Chapter 1 Carbon Dioxide as part of the energy cycle 1.1 Carbon Dioxide emissions

Numbers of cycles regulate the Earth. The most known concerns water. Liquid water of seas and oceans vaporises creating clouds then rain abound back the earth. Actually, many elements of the periodic table have their own cycle such as Nitrogen, Oxygen, Iron and Carbon.
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Human modern way of life deeply affects these cycles, notably the carbon cycle. Animals and plants decompose and form after a long period hydrocarbons. Volcanism then emits carbon dioxide (CO 2 ) in the atmosphere. The atmospheric CO 2 concentration is balanced with the dissolved CO 2 in the oceans. Over the last centuries, humans dig out oil and coal to use them as fuels. Their combustion emits CO 2 at a tremendous rate compared to volcanism (33 Gt in 2019 [START_REF]Global CO2 emissions[END_REF]).

The overall carbon cycle is disrupted and creates a snowball reaction. Changes in the atmosphere induce global warming and natural disasters. If anthropogenic CO 2 emissions keep growing at the same pace, the global biosphere temperature could increased by 5 • C. It is mandatory for humankind to mitigate global warming. However, CO 2 is a byproduct of our energy use. This implies that we find ways to use less carbon based energy, ideally by increasing efficiency and transitionning to other energy production methods. 

Energy Consumption

Energy comsumption includes three uses: transportation, heat and electric processes. In figure 1.3, we observe that only 10.7 % comes from renewable sources. This number only increased by 0.3 % between 2017 and 2018 as shown in figure 1.4. The percentage of renewable energy in the mix is difficult to increase because most of renewable energy sources are not suited for our uses. In industrial processes and transport, heat mainly comes from boilers or engines using fossil fuels. In figure 1.5, we observe that these uses represent 57.7 % of the energy consumption. It is mandatory to find CO 2 low energy sources suited for them. Otherwise, heating and cooling residential buildings represent 21.2 % of the energy consumption. In this case, a transition to power based heaters is feasible. However, the electricity demand would increase significantly. It is thus urgent to massively produce renewable electricity. Moreover, we can see in figure 1.6 that power represents 39.8 % of CO 2 emissions. Renewable energies are mostly power sources. By transitoning to renewable electricity sources, anthropogenic CO 2 emissions could be drastically reduced.

Energy Production

Energy production relies on three connected principles. Heat is generated by burning fuels. Movement is produced by heat. Movement induces electricity. Lastly, electricity can be turned into heat.

Wood, coal, gas and oil are burnt to generate heat. During the 20 th century, radioactivity has been discovered and is now also used to produce heat in nuclear plants. Even more rencently, a straightforward technology emerged using the sun to produce heat. Concentrated solar plants use only sun exposure and mirrors to produce this kind of energy.

From heat, we can generate a movement using either an engine or a boiler. The pressure variations created by a combustion or a phase changing are able to fuel a car or rotate a turbine. Kinetic energy is also harvested from wind or tide. The kinetic energy can induce power using alternators. The rotation of a magnet within a coil forces electrons to move and generates electricity. Even if electricity representes 17 % of our energy consumption, we have difficulties to produce it directly and without CO 2 emission. Usually, heat plants, such as coal, gas or nuclear, fuel boilers that feed alternators to generate electricity. As for heat production, power is harvested using solar energy. Solar panels, based on the photoelectric effect, create electron hole pairs that generate power. Electricity is the most difficult type of energy to handle because it requires a constant equilibrium between production and demand while storing is more complex.
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Electricity Grid

A global grid has been deployed to manage the overall electricity use. All production methods are sorted depending on their production load, availability and versatility. Therefore, they feed the grid differently. The electricity production is splitted into three loads as shown in figure 1.8: base, mid-merit and peak. The base load production fills the majority of the demand on at least a week basis. Mid merit production buffers differences in a daily basis. For example, the difference between day and night demands are handled by this production. Finally, the peak load production manage every small change added to the grid within seconds. 

ENERGY STORAGE

The TV Pickup Phenomenon

The TV pickup phenomenon firstly occured in the United Kingdom. When a large number of people are watching the same TV program, they take advantage of TV breaks to prepare tea. The large number of tea kettles plugged at once causes surges in the electricity consumption. The largest one occured on the 4 th of July 1990 during the England vs West Germany FIFA World Cup semi-final penalty shootout. The power surge represented 2800 MW corresponding to approximately 4 power stations.

Depending on their availability and their versatility, each electricity production method is well suited for one type of load. In figure 1.9, we can see that nuclear has very slow production variations. Therefore, it is only suited for base load. Coal plants handle variations within hours which enables a mid-merit but not a peak use. Gas, Oil and Hydro plants have a reaction fast enough to handle grid variations within minutes or secondes. This feature is essential to handle peak load. Lastly, Solar and Wind plants are an exception. Since these production methods are intermittent, the electricity production is impredictible. The grid has to consider these methods as negative demands.

The mutualized european grids resulted in the creation of the UE Spot. This system permits electricity exchanges between countries. These exchanges faciliate the Production / Demand balancing and lower the use of expensive or CO 2 rich production methods. As shown in figure 1.10, every day, each electricity producer proposes an electricity selling price depending on volume. Electricity consumers propose a similar buying price. The two curves superposition gives the most competitive electricity price and balance the electricity demand and production with the most preferable price. Research is in progress to increase the grid efficiency by adding rechargeable vehicles, battery plants and autoconsumption into the grid settings. However, even the smartest grid could not handle peak production.

Energy Storage

Energy storage could significantly help grid management and reduce the amount of CO 2 rich electricity production. However, storing energy always costs a part of it. The challenge relies on increasing its efficiency as much as possible.

Potential energy can be stored in Pumped Storage Power Plants connecting two lakes with height difference. Water is pumped to the upper lake to store electricity. It is dropped to generate electricity. This system is mainly used in China, Japan and the USA because it requires sufficient height difference and water volume. As an example, an olympic pool of 2500 m 3 at 100 m height has a potential energy of 680 kWh. It also requires a large investment to build the artificial lake if needed and the connection between the two sites.

Kinetic energy can be stored with flying wheels. This system rotates wheels with a motor to store energy. Alternators within the wheels are plugged to restore electricity. It can be installed everywhere in a container under vacuum to avoid friction losses. Since this technology relies on vacuum, it requires expensive pumps and well designed containers. It stores about hundreds of kWh for a moderate investment. The overall price of stored kWh is relatively high. That is why it is mainly used in transportation to charge batteries while using the engine brake.

Latent energy is also used to store energy. Materials with high thermal capacity enable energy storage over a long time. For example, a 250 m 3 molten salts tank stores hundreds of MWh. Materials with even better thermal capacity are developped as well as phase changing materials.

Chemical energy is a major way to store energy. It corresponds to batteries, super capacitors and water electrolyzers. Electricity is stored by using electrons in a chemical reaction. Electricity is then generated when the reverse reaction occurs. Since there is a large number of possible reactions, there are different systems with their own advantages. As shown in figure 1.11, super capacitors store a small amount of energy but can restore it quickly. Metal-ion batteries are more versatile. They have a large range of storage capacity with a decent discharge rate. Redox flow batteries are used on much larger scales. They can store a large amount of energy but restore it slower. To increase energy density of batteries, research are performed on Metal -Air batteries. This technology uses the atmospheric air which decreases significantly the battery weight. Water electrolyzers are able to store even more energy by splitting water. The O 2 and H 2 produced can be used in other processes. However, the process CHAPTER 1. CARBON DIOXIDE AS PART OF THE ENERGY CYCLE requires complex catalysts to increase its energy efficiency. Also, Hydrogen storage is difficult because H 2 infiltrates many materials. Fortunately, new materials have been developped to store it efficiently.

Figure 1.11:

Discharge time as a function of stored power depending on the electricity storage method [5].

Other recycling loops are emerging in the literature inspired by water electrolyzers. Using CO 2 as raw material creating a new cycle within the unbalanced carbon cycle would be a part of the solution. Reducingadding electrons and protons to -CO 2 can lead to useful molecules as carbon monoxide (CO), methanol or even methane, just to name C1 products. Each of them is used either in the industry or as fuel. This system can decrease significantly anthropogenic CO 2 emissions and could create a smooth transition to a more responsible way to consume energy. 

Carbon Dioxide valorisation

CO 2 Electrolysis is not the only way to valorise this green house gas. It can be used directly in Oil and Gas recovery [START_REF] Whittaker | Lessons Learned: IEAGHG Weyburn-Midale CO2 Monitoring & Storage Research Project[END_REF], in geothermy or as a reactant in chemical reactions [START_REF]Carbon Dioxide utilization[END_REF]. It can also be mineralised, hydrogenated, methanated or used in thermochemistry [START_REF] Thomas A Buscheck | Analysis of Operational Strategies for Utilizing CO2 for Geothermal Energy Production[END_REF][START_REF]Laboratory and Field Experimental Studies of CO2 as Heat Transmission Fluid in Enhanced Geothermal Systems[END_REF][START_REF]Accelerating Uptake CCS industrial use captured carbon dioxide[END_REF]. Finally, it can be transformed through biological reactions with microorganisms or algeas [START_REF] Suez | Biométhane de microalgues -Evaluation du potentiel de production en France aux horizons 2020 et[END_REF].

Enhanced Oil and Gas Recovery are techniques using CO 2 as a material to recover more efficiently oil and gas in the ground. They actually use supercritical CO 2 , a CO 2 state relatively easy to obtain. It requires only 74 bars and 31 • C. According to the International Energy Agency Greenhouse Gas Program, these methods could represent a 390 Mt use of CO 2 in 2050 [START_REF] Whittaker | Lessons Learned: IEAGHG Weyburn-Midale CO2 Monitoring & Storage Research Project[END_REF]. However, only 50 Mt of it would be stored in the ground.

In the industry, CO 2 is usually used for its physical and chemical properties. It can replace dangerous frigoric agents such as hydrofluorocarbons. In the supercritical state, CO 2 is an interesting solvent dissolving CHAPTER 1. CARBON DIOXIDE AS PART OF THE ENERGY CYCLE a large number of molecules. Lastly, CO 2 is used as an inert gas to create foam and bubbles in sodas. These uses are only niches that represent 20 Mt of CO 2 every year [START_REF]Carbon Dioxide utilization[END_REF]. Some chemical reactions are based on CO 2 to produce alcanes or polymers. It is even used combined with ammonia to produce urea. Only 140 Mt of CO 2 are used as reactant every year. However, according to industrials, catalysis research facilitates CO 2 based reactions and can lead to a 500 Mt use per year [START_REF] Vci | Utilisation and Storage of CO[END_REF].

