. The effect of various nickel supports (ZSM-5, SBA15, MCM-41, Al2O3 and SiO2) on the catalytic performance in CO2 methanation reaction were studied by Guo et al. All the catalysts were prepared by impregnation method. At 250°C the CO2 conversion followed the sequence: Ni/ZSM-5 > Ni/SBA-15 > Ni/Al2O3 > Ni/SiO2 > Ni/MCM-41. The catalytic activity was correlated with the amount of weak and medium-strength basic sites, which as suggested by CO2 desorption behavior, have a positive effect on the methanation reaction and catalytic activities. The reduction of NiO species caused defects in the Ni/ZSM-5 catalyst, which was responsible for anchoring sites for active metallic Ni particles. Pan et al. [69] compared the performance of Ni supported on ceria-zirconia and alumina. Both supports differed in acid-basic properties. The former exhibited the presence of intermediate strength basic sites, while alumina is well known for its acidic character. Intermediate strength basic sites facilitated the formation of monodentate formate species and thus accounted for the superior performance of Ni/Ce0.5Zr0.5O2 catalyst. Similar conclusions and the importance of intermediate strength basic sites were as well reported by Muroyama et al. [82] and Guo et al. [98]. Basicity thus plays an important role in CO2 methanation, however, research by Fukuhara et al. [99] who compared the performance of Ni supported on Al2O3, TiO2, ZrO2, Y2O3, MgO and CeO2 showed that basic support like MgO adsorbs CO2 too strongly and thus results in the lowest activity.

Figure 14 .

 14 Figure 14. Global reaction mechanisms of the CO2 methanation (adapted from[119,125])

  surface. Comparing between HCOO → CO + OH and CO → C + O as the rate-determining step, the path started with CO2 dissociation into CO and O exhibited lowest maximum energy barriers. Therefore, CO2 → CO + O → C + O + 4H → CH2 + 2H → CH3 + H → CH4 was the optimal path. Zhen et al. [132], however, proposed that CO* hydrogenation was the rate-determining step of CO2 methanation. CO* hydrogenation could form HCO*, HCOH*, H2COH*, CH2*, CH3* and CH4* on the Ni (111) or (200) surface. Recently, Huang et al. [133]took both studies by Ren et al. [131] and Zhen et al. [132] into account and included CO2* C-terminal hydrogenation and OH* removal from HCOH* and H2COH*. The results revealed that formate pathway via the HCOOH* intermediate was the optimal pathway over Ni(111) surface as follows: CO2* → HCOO* → HCOOH* → HCO* → HCOH* → CH* → CH2* → CH3* → CH4* → CH4, in which HCO* hydrogenation to HCOH* was the rate-determining step. The literature, however proposed another methanation mechanism that involves the associative adsorption of CO2 and H2, followed by hydrogenation into methane.

19 Figure 15 .

 1915 Figure 15. Reaction mechanism proposed on Ni-CZ sol-gel sample for carbon dioxide methanation.Adapted from[START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF].

Figure 16 .

 16 Figure 16. Orbital energy diagrams with characteristic OCO angle and CO bond length of CO2 in the linear and bent forms, radical CO2 -, formate ion, and formate radical. The energy scale is shown in Hartree[146].
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 19 Figure 19.Paschen curves for various gases[START_REF] Raizer | Gas Discharge Physic[END_REF] 
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 20 Figure 20. Different types of DC discharges depending on the voltage and current[START_REF] Conrads | Plasma generation and plasma sources[END_REF] 

Figure 21 .

 21 Figure 21. Diagrams of planar, coaxial and surface DBD configuration. Adapted from[START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF] 
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 22 Figure 22. Different applications of plasma catalysis.
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 23 Figure 23. Plasma-catalytic configurations, A) IPC and B) PPC

Figure 24 .

 24 Figure 24.Possible synergy in plasma-catalysis. Adapted from[START_REF] Snoeckx | Plasma technology -a novel solution for CO 2 conversion?[END_REF] 

Figure 25 .

 25 Figure 25. The main effects of configuration that may influence the plasma-catalytic process

  investigated CO2 methanation in a low-pressure glow discharge in the temperature range 200-350°C over Ni/USY and Ni/ZSM-11 zeolite-based catalysts. Tested catalysts were pre-reduced at 470 °C, which resulted in an incomplete reduction of NiO, however, such reduction temperature guaranteed preservation of zeolite structure. In glow discharge plasma CO2 dissociation proceeds mainly via electron impact dissociation or vibrational excitation. Moreover, zeolites are characterized by a high dielectric constant which results in a decrease of a breakdown

  this field is a new research area, it is still lacking much research in order to understand the mechanism of the process and optimize the catalyst performance. The main findings, considering the mechanism of CO2 methanation in plasma process, in very few reports, are summarized as follow. Amouroux et Cavadias, proposed a mechanism of CO2 methanation over Ni/SBA-15/Ce0.9Zr0.1O2 in DBD plasma. Three main steps were identified: the first one includes vibrational activation of CO2 and H2 in the gas phase into the catalyst pores by plasma electrons; the second step consists on the redox processes due to the polarization of the catalyst by plasma, and the last one considered as the rate determining step consists on the desorption of water molecules from the active sites[START_REF] Amouroux | Electrocatalytic reduction of carbon dioxide under plasma DBD process[END_REF]. Benrabbah et al., using OES measurements explained the low temperature activity by the formation of highly reactive species from CO2 and H2 in the presence of the plasma, further able to react on the surface of the Ni/CeZrO2 catalyst. They found that the ceria-zirconia support contribute to CO2 adsorption and dissociation and the presence of Ni involves the consumption of the gaseous excited species[START_REF] Benrabbah | Plasma-catalytic hybrid process for CO2 methanation[END_REF]. Azzolina-Jury et al., proposed mechanism of CO2 methanation performed at low pressure using glow discharge plasma and Ni-USY catalyst, by using microsecond time-resolved FTIR spectroscopy. Firstly, it involves the activation of gases (CO2, H2 and Ar) in the gas phase, leading to partial dissociation of CO2 to CO. The remaining CO2 may be adsorbed on metallic nickel resulting in the formation of monodentate formates, which are further transformed to linear carbonyls under plasma and then hydrogenated to form CH, CH2, CH3 species and finally CH4[START_REF] Azzolina-Jury | Mechanism of Low Pressure Plasma-Assisted CO2 Hydrogenation Over Ni-USY by Microsecond Time-resolved FTIR Spectroscopy[END_REF]. Moreover, on hydrotalcite derived catalysts in a glow discharge plasma, Debek et al. gave insights into mechanistic aspects of hybrid plasma-catalytic process. They revealed that plasma treatment activated the surface of hydrotalcite-derived catalysts and changed their properties via the generation of strong basic sites associated with low coordinated surface oxygen anions. Moreover, the CO2 adsorption capacity of prepared materials increased after plasma treatment. The origin of that change may come from the electron surface bombardment resulting in the transformation of surface functional groups. In another research done by the same authors, they proved that plasma changes surface basicity (i.e. CO2 adsorption capacity) as well as oxidation state of nickel surface species. These facts underline the synergetic effect between plasma and catalysis[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 Nibased catalyst[END_REF]. Parastaev et al. presented a study using Temperature programmed plasma surface
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 1126 Figure 26. A schematic diagram of the experimental setup used in plasma catalytic CO2 methanation experiments

Figure 27 .

 27 Figure 27. (A) Transversal section of the DBD reactor with catalyst packing and (B) picture of the DBD reactor used in CO2 methanation experiments.

  the inner electrode thanks to a shielded cable. The outer electrode steel wire was grounded via an external capacitor Cm. The capacity (Cm) was used to measure the quantity of the generated charges (Q) transferred into the reactor. The voltage across the capacitor (Uc) was measured thanks to a Picotech probe. The two voltage probes also serve as a voltage divider bridge (*1000 for UA and *10 for Uc). Finally, all electrical signals were recorded by a numerical oscilloscope (LT 342, LeCroy) or a Pico oscilloscope (PicoTechnology, PicoScope 5000 Series). The voltage-current waveforms were measured with the use of a high voltage probe (CaLTest CT4028 voltage measurement of up to 30 kV) and Pearson 2877 Current transformer

Figure 28 . 2 . 2 . Diagnostics and measurements 2 . 2 . 1 .

 2822221 Figure 28. A schematic diagram of the experimental setup used in thermo-catalytic CO2 methanation experiments

2 )Figure 29 .

 229 Figure 29. Circuit for measuring the discharge power of a plasma reactor: A) High Voltage and the Current method (UI); B) Lissajous method, where B, A -channels.

Figure 30 .

 30 Figure 30. Voltage (blue) and current (red) patterns in a typical experiment. In dots, the sinusoid corresponding to the displacement current.

Figure 31 .

 31 Figure 31. Lissajous figures for unpacked and packed NiCZ material tested when Plasma ON (UA=14kV>UB)

Figure 32 .

 32 Figure 32. Typical Lissajous figure of an ideal DBD.

Figure 33 .

 33 Figure 33. A typical Lissajous figure when Plasma Off (UA<UB), required for the calculation of the capacitance of the reactor

Figure 35 .

 35 Figure 35. System for the temperature measurement.

Figure 36 :

 36 Figure 36: (1). hydrogen (H2) (RT≈1.5); (2). oxygen (O2) (RT≈4); (3). nitrogen (N2) (RT≈5); (4).

Figure 36 .

 36 Figure 36. Gas chromatogram obtained using Carboxen column in an IGC 120 ML, Delsi Intersmat GC.
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 37 Figure 37. Scheme of the synthesis procedure of NiCZ or NiCZ-M using the conventional wetimpregnation method 2.3.1.3. Catalyst's pretreatment prior to the reaction a) Calcination and Reduction steps

Figure 38 .

 38 Figure 38. Schematic representation of the process used for the Shaping of the catalysts in different particle sizes

Figure 39 .

 39 Figure 39. Scheme of the principal characterization techniques of supported catalyst, Recapitulated from [285].

Figure 40 .

 40 Figure 40. Schematic diagram of the experimental setup used in plasma catalytic CO2 methanation experiments

Figure 41 Figure 41 .

 4141 Figure41contains the CO2 conversion, as well as the CH4 and CO selectivity and carbon balance determined in the presence of the NiCeZr catalyst, under thermal or plasma conditions, at different temperatures and/or applied voltages. Whereas the thermodynamic equilibrium predicts CO2 conversions decreasing from 100 to 85%, with increasing temperature from ambient to 400°C[START_REF] Nizio | Hybrid plasma-catalytic methanation of CO2 at low temperature over ceria zirconia supported Ni catalysts[END_REF][START_REF] Pan | CO2 methanation on Ni/Ce0.5Zr0.5O2 catalysts for the production of synthetic natural gas[END_REF][START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF][START_REF] Ocampo | Effect of Ce/Zr composition and noble metal promotion on nickel based CexZr1-xO2 catalysts for carbon dioxide methanation[END_REF][START_REF] Graça | CO2 hydrogenation into CH4 on NiHNaUSY zeolites[END_REF], almost zero CO2 conversion was measured under thermal conditions at a temperature of 210°C (Figure41.A). Conversion increases with increasing temperature, reaching 72-73% at 320-350°C and corresponding to near 100% CH4 selectivity. At higher temperatures, CH4 selectivity starts decreasing as CO starts being produced, mainly through the well-known reverse water gas shift reaction (RWGS). Under plasma conditions (Figure41.B), a CO2 conversion slightly higher than 60% can be already obtained at low temperature, i.e. around 200°C, corresponding to an applied voltage of 13 kV. At 15 kV and at 240°C, the CO2 conversion reaches 73%, with CO2 being fully converted into methane (carbon balance 100% closed). Let us note here that, under these plasma-catalytic conditions, methanation reaction, when it occurs, it contributes to an

Figure 42 .