CO 2 mineralisation consists in turning CO 2 into a solid such as carbonate. Since these molecules are very stable, they can be stored for a long time and used in concrete. Within 5 years, 300 Mt of CO 2 could be carbonated industrially according to the Global CCS institute [START_REF]Accelerating Uptake CCS industrial use captured carbon dioxide[END_REF].

Gas production can potentially transform a large amount of CO 2 . 4 Gt could be used in hydrogenation, methanation, dry reforming and thermolysis. Useful chemicals as methanol, methane, CO and H 2 result from these reactions. Their main drawback is their energy cost and their reliance on other CO 2 rich processes.

Biocatalysis could transform CO 2 into value products using algeas, enzymes or microorganisms. Algeas and microorganisms are able to produce biofuels from CO 2 using only sunlight and water. This great opportunity is however darkened by the use of large volumes of water and a difficult environment management. These organisms require very specific conditions concerning water temperature and purity to survive and produce biofuels. Also, they require a large and sunny surface which reduce the possible using area.

Electrolysis and Photoelectrolysis use electrochemistry to transform CO 2 . The molecule receive between 2 and 8 electrons to produce valuable chemicals from CO to methane (C1 products). A wide selection of possibilities are available for research. These processes can be performed with high or ambient temperature, using gaseous or dissolved CO 2 in either water or chemical solvents. Eventhough the technology needs more years of research, its potential is enormous. Combined with low carbon electricity we can imagine using such technologies to produce valuable chemicals at a competitive price while decreasing the industry 1.6. CARBON DIOXIDE VALORISATION carbon footprint. In addition, the emergence of CO 2 reduction into products with several carbon atoms offers a new horizon to the techonology. Indeed, multiples catalysts perform CO2RR producing chemicals such as ethylene, ethanol, hydrocarbons and acids. These products are even more valuable than C1 products. For example, ethanol is already used as a fuel in cars. This technology could therefore disrupted the oil industry by providing fuels using only renewable electricity and carbon capture technologies. CO 2 Electrolysis seems to be the most impactful CO 2 valorisation. Today, valuable chemicals (CO, methanol or methane) are produced at laboratory scale. Tomorrow, CO 2 rich industries such as metallurgy, chemicals or pharmaceuticals, will decrease their carbon footprint. The day after, fuels will be produced from atmospheric CO 2 and renewable energies.

Chapter 2

Carbon Dioxide Electroreduction

Carbon Dioxide electroreduction started during the 80s [START_REF] Meshitsuka | Electrocatalysis by metal phthalocyanines in the reduction of carbon dioxide[END_REF][START_REF] Hori | PRODUCTION OF CO AND CH 4 IN ELECTROCHEMICAL REDUCTION OF CO 2 AT METAL ELECTRODES IN AQUEOUS HYDROGEN-CARBONATE SOLUTION[END_REF][START_REF] Hawecker | Photochemical and Electrochemical Reduction of Carbon Dioxide to Carbon Monoxide Mediated by (2,2?-Bipyridine)tricarbonylchlororhenium(I) and Related Complexes as Homogeneous Catalysts[END_REF] but studies progressively decreased before the second millenium. For few years now, with the awareness about global warming and environmental issues, this field grows tremendously [START_REF] Huei-Ru | Electrochemical conversion of CO2 to useful chemicals: current status, remaining challenges, and future opportunities[END_REF][START_REF] Qiao | A review of catalysts for the electroreduction of carbon dioxide to produce low-carbon fuels[END_REF][START_REF] Aresta | Catalysis for the Valorization of Exhaust Carbon: from CO 2 to Chemicals, Materials, and Fuels. Technological Use of CO 2[END_REF].

Carbon Dioxide into useful chemicals

Transformation into C1 products -one carbon products -is achievable with various catalysts [START_REF] Francke | Homogeneously Catalyzed Electroreduction of Carbon DioxideMethods, Mechanisms, and Catalysts[END_REF]. Table 2.1 shows the C1 molecules obtained through CO2RR. With 2 electrons and 2 protons, formic acid and carbon monoxide are produced from CO 2 . Then, formaldehyde requires 4 electrons and 4 protons. Methanol production needs 2 more electrons and protons. Finally, producing methane requires 8 electrons and protons. Each of these molecules has an interest in the industry as a fuel or a raw material.

C2 products such as ethylene or ethanol can be produced via CO2RR [START_REF] García De Arquer | CO 2 electrolysis to multicarbon products at activities greater than 1 A cm 2[END_REF][START_REF] Shariful | Comparative life cycle assessment of electrochemical upgrading of CO 2 to fuels and feedstocks[END_REF][START_REF] Ripatti | Carbon Monoxide Gas Diffusion Electrolysis that Produces Concentrated C2 Products with High Single-Pass Conversion[END_REF]. These products are also used in the industry as chemicals or fuels. These reactions require not only the reduction of several CO 2 molecules but also a C-C bond creation. They require therefore close active sites able to transform simultaneously several CO 2 molecules. However, these processes are usually associated with a mixture of C1 and C2 products. In other words, selectivity is usually low. 

E 0 (Ox/red) half-cell reaction (Potential vs SHE) 2H + (aq) + 2e - H 2(g) 0.00 O 2(g) + 4H + (aq) + 4e - 2H 2 O (l) 1.23 CO 2(g) + 2H + (aq) + 2e - HCOOH (aq) -0.20 CO 2(g) + 2H + (aq) + 2e - CO (g) + H 2 O (l) -0.10 CO 2(g) + 4H + (aq) + 4e - HCHO (aq) + H 2 O (l) -0.07 CO 2(g) + 6H + (aq) + 6e - CH 3 OH (aq) + H 2 O (l) 0.03 CO 2(g) + 8H + (aq) + 8e - CH 4(g) + 2H 2 O (l) 0.17 CO 2(g) + 1e - CO •- 2(aq) -1.85

Electrochemical catalysis

Catalysis is the acceleration of a reaction. The catalyst favors a chemical reaction by modifying the reaction mechanism. In figure 2.1, the reaction energy profile of a two steps uncatalyzed reaction is presented.

In this example, using a catalyst adds a step in the reaction but decreases significantly activation energies. The reaction is accelerated, and in addition, catalysis drives the reaction in favor of one product.

Homogeneous catalysis consists in using a catalyst in the same phase than the reactant. Reactants comprising CO 2 and ions diffuse to the electrode to perform CO2RR. It has the advantage of inducing a low electrochemical background current. Mechanistic studies can be done through the use of cyclic voltametry or other electrochemical experimental (spectroscopic) methods [START_REF] Costentin | Multielectron, Multistep Molecular Catalysis of Electrochemical Reactions: Benchmarking of Homogeneous Catalysts[END_REF]. It also allows to use small volumes and low concentrations enabling the use of a large variety of catalysts. The downside of this method is that it requires inactive electrodes such as lead, mercury or glassy carbon. It is also limited by the concentration and the diffusion of reactants in the solvent. In water, where CO 2 concentration CHAPTER 2. CARBON DIOXIDE ELECTROREDUCTION is small (typically 30 to 35 mM), this limitation creates a glass sealing for productivity.

ELECTROCHEMICAL CATALYSIS

Catalyst immobilization on electrode surface may lift this issue [START_REF] Lieber | Catalytic reduction of carbon dioxide at carbon electrodes modified with cobalt phthalocyanine[END_REF][START_REF] Whipple | Prospects of CO 2 Utilization via Direct Heterogeneous Electrochemical Reduction[END_REF]. The catalyst being a part of the electrode enables the use of unsoluble catalysts. It also permits to improve CO 2 delivery be using gaseous CO 2 driven to Gas Diffusion Electrodes (GDE). This method offers great opportunities to increase reaction rate to the catalyst limits. However, the electrochemical background current is usually larger with this system. The shape, the composition and the interaction between the catalyst and the electrode affect significantly the background current. Interesting signals may be burried under this background current. In addition, the electrode system is much more complex. Diffusion within the catalytic film are added to diffusion in the electrolyte. Mechanistic studies are more difficult with such systems.

Solid State catalysts

Metals such as Au, Ag, Zn or Cu are used in multiple forms to catalyze CO2RR [START_REF] Li | CO 2 Reduction at Low Overpotential on Cu Electrodes Resulting from the Reduction of 129 BIBLIOGRAPHY Thick Cu 2 O Films[END_REF][START_REF] He | Electrocatalytic Alloys for CO 2 Reduction[END_REF][START_REF] Shoji | Mesostructure-Induced Selectivity in CO 2 Reduction Catalysis[END_REF][START_REF] Ma | Selective and Efficient Reduction of Carbon Dioxide to Carbon Monoxide on Oxide-Derived Nanostructured Silver Electrocatalysts[END_REF]. Alloys, nanoparticles [START_REF] Cao | A Molecular Surface Functionalization Approach to Tuning Nanoparticle Electrocatalysts for Carbon Dioxide Reduction[END_REF], dendrites [START_REF] Rosen | Electrodeposited Zn Dendrites with Enhanced CO Selectivity for Electrocatalytic CO 2 Reduction[END_REF] or even hollow fibers [START_REF] Kas | Three-dimensional porous hollow fibre copper electrodes for efficient and high-rate electrochemical carbon dioxide reduction[END_REF] can be fabricated from these metals.

Impressive performances are shown by solid state catalysts. They may reach large current densities with high stability. Sargent group even performed a 1000 hours long electrolysis at 200 mA.cm -2 with 90 % selectivity for CO using Ag nanoparticles in KOH 1 M [START_REF] Kutz | Sustainion Imidazolium-Functionalized Polymers for Carbon Dioxide Electrolysis[END_REF][START_REF] Dinh | High Rate, Selective, and Stable Electroreduction of CO 2 to CO in Basic and Neutral Media[END_REF]. These performances are approaching industrial productivity and stability [START_REF] Jouny | General Techno-Economic Analysis of CO 2 Electrolysis Systems[END_REF][START_REF] Verma | A Gross-Margin Model for Defining Technoeconomic Benchmarks in the Electroreduction of CO 2[END_REF]. However, many of these results are based on expensive and rare metals such as Au [START_REF] Verma | Insights into the Low Overpotential Electroreduction of CO 2 to CO on a Supported Gold Catalyst in an Alkaline Flow Electrolyzer[END_REF] and Ag [START_REF] Kutz | Sustainion Imidazolium-Functionalized Polymers for Carbon Dioxide Electrolysis[END_REF].

Difficulties to fine tune and control the active site properties limit their optimisation. The prodcution and deposition methods associated to these materials ensure an overall shape distribution of the catalyst. These methods cannot provide a strongly repeatable active site shape.

Molecular catalysts

Metals complexes offers a large variety of potential catalysts [START_REF] Wasylenko | Electronic Modification of the [Ru ii (tpy)(bpy)(OH 2 )] 2+ Scaffold: Effects on Catalytic Water Oxidation[END_REF][START_REF] Sun | Molecular Cobalt Pentapyridine Catalysts for Generating Hydrogen from Water[END_REF][START_REF] Bourrez | Mn(bipyridyl)(CO)3Br]: An Abundant Metal Carbonyl Complex as Efficient Electrocatalyst for CO2 Reduction[END_REF][START_REF] Manbeck | A review of iron and cobalt porphyrins, phthalocyanines and related complexes for electrochemical and photochemical reduction of carbon dioxide[END_REF]. Upon reduction to low valence states, these complexes are usually [START_REF] Chapovetsky | Proton-Assisted Reduction of CO 2 by Cobalt Aminopyridine Macrocycles[END_REF] and Mn (b) [START_REF] Kuo | Reductioninduced CO dissociation by a [Mn(bpy)(CO) 4 ][SbF 6 ] complex and its relevance in electrocatalytic CO 2 reduction[END_REF] based molecular catalysts for CO2RR.

able to convey electrons and bind with CO 2 [START_REF] Azcarate | Through-Space Charge Interaction Substituent Effects in Molecular Catalysis Leading to the Design of the Most Efficient Catalyst of CO 2 -to-CO Electrochemical Conversion[END_REF]. Inspired by our blood cells, scientists studied porphyrins [START_REF] Lin | Covalent organic frameworks comprising cobalt porphyrins for catalytic CO 2 reduction in water[END_REF][START_REF] Azcarate | Dissection of Electronic Substituent Effects in Multielec-tronMultistep Molecular Catalysis. Electrochemical CO 2 -to-CO Conversion Catalyzed by Iron Porphyrins[END_REF][START_REF] Margarit | Carbon Dioxide Reduction by Iron Hangman Porphyrins[END_REF]]. Their π system and their ability to bind with CO 2 make them perfect candidates for CO2RR. These molecules also grant access to a wide choice of metals [START_REF] Takeda | Electrons, Photons, Protons and Earth-Abundant Metal Complexes for Molecular Catalysis of CO 2 Reduction[END_REF] such as Fe [START_REF] Costentin | Efficient and selective molecular catalyst for the CO 2 -to-CO electrochemical conversion in water[END_REF], Ni [START_REF] Froehlich | Homogeneous CO 2 Reduction by Ni(cyclam) at a Glassy Carbon Electrode[END_REF], Mn [START_REF] Smieja | Manganese as a Substitute for Rhenium in CO 2 Reduction Catalysts: The Importance of Acids[END_REF], Cu [START_REF] Weng | Electrochemical CO 2 Reduction to Hydrocarbons on a Heterogeneous Molecular Cu Catalyst in Aqueous Solution[END_REF] or Co [START_REF] Shaffer | Reactivity of a Series of Isostructural Cobalt Pincer Complexes with CO 2 , CO, and H +[END_REF]. They are also known to be highly selective. For example, catalyst in figure 2.4a can reach nearly 94 % selectivity for CO in dimethylformamide (DMF) [START_REF] Costentin | A Local Proton Source Enhances CO 2 Electroreduction to CO by a Molecular Fe Catalyst[END_REF][START_REF] Costentin | Proton-Coupled Electron Transfer Cleavage of Heavy-Atom Bonds in Electrocatalytic Processes. Cleavage of a CO Bond in the Catalyzed Electrochemical Reduction of CO 2[END_REF]. Catalysts 2.3a and 2.3b transform CO 2 into CO respectively with 98 % and 85 % selectivity in DMF [START_REF] Chapovetsky | Proton-Assisted Reduction of CO 2 by Cobalt Aminopyridine Macrocycles[END_REF] and acetonitrile (ACN) [START_REF] Kuo | Reductioninduced CO dissociation by a [Mn(bpy)(CO) 4 ][SbF 6 ] complex and its relevance in electrocatalytic CO 2 reduction[END_REF]. Also catalyst in figure 2.4b mediates CO2RR with a selectivity of 100 % in DMF (+ 3 M phenol) [START_REF] Azcarate | Through-Space Charge Interaction Substituent Effects in Molecular Catalysis Leading to the Design of the Most Efficient Catalyst of CO 2 -to-CO Electrochemical Conversion[END_REF]. Tetraphenyl Fe porphyrin (figure 2.4a) performs CO2RR via the mechanism described in figure 2.5 [START_REF] Römelt | Electronic Structure of a Formal Iron(0) Porphyrin Complex Relevant to CO 2 Reduction[END_REF].

Organic solvents are required to solubilize CO 2 . Solvents such as ACN, DMF or dimethylsolfuxide (DMSO) have properties adapted to electrochemistry. They have a wide electrochemical stability window and their polarity enables salt dissolution increasing conductivity. CO 2 solubility being larger in these solvents than in water, it enables to perform electrochemistry experiments while avoiding CO 2 diffusion limitations.

Catalyst immobilization started in the 70s with the work of Meshitsuka, Ichikawa and Tamaru [START_REF] Meshitsuka | Electrocatalysis by metal phthalocyanines in the reduction of carbon dioxide[END_REF]. In 1989, Nuruya and Matsui immobilized metal phthalocyanines into Gas Diffusion Layers (GDL) reaching nearly 100 mA.cm -2 with a selectivity for CO of ca. 100% [START_REF] Furuya | Electroreduction of carbon dioxide on gas-diffusion electrodes modified by metal phthalo-BIBLIOGRAPHY cyanines[END_REF]. One may immobilize molecular catalysts onto carbonaceous support using π -π interactions [START_REF] Maurin | Noncovalent Immobilization of a Molecular Iron-Based Electrocatalyst on Carbon Electrodes for Selective, Efficient CO 2 -to-CO Conversion in Water[END_REF][START_REF] Costentin | Catalysis of the electrochemical reduction of carbon dioxide[END_REF][START_REF] Walsh | Electrocatalytic CO 2 reduction with a membrane supported manganese catalyst in aqueous solution[END_REF][START_REF] Aoi | Selective electrochemical reduction of CO 2 to CO with a cobalt chlorin complex adsorbed on multi-walled carbon nanotubes in water[END_REF], covalent binding [START_REF] Li | Interfacial peroxidase-like catalytic activity of surface-immobilized cobalt phthalocyanine on multiwall carbon nanotubes[END_REF] or trapping them with binder [START_REF] Choi | A Porphyrin/Graphene Framework: A Highly Efficient and Robust Electrocatalyst for Carbon Dioxide Reduction[END_REF][START_REF] Choi | Energy efficient electrochemical reduction of CO 2 to CO using a three-dimensional porphyrin/graphene hydrogel[END_REF] as shown in figure 2.6. The work of optimization relies also on the cell design ensuring strong interaction between the reactants of CO2RR and the catalyst. 

Cell studies

Catalyst deposition

Catalyst deposition is a key process determining cell performances [START_REF] Huei-Ru | The Effects of Catalyst Layer Deposition Methodology on Electrode Performance[END_REF]. Electrodes must be homogeneous as much as possible with a large active area. Extensive studies have been performed to determine the best deposition method.

Dropcasting is one of the simpliest method. This process consists in depositing a drop of catalytic ink onto the electrode surface. The ink solvent is further evaporated. This process requires a stable colloidal solution so as to deposit the catalyst homogeneously. Also, the evaporation time and temperature of the solvent are extremely important parameters during this process.

Spin coating has been developped mainly for thin layer deposition.

A drop is deposited at the surface of the electrode and, the electrode is spinning which ejects instantly the catalytic ink. This ejection results in a deposition of a thin layer of catalyst on top of the electrode. Usually this process creates a very homogeneous thin layer but it leads to the loss of a large amount of catalytic ink.

Air brushing or spray coating is close to painting techniques. The catalytic ink is sprayed at the surface of the electrode. As in painting, this process requires a strong know how to be performed adequately. This process is very fast and enables the deposition of a large quantity of the catalytic ink on the electrode. The evaporating solvent leaves again the catalyst at the surface of the electrode. Eventhough this process might be very effective, it requires a strong interaction between the electrode and the catalytic ink. This process also requires a large amount of catalytic ink to immerge the electrode. Finally, the whole electrode is covered by the catalytic ink, not only one side.

CELL STUDIES

Sputtering can only be used with solid catalysts. Microscopic particles of a solid material are ejected from its surface and deposited on the electrode. Thin layers and alloys can be deposited using this process. However, it requires vacuum and expensive instruments. It is also difficult to perform this deposition method on large surfaces.

Atomic Layer Deposition is a succession of chemical processes leading to deposite a single layer of a material on top of the electrode. However, the deposition reactions must be specific. The range of deposited materials is therefore smaller compared to other deposition methods. This process is not suited for large surface deposition.

Cell design

Various cell designs may be developped [START_REF] Fan | Strategies in catalysts and electrolyzer design for electrochemical CO 2 reduction toward C 2+ products[END_REF][START_REF] Liang | Electrolytic cell design for electrochemical CO2 reduction[END_REF] as shown in figure 2.8. First, catalysts were studied in classical electrolytic cells. These cells are closed reactors comprising the electrodes and the supporting electrolyte under a controlled gas atmosphere. Although this system is an excellent tool to perform studies by cyclic voltammetry, it is more difficult to perform long term electrolysis. The working and the counter electrode are usually separated with a glass frit. During the electrolysis, cell resistance increases drastically. In addition, electrolysis are limited by the decreasing concentration of CO 2 in the cell. The H-cell showed in figure 2.8.

The H-cell consists in two compartments separated with either a large glass frit or an ion exchange membrane. This system enables to perform long term electrolysis with better control of the cell voltage and reactions occuring on both sides of the cell. As in the previous cell, the CO 2 used is not guided through or by the electrode which may limit the reaction rate by CO 2 diffusion. This system is closer to industrial electrolyzers.