 42 Figure 42. Activity and selectivity in CO2 methanation over 100 h time-on-stream, under (A) thermocatalytic and (B) plasma-catalytic conditions.
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 328 for the detailed description of these experiments). All the TPD-MS profiles show a broad CO2 desorption peak around 50-200°C that can be attributed to weakly bound atmospheric CO2, most probably physically adsorbed or trapped within the porosity of the catalyst. The TPD-MS profile for the spent PA-NiCeZr catalyst presents a desorption peak between 200 and 320°C. The presence of this peak indicates that, under plasma-catalytic conditions, all or almost all the C-species adsorbed on the catalyst surface are able to participate in the methanation reaction, in view of the reaction temperatures attained. Instead, the TPD-MS profile for TA-NiCeZr shows a small desorption peak between 200 and 320°C and a broad peak between 320 and 700°C. The presence of this Chapter III: Thermal vs. plasma processes: ageing study and reaction mechanism high temperature peak helps to understand the deficit in carbon balance calculated for the thermo-catalytic methanation experiment. Indeed, such strongly adsorbed C-species accumulate without being able to participate in the reaction (isothermal conditions at 350°C).
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 44 Figure 44. Different carbonates and other intermediate species, and their corresponding IR bands.

Figure 46 .

 46 Figure 46. TEM and HR-TEM micrographs for (A, B) NiCeZr P-Red (C, D) PA-NiCeZr and (E, F) TA-NiCeZr.

Figure 47 .

 47 Figure 47. TGA profiles for the thermally aged catalyst (TA-NiCeZr)

Figure 48 .

 48 Figure 48. XRD diffraction patterns for the spent catalysts, TA-NiCeZr and PA-NiCeZr, for the pre reduced and calcined catalysts, as well as for the calcined support.

Figure 49 .

 49 Figure 49. H2-TPR profiles for the spent catalysts, the pre reduced and calcined catalysts, as well as for the calcined support.

  reduction in the support (see H2-TPR profile for the calcined NiCeZr). After reduction, NiO is still present to a certain extent, as confirmed by XRD. Partial reduction or surface passivation of Ni-sites results in H2 consumption peaks at 180-300°C. The reduction of Ni-species is followed by the reduction of CeO2 in the support, and more particularly of highly dispersed CeO2 in CeZr solid solution[START_REF] Dong | Methane reforming over Ni/Ce-ZrO2 catalysts: effect of nickel content[END_REF][START_REF] Fornasiero | On the rate determining step in the reduction of CeO2-ZrO2 mixed oxides[END_REF][START_REF] Escritori | Methane autothermal reforming on nickel-ceriazirconia based catalysts[END_REF], yielding a H2-consumption peak centered around 450°C in the H2-TPR profile obtained for the reduced NiCeZr catalyst. Upon methanation under thermo-catalytic conditions, the H2-TPR profile for TA-NiCeZr shows three H2-consumption peaks respectively centered at 235, 256 and 295°C. The first peak can be assigned to the reduction of weakly adsorbed surface oxygen such as -OH or O2 species on the Ni surface, whereas the second one can be related to the reduction of NiOx species in weak interaction with the support. Similarly as for the reduced (fresh) catalyst, the third broad H2-consumption peak is linked to CeO2 reduction in the mixed oxide or to the reduction of Ni-O-Ce oxides formed upon strong interaction of Ni-species with the support. However, the absence of a NiO phase in the XRD patterns acquired for the TA-NiCeZr catalyst makes us suspect that H2-

Figure 50 .

 50 Figure 50. General schema of the plasma-catalytic cycle proposed for CO2 methanation on the NiCeZr catalyst.

Figure 51 .

 51 Figure 51. Scheme represents the PN junction (catalyst NiCeZr) in the plasma process and shows the charge transfer in this phenomenon due to the potential difference.

  100 h time-on-stream under DBD plasma conditions. The characterization of the spent catalyst evidenced that, during plasma-catalytic operation, metallic Ni coexists with NiO, whereas the CeZrOx support contains a high ratio of Ce 3+ /Ce 4+ together with oxygen vacancies, what led to the chemisorption of CO2 in the form of monodentate and bidentate carbonates. Such carbonates can be readily reduced yielding the attended reaction products. The different facts collected through physicochemical characterization point to our catalyst behaving like a PN junction, or like a fuel cell, with a P-side, the anode, i.e. the Ni-side releasing electrodes, while the CeZrOx support, N-side and cathode, acts as an acceptor. The DBD plasma, rich in ionic species and free electrons, acts as the electrolyte in a fuel cell, conducting the electrons in the right direction from the Ni-sites to the support, favoring their transport to the electron consuming sites. Favored electron transfer between Ni-sites and the CeZrOx support in the presence of the DBD plasma results in the modification of the catalyst's physicochemical features leading to a more effective adsorption of the different reactive species (lower energy barriers and increased number of active sites vis-à-vis classical thermo-catalytic operation).This results in increased product yield and higher catalytic stability. Additionally, under plasma conditions, electron transfer and polarity inversion in DBD cycles are guaranteed which leads to enhanced adsorption of reactants and favored repulsion and desorption of the different Chapter III: Thermal vs. plasma processes: ageing study and reaction mechanism reaction products. This results in an active and continuous regeneration of the junction throughout the DBD plasma discharge.However, under classical thermo-catalytic conditions, the flow of electrons is substantially impeded by the Brownian movement of the gas molecules, leading to an accumulation of oxygen in the support and to an increasing content in Ce 4+ sites, leading to catalyst deactivation. Oxygen accumulation on the surface of the catalyst during thermo-catalytic methanation leads to the formation of non-reactive adsorbed species, whereas Ni-sintering is favored.Thus, to recapitulate (see Table16), under DBD plasma conditions, plasma-activated CO₂ molecules (in bent configuration) adsorb onto the middle basic sites of Ce-Zr oxide, while H₂ molecules adsorb and dissociate on the nickel surface. At the contact points between the nickel crystallites and the surface, a layer of nickel oxide is formed and constantly regenerated by the plasma. The NiO is known to behave as a P-doped semiconductor, whereas ceriazirconia behaves as an N-doped semiconductor. Their contact leads to the formation of a PN junction and a depletion zone (i.e. space charge region) across both materials. Owing to the respective redox potentials of H₂ and CO₂, the junction is reverse biased. Therefore, only minority carrier current is allowed. The electric field inside the depletion zone promotes the transport of electrons from Nickel site to the support CZ. During this process, the size of the depletion zone increases and H⁺ ions migrate by spillover to hydrogenate CO₂ and yield carbonates and formates, until finally methane. The strong alternating electric field and surface charges deposited by the plasma can polarize the active sites, thereby regenerating them (forward current in the depletion zone) and change the surface properties (acidic/basic),
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 5217 Figure 52. Summary of all the promoters doped on NiCZ and studied in this chapter for a DBD plasma assisted CO2 methanation process
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 5354 Figure 53. Average power dissipated as a function of the voltage for the different catalysts during onplasma catalytic methanation (Qin: 200 mL/min; H2:CO2 = 4:1; GHSV= 44000h -1 ; f=70 kHz)

Figure 55 .

 55 Figure 55. XRD diffraction patterns for the calcined (A,B) and reduced (C,D) NiCZ and NiCZ-M promoted catalysts

Figure 56 .

 56 Figure 56. H2-TPR profiles for the calcined NiCZ and NiCZ-M promoted catalysts

Figure 57 .

 57 Figure 57. CO2-TPD curves of the NiCZ and NiCZ-M for the reduced catalysts before Reaction

Figure 59

 59 Figure 59 presents the Lissajous figures of CO2 methanation in the DBD reactor without and with different types of packing materials, at an applied voltage of 14 kV. The different slopes, heights and widths obtained reveal a significant change in electrical behavior upon the different types of packing. It can be noticed that the Lissajous figure evolves from a parallelogram shape in the case of the empty reactor to an oval shape when the NiCZ catalyst bed was packed in the DBD reactor (Figure 59.A).

Figure 59 .

 59 Figure 59. Lissajous figures for unpacked and packed materials tested when Plasma is ON (UA=14kV >UB)
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 6061 Figure 60. Average power dissipated as a function of the voltage for various packed materials.

Figure 61 (

 61 Figure 61 (A), (B), (C), and (D) respectively show the evolution of CO2 conversion, CH4 and CO selectivities and carbon balance as a function of power consumption for the tested catalysts.

  selectivities, both NiCZ and NiCZ-M promoted catalysts present optimum values as a function of the power consumption, as shown in Figure 61.B and Figure 61.C. The incorporation of promoter in the NiCZ catalyst induces a consequential effect on the selectivities towards CH4 and CO formation under NTP activation, particularly at low voltages and power consumption.

Furthermore, the carbon

  balance was completely closed for NiCZ, NiCZ-Gd and NiCZ-Y contrary to what was acquired with NiCZ-La and NiCZ-Sr (Figure 61.D). Unclosed carbon balance points to the presence of some type of carbon adsorbed species, i.e. reaction intermediates and/or by-products, which accumulate on the catalytic surface. Thus, to try and identify the nature of such adsorbed species, temperature-programmed desorption analyses (TPD) and FTIR were performed on the spent catalysts and are presented in Appendix IV.2 & Table20. It was found from these both characterizations that the increase in surface basicity, mainly the strong basic sites as shown in TPD-MS profiles for the promoted NiCZ-Sr and NiCZ-La catalysts, leads to the formation of surface species such as polydentate and bridged carbonates possess high thermal stability, especially when they are formed on oxidized CeO2 surfaces[START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF] (See Appendix IV.2).

Figure 62 .

 62 Figure 62. Stability test of the NiCZ-Gd catalyst for catalytic CO2 hydrogenation by DBD plasma: CO2 conversion and CH4 selectivity (left hand axis), CO selectivity and power consumption (right hand axis), (Experimental conditions: feed gas composition of H2/CO2 = 4, GHSV of 44000 h -1 , applied voltage= 13.5 kV).

Figure 63 .

 63 Figure 63. CH4 produced (A) and CO produced (B) vs the charge transferred in ½ period at an applied voltage of 13-14 and 15 KV

Figure 64 .Figure 64 .

 6464 Figure 64. CH4 produced corresponding to a maximum of CO2 conversion registered for each catalyst vs the gap voltage (A); Energy efficiency calculated at iso-conversion of around 63% for the tested catalysts as function of dielectric constant (B).

Figure 65 .

 65 Figure 65. CH4 produced corresponding to a maximum of CO2 conversion registered. for each catalyst vs the absolute deviation of lattice parameter (A); Medium basicity (B); and Ni crystallite size (C). N.B. The absolute deviation of Lattice cte = |Lattice cte of the catalyst -Lattice cte of NiCZ|

Figure 66

 66 Figure 66 aims to correlate the dielectric constant of the different packed-beds to the power inputs measured, as a function of the Y-content. An inversed volcano plot is obtained, pointing to a non-linear influence of the Y-content both on the dielectric constant of the packed-bed and on the power dissipated. The non-linear trend observed is in agreement with previously published studies discussing the varistor properties of ceramics upon Y-doping, including CeO2

Figure 66 .

 66 Figure 66. Power dissipated at 14 kV and dielectric constant of the packed-beds as a function of yttrium content (gas flow rate: 200 mL/min; H2:CO2= 4:1; GHSV= 44000 h -1 ; frequency= 70 Hz).

  addition of yttrium contributes to the formation of smaller NiO particles, and thus to a higher dispersion of the Ni-phase on the surface of support. A metallic Ni phase can be observed in the XRD profiles acquired for the reduced catalysts (Figure67.B), (JCPDS 04-0850, diffraction peaks at 2θ of 44.5, 51.8 and 76.4). The crystallite size of Ni° for NiCZ-Yx samples varies from 9.1 to 11.6 nm, in comparison to the 10.7 nm calculated for the non-promoted catalyst NiCZ.

Figure 68 .

 68 Figure 68. TPR-H2 profiles of NiCZ-Yx calcined catalysts with different Y nominal weight loading

Figure 69 .

 69 Figure 69. TPD-CO2 profiles of NiCZ-Yx calcined catalysts with different Y nominal weight loading

4. 4 . 4 .Figure 70 .

 4470 Figure 70. CO2 methanation plasma-catalytic experiments performed in the presence of NiCZ and NiCZ-Yx at different applied voltages: (A) CO2 conversion, and (B) CH4 selectivity as a function of the input power.

Figure 70 .

 70 Figure 70.A shows the CO2 conversion measured during the plasma-catalytic experiments, as a function of the power input. The results obtained clearly evidence that the CO2 methanation reaction can be triggered at very different power inputs -ranging from 5 to 15 W -depending on the catalyst employed. In the case of the non-promoted catalyst, NiCZ, the reaction is initiated at an applied voltage of 12.5 V, corresponding to a power input of 8.5 W and resulting

Figure 71 .

 71 Figure 71. Energy efficiency in plasma-catalytic CO2 methanation for NiCZ and NiCZ-Yx, calculated at iso-conversion (63%) and as a function of the Y wt% content.

Figure 72 .

 72 Figure 72. CH4 produced corresponding to a maximum of CO2 conversion registered for each catalyst vs the gap voltage.

Figure 73 .

 73 Figure 73. CH4 produced corresponding to a maximum of CO2 conversion registered for each catalyst versus several physicochemical properties. N.B. The absolute deviation of Lattice cte = |Lattice cte of the catalyst -Lattice cte of NiCZ|

  the concentration of oxygen vacancy) as the host and dopant ions are similar in size and in the shrinkage of the CeO2 cell due to the formation of Ce-Y-Ni-O solid solution. Hence, this opens the path of the migrating oxygen ions more effectively due to the oxygen vacant sites formation that could facilitate the hosting of the electron pair left behind during the oxygen departure from the structure. Munteanu et al. demonstrated in their study that the oxygen vacancies concentration and the mobility of oxygen ions increase when CeO2 is doped by Y2O3

Figure 74 .

 74 Figure 74. A balance between the physicochemical and electrical properties of the catalyst is essential to obtain a high energy efficiency in DBD plasma assisted NiCZ based catalysts

Figure 75 .Table 28 .

 7528 Figure 75. Reduced Townsend ionization coefficient (A) and Mean electron energy calculated by using different inlet mixture with Bolsig+[429] as function of the reduced electric field that corresponds to an applied voltage between 12 and 15 kV.

Figure 76 .

 76 Figure 76. Average power dissipated as a function of the applied voltage for various He concentrations

Figure 77 .

 77 Figure 77. Plasma-catalytic activity, conversion of CO2 (A), selectivity of CH4 and CO (B), and temperature (C) as function of power consumption (GHSV: 44000 h -1 ; feed flow rate: 200 mL/min; discharge length: 6 mm; discharge gap: 2.5 mm; f: 70 kHz, NiCZ-Gd catalyst, Particle size: 30 µm).

Figure 78 .

 78 Figure 78. Average power dissipated as a function of the voltage for various gauge pressure.

Figure 79 .

 79 Figure 79. Plasma-catalytic activity, conversion of CO2 (A), selectivity of CH4 and CO(B), (C) and temperature (C), as function of power consumption obtained with various gauge pressure. (GHSV: 44000 h -1 ; feed flow rate: 200 mL/min; discharge length: 6 mm; discharge gap: 2.5 mm; f: 70 kHz, NiCZ-Gd catalyst, Particle size: 30 µm).

Figure 80 .

 80 Figure 80. Sinusoidal wave of the applied voltage as function of frequency

Figure 82 .

 82 Figure 82. Effect of discharge frequency on the Plasma-catalytic activity, CO2 conversion (A), CH4 selectivity (B), and Temperature (C) as function of power consumption (GHSV: 44000 h -1 ; feed flow rate: 200 mL/min; discharge length: 6 mm; discharge gap: 2.5 mm; NiCZ-Gd catalyst, Particle size: 30 µm).

Figure 83 (Figure 83 (Figure 83 .

 838383 Figure83(A) and (B), the values of gap voltage as function of the power consumption at isoconversion of 81-82% and maximum CH4 produced registered for each operating condition vs the gap voltage respectively. Figure83 (A) clearly shows that the highest the gap voltage is, the lowest is the power consumption needed to obtain a similar CO2 conversion. Additionally, Figure83(B) indicates that a clear tendency is present where the higher the gap voltage, the better the CH4 production. For instance, the maximum CH4 produced of 2.71*10 -5 moL/s is obtained at the highest gap voltage of 5 kV, corresponding to a gauge pressure of 1.5 bar, while the lowest CH4 produced of 2.27*10 -5 moL/s is obtained for the lowest gap voltage of 3.5 kV, corresponding to a mixture diluted with 75% of He. As discussed in Section 5.3.3, the results of the frequency change did not follow this trend, which could be due to other crucial parameters that can control the process, such as reaction's kinetics.A) B)

207 AFigure 84 .

 20784 Figure 84. Photograph of different particle size of the catalyst a) P1=30µm, and b) P2=500µm

Figure 85 .

 85 Figure 85. Average power dissipated as a function of the voltage for various packed materials with different particle size (A), Plasma-catalytic activity, conversion of CO2 (B), and selectivity of CH4 (C), as function of power consumption. (DL= 6 mm, GHSV = 44000 h -1 , dgap=2.5 mm)

Figure 86 Figure 86 .Table 32 .

 868632 Figure 86. Photograph of DBD reactor with different type of external dielectric A) Quartz, and B) Alumina

Figure 87 .

 87 Figure 87. Average power dissipated as a function of the for the different used external dielectric material

Figure 88 .

 88 Figure 88. Plasma-catalytic activity, conversion of CO2 (A), selectivity of CH4 and CO (B), and temperature (C), as function of power consumption.

Figure 89 .Figure 89 .

 8989 Figure 89. Temperature distribution of the reactor at a fixed power of 7.5 W: (A) and (B) 1D, 2D and 3D temperature distribution with quartz as dielectric material. (C) and (D) 1D, 2D and 3D temperature distribution with alumina as dielectric material.

Table 34 .Figure 90 .

 3490 Figure 90. Photograph of DBD reactors with different discharge length, A) dL = 6 mm, B) dL = 12 mm and C) dL = 15 mm

Figure 91 .Figure 92 .

 9192 Figure 91. Average power dissipated as a function of the voltage for various discharge length (A), Plasma-catalytic activity, conversion of CO2 (B), selectivity of CH4 (C), and Temperature (D) as function of power consumption. (GHSV = 44000 h -1 , dgap=2.5 mm)

Figure 92 .

 92 B and D show the values of the temperature along the reactor in 2D and 3D views with 2 different discharge lengths (6 and 15 mm).

Figure 93 .

 93 Figure 93. Scheme of the reactor operation: (A) pseudo-adiabatic and (B) isothermal condition

Figure 93 presents

 93 Figure 93 presents the scheme of the two different reactor configurations: pseudo-adiabatic conditions (A) (the reactor was at open air, without thermal insulation and without any external heating) and isothermal conditions (B) (with external heating).

Figure 94 .

 94 Figure 94. Average power dissipated as a function of the voltage (A) in pseudo-adiabatic conditions and (B) in isothermal conditions. Plasma-catalytic activity, conversion of CO2 (C): pseudo adiabatic and (D) isothermal. Selectivity of CH4 and CO (E): pseudo-adiabatic and (F) isothermal conditions, as function of power consumption. (DL= 15 mm, GHSV = 44000 h -1 , Qinlet= 500 mL/min, dgap=2.5 mm)

  chapter 3, plasma-catalytic and thermo-catalytic methanation were performed in the presence of a CeZrOx-supported Ni catalyst, proving that high CO2 conversions and high methane yields can be obtained under DBD plasma conditions. It was verified that the activity and selectivity of this catalyst is well maintained over 100 h time-on-stream under DBD plasma conditions. Besides, significant informations on the reaction pathways of CO2 methanation in the presence of a Ni/CeZrOx catalyst were provided. The characterization of the spent catalyst evidenced that, during plasma-catalytic operation, metallic Ni coexists with NiO, whereas the CeZrOx support contains a high ratio of Ce 3+ /Ce 4+ together with oxygen vacancies, what led to the chemisorption of CO2 in the form of monodentate and bidentate carbonates. Such carbonates can be readily reduced yielding the attended reaction products. The different outcomes assembled through physicochemical characterization point out that the catalyst behave like a PN junction, or like a fuel cell, with a P-side, the anode, i.e. the Ni-side releasing electrodes, while the CeZrOx support, N-side and cathode, acts as an acceptor. The DBD plasma, rich in ionic species and free electrons, acts as the electrolyte in a fuel cell, conducting the electrons in the right direction from the Ni-sites to the support, favoring their transport to the electron consuming sites. Favored electron transfer between Ni-sites and the CeZrOx support in the presence of the DBD plasma results in the modification of the catalyst's physicochemical features (i.e. oxydation degree of CeZrOx) leading to a more effective adsorption of the different reactive species (lower energy barriers and increased number of active sites vis-à-vis classical thermo-catalytic operation). Additionally, polarity inversion in DBD cycles are guaranteed which leads to favored repulsion and desorption of the different reaction products. All these processes lead to an active and continuous regeneration of the junction throughout the DBD plasma discharge. On the contrary, under classical thermocatalytic conditions, the flow of electrons is substantially impeded by the Brownian movement of the gas molecules, what contributes to an accumulation of oxygen in the support and to an increasing content in Ce 4+ sites, leading to the formation of non-reactive adsorbed species (stable carbonates: polydentates/bridged..), and graduallly to the catalyst's deactivation.

Figure 96 .

 96 Figure 96. Adsorption/Desorption isotherm of NiCeZr (A), plot of BET N2 adsorption plots obtained at 77 K for NiCeZr (B) and plot of BJH N2 adsorption plots obtained at 77 K for NiCeZr (C)

)

  

4 Figure 98 .

 498 Figure 98. Temperature profile of the reactor (from A to B): schematic diagram cut line AB in the reactor; temperature profile on the cut line AB.

Figure 99 .

 99 Figure 99. 2D axisymmetric geometry model of the reactor used for the computation of the dielectric constant iii) Determination of the effect dielectric constant on the electric field We have found experimentally that the number of electrons and the charge transferred are not crucial parameters for the reduction of CO2 to methane and what is important is the voltage gap (surface polarization and electric field on the catalyst surface).For this purpose, we have performed an "Electrostactic" model on COMSOL Multiphysics®5.4 software to determine the electric field on the surface of the catalyst particle at a similar electric field in the gas (same power).

Figure 104 .

 104 Figure 104. XRD diffraction patterns for the calcined (A) and reduced (B) catalystsFigure105(A) presents the H2-TPR profiles obtained for the CZ support, as well as for the calcined NiCZ catalysts. For the CZ support, several wide and not clearly resolved H2consumption peaks appear at temperatures between 300 and 700°C, which correspond to the stepwise reduction CeO2→ Ce2O3→ CeOx[START_REF] Trovarelli | Catalytic Properties of Ceria and CeO 2 -Containing Materials[END_REF][START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF]. Upon Ni-loading, H2-consumption logically increases (Table41). Moreover, a clear shift of the CeO2 reduction peaks towards lower temperatures is observed. The oxygen exchange between Ni and the CZ support promotes the reduction of Ce-cations from Ce 4+ to Ce 3+[START_REF] Mikhail | Electrocatalytic behaviour of CeZrOx-supported Ni catalysts in plasma assisted CO2 methanation[END_REF]. Ni 2+ cations can be, in turn, directly reduced to metallic Ni 0 , without passing through any intermediate species. The presence of Ni itself promotes, therefore, the reduction of the CZ support. However, the reducibility of Ce-cations seems to be somehow impeded by the presence of Na and K. Indeed, the shift towards lower reduction temperatures observed for the CeO2-reduction bands is less remarkable for the alkali-containing catalysts than for the non-promoted one, and the band assigned to the reduction of Ce-species seems to be clearly shifted to higher reduction temperatures. Concerning the reducibility of Ni-species, it is well known nowadays that it greatly depends on the dispersion of the Ni-phase, i.e. its crystallite size, as well as on its interaction with the support. Nickel oxide reduction takes place at temperatures between 150 and 450°C, and partially overlaps the H2-consumption peaks corresponding the reduction CZ support, especially in the case of NiCZ. The complex H2-consumption peaks due to the reduction of Ni-species can be divided into three contributions: The first one is assigned to the reduction of weakly adsorbed surface oxygen such as -OH or O2 species on the Ni surface; the second one is related to the reduction of bulk NiOx species in weak interaction with the support; and, finally, a third broad H2-consumption peak that is linked to the reduction of Ni-O-Ce oxides formed upon strong interaction of Ni-species with the CZ support. The presence of Na and K seems to alter the reducibility of the Ni-species as well. Concretely, the

Figure 105 .

 105 Figure 105. H2-TPR profiles for the CZ calcined modified catalysts (A) and CO2-TPD profiles of NiCZ promoted and unpromoted catalysts, All the catalysts are reduced under plasma conditions (B).

Figure 106 .