Micro flow cell added a liquid flow to the H-cell. This system is inspired from water electrolyzers. It allows to work in conditions closer to industrial requirements. Products are guided out of the cell which allows real time measurements. However, this system also only use dissolved CO 2 . It may therefore be limited by CO 2 diffusion and do not reach catalyst limits. Zero Gap Reactors have been developed in several laboratories [START_REF] Salvatore | Voltage Matters When Reducing CO 2 in an Electrochemical Flow Cell[END_REF][START_REF] Shaoxuan Ren | Molecular electrocatalysts can mediate fast, selective CO 2 reduction in a flow cell[END_REF][START_REF] Weekes | Electrolytic CO 2 Reduction in a Flow Cell[END_REF]. These reactors provide gaseous CO 2 to the electrode. The porous electrode is in close contact with the ion exchange membrane providing ions. This system attracts a lot of attention because very high current densities have been acheived [START_REF] García De Arquer | CO 2 electrolysis to multicarbon products at activities greater than 1 A cm 2[END_REF]. In addition, plethora of enhancements can be brought to this system [START_REF] Huai | Electrochemical CO2 reduction on heterogeneous cobalt phthalocyanine catalysts with different carbon supports[END_REF][START_REF] Burdyny | CO 2 reduction on gasdiffusion electrodes and why catalytic performance must be assessed at commercially-relevant conditions[END_REF].

CELL STUDIES

Flow cells are a combination of the micro flow cell and the zero gap reactor [START_REF] Lu | High-Performance Electrochemical CO 2 Reduction Cells Based on Non-noble Metal Catalysts[END_REF][START_REF] Shaoxuan Ren | Molecular electrocatalysts can mediate fast, selective CO 2 reduction in a flow cell[END_REF][START_REF] Torbensen | Molecular Catalysts Boost the Rate of Electrolytic CO 2 Reduction[END_REF][START_REF] Torbensen | Iron Porphyrin Allows Fast and Selective Electrocatalytic Conversion of CO 2 to CO in a Flow Cell[END_REF]. Gaseous CO 2 is brought to a GDE. Ions are provided by two electrolyte flows separated by the ion exchange membrane. This system adds a third flow of gas to the micro flow cell increasing the complexity. The reaction sites are not limited to the part of the electrode in contact with the membrane but to the surface in contact with the electrolyte. This system enables to use a larger electrode volume compared to the zero gap reactor.

Industrial CO2RR requires high current densities, stability, energy efficiency and the possibility for upscaling [START_REF] Jouny | General Techno-Economic Analysis of CO 2 Electrolysis Systems[END_REF]. Therefore, we decided to concentrate our work on Zero Gap Reactors and Flow cells described in figure 2.8. These systems are the most suited for industrial CO2RR because they have already shown high current densities and encouraging stabilities [START_REF] Liu | Introductory Guide to Assembling and Operating Gas Diffusion Electrodes for Electrochemical CO 2 Reduction[END_REF]. In addition, it appears that molecular catalysts are the most versatile, tunable and understandable catalysts for CO2RR. This choice limits the deposition methods to dropcasting, spin coating, dip coating and spray coating. However, spin coating and dip coating are complex methods, less suited for upscale and industrial applications. We will focus in this work on dropcasting and spray coating.

The challenge is to insert molecular catalysts in the flow cell. High selectivity, current density and stability may be acheivable with immobilized molecular catalysts in a flow cell. Finally, we will optimise the flow cell to improve its performances and prepare the scale up for industrial applications.

Chapter 3

Strategy and methodology

Key parameters

Current Density is the amount of electrons per unit time and surface flowing through the cell. It is directly related to CO and O 2 production through the equation 3.1.

P CO (T ) = T 0 F E CO (t) • j(t) • S • M CO n • F dt (3.1) 
If F E CO and j are constant,

P CO ∼ F E CO • j • S • M CO n • F (3.2)
In this equation P CO is the production of CO, F E CO the Faradaic efficiency for CO, j the applied current density, S the electrode surface, M CO the molecular mass of CO, n the number of electrons required to produce CO (here 2) and F the Faraday constant. In the case were F E CO and j are constant, we can simplify the equation 3.1 to 3.2. Current density could also be related to the catalyst Turnover Frequency (TOF). This is the number of catalytic cycles a catalyst performs per second.

T OF (T ) =

T 0 F E CO (t) • j(t) n • F • n cat dt (3.3)
If F E CO and j are constant,

T OF (T ) ∼ F E CO • j n • F • n cat (3.4)
In the equation 3.3, n cat represents the surfacic concentration of active catalyst in the electrode. We usually underestimate the TOF because it is complex to measure the real number of active catalyst molecules in the electrode film, which is usually smaller than the initial concentration.

Faradaic Efficiency for CO (FE CO ) is the main parameter. It represents the percentage of electrons injected in the cell that are used to transform CO 2 into CO. At the cathode, a competition occurs between CO 2 reduction reaction (CO2RR) and Hydrogen Evolution Reaction (HER). Non specific catalysts produce formic acid, methanol, formaldehyde or other more reduced forms of CO 2 via CO2RR. This parameter defines the purification process that will be implemented in an industrial environment. According to economical studies, the minimal viable industrial FE CO is 90 % [START_REF] Jouny | General Techno-Economic Analysis of CO 2 Electrolysis Systems[END_REF][START_REF] Masel | An industrial perspective on catalysts for low-temperature CO2 electrolysis[END_REF]. This percentage assures a low-cost purification process to sell a 95, 99 or 99.9 % pure CO.

In the equation 3.5, e n is the number of electrons used to produce the element n. In our case, there are only gases products then we consider e liquid as negligeable. This assumption has been confirmed using NMR measurements after electrolysis. Ideally, F E CO is measured with online Gas Chromatography which ensures an accurate sampling volume. This measurement is mandatory to calculate e lost . Since we are using a manual injection Gas Chromatography, accuracy on e lost measurements is not perfect.

F E CO (t) =

e CO (t) e gas (t) + e liquid (t) + e lost (t) (3.5)

Selectivity CO (t) = V CO (t) V gas (t) + V liquid (t) = e CO (t) e gas (t) + e liquid (t) (3.6) 
If e liquid and e lost are negligeable,

Selectivity CO (t) ∼ F E CO (t) (3.7)
Our work is therefore based on selectivity for CO (selectivity CO ). As shown in equation 3.6, this parameter does not depend on e lost . It is the ratio of CO production over gas and liquid production. Since liquid production is negligeable, selectivity CO is the ratio of CO production over gases production. In equation 3.7, we finally assimilate selectivity CO to FE CO by assuming that e lost is negligeable. The theoretical and experimental production rate of CO being very close, this assumption is robust.

KEY PARAMETERS

Stability is the time amount during which selectivity CO remains over 90 %. This parameter depends mainly on catalyst deactivation and catalytic sites clugging. It also impacts the production cost of CO and O 2 . Cathode has to be replaced as soon as selectivity CO is below a threshold value. This process requires new materials and human power.

Catalyst turnover number (TON), the number of catalytic cycles a catalyst can perform before being deactivated, is calculated from this measurement.

T ON (T ) = T 0 F E CO (t) • j(t) n • F • n cat dt (3.8)
If F E CO and j are constant,

T ON = F E CO • j • T n • F • n cat (3.9)
In the equation 3.8, T is the duration where the catalyst is active and selectivity CO is over 90 %. Since we chose this threshold value arbitrary, we are not calculating the maximum catalyst TON. This value is underestimated but it becomes more relevant for industrial purposes.

Energy Efficiency (EE) is the ratio between the theoretical energy required to perform CO2RR and the experimental energy. This ratio is related to the overpotential required to perform CO2RR at these current densities. By measuring the cathode potential during the experiment, we are able to measure this overpotential.

EE(t) = T 0 F E CO (t) • ∆E 0 ∆E cell dt (3.10) If F E CO is constant, EE = F E CO • ∆E 0 ∆E cell (3.11)
In the equation 3.10, ∆E 0 is the equilibrium cell potential for CO production and ∆E cell is the cell voltage. ∆E 0 is the standard redox potential difference between OER at the anode and CO2RR at the cathode.

Single Pass Conversion (SPC)

is the percentage of CO 2 transformed within the cell. In our case, it is the ratio between the quantity of CO flowing out of the cell and the quantity of CO 2 injected in the cell. This CHAPTER 3. STRATEGY AND METHODOLOGY parameter evaluate the cell efficiency and determines the purification process that will be plugged at the outlet of the cell. We can increase this parameter by plugging several cells in series.

SP C = CO out CO2 in = CO out CO out + CO2 out (3.12)
In the equation 3.12, N in/out is the quantity of product N flowing either in or out of the cell.

The cell productivity is the parameter related to current density and selectivity CO . It dictates if a CO 2 reduction technology is viable or not. According to recent studies [START_REF] Jouny | General Techno-Economic Analysis of CO 2 Electrolysis Systems[END_REF][START_REF] Masel | An industrial perspective on catalysts for low-temperature CO2 electrolysis[END_REF], a flow cell has to work at 200 mA.cm -2 and 90 % FE CO for about 6 months to match industrial expectances. High current densities enable small cells to produce industrial quantities of CO. Current density and FE CO are directly linked to the investment required to build an industrial flow cell by determining the cell size and the purification process after the cell.

The production cost of CO depends on EE which depends on cell stability, cell voltage and FE CO . However, we can see from equation 3.10 that small FE CO changes will not affect significantly EE. Also, cell stability is the most important parameter because it implies human power and components that are expensive. A cell working at very high j and FE CO for a short time and using very expensive materials will not be viable. As mentionned before, economical research shows that a cell must be able to operate for 6 months. The overall cell potential and FE CO affecting EE, are the cherry on the cake. It decreases the production cost by decreasing the amount of energy required to transform CO 2 .

FLOW CELL DESCRIPTION

A case study

Let us consider a 1 m 2 flow cell performing CO2RR at 200 mA.cm -2 and 5 V with 90 % FE CO comprising 7 µmol.cm -2 catalyst. CO 2 delivery is ensured by a polymer mesh creating a disturbed and homogeneous gas flow through the cathode. It can be tuned through CO 2 flow, pressure, humidification or purity. These parameters determine CO 2 avalaibility within the cathode which impacts significantly cell FE CO and SPC.