 106 Figure 106. Lissajous plots for the different catalysts: Plasma-off (U<UB) (A), Plasma-on at 15 kV (U>UB) (B)

Figure 107 .

 107 Figure 107. Average power dissipated as a function of the voltage for the different catalysts during on-plasma catalytic methanation (gas flow rate: 200 mL.min -1 ; GHSV= 44000h -1 ; frequency: 70 kHz)

Figure 108 .Figure 109 .

 108109 Figure 108. TPD-MS profiles (A) and ATR-FTIR spectra (B) for the spent catalysts upon plasmacatalytic methanation A) B)

  Ni/CeZrOx doped catalysts for high efficiency of plasma catalytic CO2 methanation a) Physicochemical characterizations of the spent catalystsThe intensity of mass m/z 44 was followed by mass spectrometry (MS) is plotted as a function of temperature in Figure110. The TPD-MS profile obtained for the NiCZ, NiCZ-Gd and NiCZ-Y spent catalyst show a broad CO2 desorption peak around 50-200°C that can be attributed to weakly bound atmospheric CO2, and a desorption peak between 200 and 350°C that indicate, all or almost all the C-species adsorbed on the catalyst surface can participate in the methanation reaction. All the values of the percentage of CO2 desorbed are presented in Table

Figure 110 .Figure 111 .Figure 112 .Figure 113 .

 110111112113 Figure 110. TPD-MS profiles for the spent catalysts upon DBD plasma-catalytic methanation

Figure 114 .

 114 Figure 114. A) Power dissipated as a function of the applied voltage for the different catalytic packed-beds (gas flow rate: 200 mL/min; H2:CO2= 4:1; GHSV= 44000 h -1 ; frequency= 70 Hz), and (B)Lissajous plots obtained for the different packed-beds at 14 kV.

Figure 115 .

 115 Figure 115. Stability test of the NiCZ-Y7 catalyst for catalytic CO2 hydrogenation by DBD plasma: CO2 conversion and CH4 selectivity (left hand axis), CO selectivity and power consumption (right hand axis), (gas flow rate: 200 mL/min; H2:CO2= 4:1; GHSV= 44000 h-1; frequency= 70 Hz, UA= 14kV).

bFigure 119 .

 119 Figure 119. Simulated power dissipated (A) and energy per period (B) as a function of the voltage for various frequency. c) Effect of GHSV i)

Figure 120 .Figure 121 .

 120121 Figure 120. Plasma-catalytic activity, power and temperature (A), conversion of CO2 and selectivity of CH4 (B) as function of inlet flowrate, and conversion of CO2 (C) as function of different GHSV tested. (Applied Voltage = 14 kV, discharge length: 6 mm; discharge gap: 2.5 mm; f: 70 kHz, NiCZ-Gd catalyst, Particle size: 30 µm).
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Table 1 .

 1 Main processes for valorization of CO2 into energy vectors

	Process	Main Reaction	Temperature Range (°C)	Catalysts	Thermodynamics Values	References
	Dry reforming of methane	CO2+CH4=2CO+2H2	700-850°C	Rh,Ru/ Al2O3,TiO2, SiO2 , MgO, CeO2, HT ,Ni/TiO2, Ni/MgO, Hydrothalcites…	ΔH° =+247.5 kJ/moL ΔG° =+170.8 kJ/moL	[23-25]
	Partial oxidation of methane	CH4+1/2O2=CO+2H2	500-900°C	Ni/La2O3, Ni/CeO2	ΔH° =-38.04kJ/moL	[26,27]
	Methanol production	CO2+3H2=CH3OH+ H2O 220-300°C	Cu-ZnO/Al2O3 ZrO2, Ga2O3 ou SiO2	ΔH° = -206.1 kJ/moL ΔG° =-10.7 kJ/moL	[28,29]
	RWGS	CO2+H2=CO+H2O	from 350°C	Perovskites, Fe/Al2O3, SiO2, TiO2	ΔH° = 41 kJ/moL	[30-32]
	Fisher Tropsh Process	(2n+1) H2 + n CO=CnH2n+2 + n H2O	150-300°C	Cobalt, iron, and ruthenium or zeolites supported on silica, alumina,		[33,34]
	Methanation	CO2+4H2=CH4+2H 2 O	300-450°C	Ni/CeZrO2, Al2O3, HT, Zeolites…	ΔH° = -165/moL ΔG° =-113.2kJ/moL	[35-40]

1 & Eq.I.2). CO2(g) =CO(g) +1/2 O2(g) ∆H°=+293 kJ/moL, ∆G°=+257 kJ/moL Equation.I.1 CO2(g) +H2(g) =CO(g)+H2O(g)∆H°= +51 kJ/moL, ∆G°= +28 kJ/moL Equation.I.2

Table 2 .

 2 Power-to-Methane plants in European Union (source: europeanpowertogas.com)

	Installation	Methanation principle	Power [kW]	Electrolysis	Status (Spring 2021)
	Etogas -Audi AG	Chemical	6300	Alkaline	Operational
	Solothurn (Store&Go project)	Biological	700	PEM	Planned
	Niederaussem	Chemical	300	PEM	Finished
	Foulum -Electrochaea	Biological	250	PEM	Finished
	Alzey -Exytron (Exytron GmbH)	Unknown	63	Alkaline	Planned
	Rostock -Exytron Demonstrations	Unknown	21	Unkown	Operational
	Stralsund (Fachhochschule Stralsund) Unknown	20	Alkaline	Planned
	Rozenburg	Chemical	10	PEM	Operational

PEM -Polymer electrolyte membrane electrolysis

ΔG298K (kJ/moL), at P= 1 atm. Reaction name

  

	𝐶𝑂 +3𝐻2⇄ 𝐶𝐻4+𝐻2𝑂	R1	-206.1	-141.8	CO methanation
	𝐶𝑂2 +4𝐻2⇄𝐶𝐻4+2𝐻2𝑂 R2	-165.0	-113.2	CO2 methanation
	2𝐶𝑂 +2𝐻2⇄ 𝐶𝐻4+𝐶𝑂2	R3	-247.3	-170.4	Reversed methane CO2 reforming
	2𝐶𝑂⇄ 𝐶+𝐶𝑂2	R4	-172.4	-119.7	Boudouard reaction
	𝐶𝑂 +𝐻2𝑂⇄ 𝐶𝑂2+𝐻2	R5	-41.2	-28.6	Water-gas shift
	2𝐻2+𝐶⇄ 𝐶𝐻4	R6	-74.8	-50.7	Reverse Methane cracking
	𝐶𝑂 +𝐻2⇄ 𝐶+𝐻2𝑂	R7	-131.3	-91.1	CO reduction
	𝐶𝑂2+2𝐻2⇄𝐶+2𝐻2𝑂	R8	-90.1	-62.5	CO2 reduction

  Sharma et al. [91] investigated the influence of Ceria doped with Ru, Pd, Ni or Co prepared via combustion method. They found out that the main effect of dopant is to facile reduction of ceria. Various metals had a different effect; the Pd-based catalyst was active, but selective only to CO, while Ni and Co containing samples were active in both RWGS and CO2 methanation, therefore, they were not 100% selective to CH4. The best performance was shown by Ru containing sample. The authors showed that the

Ru species were introduced into the lattice of ceria and their substantial amount was present in the bulk. It should be noted that, a methanation mechanism proceeding firstly via RWGS to form CO and further CO hydrogenation to CH4 was reported for the Ru-based catalysts

[START_REF] Sharma | Mechanistic Insights into CO 2 Methanation over Ru-Substituted CeO 2[END_REF]

.

Considering that Ni is much more available, as well as cheaper than noble metals, most research on CO2 methanation is now focused on Ni-based catalysts.

Table 4 .

 4 Comparison of activity and selectivity of various active metals supported on the same material in CO2 methanation.

	Catalysts: Metal Loading/support	Activity sequence (% to CO2 conversion)	Selectivity sequence (% to CH4 selectivity)	Conditions	References
	MSN	Rh>Ru>Ni>Ir>Fe	Rh>Ru>Ni> Fe> Ir	GHSV = 50000 h -1 , T= 350°C	[75]
	Ni-AC 1 wt%/Rh-Al2O3	Rh>Ni	Rh>Ni	T=125 °C, P=2 bar, pulses of CO2 and H2	[93]
	3 wt%Ru, 20 wt%Ni/Al2O3	Ru>Ni	Ni>Ru	T=.50-200 °C, P=1 bar, 15000-50000 h -1 CO2/H2/He = 1/4/5, GHSV =	[87]
	0.5 wt%/Al2O3	Ru > Pt > Rh >> Pd	Rh > Ru >> Pd > Pt	T=330 °C; P= 1 bar; m=150 mg; CO2/H2/He = 1/4/15,	[94]
	0,5 wt% TiO2	Rh >> Ru >Pt >Pd	Rh > Ru >>Pt >Pd	T=350 °C; total flow: 150 ml/min	[88]
	3wt%Al2O3	Ni > Pd > Rh	Rh > Pd > Ni	T=350 °C; GHSV=60,000 h -1	[90]
	3wt%SiO2	Pd >Rh>Ni	Rh > Ni > Pd	T=350 °C; GHSV=60,000 h -1	[90]
	3wt%CeO2	Pd > Ni > Rh	Rh > Ni >> Pd	T=350 °C; GHSV=60,000 h -1	[90]
	1 wt%/CeO2	Pt >> Ru > Pd > Ir > Rh	Ru > Rh >> Pd > Ir >> Pt	T=277°C; P=1 bar; GHSV=6000 h -1	[89]
	CeO2	Ru >> Co > Ni > Pd	Ru >> Ni >> Co > Pd	T=500 °C, P=1 bar, m = 20 mg; CO2/H2/Ar = 2/8/5	[91]

.6.2. Effect of support over the Ni based catalysts

  Out of the studied transition metal-based catalysts, Nickel-based catalysts are the most used catalyst for CO2 methanation because of they are found to have high activity and CH4 selectivity. However, due to the high activation energy required, the CO2 conversion was difficult to achieve at low temperatures on Ni catalysts. Rhodium-and ruthenium-based catalysts on the other hand are more active metals in CO2 methanation and produce almost exclusively CH4, but the high price of these metals makes them less attractive for commercial uses. Other metals such as Pd, Pt, Mo, Ag, and Au catalyze CH4 product, simultaneously with CH3OH and CO as byproduct in a side reaction (reverse water gas shift reaction). Cobalt and iron catalysts exhibit almost the same methanation activity as that of Ni catalyst, but due to the high cost of cobalt and decent reactivity as well of iron, they are not widely used for industrial applications compared to Ni catalysts.

Hence, this is why Ni-based catalyst are more interesting from the industrial point of view. As nickel catalysts exhibit high selectivity towards methane, the focus of the research on nickelbased catalysts is the improvement of the catalytic activity, especially at lower temperature region. To apply a catalyst on industrial scale, the CO2 methanation activity at low operating temperatures ca. 250℃ should be increased, thus decreasing the amount of energy input for the reaction initialization. Moreover, another great challenge, especially at low reaction temperatures is to avoid the formation of mobile nickel sub-carbonyls resulting in sintering of Ni particles and thus in a decrease in catalytic activity and formation of carbon deposits.

Table 5 .

 5 Comparison of the effect of various supports on Ni-based catalysts.

	Ni Loading	Activity sequence (with respect to CO2 conversion)	Conditions	References
	10	Ni/Y2O3 > Ni/Sm2O3 > Ni/ZrO2 > Ni/CeO2 > Ni/γ-Al2O3 > Ni/La2O3.	GHSV = 50000 h -1 ; T= 200-450°C; P =1 bar; CO2/H2 =1/4	[82]
	10	CeO2 >> ZrO2 > SiO2 > TiO2 > γ-Al2O3	T=150-400°C; P =1 bar; mcat =100 mg; CO2/H2/He = 1/50/49	[96]
	10	CeO2 >> α-Al2O3 > TiO2 ≈ MgO	T=.250-550 °C; P = 1 bar; CO2/H2 = 1/4; GHSV= 10000h -1	[97]
	10	ZSM-5 > SBA-15 > Al2O3 > SiO2 >> MCM-41	T= 200-450 °C; P =1 bar; CO2/H2 =1/4; WHSV=48 mlg -1 min -1	[98]
	7	Ce0.5Zr0.5O2 >> γ-Al2O3	T=220-400 °C; P = 30 bar; CH4/H2/H2O/CO2 = 56/33/9/2; GHSV= 20000h -1	[69]
	5	MSN > MCM-41 > HY > SiO2 > γ-Al2O3	T=150-450 °C; P= 1 bar; CO2/H2/N2 =1/4/5; GHSV= 20 000h -1	[75]
	10	CeO2 >> ZrO2 ≈ Y2O3 > Al2O3 > TiO2 > MgO	T= 200-500 °C; P =1 bar; CO2/H2/He =1/4/5; WHSV=23 000mlg -1 min -1	[99]

Table 6 .

 6 

structure, basicity, CO2 adsorption capacity, Ni dispersion, Ni particle size and its resistance to sintering. The most commonly studied promoters for CO2 methanation reaction can be divided into three groups (i) alkali or alkaline earth metals e.g. Mg, Ca, Ba, (ii) rare earth Chapter I: Literature Review on CO2 conversion elements e.g. La, Ce, Zr, Y and (iii) other transition metals i.e. Fe, Mo, Mn, W, Y or V other metals e.g. Fe, Co, W. The effect of various promoters on Ni-based catalysts is presented in

Table 6 .

 6 Comparison of the effect of various promoters on Ni-based catalysts.

	Promoter [concentration wt%]	Catalyst	Promotion effect	Ref.
			Negative effect on CO methanation for the Na/Ni/SiO2	
			and Na/Ni/CeO2 catalysts owing to surface blockage	
	Na	Ni/SiO2 Ni/CeO2	of the Ni metal. Na exhibited a positive effect upon CO2 methanation over the Na/Ni/SiO2 catalysts. The	[107]
			different effect of Na is closely related to the amount	
			of CO2 chemisorbed on the catalysts.	
	Li, Na, K, Cs	15Ni/USY	Improved Ni reducibility and CO2 adsorption; activity sequence: Cs > Na > Li > K	[108]
	Mg, Ca, Ba		Mg 2+ promoted formation of small Ni crystallites; activity sequence: Mg > Ca > Ba > H	[108]

Table 7 .

 7 Comparison of the catalyst stability of several Ni based catalysts

	Catalyst	Preparation Method	T [°C]	Initial XCO2 [%]	Stability test	References
	5wt% Ni-CexZr1-xO2	Hydration-impregnation	420	75.66	Decreased by 15% after 60 h	[139]
	5wt% Ni/ CexZr1-xO2	Pseudo sol-gel	350	67.9	Decreased by 15% after 90 h	[70]
	5wt% Ni-CexZr1-xO2	Pseudo sol-gel	350	80	Decreased by 18.8% after 140 h	[72]
	12wt% Ni/ZrO2-Al2O3 Impregnation precipitation 360	69.8	Decreased by 1.6% after 100 h	[140]
		Impregnation method and				
	Ni/SiO2	treated by glow discharge	250	90	Decreased by 15.54% after100 h	[141]
		plasma (H2 atmosphere)				
	15 wt% Ni/TiO2	Precipitation-deposition	260	96	Decreased by 2.9% after 81 h	[142]
	17 wt-% Ni/γ-Al2O3	Co-precipitaion	350	-	Decreased by 34% after 25 h	[85]

Table 8 .

 8 Subdivision of plasmas according to the temperature of the different components. T0 is the gas temperature, Ti the ion temperature, Tr the rotational temperature, Tv the vibrational temperature and Te the electron temperature.

Low-temperature plasma High-temperature plasma Non-thermal plasma Thermal Plasma

  

	T0≈Ti≈Tr<Tv≪Te≤ 10 5 K	T0≈Ti≈Tr≈Tv≈Te ≤ 2x10 4 K	T0≈Ti≈Tr≈Tv≈Te≥10 7 K
	Low electron density <10 19 m 3	High electron density: 10 21 ~10 26 m 3	

Table 9 .

 9 Plasma-catalytic activity in DBD plasma DRM

	Catalyst	Plasma types & Operating	Conversion [%]	Selectivity [%]	References
		conditions	CH4	CO2	H2	CO	
	12% Ni/Al2O3	DBD; f=30 kHz; P= 60 W;	30	24	53	43	[221]
	12% Cu/Al2O3	Q=60 mL.min -1 ; CH4:CO2 =	7	5	31	50	
	12% Cu-12% Ni/-Al2O3	1:1; dgap= 1 mm; dL = 10	69	75	56	75	
	16% Cu-12% Ni/-Al2O3	cm; GHSV = 1800 h -1 ; 450	43	47	57	64	
	16% Ni-12% Cu/-Al2O3	°C	57	57	58	71	
	10%Ni/Al2O3-MgO	DBD; f= 7.5 kHz; CH4:CO2 =	74.5	73	47	48	[222]
		1:1; GHSV =364 h -1 ; dgap =					
		3 mm, dL = 20 cm					
	10%NiC400 Activated	DBD; f = 5-12 kHz; P = 45 W;	54.1	43.7	37.5	47.4	[223]
	Carbon	T= 270°C	61.8	55.9	41.6	49.4	
	10%NiC600		63.5	60.3	42.4	49.7	
	10%NiC700		58.7	51.6	39.3	48.3	
	10%NiC800		56.4	48.2	39.2	47.9	
	10%NiC900						
	10% Ni/La2O3MgAl2O4	DBD; CH4/CO2=1.05; P=126	79.86	84.03	41.37	40.47	[224]
		W					
	PtNP@UiO-67	DBD; f=30 kHz; CH4:CO2 =	56	43	62	64	[225]
	UiO-67	1:1; V = 8kV; P=11W;	52	38	55	71	
	ZrO2	Q=100mL.min -1	42	34	56	70	
	Ni/SiO2	DBD; CH4:CO2 = 1:1;	65.21	51.85	72.56	86.64	[226]
	LaNiO3/SiO2	P=150W; dgap = 2 mm;	81.82	68.95	78.57	88.67	
	LaNiO3	Q=40mL.min -1	83.76	72.14	80.53	90.44	
	LaNiO3@SiO2		88.31	77.76	83.65	92.43	
	BaTiO3	DBD; f=20kHz; T=110 •C;	35	20	53	49	[77]
	Ni/SiO2	CH4:CO2 = 1:1; P=105W;	20	12	50	54	
	NiFe/SiO2	Q=50mL.min -1	28	14	56	49	

Table 10 .

 10 Summary of the effect of plasma type in the catalytic performance of plasma-assisted catalysts in CO2 hydrogenation

	Total	CO2	CH4	Ref.
	flow	conv.	selec.	
	[ml/min]	[%]	[%]	

Catalyst Type f [kHz] V [kV] P [W] P[bar] T[°C]

Table 11 .

 11 Ni-based catalysts tested under DBD plasma for CO2 methanation.

	Catalyst	f	V	P [W] P	T
		[kHz]	[kV]	[bar]	[°C]

Total flow[ml/min] CO2 conv.[%] CH4 selec.[%] Ref.

  

	15Ni/CZ-cal	41	13-18 14	1	170	200	73	100	[148]
	15Ni/CZ-red			16		170		80	94	
	Ni(Mg,Al)O	40	10-15 16	1	160	200	78	98.7	[40]
	Ni-Ce(Mg,Al)O					220		16	18.7	
	Ni-Zr(Mg,Al)O					240		70	78.5	
	Ni-Ce,Zr(Mg,Al)O					260		68	82.3	
	Cs-USY	25-70 0-15	35	1	170 250	12	n.d	[154]
	10Ni/γ-Al2O3							61		
	15Ni/Cs-USY(3)							22		
	15Ni/Cs-USY(3)							75		
	Ce-Ni/Cs-USY(38)							79		
	15Ni/CeO2-Al2O3 54	4-15	15-40 1	150 200	70	96	[150]
	Ni(Mg,Al)O	n.d	16	18	1	n.d	200	59	n.d	[245]
	Ni(Fe,Mg,Al)O							75	n.d	
	UiO-66,	20	7.5	n.d	1	n.d	50	16	1	[153]
	15Ni/ZrO2,							15	1	
	15Ni/α-Al2O3,							82	96	
	15Ni/UiO-66							70	28	
	15Ni/H-BETA,	20.3	7.5	n.d	1	n.d	50	78	70	[243]
	15Ni/Na-BETA,							80	72	
	15Ni5La/Na-BETA							85	75	
	1, 3 DOM Ni-Ce	n.d	20	89	n.d	n.d	GHSV= 35000	75	100	[246]
							h -1			
	Ni/ S1 (Silicates)	20.3	7.5	n.d	1	100	50	52	70	[267]
	Ni/ D-S1					-		73	95	
	Ni/ M-S1					150		50	18	
	Ni/ M-S1@Shell							50	80	
	15Ni/CZ/SBA-15	40	14	n.d	1	140 200	80	99	[147]
	15Ni/Ce0.1Zr0.9O2	40	10-15 1-3	1	320 200	72	99.7	[39]
	15Ni/Ce0.6Zr0.4O2							81	99	
	15Ni/Ce0.9Zr0.1O2							83	99	
	15Ni/CeZrO2	40	17	15	1	240 200	70	100	[149,266]
	Al2O3	1	10.3	n.d	1	280 25	12	n.d	[250]
	TiO2/Al2O3							10		
	10Ni/Al2O3							90		
	10Ni-TiO2/Al2O3							82		
	β-zeolite	1	9.4	n.d	1	260 25	0	n.d	[249]
	2.5Ni/β-zeolite							4		
	5Ni/β-zeolite							48		
	7.5Ni/β-zeolite							89		
	10Ni/β-zeolite							93		

Table 12 .

 12 Summary of the objectives of this thesis

	Description	Literature	Materials	Comparison between
		Review	&	plasma	&	thermal
			methods	process/	
	References				

Ageing study/ Mechanism of the reaction in DBD plasma Synergy between plasma & catalyst/ Influence of the catalyst's physicochemical and electrical properties on the process efficiency Influence of the plasma conditions and reactor configuration on the process efficiency

  

	Chapter 1	X
	Chapter 2	X
	Chapter 3	X
	Chapter 4	X
	Chapter 5	X

Table 13 .

 13 Experimental parameters kept constant in Chapters 3&4

	Parameters	Values
	Pressure (atm)	1
	Frequency	70-71 kHz
	Discharge gap (mm)	2.5
	Discharge Length (mm)	6.5
	Total Inlet Flow (cm 3 /min) [CO2+H2]	200
	Gas hourly space velocity (h -1 )	44000
	Inner dielectric: Alumina	Rin= 1 mm; Rout= 1.5 mm
	External dielectric: Quartz	Rin= 4 mm; Rout= 5mm

axisymmetric model on COMSOL Multiphysics which is detailed in Appendix III. UA is the operating applied voltage peak to peak value of supply that can be measured and controlled during the experiments. Plasma ignition voltage (breakdown voltage) UB is the minimum applied voltage for gap breakdown that can be determined from the Lissajous Chapter II: Experimental part, Materials and methods 90 figure. Ugap represents the gap voltage (the voltage on Cg). Once the breakdown is reached, the gap is broken and becomes a resistive current channel, the current cross over the gap, and Cdie at this time is charged by the conductive current, thus the gap voltage during this time can be determined by the minimum breakdown voltage UB (see Eq.II.19). Ugap= Cdie Cdie+Cg * UB Equation.II.19 Figure 34. Simplest equivalent circuit of a DBD when the plasma is off (before plasma ignition: UA<UB)

  242 kJ/moL), were used. The total output energy was estimated only based on the low heating value (LHV)

	of methane (801 kJ/moL) as the heat from water condensation of the formed water is normally
	not recovered.			
			EC(	kJ moL ) =	CH4 produced( Discharge power( moL s kJ ) s )	Equation.II.26
	η =	Total output energy Total input energy =	CH4 produced[ moL s LHV(CH4) [ ] * EC [ kJ moL kJ ]+LHV(H2) [ moL kJ moL ] * CH4 produced[ ] * H2 converted[ moL s moL s ]	]	Equation.II.27
	2.3. Catalysis synthesis and characterization

2.3.1. Synthesis of the catalysts

In this work, several supports, different methods of preparation, different promoters and different concentrations of promoters were used and examined. Regarding the supports, their method of preparation and catalytic activity are illustrated in Appendix II. The Cerium-Zirconium mixed oxide (CexZr1-xO2,x=0.58,Solvay) was previously shown the best performances

Table 15 .