Flow cell description
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The cathode is the electrode where CO2RR occurs. It is a Gas Diffusion Electrode (GDE) comprising the molecular catalyst, a carbon support and a binder deposited as an ink and a carbon based Gas Diffusion Layer (GDL). CO 2 flows through the GDE where it is transformed. The reaction site is a triple phase interface composed by the solid molecular catalyst, the gaseous CO 2 and the electrolyte. The GDE geometry and materials favor the occurence of this interface. The remaining CO 2 and the gaseous products then bubble in the electrolyte and leave the cell. The cathode is a key component of the cell affecting the EE, FE CO , stability and SPC.

The electrolyte conducts ions to the reactive sites. Its composition, concentration and flow rate affect cell performances. The ions nature and concentration determine their reactivity. Also, counter ions create an electric field on the cathode surface that helps CO2RR by decreasing the reaction overpotential. The electrolyte flow guides the gaseous bubbles out of the cell and decreases the overall cell resistance. The electrolyte then impacts EE and FE CO .

The membrane splits the cell into two parts. It aims to separate the products while conducting ions from one electrode to the other. The membrane carries either cations or anions. Its thickness and its water uptake impact its ion conductivity hence the cell resistance. Also, the ion avalaibility depends on the flow managed by the membrane. Therefore, this component affects FE CO and EE.

The anode is the electrode where the Oxygen Evolution Reaction (OER) occurs. Water is oxidised into gaseous oxygen which flows out of the cell. The anode's material and shape impact the electrode reactivity. The overall cell voltage then the EE is affected by the anode.

Optimisation process

A Standard Set of cell components is chosen as shown in figure 3.1. A thorough literature review enables us to draw a list of parameters for each cell component. These parameters are set and will be vary one at a time. Even if unexpected parameters are finally very impactful, we are able to add them to the parameters web.

OPTIMISATION PROCESS

The chosen comparison method is an empirical method where inputs come from the literature. The flow cell is a very complex system where all the components are entangled and have several parameters.

Taguchi's design of experiment optimises 4 parameters of the cell while decreasing the required number of experiments from 81 to 9. However, this approach requires uncorrelated parameters. Since cell components affect each other, we are not able to use this kind of experiment design.

We chose to determine a standard set of components and optimise one parameter of one component at a time. The parameter is determined by literature review and previous experiments. Every optimisation leads to pieces of information fuelling and changing the standard set.

Optimisation results are then balanced. Standard experiments enables us to compare quantitatively every modification brought to the cell. The goal is to obtain the most productive and stable cell possible. According to this optimisation process, five options are possible:

• The cell is more productive but less stable:

Keep it in mind, we have to fix the stability.

• It is less productive but more stable: Compromising a more productive electrode with this more robust one could lead to an overall improvement

• It is less productive and less stable: Bad luck ! We misunderstood the science behind the phenomenon.

• It is more productive and more stable: Perfect ! Keep digging ! Is it expensive though ?

• There is no significant improvement: It might lead to a future combinaison that works better.

Each result adds to the toolbox and generates new research pathways. When improvements are made, we evaluate their applicability for large scale devices.

A toolbox is the final result of this optimisation process. Every change made to the cell is sorted das a function of its cost and their impact on cell perfomances. Depending on the required couple of current density and duration (working point), we are able to determine the most suited set of components. A micro electronic company and a polymer factory need two kinds of CO. The first one uses a small amount of pure CO and the second one uses a large amount of CO where H 2 is not an impurity. Using this toolbox, we are able to build two totally different flow cells to fill these needs. The micro electronic company will receive a small flow cell using expensive molecular catalyst working for a small period. The polymer factory will receive a large flow cell comprising cheaper molecular catalyst lasting longer.

A Record Set has been created with improvements that are too expensive to be used in every experiment. They rely either on expensive materials or on techniques that require a lot of time. The record set creates milestone experiments and helps to keep track of the past enhancements.

Standard experiments

Some requirements are necessary to perform a large number of optimisation cycles. The experiments within these cycles must be as efficient as possible. With the minimum number of experiments, we must be able assess the effect of each change. Experiments then must be:

• Easy to set, Table 3.1: Example of Standard Set for CO 2 reduction to CO in a flow cell.

• Reproducible and

• Comparable with at least one other experiment.

Using these requirements, two experiments have been conceived.

Ramp experiments explore several working points with a given set. They highlight the maximum cell productivity reachable. As shown in figure 3.3, we set a j value and increase it every 20 minutes. The combination of the chosen set and a j corresponds to a working point.

Step duration is 20 minutes to ensure a steady state. Selectivity CO , cell voltage and cathode potential are measured at every working point. j is increased until selectivity CO decreased under a threshold value around 50 %.

Ramp experiments assess the productivity of the cell and are comparable by superposing two selectivity CO vs j curves. They usually last 3 hours including setting time. These experiments push catalysts to their reactivity limits. By increasing j, the catalyst TOF is increased until it reaches a plateau.

However, it is obvious that each step is affected by the previous ones. We assume that catalyst stability is sufficient to manage a 3 hours experiment. Also, ramp experiments are performed always in the same way to ensure a proper comparison. Higher CO selectivities could be reached by decreasing the number of steps.

Moreover, we are sampling in the middle of each step assuming that selectivity CO is steady over each step. The ideal solution would be to store produced gases during each step. Then, we could measure the composition of each batch. The CO 2 elution time within the Gas Chromatog- raphy is approximately 10 minutes which in principle unables to perform more than one measurement per step. However, the measurement is the mean value of 3 close injections which provides accurate measurement of the gas composition during each step. Finally, this experiment measures the cell productivity but does not assess stability. To do so, another experiment is required.

Stability experiments measure the time a working point can be sustained. As shown in figure 3.4, a constant j is applied until selectivity CO decreases below a threshold value of 90 %. Therefore, cell stability can directly be related to an industrial use. However this stability depends on the whole cell and the combination of all components. Slow phenomena such as crystal formation or catalyst degradation are exacerbated through this experiment. The interpretation of this experiment is difficult because all these phenomena result in decreasing performances.

Even if this experiment gives significant piece of information, it is very demanding. Indeed, GC measurements are performed manually. selectivity CO tracking is difficult over 10 hours. Automated GC injec- tions would be a perfect solution. Also, as during ramp experiments, gas measurements are spaced out and we assume that selectivity CO is constant between two measurements. Cell stability do not depends only on catalyst stability. Catalytic site clugging, electrolyte poisoning and GDL property loss may decrease cell performance. It is therefore essential to discriminate the effect of these phenomena. Deeper understanding of them would lead to significant improvements.

To conclude, the combination of the Ramp and the Stability experiment enables us to compare quantitatively every set of components. These experiments allow to scan accurately and relatively fast a large number of components. This optimisation method relies on previous fondamental studies permitting to understand optimisation results. In best cases, they show impressive productivities [START_REF] Verma | Insights into the Low Overpotential Electroreduction of CO 2 to CO on a Supported Gold Catalyst in an Alkaline Flow Electrolyzer[END_REF] reaching almost 1 A.cm -2 [START_REF] García De Arquer | CO 2 electrolysis to multicarbon products at activities greater than 1 A cm 2[END_REF] and reasonable stability [START_REF] Kutz | Sustainion Imidazolium-Functionalized Polymers for Carbon Dioxide Electrolysis[END_REF]. Moreover, they are often more robust than molecular catalysts. They are used in heterogeneous catalysis conditions because they can be directly deposited on current collectors. Using dropcasting, spray coating, atomic layer deposition or electrodeposition gives resistant electrodes able to perform CO2RR with high productivity. Their drawback lies in the difficulty to fine tune active sites, which limits cell enhancements. Molecular catalysts are prompted to fine tuning. The chemical and electronic environment of the active site is obviously dependent of the ligand of the molecular catalyst. Several of them mediate CO2RR with 99 % FE CO [START_REF] Costentin | Ultraefficient homogeneous catalyst for the CO[END_REF][START_REF] Costentin | Efficient and selective molecular catalyst for the CO 2 -to-CO electrochemical conversion in water[END_REF]. However, most of the reported experiments are performed in organic solvents and homogeneous conditions [START_REF] Bourrez | Mn(bipyridyl)(CO)3Br]: An Abundant Metal Carbonyl Complex as Efficient Electrocatalyst for CO2 Reduction[END_REF][START_REF] Wang | Second-coordination-sphere and electronic effects enhance iridium(iii)-catalyzed homogeneous hydrogenation of carbon dioxide in water near ambient temperature and pressure[END_REF][START_REF] Smieja | Manganese as a Substitute for Rhenium in CO 2 Reduction Catalysts: The Importance of Acids[END_REF]. Mass transport limitations of the reactants restrict the reachable current densities at least in water, which is going to be employed in practical devices. As shown in figure 4.2, CO 2 diffusion coefficient can be increased by 4 orders of magnitude while changing from aqueous to gaseous use [START_REF] Weekes | Electrolytic CO 2 Reduction in a Flow Cell[END_REF]. Even if supported molecular catalysis have been used since the 90s with current densities reaching a few tens of mA.cm -2 [START_REF] Furuya | Electroreduction of carbon dioxide by metal phthalocyanines[END_REF][START_REF] Sonoyama | Electrochemical reduction of CO2 at metal-porphyrin supported gas diffusion electrodes under high pressure CO2[END_REF]. Such development remained rare until very recently. A recent experiment consisted in immobilizing CoPc on a porous electrode in a flow cell which resulted in mitigated performances of 33 mA.cm -2 with 90 % FE CO [START_REF] Lu | High-Performance Electrochemical CO 2 Reduction Cells Based on Non-noble Metal Catalysts[END_REF].

This situation necessitates to use molecular catalysts in a flow cell able to generate enough triple phase interface to overcome this limitation. A well known molecular catalyst, CoPc, has been immobilized on a high surface area electrode, forming a Gas Diffusion Electrode (GDE). This catalyst is known to mediate CO2RR with high FE CO and to be robust electrochemically. Also, its strong πsystem enables an easy immobiliza- tion on carbon support.

Two flow cells have been studied

. The first one is a zero gap reactor (figure 4.1, left). At the cathode, CO 2 flows by the GDE which is directly in contact with an ion exchange membrane. At the anode, flowing water is oxidized at a nickel foam. The second one is a flow cell (figure 4.1, right). At the cathode, CO 2 flows through the GDE. The remaining CO 2 and gaseous products are then bubbling in a flowing catholyte. An ion exchange membrane isolates the cathode from the anode where the flowing anolyte is oxydized into O 2 at a Pt/Ti plate. In both cases, CO2RR occurs at a triple phase interface between the solid molecular catalyst, the liquid electrolyte and the gaseous CO 2 . Mass transport limitations are repelled using gaseous CO 2 which is more reactive than dissolved CO 2 as shown in figure 4.2.