 15 BET surface areas for the different spent and calcined catalysts, Particle size for the Niphase determined by TEM, crystallite size for the Ni 0 phase calculated from the XRD profiles and total consumption of H2 during TPR, for the different spent, reduced and calcined catalysts and support

	Catalyst	Specific surface	Ni dp (TEM) (nm) Ni dc (XRD) (nm)	H2 consumption
		area SSA (BET)			(mmoL H2/g)
		(m 2 /g)			
	PA-NiCeZr	57.94	24.5	29.3	1.13
	TA-NiCeZr	51.38	51.2	46.5	0.92
	NiCeZr P-Red	-	22.7	23.9	0.88
	NiCeZr calcined	62.02	-	-	1.78
	CeZr calcined	84.17			

Table 16 .

 16 Global summary comparing the different properties found in DBD plasma and thermal process

	Plasma Catalysis	Thermal Catalysis
	* Low Temperature and Atmospheric pressure	

Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO 2 methanation Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO 2 methanation.

  

Table 18 .

 18 Comparison between the activity of the catalysts: average values obtained at 15 kV.

	Studied	CO2	CH4	CO	Carbon	Power	Temperature
	catalyst	Conversion	Selectivity	Selectivity	Balance	Consumption	[°C]
		[%]	[%]	[%]	[%]	[W]	
	NiCZ	73.5	99.1	2.1	99.8	14.5	257 ± 5
	NiCZ-Na	57.5	75.9	23.2	93.2	21.4	273 ± 5
	NiCZ-K	56.4	68.6	26.1	92.6	22.9	278 ± 5

Table 19 .

 19 Structural parameters (XRD), Average diameters of nickel and CZ crystallites and textural properties (BET analysis) of unpromoted NiCZ and promoted NiCZ-M catalysts.

		Structural	NiO/Ni° crystal size b		CZ crystal size b	SBET c
	Catalyst	parameters of the calcined materials	Calcined	Reduced	Spent	Reduced Spent	of the calcined materials
		ap-cubic a [A°]		[nm]		[nm]		[m 2 /g]
	NiCZ	5.277	24.4	18.7	25.7	7.9	7.7	63.1
	NiCZ-Cu	5.269	29.9	30.9	36.8	8.1	8.1	54.4
	NiCZ-La	5.283	30.4	27.6	31.7	8.3	8.5	54.6
	NiCZ-Mn	5.272	23.2	19.3	20.9	7.7	7.9	57.8
	NiCZ-Co	5.272	24.3	20.5	22.5	7.8	7.9	57.7
	NiCZ-Y	5.273	23.0	16.4	21.8	7.8	7.9	59.3
	NiCZ-Gd	5.276	21.7	16.2	17.4	7.5	7.4	58.1
	NiCZ-Sr	5.286	26.8	24.7	29.5	8.6	8.6	53.7

a: Calculated by the relation ap= λ/(2*sinθ )*√𝒉 𝟐 + 𝒌 𝟐 + 𝒍 𝟐 𝟐 b: Calculated by the Scherrer equation c: Specific surface areas calculated from the BET equation.

Table 20 .

 20 Hydrogen consumption for the calcined and spent samples; Basic sites distribution calculated from TPD-CO2 (for the reduced catalysts) and for the spent catalysts after reaction.

		Reducibility	Basic sites for catalyst before Rx [µmoL/g]	Basicity distribution for spent catalyst
		H2 consumption						[%]	
	Catalyst	[mmoL H2 /g]	Weak Medium Strong Total Basicity			
								Weak	Medium	Strong
		Calcined	Spent							
	NiCZ	1.78	1.13	7.45	16.16	0.28	23.89	31.9	61.4	6.7
	NiCZ-Cu	1.04	0.67	2.67	11.99	9.35	24.01	41.0	39.9	19.1
	NiCZ-La	0.95	0.64	4.82	10.41	6.73	21.66	41.8	23.1	35.1
	NiCZ-Mn	0.92	0.88	12.66	11.08	4.64	28.38	29.7	46.9	23.4
	NiCZ-Co	0.98	0.69	7.04	30.49	7.82	45.35	22.7	54.6	22.7
	NiCZ-Y	0.92	0.71	3.85	16.35	5.49	25.69	24.5	64.8	10.7
	NiCZ-Gd	0.96	0.87	6.71	29.47	3.28	39.46	21.7	68.5	9.8
	NiCZ-Sr	0.84	0.57	8.68	19.38	32.30	60.36	17.1	31.2	51.7

Table 21 .

 21 Electrical characteristics of the various beads used in this study, determined by analyzing the Lissajous figures.

	Catalyst	Gap
		Capacitance
		[pF]

Dielectric Constant- εbed Breakdown Voltage -UB [kV] Gap Voltage - Ugap [kV] Charge transferred in 1/2 period at 14 kV [µC]

  

	Non-packed	0.41	1.03	10.2 ± 0.2	9.32	0.015
	NiCZ	14.09	35.51	7.3 ± 0.2	1.71	0.048
	NiCZ-Cu	15.23	38.43	6.5 ± 0.2	1.44	0.054
	NiCZ-La	10.56	26.59	7.2 ± 0.2	2.09	0.046
	NiCZ-Mn	8.33	20.99	7.8 ± 0.2	2.66	0.037
	NiCZ-Co	6.56	16.52	8.0 ± 0.2	3.18	0.033
	NiCZ-Y	5.97	15.00	8.2 ± 0.2	3.44	0.030
	NiCZ-Gd	4.99	12.57	8.4 ± 0.2	3.90	0.026
	NiCZ-Sr	4.53	11.46	8.8 ± 0.2	4.30	0.024

Table 22 .

 22 Comparison between the activity of the studied catalysts. Average values corresponding to a maximum of CO2 conversion registered for each catalyst.

	Studied	CO2	CH4	CO	Carbon	Power	Temperature
	catalyst	Conversion	Selectivity	Selectivity	Balance	[W]	[°C]
		[%]	[%]	[%]	[%]		
	NiCZ	73.5	99.4	1.4	99.8	14.4	253 ± 5
	NiCZ-Cu	62.4	96.1	5.1	96.8	14.9	244 ± 5
	NiCZ-La	66.3	95.4	3.9	96.2	13.5	245 ± 5
	NiCZ-Mn	70.2	97.0	2.1	97.5	12.9	247 ± 5
	NiCZ-Co	78.1	95.9	1.8	97.0	11.9	250 ± 5
	NiCZ-Y	79.5	99.3	0.8	99.4	10.2	252 ± 5
	NiCZ-Gd	84.9	99.8	0.3	99.8	7.5	249 ± 5
	NiCZ-Sr	69.6	93.6	1.9	95.1	8.7	233 ± 5

Table 23 .

 23 Summary between the physico-chemical and electrical properties of the studied catalysts as function of their order of energy efficiency. (The energy efficiency is calculated at maximum CO2 conversion).

	Studied			Physico-Chemical		Electrical
	Catalyst			properties		properites
		Order of Energy	Medium basic	Ni° crystallite	Abs. deviation of	Dielectric
		efficiency	sites [%]	size [nm]	Lattice constant	Constant-εbed
					[A°]	
	NiCZ-Gd	1	72.7 (high)	16.2 (low)	0.001 (low)	12.6 (low)
	NiCZ-Y	2	63.6 (high)	16.4 (low)	0.004 (low)	15.0 (low)
	NiCZ-Co	3	69.2 (high)	20.5 (medium)	0.005 (medium)	16.5 (low)
	NiCZ-Sr	4	32.1 (low)	24.7 (medium)	0.009 (high)	11.5 (low)
	NiCZ	5	63.0 (high)	18.7 (low)	0	35.5 (high)
	NiCZ-Mn	6	39.0 (low)	19.3 (medium)	0.005 (medium)	21.0 (medium)
	NiCZ-La	7	48.1 (medium)	27.6 (high)	0.006 (medium)	26.6 (high)
	NiCZ-Cu	8	47.9 (medium)	30.9 (high)	0.008 (high)	38.4 (high)

Table 24 .

 24 Textural and structural properties, Nickel (Ni°) and Ceria Zirconia (CZ) crystal size (from XRD analysis), for the calcined and reduced NiCZ promoted and unpromoted catalysts

		Textural	Elemental	Structural	CZ crystal size from	Nickel crystal size
		properties	composition	parameters of the	XRD analysis [nm]	[nm]	
	Catalyst	SBET a	(%) b		synthesized				
					materials (Reduced)	Calcined Reduced	Calcined NiO	Reduced
			Ni	Y	ap-cubic [A°]				Ni° metal
	NiCZ	63.1	11.3	-	5.294	11	10.7	11.8	10.7
	NiCZ-Y4	59.3	13.5	3.7	5.287	10.9	10.9	11	11.6
	NiCZ-Y7	60.2	9.3	5.8	5.290	9.2	9.1	9.5	9.1
	NiCZ-Y10 58.7	13.1	7.6	5.303	11.8	10.7	11.9	11.4
	NiCZ-Y15 58.3	11.3	13.7	5.300	10.3	10.7	10.5	11.3
	NiCZ-Y20 56.8	14.5	18.5	5.301	10.6	10.6	10.5	11.3
	a: Specific surface areas calculated from the BET equation for calcined samples			
	b: Elemental composition obtained by Rietveld Analysis				
	Moreover, four well-resolved diffraction peaks were observed for all the calcined Ni based
	samples (2θ=37.3, 43.3, 63 and 75.4), which correspond to the reflection from (	

Table 25 .

 25 Basicity CO2-TPD for reduced catalysts

Catalyst Basic sites for catalyst before Rx [µmoL/g] Weak Medium Strong Total Basicity

  

	NiCZ	7.45	16.16	0.28	23.89
	NiCZ-Y4	3.85	16.35	5.49	25.69
	NiCZ-Y7	3.55	18.47	6.03	28.05
	NiCZY10	6.92	12.72	7.75	27.39
	NiCZ-Y15	6.05	13.22	9.02	28.29
	NiCZ-Y20	5.85	12.31	12.45	30.61

Table 26 .

 26 Comparison between the activity of the studied catalysts. Average values corresponding to a maximum of CO2 conversion registered for each catalyst.

	Catalyst	CO2 Conversion [%]	CH4 Selectivity [%]	CO Selectivity [%]	Carbon Balance [%]	Power [W]	Temperature [°C]
	NiCZ	73.5	99.4	1.3	99.8	14.4	253 ± 5
	NiCZ-Y4	79.5	99.3	0.8	99.4	10.2	252 ± 5
	NiCZ-Y7	81.7	99.5	0.8	99.5	8.4	248 ± 5
	NiCZ-Y10 68.1	98.3	1.8	98.8	10.9	244 ± 5
	NiCZ-Y15 66.2	97.7	2.1	97.9	12.3	246 ± 5
	NiCZ-Y20 64.9	97.1	2.3	97.4	12.8	247 ± 5

Table 27 .

 27 Different parameters studied, as well as their variations.

	Parameters studied	Variations
	External Dielectric barrier material	Quartz -Alumina
	Dielectric bead material	NiCZ -NiCZ-Gd
	Particle Bead size (µm)	30 -500
	Discharge length (mm)	6 -12 -15
	Effect of adding inert gas:	Without He 0% -With He 25% 50% 75%
	Helium concentration	
	Frequency (kHz)	20 -40 -70
	Reactor Pressure gauge (bar)	0 -0.5 -1 -1.5
	Effect of heat management (Adiabatic	Pseudo-Adiabatic -Isothermal
	Reactor)	(Discharge Length = 15 mm)

Table 29 .

 29 Electrical characteristics obtained at various pressure, determined by analyzing the Lissajous figures.

	Reactor Pressure	Breakdown Voltage	Gap Capacitance	Gap Voltage -
	gauge -P [bar]	[kV] UB	[pF]	Ugap [kV]
	0	8.4 ± 0.2	4.99 ± 0.1	3.9 ± 0.1
	0.5	9 ± 0.2	4.94 ± 0.1	4.2 ± 0.1
	1	9.7 ± 0.2	4.91 ± 0.1	4.5 ± 0.1
	1.5	10.5 ± 0.2	4.92 ± 0.1	4.9 ± 0.1

Table 30 .