The productivity obtained with the zero gap reactor and the flow cell are compared in figure 4.3. With the first one, CO2RR is performed with >95 % selectivity CO at 150 mA.cm -2 . With the latter, the reaction is maintained with >90 % selectivity CO at 125 mA.cm -2 . These systems show that molecular catalysts can mediate CO2RR at high current densities with selectivity CO higher than 90 %. Increasing reactant availability enabled to overcome productivity barriers. The effect of CO 2 availability is further illustrated in figure 4.4. At 50 mA.cm -2 , by increasing CO 2 flow rate from 2 to 100 SCCM, we are able to increase selectivity CO from 90 to 98 %.

Even if the zero gap reactor shows a better productivity than the flow cell, stability experiments strongly favor the flow cell. In figure 4.5, we observe that selectivity CO is only maintained over 90 % at 50 mA.cm -2 for 8 hours corresponding to 4000 CCs. At 100 mA.cm -2 , this duration is divided by 2. Figure 4.5 shows that CO2RR is maintained with a steady selectivity CO for more than 100 hours in the flow cell. Even if selectivity CO is only maintained over 80 %, this duration is one order of This stability difference may be ascribed to crystal formation within the GDE. Crystals have been observed at the back of the GDE in both cases. After washing these crystals, performances are regenerated. Because GDE is more humidified in the case of the flow cell, crystal formation is delayed and somehow minimized. This significant difference justifies our choice to pursue our study with a flow cell.

To summarize, by flowing gaseous CO 2 by or through a GDE, we overcame mass transport limitations and performed CO2RR at 150 mA.cm -2 with >95 % selectivity CO using a molecular catalyst as shown in figure 4.6. These experiments prove that molecular catalyst can mediate CO2RR at high current densities. Molecular catalysts high tunability may further enhance CO 2 electrolyzer performances. Otherwise, flow cell shows a much better stability for only a slighlty lower productivity as compared to zero gap reactor. We estimated that increasing selectivity CO would be easier than increasing stability. Therefore, we conclude that flow cell is more suited for industrial CO2RR. 

From commercial to enhanced catalysts

Tuning the first and second coordination spheres of the catalyst can improve catalytic efficiency and product selectivity [START_REF] Azcarate | Through-Space Charge Interaction Substituent Effects in Molecular Catalysis Leading to the Design of the Most Efficient Catalyst of CO 2 -to-CO Electrochemical Conversion[END_REF][START_REF] Azcarate | Dissection of Electronic Substituent Effects in Multielec-tronMultistep Molecular Catalysis. Electrochemical CO 2 -to-CO Conversion Catalyzed by Iron Porphyrins[END_REF][START_REF] Costentin | A Local Proton Source Enhances CO 2 Electroreduction to CO by a Molecular Fe Catalyst[END_REF]. In metallic complexes, ligand affects chelating interactions. Manipulating the steric and the electronic environment of the ligand can faciliate CO 2 adduct formation on the catalyst then CO2RR. This feature, specific to molecular catalysts can impact significantly the catalysis at least in terms of control. We expect that enhanced molecular catalysts in flow cell conditions will enable to reach industrial current densities while maintaining >90 % selectivity CO . [START_REF] Costentin | Catalysis of the electrochemical reduction of carbon dioxide[END_REF][START_REF] Froehlich | Homogeneous CO 2 Reduction by Ni(cyclam) at a Glassy Carbon Electrode[END_REF][START_REF] Lu | High-Performance Electrochemical CO 2 Reduction Cells Based on Non-noble Metal Catalysts[END_REF][START_REF] Kramer | Polymer coordination promotes selective CO 2 reduction by cobalt phthalocyanine[END_REF][START_REF] Smieja | Manganese as a Substitute for Rhenium in CO 2 Reduction Catalysts: The Importance of Acids[END_REF][START_REF] Hawecker | Electrocatalytic reduction of carbon dioxide mediated by Re(bipy)(CO)[END_REF][START_REF] Sampson | Manganese Catalysts with Bulky Bipyridine Ligands for the Electrocatalytic Reduction of Carbon Dioxide: Eliminating Dimerization and Altering Catalysis[END_REF][START_REF] Choi | Energy efficient electrochemical reduction of CO 2 to CO using a three-dimensional porphyrin/graphene hydrogel[END_REF][START_REF] Dong | Electrochemical Reduction of CO 2 to CO by a Heterogeneous Catalyst of FePorphyrin-Based MetalOrganic Framework[END_REF][START_REF] Bourrez | Mn(bipyridyl)(CO)3Br]: An Abundant Metal Carbonyl Complex as Efficient Electrocatalyst for CO2 Reduction[END_REF][START_REF] Chen | Molecular Catalysis of the Electrochemical and Photochemical Reduction of CO 2 with Earth-Abundant Metal Complexes. Selective Production of CO vs HCOOH by Switching of the Metal Center[END_REF][START_REF] Han | Supported Cobalt Polyphthalocyanine for High-Performance Electrocatalytic CO2 Reduction[END_REF][START_REF] Hod | Fe-Porphyrin-Based MetalOrganic Framework Films as High-Surface Concentration, Heterogeneous Catalysts for Electrochemical Reduction of CO 2[END_REF], best solid state catalysts reported in 2019 (gray) [START_REF] Verma | Insights into the Low Overpotential Electroreduction of CO 2 to CO on a Supported Gold Catalyst in an Alkaline Flow Electrolyzer[END_REF][START_REF] Kutz | Sustainion Imidazolium-Functionalized Polymers for Carbon Dioxide Electrolysis[END_REF] and immobilized CoPc in a Zero Gap Reactor (light blue) or a flow cell (dark blue) [START_REF] Shaoxuan Ren | Molecular electrocatalysts can mediate fast, selective CO 2 reduction in a flow cell[END_REF].

Enhanced molecular catalysts have been designed based on previous studies. First, to ensure a strong immobilization onto a carbon electrode, the molecular catalyst must have a strong πsystem and a flat structure. Phthalocyanines and porphyrins are therefore good candidates. In addition, the molecular catalyst must have shown good activity and selectivity for CO in homogeneous and supported conditions. In the 90s, CoPc, shown in figure 4.7, led to high activity for CO2RR producing almost 100 mA.cm -2 in heterogeneous conditions [START_REF] Furuya | Electroreduction of carbon dioxide by metal phthalocyanines[END_REF][START_REF] Sonoyama | Electrochemical reduction of CO2 at metal-porphyrin supported gas diffusion electrodes under high pressure CO2[END_REF]. This catalyst also attracted a lot of attention during the last decade [START_REF] Morlanés | Simultaneous Reduction of CO 2 and Splitting of H 2 O by a Single Immobilized Cobalt Phthalocyanine Electrocatalyst[END_REF][START_REF] Kramer | Polymer coordination promotes selective CO 2 reduction by cobalt phthalocyanine[END_REF][START_REF] Manbeck | A review of iron and cobalt porphyrins, phthalocyanines and related complexes for electrochemical and photochemical reduction of carbon dioxide[END_REF][START_REF] Li | Interfacial peroxidase-like catalytic activity of surface-immobilized cobalt phthalocyanine on multiwall carbon nanotubes[END_REF]. Studies have been performed with modified ligands so as to tune electronic properties of the Co center [START_REF] Maslyuk | The electronic structure of cobalt phthalocyanine[END_REF][START_REF]N4-Macrocyclic Metal Complexes[END_REF]. We designed CoPc2 based on previous studies performed with iron porphyrins. Adding trimethylammonium groups to iron porphyrins has a thermodynamic and kinetic positive effect on CO2RR. Inductive withdrawing electronic effect led to a more positive potential for generating the active Fe(0) species, while the ammonium groups excert a through-space stabilizing effect on the Fe-CO 2 adduct. [START_REF] Maurin | Noncovalent Immobilization of a Molecular Iron-Based Electrocatalyst on Carbon Electrodes for Selective, Efficient CO 2 -to-CO Conversion in Water[END_REF]. As we can see in figure 4.7, CoPc2 has a additional trimethylammonium group and three tertbutyl groups. We expect similar reactivity improvement as for the iron porphyrins. Cobalt Quaterpyridine (Co(qpy)), shown in figure 4.7, performed CO2RR with low overpotential in both organic solvent [START_REF] Cometto | Molecular Electrochemical Catalysis of the CO 2 -to-CO Conversion with a Co Complex: A Cyclic Voltammetry Mechanistic Investigation[END_REF] and in water [START_REF] Wang | A Hybrid Co Quaterpyridine Complex/Carbon Nanotube Catalytic Material for CO 2 Reduction in Water[END_REF]. These performances being obtained in the Laboratoire d'Electrochimie Moléculaire, it seemed natural to perform CO2RR in a flow cell with this effective catalyst. High current densities may be obtained using only a very small amount of optimized catalysts. In figure 4.8, we observe that an electrode with 0.2 µmol.cm -2 of CoPc2 outperforms an electrode with 7 µmol.cm -2 of CoPc. Selectivity CO is maintained above 90 % at 200 mA.cm -2 .

Catalytic selectivity may also been increased near 100 %. Co(qpy) is able to mediate CO2RR with CO selectivies over 98 %. However, this improved catalyst is less robust than CoPc. Co(qpy) selectivity for CO decreases drastically between 75 and 100 mA.cm -2 . This steep change is likely due to catalyst degradation. Instead of performing CO2RR, the catalyst is reduced irremediably and does not perform CO2RR anymore.

To conclude, we have shown that tuning molecular catalysts can enhance productivity and selectivity of CO2RR. Adding a positively charged trimethyl ammonium group and three tert-butyl groups on the parent CoPc results in a more efficient and versatile catalyst. CO 2 on the catalyst is facilitated by the trimethyl ammonium groups. Even with a smaller loading, an enhanced catalyst outperforms the non substituted one. Tuning of molecular catalysts might also lead to other CO2RR products such as methanol, methane or ethylene. Investigations on the effect of ligand and bimetallic complexes may open new opportunities to molecular catalysts of the CO2RR. As a potential industrial catalyst, CoPc2 performances are outstanding. The downside is its synthesis. CoPc2 is synthetized in a research laboratory producing batches of hundreds of milligrams. CoPc is already produced industrially and is therefore cheaper. The very small amount of CoPc2 available compared to CoPc dictates that this catalyst must be used only during high stakes experiments. This is the reason why CoPc will still be used in the Standart Set while CoPc2 will be employed in the Record Set. Gas Diffusion Layers are complex components. They are designed to channel the gaseous CO 2 uniformely to all the active sites. This component is essential to maximize the triple phase interface formation. As shown in figure 4.9, it has three parts: a macroporous layer, an eventual hydrophobic layer and a microporous layer. These layers are combined to form a gas funnel with a high surface of contact.

Cathode materials 4.2.1 Gas Diffusion Layer

The macroporous layer is composed by entangled carbon strings. This web creates large pores where the gas is slowly driven to the next part of the GDL.

The hydrophobic layer between the two layers is not mandatory. It tunes the physical and chemical properties of the GDL. It is usually a

CATHODE MATERIALS

Polytetrafluoroethylene (PTFE) treatment that increases the overall hydrophobicity of the GDL and protects the macroporous layer from liquids.

The microporous layer is a stacking of carbon nanoparticles. This compact piling creates pores much smaller than the ones in the macroporous layer. The overall surface area is enormous. This layer accomodates a part of the catalytic ink and embedes catalytic sites. The catalytic ink contains nanoparticles similar to the ones forming the microporous layer. This similarity aims to create an homogeneous layer. Three key parameters have been identified: hydrophobicity, air permeability and thickness / area weight. To compare these three parameters, five carbon papers have been selected as shown in table 4.1. GDL production process is well guarded. This allows us to work with only few parameters and discrete values. We decided to use Freudenberg papers because they are well described and we managed to vary one parameter at a time.

Table 4.1: Comparative properties of Freudenberg papers.

Hydrophobicity dictates the residence time of CO 2 in the electrode. An hydrophobic electrode will interact with CO 2 bubbles over longer time to minimize interactions with the electrolyte. A longer residence time of CO 2 favors CO2RR over HER. The local concentration of CO 2 is increased and promotes CO2RR [START_REF] Wakerley | Bio-inspired hydrophobicity promotes CO2 reduction on a Cu surface[END_REF]. Also, an hydrophobic electrode repels the electrolyte which limits the accumulation of protons at its surface. The formed triple phase interface with a large concentration of CO 2 and a limited concentration of protons favors CO2RR over HER. [START_REF] Shoji | Mesostructure-Induced Selectivity in CO 2 Reduction Catalysis[END_REF][START_REF] Park | Au on highly hydrophobic carbon substrate for improved selective CO production from CO2 in gas-phase electrolytic cell[END_REF]. On a side note, the catalytic ink deposition on a hydrophobic gas diffusion layer is facilitated. As shown by Park et al with gold nanoparticles, a hydrophobic GDL enables a homogeneous distribution of the catalyst over the GDL surface and limits cluster formation. All freudenberg papers are made with the same carbon strings and carbon nanoparticles. Hydrophobicity varies only by adding a PTFE treatment between the macro and the microporous layer.

In figure 4.11, we can see that PTFE treatment impacts significantly cell performances. At current densities under 75 mA.cm -2 , CO selectivities are very close between the two papers. From 100 mA.cm -2 , selectivity CO decreases drastically with the untreated paper. At 150 mA.cm -2 , the hydrophobic paper is 20 % more selective. The effect of CO 2 residence time is very strong. The hydrophobicity of the GDE is an essential property. It has to be maximized while keeping electronic conductivity within the GDE at a reasonable level. We can also expect that high hydrophobicity decreases electrolyte perspiration then limiting crystal formation. Increasing hydrophobicity could increase productivity and stability while slightly reducing energy efficiency.

Air Permeability is related to the porosity of the GDL. Usually, a strong air permeability is associated with the presence of many channels driving the gas through the electrode. A large surface area is expected with a permeable GDL. This larger surface area leads to more accessible active sites then, a more active GDE. This parameter is measured using Gurley Precision Intruments giving figures in Gurley second. It is determined by measuring the time required for 100 SCCM of air to pass through a square inch of the paper at a differential pressure of 1200 Pa. The air flows slower in a less permeable paper which gives a higher time.

In figure 4.12, we compare 3 different Freudenberg papers. H23C8 paper is the less permeable one. In this figure, a correlation between air permeability and productivity is evidenced. Selectivity CO is under 90 % for every current density using a paper with 90 Gu.s air permeability. H23C6 paper maintains >90 % selectivity CO at 125 mA.cm -2 . Finally, even at 200 mA.cm -2 , selectivity CO is higher than 90 % with the most permeable paper, H23C9. Figure 4.12 shows that a more air permeable paper is more productive. However, in figure 4. [START_REF] Vci | Utilisation and Storage of CO[END_REF], we can see that this statement has to be nuanced. We compared Freudenberg and Sigracet carbon papers. According to producers, these papers are similar because they are all treated with a PTFE layer and have a similar thickness as shown in table 4.2. Sigracet papers are much more permeable than Freudenberg papers (Air Permeabilities between 1.5 and 4.5 Gu.s). In figure 4.13, we observe that 39BB Sigracet paper, with 3 Gu.s, has a productivity that decreases strongly from 125 mA.cm -2 . Also, 28BC Sigracet paper selectivity CO is close to H23C9 selectivity CO even if their air permeability is almost 7 times larger. We expect that this parameter is ruled via a volcano plot and that an optimized air permeability exists between 4.5 and 30 Gu.s. Unfortunately, we have not found a carbon paper with an hydrophobic treatment and air permeability between these values. Figures 4.12 and 4.13 show that air permeability is an important property that needs to be optimized. A permeable GDL generates a large number of active sites, strongly favoring CO2RR over HER. However, the catalytic ink may not be deposited on the whole active surface of a highly porous GDL. This uneven deposition may lead to the exposition of bare carbon nanoparticles which are catalysts for HER. Therefore, it appears that an optimized value of air permeability is between 4.5 and 30 Gu.s. Further investigations could be performed by finding a set of GDL with air permeability within these values. In addition, Air Permeability may be related to the electrode pore size distribution [START_REF] Nugent | Porous materials with optimal adsorption thermodynamics and kinetics for CO2 separation[END_REF]. With the same volume, larger pores induce a stronger permeability. According to Casco et al, GDE pore size affects significantly the CO 2 adsorption depending on the applied pressure [START_REF] Casco | Effect of the porous structure in carbon materials for CO2 capture at atmospheric and high-pressure[END_REF]. At atmospheric pressure, large pores comprised within 2 and 4 nm maximize CO 2 adsorption. Porosity measurments of the produced GDE with different Freudenberg papers could confirm explain the results observed in Figure 4.12 and 4.13.

Thickness and Weight Area are two parameters closely related. We found carbon papers witht having the same trend in thickness and weight area. We can expect that a thicker carbon has more material then has a larger weight area. During the electrolysis, the electrolyte infiltrates the GDE up to a certain depth or until it reaches the hydrophobic area. In order to keep CO2RR favored before HER, active sites are required on the whole wet surface. Then, if the catalytic ink did not impregnated the GDL as deep as the electrolyte goes, HER is favored on a fraction of the GDE. We can expect that a thin GDE will perform CO2RR with stronger productivity. As we can observe in figure 4.14, the thickness difference matters only over 200 mA.cm -2 . A selectivity CO difference of 5 % is measured at this current density between a 250 µm and a 180 µm thick papers (H23C9 and H14C9 respectively).

In this study, we assumed that ratio between the macro and the microporous layer is maintained for every carbon paper. SEM experiments will be required to confirm this assumption. Also, we can expect that electrolyte perspiration would be stronger with a thinner carbon paper. This phenomenon could affect significantly the stability of the system. Stability experiments are therefore necessary to assess the relative performance 

Binder

Binders are polymers assuring the integrity of the GDE and tuning its physical properties such as hydrophobicity and electron conductivity. The used polymer is usually mixed to the catalytic ink to distribute it homogeneously in the active film. A well entangled polymer may increase drastically the mechanical resistance of the GDE. As mentionned before, GDE properties impact strongly cell performances. Increasing the GDE hydrophobicity, electronic conductivity and ion conductivity may enhance the cell performance. Three ionomers have been selected. Nafion and Fumion ionomers compose most of respectively Cation and Anion Exchange Membrane. Therefore, they have large ion conductivity while being mechanically resistant. PTFE monomer is known to be very resistant, hydrophobic and inert chemically. Even if these polymers have not a good electronic conductivity, they provide opportunities to enhance cell performances. GDE properties can be tuned by adding these polymers in four locations as described in figure 4. [START_REF] Hawecker | Photochemical and Electrochemical Reduction of Carbon Dioxide to Carbon Monoxide Mediated by (2,2?-Bipyridine)tricarbonylchlororhenium(I) and Related Complexes as Homogeneous Catalysts[END_REF]. The obvious one is within the catalytic ink to maintain the GDE integrity. However, we can add these polymers to increase local hydrophobicity or ion conductivity. By integrating binders on top of the GDE, we expect to improve the interaction between the catalyst, the electrolyte and the gaseous CO 2 . Adding binders before deposing the catalyst ink can increase the GDL hydrophobicity and enhance the cell stability. Lastly, increasing the hydrophobicity of 4.2. CATHODE MATERIALS the back of the electrode might also delay crystal formation and then improve overall stability. As described before, a binder is added to the catalytic ink to improve GDE mechanical resistance. The main purpose of this additive is to facilitate the catalyst deposition into the GDL. As a side effect, binder chemical properties can favor CO2RR over HER by increasing GDE hydrophobicity or ion transport within the GDE. As observed in figure 4.17, binders have a significant impact on cell performances. Without any binder, selectivity CO is maintained over 95 % up to 150 mA.cm -2 and over 90 % at 175 mA.cm -2 . Between 75 and 150 mA.cm -2 , a difference of a few percents is noticeable compared to the GDE containing Nafion. Adding Fumion into the catalytic ink decreases the overall cell performances. Even if selectivity CO is over 90% up to 125 mA.cm -2 , it drops drastically over 150 mA.cm -2 . Lastly, we can see that adding PTFE to the catalytic ink improves performances. Selectivity CO is kept around 95 % up to 200 mA.cm -2 and even over 90 % at 250 mA.cm -2 . Figure 4.17 confirms that cell performances are improved by increasing GDE hydrophobicity. A more hydrophobic catalytic layer traps more efficiently CO 3 and increases its local concentration. [START_REF] Wakerley | Bio-inspired hydrophobicity promotes CO2 reduction on a Cu surface[END_REF][START_REF] Park | Au on highly hydrophobic carbon substrate for improved selective CO production from CO2 in gas-phase electrolytic cell[END_REF] Cell performances are improved by increasing GDE hydrophobicity [START_REF] Dinh | CO 2 electroreduction to ethylene via hydroxide-mediated copper catalysis at an abrupt interface[END_REF]. However, using PTFE instead of Nafion or Fumion as additive to the catalytic ink has a major drawback. The used PTFE bids does not polymerize as the other binders. Therefore, the overall mechanical resistance of the catalytic film is stronger using Nafion and Fumion. Several PTFE catalytic films have been detached from the GDL during electrolysis because they had cracks on their surface. Deposition process has to be optimized using PTFE before using it in the Standard Set.