 30 Electrical characteristics obtained with different applied frequency, determined by analyzing the Lissajous figures.

  Ozkan et al. reported that increasing discharge frequency from 16.2 to 28.6 kHz slightly decreased both CO2 conversion (22.0% to 17.5%) and energy efficiency (15.3% to Chapter V: Influence of operating conditions and reactor design on the behavior of DBD plasma catalytic CO2 methanation. 204 12.5%) at a discharge power of 55 W and a CO2 flow rate of 200 mL/min in a DBD reactor [430].

Table 31 .

 31 Electrical characteristics of the various beads used with different particle size, determined by analyzing the Lissajous figures.

	Catalyst	Particle size	Breakdown	Gap	Dielectric	Gap
		(µm)	Voltage [kV] UB	Capacitance	Constant of the	Voltage
				[pF]	packed bed	[kV]
	NiCZ-Gd	30	8.4 ± 0.2	4.99	12.57	3.90
		500	7.7 ± 0.2	5.98	15.08	3.23
	NiCZ	30	7.3 ± 0.2	14.09	35.51	1.71
		500	6.5 ± 0.2	14.86	37.45	1.46

Table 33 .

 33 Electrical characteristics obtained by varying the type of external dielectric, determined by analyzing the Lissajous figures.

	External	Dimensions	Thermal	Breakdown	Dielectric	Gap	Gap Voltage -
	Dielectric		conductivity -	Voltage	Capacitance	Capacitance	Ugap [kV]
	type		λ [W/m.K]	[kV] UB	[pF]	[pF]	
			[437,438]				
	Quartz	Rout= 5mm ;	27	8.4 ± 0.2	4.32	4.99 ± 0.1	3.9 ± 0.1
		Rin= 4mm					
	Alumina	Rout= 5mm ;	1.5	7.7 ± 0.2	6.19	5.08 ± 0.1	4.2 ± 0.1
		Rin= 4mm					

Table 35 .

 35 Breakdown voltage measured at ambient temperature (pseudo adiabatic conditions) and at different temperatures (isothermal conditions).

Temperature [°C] Breakdown Voltage [kV] UB 25 (Pseudo-adiabatic) 8.3 ± 0.2 100

  

	(Isothermal)	7.7 ± 0.2
	150 (Isothermal)	7.1 ± 0.2
	175 (Isothermal)	6.6 ± 0.2
	200 (Isothermal)	5.9 ± 0.2
	225 (Isothermal)	5.4 ± 0.2
	250 (Isothermal	

Table 36 .

 36 The influence of nature of the promoter on the catalytic performances

	Entry	Promoter	Catalyst	Conversion of CO2 [%]	Methane Selectivity [%]
	1	Mg	NiCeZrMg	55±3	92 ±1
	2	Zn	NiCeZrZn	32±3	-
	3	In	NiCeZrIn	17±3	-
	4	Pr	NiCeZrPr	72± 3	96 ±1
	5	Fe	NiCeZrFe	53 ±3	94 ±1
	The catalytic performances are evaluated according to the conversion rate at a reference power of 8 W.

Table 37 .

 37 The influence of the promoter's content on the catalytic performances

	Entry	Promoter	Catalyst	Promoter content (w/w%)	Conversion of CO2 [%]	Methane Selectivity [%]
	0 (Reference)	-	NiCeZr	-	58 ±3	95±1
	1	Gd	NiCeZrGd-2	2	76 ±3	97±1
	2	Gd	NiCeZrGd-4	4	83 ±3	98±1
	3	Gd	NiCeZGd-7	7	73 ±3	96±1
	4	Gd	NiCeZrGd-10	10	70 ±3	94±1
	5	Gd	NiCeZrGd-15	15	59 ±3	93 ±1
	6	Gd et Y	NiCeZrGd-4-Y-7	Gd-4 & Y-7	72±3	95±1

Table 38 .

 38 The influence of the nature of the support on the catalytic performances

	Entry	Support	Catalyst	Conversion of CO2 [%]	Methane Selectivity [%]
	0 (Reference)	CeZr	NiCeZr	62±3	97±1
	1	CeZr	NiCeZrY-7	79±3	98±1
	2 (Reference)	CeO2	NiCeO2	67±3	94±1
	3	CeO2	NiCeY-7	72±3	95±1
	4 (Reference)	ZrO2	NiZrO2	59±3	92±1
	5	ZrO2	NiZrY-7	68±3	94±1
	The catalytic performance is evaluated according to the conversion rate at a reference power of 10 W.

Table 39 .

 39 The influence of the method of preparation on the catalytic performances

	Entry	Catalyst	Method of Preparation	Conversion of CO2 [%]	Methane Selectivity [%]
	0 (Reference)	NiCeZr	Wet-Impregnation	58±3	95±1
	1	NiCeZrY-7	Wet-Impregnation	78±3	98±1
	2	NiCeZrY-7	Co-precipitation	73±3	95±1
	3	NiCeZrY-7	Sequence-Impregnation	69±3	95±1
	4	NiCeZrGd-4	Wet-Impregnation	83±3	98±1
	5	NiCeZrGd-4	Co-precipitation	76±3	96±1
	6	NiCeZrGd-4	Sequence-Impregnation	72±3	95±1
	The catalytic performance is evaluated according to the conversion rate at a reference power of 8 W.

Table 40 .

 40 Summary of elemental composition; NiO, metallic Ni and Ceria Zirconia (CZ) crystal sizes (from XRD analysis) and textural properties of the calcined CZ supported catalysts

				Crystal size from XRD analysis		Textural properties	
		Composition				[nm]			(calcined catalysts)	
	Catalyst	[w/v%]	NiO	Ni°			CZ		SBET a	Vp b	dp c
		Ni Alkali	Calcined Reduced Spent Calcined Reduced Spent	[m 2 /g]	[cm 3 /g]	[nm]
	NiCZ	15 -	22.4	18.7	25.7	7.8	7.9	7.7	63.14	0.17	10.78
	NiCZ-Na	15 2	28.3	26.2	32.1	8.5	8.4	8.9	49.41	0.13	11.93
	NiCZ-K	15 2	31.1	36.8	46.8	9.6	9.9	10.0	48.22	0.14	12.19

a Specific surface area calculated from the BET equation.

b 

Pore volumes and diameters derived from BJH desorption method c Pore size distribution obtained from the BJH desorption isotherm

Table 41 .

 41 Reducibility (TPR-H2) for calcined and spent catalysts; basicity TPD-CO2 and (TPD-MS) for reduced and spent catalysts respectively.

	TPR	
	H2 consumption
	Catalyst	
	Calcined	Spent
	[	

mmoL H2 /g] Basicity Percentage distribution for reduced catalysts before Rx [%] Weak Medium Strong Basicity Percentage distribution for spent catalysts [%]

  

							Weak	Medium	Strong
							(1)	(2)	(3)+(4)
	NiCZ	1.78	1.13	31.21 67.72	1.17	31.87	61.40	6.73
	NiCZ-Na 0.95	0.72	7.92	39.81	52.27	2.81	20.30	76.80
	NiCZ-K	1.05	0.74	5.73	36.53	57.74	3.26	18.50	78.20

Table 42 .

 42 Dielectric constant and capacitance of the packed-bed, breakdown voltage and power consumption at 15 kV for the different catalysts

	Catalyst	Dielectric
		Constant,

ϵbed Packed-bed Capacitance, Cbed [pF] Breakdown Voltage, Uh [kV] Power Input at 15 kV [W]

  

					List of Appendices
	NiCZ-K	44.5	17.56	6.2 ± 0.2	22.9
	NiCZ	35.5	14.09	7.3 ± 0.2	14.5
	NiCZ-Na	43.1	17.22	6.1 ± 0.2	21.4
					XVI

Table 43 .

 43 Packed-bed capacitance and dielectric constant, breakdown and gap voltages, as well as the total charge transferred per half-cycle at 14 kV, for the different materials assayed.

	Catalyst	Packed-bed capacitance, Cg[pF]	Packed-bed dielectric constant, bed	Breakdown Voltage, UB [kV]	Gap Voltage, Ugap [kV]	Charge transferred per ½ cycle at 14 kV [µC]
	NiCZ	14.09	35.51	7.3 ± 0.2	1.7 ± 0.1	0.048
	NiCZ-Y4	5.97	15.04	8.2 ± 0.2	3.4 ± 0.1	0.030
	NiCZ-Y7	5.19	13.08	8.6 ± 0.2	3.8 ± 0.1	0.028
	NiCZ-Y10	6.43	16.20	8.4 ± 0.2	3.3 ± 0.1	0.033
	NiCZ-Y15	9.04	22.78	8.2 ± 0.2	2.6 ± 0.1	0.037
	NiCZ-Y20	11.65	29.36	7.8 ± 0.2	2.1 ± 0.1	0.040

Table 44 .

 44 Summary of elemental composition and textural properties of the calcined NiCZ promoted catalysts

Catalyst Textural properties of calcined samples SBET a Vp b dp c [m 2 /g] [cm 3 /g] [nm]

  

	NiCZ	63.14	0.17	10.78
	NiCZ-Y4	59.34	0.13	8.48
	NiCZ-Y7	60.22	0.13	8.95
	NiCZ-Y10	58.74	0.11	8.04
	NiCZ-Y15	58.29	0.11	7.86
	NiCZ-Y20	56.83	0.10	7.62

a Specific surface area calculated from the BET equation.

Table 46 .

 46 Conditions set for the different GHSV studied: same Volume of catalyst, different inlet flow rate Q

	Inlet Flow
	(mL/

min) Volume of the catalyst [cm 3 ] Weight of the catalyst (mg) Gas hourly space velocity [h -1 ] A1

  

		100	0.27	300	21600
	A2	200	0.27	300	43200
	A3	300	0.27	300	64800
	A4	400	0.27	300	86400
	A5	500	0.27	300	108000

Table 47 .

 47 Conditions set for the different GHSV studied: same inlet flow rate Q, different catalyst volumes.

	Weight

of the catalyst [mg] Volume of the catalyst [cm 3 ] Inlet Flow [mL/min] Gas hourly space velocity [h -1 ] B1 750

  

			0.68	200	17700
	B2	600	0.54	200	21600
	B3	450	0.41	200	28800
	B4	300	0.27	200	43200
	B5	150	0.14	200	86400
	e)				

Effect of using only one external dielectric

  

A) B)
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Conventional wet impregnation method.

The unpromoted 15Ni/Ce0.58Zr0.42O2 catalyst, containing 15% wt. Ni and denoted as NiCZ was prepared by the wet impregnation method. The ceria zirconia mixed oxide CexZr1-xO2, x = 0.58, Solvay catalyst supports were impregnated with an aqueous solution of nickel nitrate hexahydrate (Ni(NO3)2•6H2O, Sigma-Aldrich, (purity of 98.5%)) as metal precursor. The nickel solution was added to the support under vigorous stirring at room temperature.

After mixing it until obtaining homogeneity, the suspension was submitted to evaporation under vacuum at 60°C with continuous stirring in a rotator-evaporator for approximately three hours, until complete water evaporation. The resulting impregnated solid was then oven dried overnight at 100°C and subsequently calcined at 550°C for 4h in synthetic air (see Figure 37).

The promoted Nickel-Ceria-Zirconia-Metal catalysts denoted as NiCZ-M were also prepared by the same wet co-impregnation method using the same support. The promoters and their precursors tested in this work are presented in Table 14. Metal (M)-promoted Ni catalysts were prepared from an aqueous solution. The Ni content in supported Ni-M catalyst was intended to be 15 wt.%, while the M promoter content varies between 2, 4, 7, 10, 15 and 20% by weight of the support. After evaporation of the water, all samples were collected, dried overnight at 100°C and subsequently calcined at 550°C. CO2 species. While, the presence of other dopants notably modified the dielectric behavior of the packed bed placed inside the DBD reactor. For example, the presence of Cu led to an increase of the dielectric constant of the packed bed, whereas Gd and Y resulted in its decrease. We therefore confirmed that electrical and physicochemical properties could be tailored by choosing a proper dopant and reported on its decisive influence in the overall plasma-catalytic performance. Therefore, in this section the electrical properties were firstly measured (as explained in chapter 2, by using Lissajous method) to see the influence of the concentration increase of yttrium on these properties.

The values of (UB, Ugap, εbed, the capacitances and the charge transferred) calculated for the NiCZ-Yx catalysts, as well as for the non-doped NiCZ catalyst are presented in Appendix IV.3 43). As expected, they follow the same trend than the breakdown voltages measured for the different packed beds.

Higher gap voltage values point to a higher polarization of the packed bed, being also a direct consequence of their lower dielectric constant. In the section 4.3, we reported that this parameter could be a crucial one for high catalytic performances in DBD plasma assisted process.

The dielectric behavior of the packed bed has a direct influence on the power dissipated during the plasma-catalytic experiments (Appendix IV.3, Figure 114). Note that the data on this figure correspond to the values measured once the methanation reaction is triggered. As briefly Chapter IV: Plasma-Catalysis: Synergistic effects -A methodologic study for selecting the most appropriate catalysts for plasma catalytic CO2 methanation.
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ii) Example of BET and BJH measurements • Brunnauer-Emmett-Teller (BET) Surface Area :

The most common method used to describe the textural parameters of solids is the analysis of adsorption-desorption isotherms of either nitrogen or argon [START_REF]Catalyst Characterization[END_REF]. Six types of adsorption isotherms have been identified according to a classification made by IUPAC. The most common met in catalysis are types II, IV, I, VI [START_REF]Catalyst Characterization[END_REF][START_REF] Ishii | Temperature Programmed Desorption[END_REF].

• Type II -macroporous solids, where the prevailing adsorption processes are the formation of a monolayer at low relative pressures, • Type IV -mesoporous solids, in which condensation occurs sharply at a pressure determined by Kelvin-type rules. It is present for most oxides used as carriers,

• Type I -microporous solids. Typical examples of microporous solids are active carbons, zeolites and zeolite-like crystalline solids, • Type VI -uniform ultra-microporous solids, at which adsorption takes place on surface adsorbate interaction, and shows isotherms with various steps, each corresponding to adsorption on one group of energetically uniform sites.
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Whatever is the method of preparation used, the introduction of a promoter makes it possible to improve the catalytic and energy performances compared to the catalyst without promoter. The wet impregnation method gives the best results.

Appendix III Comsol Simulations

COMSOL is the dominant physics simulation software in which Finite element method (FEM) and Partial differential equation are solved. The abilities of the software expand into the several modules. Those are AC/DC, Chemical Engineering, Heat Transfer, and Structural Mechanics. This software allows researchers and engineers to design the products in a short interval of time with low price. Hence, design challenges between physical effects interactions can be solved by the COMSOL Software. In our study, the underlying mechanisms of plasma formation and behavior are still poorly understood in a PBPR. In order to improve the applications, a better understanding of the packing effect is crucial. Plasma diagnostics, e.g. by probes, optical emission or laser diagnostics, are not straightforward in a PBPR, as the optical and physical access is limited due to the presence of the beads. A computational approach can, therefore, be very interesting, to gain more insight. In this thesis, Comsol simulation was used to determine the temperature distribution, the dielectric constant of the catalyst bed, the effect of the dielectric constant on the electric field distribution and the effect of plasma operation parameters on the plasma behavior in 1D plasma model.

i)

Temperature Determination The software COMSOL Multiphysics®5.3 was used in order to simulate the temperature inside the catalytic bed. "Heat transfer in porous media" model was applied, and the "Stationary study" was used for the steady-state research for the temperature. A 2D axisymmetric geometry model of the reactor was created to study the temperature (Figure 97).

The heat generated per unit of time in the catalytic bed was designed as a heat source in the reactor. The value of this power was estimated as a sum of the power created by the discharge plasma and the power created due to the exothermicity of the reaction using the equation below:

P= Pdischarge+ ∆Hr° × 𝑋𝐶𝑂2 × (𝐹𝐶𝑂2 𝑖𝑛) Eq.III.a.1
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Where Pdischarge is the plasma discharge power measured by the Q-V Lissajous method, ∆Hr° is the enthalpy of Sabatier reaction, 𝑋𝐶𝑂2 represents the CO2 conversion value in the process, and 𝐹𝐶𝑂2 𝑖𝑛 is the inlet flowrate of CO2.

The heat transfer at the boundary was designed as a heat flux by radiation and natural convection (Eq.III.a.2). The emissivity value of the quartz and the iron wire were determined experimentally, and they are equal to 0.95, and 0.38 respectively.

-n*q =q0 = 𝑸 𝑨 = 𝒉 * (Text-T) -ε*σ*T 4 Eq.III.a.2

The natural convection is with air, so all the properties of fluid used in these correlations are for the air. All fluid properties are to be evaluated at the film temperature Tf = (Ts + T∞) 
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Conclusion:

When the epsilon of the catalyst is small, the average surface electric field is higher (1.6*10 6 V/m (ε=5) compared to 1.13*10 6 V/m (ε=50)) at the same electric field in the gas. Hence, at a same power, the polarization of the catalyst's surface is higher with the catalyst's with low dielectric constant. These results are in agreement with the results obtained experimentally in chapter 4 and that the catalysts with low dielectric constant are more beneficial for the electrocatalytic reduction of CO2 into CH4 in DBD plasma catalytic process with NiCZ based catalyst. The model considers different species, i.e. electrons (e), neutral atoms (Ar)... The discharge gas used is argon. The reaction rates are obtained by Bolsig+, a software that solves the Boltzmann equation for electrons, using the collision cross sections of the LXcat database. This model is used to determine the effect of certain plasma processing parameters on the power and energy delivered to the system. The model is shown in Figure 103. The plasma discharge is shown as a void space between two dielectric materials that represent two catalyst particles.

iv) Effect of plasma processing parameters

Appendix IV IV.1. Effect of Na and K impurities/ dopants on the performance of Ni/CeZrOx catalysts in DBD plasma-catalytic CO2 methanation a) Effect of the presence of Na and K on the solid physicochemical properties

The results of the textural characterization of the CZ support as well as of both the pristine (NiCZ) and the alkali-containing catalysts (NiCZ-Na, NiCZ-K), all after calcination, are presented in Table 40. The presence of Na and K results in a considerable decrease in the BET surface area, compared to the alkali-free NiCZ catalyst. The pore volume is also affected by the presence of the alkali compounds. The average pore sizes are moreover bigger in the Na and K containing catalysts. for NiCZ-Y20 was registered, while a major broad peak for NiCZ-Y20 around 45 % can be seen between 320 and 700°C referring to the strong basic sites. The presence of this high temperature peak helps to understand the deficit in carbon balance calculated by carrying the experiment with NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20 catalysts (Table 45). Indeed, such strongly adsorbed C-species accumulate without being able to participate in the reaction (DBD plasma conditions at T less than 280-300°C) and block the adsorption sites. ATR-FTIR measurements were carried out for the spent yttrium promoted and unpromoted NiCZ catalysts, to gain further knowledge on the type of C-species adsorbed. The results are presented in Figure 116 (B). The band at 2100-2300 cm -1 , observed with the high intensity for NiCZ catalyst, is related to physically adsorbed CO2, corresponding to the peak observed at 50-200°C in TPD-MS.
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Conversely, for the yttrium promoted catalysts, the intensity of this band was relatively small compared to NiCZ, hence this was expected as these catalysts shown lower percentage of weak basicity in TPD-MS. For all the catalysts, the bands at 1358 and 1600 cm -1 indicate the presence of monodentate and bidentate carbonates. Monodentate and bidentate carbonate species, as well as formate species, can be easily hydrogenated to produce methane [START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF]. Furthermore, for NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20 catalysts, some additional bands appear at 1160 and 1058 cm -1 , which can be assigned to the presence of polydentate and bridged carbonates [START_REF] Aldana | Catalytic CO2 valorization into CH4 on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy[END_REF][START_REF] Pan | In situ FTIR spectroscopic study of the CO 2 methanation mechanism on Ni/Ce 0.5 Zr 0.5 O 2[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF][START_REF] Vayssilov | Reassignment of the Vibrational Spectra of Carbonates, Formates, and Related Surface Species on Ceria: A Combined Density Functional and Infrared Spectroscopy Investigation[END_REF]. It should be noticed that this band is more distinct for these catalysts as they have shown the highest amount of strong basic sites. Polydentate and bridged carbonates possess high thermal stability, especially when they are formed on oxidized CeO2 surfaces [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF][START_REF] Daturi | Surface investigation on CexZr1-xO2 compounds[END_REF][START_REF] Binet | IR study of polycrystalline ceria properties in oxidised and reduced states[END_REF]. The occurrence of these bands agrees with the deficit of the carbon balance registered for NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20 and explain the results of the TPD-MS experiments, which correlate well with other studies [START_REF] Pan | Insight into the reaction route of CO2 methanation: Promotion effect of medium basic sites[END_REF]. Therefore, we can conclude from these both characterizations that the increase in surface basicity, mainly the strong basic sites as shown in TPD-MS profiles for the promoted NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20 catalysts, negatively affected the methanation activity of ceria catalysts. XRD diffractograms were recorded for the spent catalysts in order to examine the Ni° and CZ crystallite sizes, and the possible changes in the support after the catalytic process. The results are presented in Figure 117 (A).

For the metallic Ni crystallite size, a slight increase is observed, where the lowest Ni° size was registered for the highly doped yttrium content (greater than 10 wt%). In the case of CZ, the lowest crystallite size was observed for NiCZ-Y7, that presented the highest activity.

Meanwhile, it is known that the existence of the oxygen vacancy could be accompanied by the presence of Ce 3+ in the ceria particle. Since the Ce 3+ came from the ceria defects, the number of surface defects would increase with the decrease in size of ceria particles [START_REF] Dutta | Concentration of Ce3+ and Oxygen Vacancies in Cerium Oxide Nanoparticles[END_REF][START_REF] Kim | Critical differences in 3D atomic structure of individual ligandprotected nanocrystals in solution[END_REF].

Moreover, the presence of a NiO phase in the XRD patterns acquired for the NiCZ, NiCZ-Y4 and NiCZ-Y7 catalysts makes us understand their high activity, as explained elsewhere, that NiO-List of Appendices XXIV ceria and Ni° sites are required for CO2 methanation [START_REF] Mikhail | Electrocatalytic behaviour of CeZrO x -supported Ni catalysts in plasma assisted CO 2 methanation[END_REF][START_REF] Cárdenas-Arenas | Design of active sites in Ni/CeO2 catalysts for the methanation of CO2: tailoring the Ni-CeO2 contact[END_REF]. In Figure 117 (B), the H2-TPR profiles of all the spent catalysts are compared. It could be seen that the single NiCZ, NiCZ-Y4

and NiCZ-Y7 catalyst had a main desorption peak at 270°C. While increasing the Yttrium content (more than 10 wt%), the reduction temperatures increase, compared to the Y(4) and Y(7) samples, which was attributed to the segregation of Y on the support. Thus, the ability of CeO2 to lose its lattice oxygen to form Ce 3+ , i.e. the reducibility of ceria, is inhibited with increasing yttria doping, which correlate well with other studies [START_REF] Wang | Study of ceria-supported nickel catalyst and effect of yttria doping on carbon dioxide reforming of methane[END_REF]. Moreover, the profiles of the NiCZ-Y10, NiCZ-Y15 and NiCZ-Y20 catalysts show a slight shoulder at lower temperature besides to the larger once present at higher temperature. This new shoulder could be assigned to the reduction of surface reduction of NiOx species in weak interaction with the support as these catalysts shown the highest dispersion of nickel particles as confirmed by XRD results. 

Efficiency calculation comparison between thermal and plasma process

Theoretical power calculated for thermal methanation The theoretical power needed in the case thermal methanation was calculated considering that the power that is needed to heat the gases, considering the same conditions used for plasma methanation (GHSV). [Chemical Engineering Journal, Volume 393, August 2020, Pages 124786]. The power needed to heat 200 ml/min of CO2/H2 from 25ºC to 350ºC was calculated using the next equation: 𝑃(𝑊) = (1/𝜂) • 𝐹(𝑚𝑜𝑙𝑠/𝑠) • 𝐶𝑝 (𝐽/𝑚𝑜𝑙𝑠 • 𝐾 ) • ∆𝑇(𝐾) where F is the number of moL/s of CO/H2, ΔT is the increment of temperature (ΔT= 325 K), η is the heater efficiency and the Cp is the heat capacity of the gas:

𝐶𝑝 𝐶𝑂 2 /𝐻 2 = 0.