Binding agents within the catalytic ink

Binder as GDL additive

Based on previous experiment, we expect that cell performance can be improved by adding PTFE between the microporous layer and the catalytic layer.

When situated between the microporous and the catalytic layer, binders affect the interaction between these layers. Covering the HER active carbon with PTFE could favor CO2RR over HER and increase hydrophobicity. Unfortunately, as we can see in figure 4.18, selectivity CO is not improved by adding PTFE in this location. Adding 120 µL of a solution containing 2.5 % wt PTFE decreases drastically cell performances. Selectivity CO never reached 90 %. Adding 60 µL decreases slightly cell performances. Selectivity CO is only a few percents lower than with a usual GDE at every current density. Finally, adding 100 µL appears to not affect cell productivity. We suggest that the 60 nm PTFE bids used to increase GDL hydrophobicity are not suited for such purpose. The resulting hydrophobic layer might be heterogeneous and induce an uneven deposition of the catalytic ink over the GDL. SEM imaging would enable the caracterisation of the GDL surface and the optimisation of the hydrophobic layer.

Further investigations are required to assess if adding PTFE improves cell productivity. Investigations on cell stability are also needed. Adding an hydrophobic layer in the GDE can delay electrolyte perspiration through the GDE then improve cell stability. At the back of the GDE, binder purpose is to delay crystal formation. CO 2 delivery and GDE electronic conductivity can however be affected by this additive. In figure 4.19, we observe that selectivity CO is slightly affected. Adding PTFE at the back of the electrode decreases selectivity CO by a few percents at current densities higher than 100 mA.cm -2 . The same phenomenon is observed with Nafion from 175 mA.cm -2 . Once again, further investigations concerning the effect of this kind of additive on cell stability are required.

On top of the GDE, binders act as a protective layer. They are on top of the active sites and interact directly with the electrolyte. This is a double-edged location where additives may act either as matchmaker for reactants or as a shell for the active sites. As we can see in figure 4.20, binders have a negative effect on the cell when placed on top of the GDE. Selectivity CO decreases significantly with Nafion and PTFE on top of the Freudenberg paper, 1 cm 2 , Sustainion membrane electrode respectively at 125 and 150 mA.cm -2 instead of 175 mA.cm -2 without any binder. This productivity decrease is certainly due to an accelerated crystal formation. We can see in figure 4.21, that during the experiment crystals appeared rapidly with PTFE and Nafion. Electrolyte perspiration is enhanced by the addition of binders on top of the GDE. This figure suggests that the cell productivity may have not been affected by the binders. However, the cell stability has been drastically decreased resulting in standard ramp experiments biased by cell stability.

To conclude, we have shown that binders have a significant effect on cell productivity by changing the GDE physical and chemical properties. We can add binders on 4 different locations of the GDE: on top, within the catalytic ink, between the catalytic ink and the microporous layer and at the back of the GDE. The integrity of the GDE is mainly maintained by adding binders within the catalytic film. The hydrophobicity of this film appears to impact cell productivity. Adding PTFE within the catalytic ink increases the cell productivity enabling to reach 250 mA.cm -2 while keeping selectivity CO higher than 95 %. Unfortunately, this improvement makes the catalytic ink deposition problematic and needs to be optimized. A reliable catalytic ink containing PTFE would be added to the Standard Set.

The other locations affect the physical and chemical properties of the GDE only. However, the GDL is a very complex component and it remains difficult to tune its properties. Adding binders on these three locations resulted only in cell productivity decreasing. However, adding an optimized amount of PTFE between the catalytic ink and the microporous layer could lead to an improved productivity but also stability of the cell. Further investigations are then required, especially with stability experiment, to assess the effect of binders on these locations. 

Gas Flow

This parameter is crucial because it determines CO 2 availability. As shown before, CO 2 flow rate may affect selectivity CO by ca. 10 %. However, we observed that strong gaseous flow rate induces crystal formation obstructing active sites. Also, SPC is a key value for industrial purposes. Low SPC may induce expensive purification processes. CO 2 humidification and flow rate impact cell productivity, SPC and stability. It is thus essential to optimize this parameter.

Humidification

To delay electrolyte drying within the GDE, CO 2 is humidified with a bubbler. CO 2 exiting the bubbler is charged with water and absorbs less water from the electrolyte while flowing through the GDE. Cell productivity is slightly affected by CO 2 humification. In figure 4.22, from 50 to 175 mA.cm -2 , selectivity CO using a bubbler is decreasing by only few percents. It is still over 90% from 75 and 125 mA.cm -2 . This difference is justified by the decreased CO 2 availability using bubbler. CO 2 concentration in the flow is reduced and water is added to the system. This added water may be reduced into H 2 and decrease selectivity CO . However at 200 mA.cm -2 , both CO selectivies are under 90%. Nevertheless, selectivity CO is few percents higher with humidified CO 2 . This difference may be surprizing but it could be explained by the increased stability upon CO 2 humidification. Indeed, fewer crystals are formed during the ramp experiment thus cell productivity decreases slower while using a bubbler.

Cell stability , as suggested before, depends on CO 2 humidification. As we can see in figure 4.23, without any bubbler, selectivity CO decreases from 94 to 88 % within the first hours. The same phenomenon may have led to selectivity CO decrease during the previous ramp experiment. Also, at 50 mA.cm -2 , selectivity CO is maintained over 85 % for 60 hours without bubbler, to be compared to 96 hours with bubbler. This large difference is directly related to crystal formation. Figure 4.24 shows the back of the electrode after 120 hours electrolysis (at 50 mA.cm -2 ) using or not a bubbler. The difference is striking. Without bubbler, crystals have been formed until the GDE is completely clugged. Even with 3 bars of pressure, the gas could not penetrate the electrode. In comparison, with a bubbler, the back of the electrode showed few humid crystals on its corners. These crystals are responsible for the selectivity CO decrease over the 120 hours electrolysis. 

Gaseous flow rate

This parameter affects cell productivity and stability. Flowing more CO 2 into the electrode increases the amount of CO 2 available for CO2RR but also may dry more perspired electrolyte. Therefore, we expect to observe a balance between productivity and stability. Also, measuring SPC over the whole study would bring interesting metrics for a future industrial set up.

CO 2 availability has already been improved tremendously by flowing gaseous CO 2 instead of dissolving it into the electrolyte. However, we can expect that increasing its flow rate would increase even more its availability then cell productivity. Surprisingly, in figure 4. [START_REF] Ripatti | Carbon Monoxide Gas Diffusion Electrolysis that Produces Concentrated C2 Products with High Single-Pass Conversion[END_REF], we can see that selectivity CO is increased by a lower flow rate up to 150 mA.cm -2 . At lower current density, there is no difference using a 11.3 or a 19.3 SCCM flow rate. Both conditions result in selectivity CO a few percents higher than a 22.5 SCCM flow rate. Above 150 mA.cm -2 , selectivity CO decreases for all flow rates. However, the decreasing rate is flow rate dependent. At 175 mA.cm -2 , all flow rate result in equal selectivity CO . At 200 mA.cm -2 , we observe that selectivity CO are between 80 and 75 % with the lowest flow rate associated with the lowest selectivity CO .

At low current densities, the gaseous flow of CO 2 is sufficient to perform CO2RR independantly from flow rate value. In addition, a strong flow rate might reduce the residence time of CO 2 within the GDE then decrease selectivity CO . At current densities above 150 mA.cm -2 , CO 2 flow rate must be increased to keep CO 2 concentration high enough to perform the CO2RR selectively. This is the reason why a stronger CO 2 To conclude, CO 2 humidification slightly impacts cell productivity but strongly affects cell stability. Upon decreasing selectivity CO by only a few percents, we were able to increase cell stability by 50 %. Humidifying CO 2 delayed significantly crystal formation. The perspired electrolyte is dried slower, therefore less crystals are formed within the electrode. In addition, we have observed that CO 2 flow rate affects drastically cell stability while decreasing slightly CO productivity. Upon a two-fold CO 2 flow rate decrease, SPC has been increased twice and cell stability has been improved by 40 %. By humidifying the inlet of CO 2 and optimizing flow rate, we have increased cell stability from 48 to 168 hours. This study is a significant step further the industrial CO2RR.

Further investigations are required to moniter crystal formation during the electrolysis. This phenomenon does not involve only CO 2 humidification but also pH gradient at the electrode, electrolyte salts solubility and electrolyte perspiration through the electrode. Filming crystal formation could bring light on the formation rate and how to reduce it. Delaying this phenomenon appears to be a key for future improvement of the cell stability.

Ion transport 4.3.1 Electrolyte

The electrolyte is composed by two flows surrounding the ion exchange membrane. On the cathode side, the catholyte provides protons to perform CO2RR. At the anode, the anolyte is oxidized forming O 2 . To simplify the system, we chose to use the same composition, flow and temperature for catholyte and anolyte. These three parameters have been tuned to improve the energy efficiency and the productivity of the cell.

Temperature

Temperature is an important factor for every chemical reaction. As mentionned by Shinagawa et al, temperature affects the electrolyte pH and resistivity, the concentration and the diffusion of CO 2 and the adsorption of CO 2 and the desorption of CO on the molecular catalyst [START_REF] Steven T Ahn | Electroreduction of CO2 on polycrystalline copper: Effect of temperature on product selectivity[END_REF]. Also, CO2RR mechanism can be tuned by the temperature and significantly modify the cell selectivity for CO [START_REF] Hashiba | Systematic Analysis of Electrochemical CO 2 Reduction with Various Reaction Parameters using Combinatorial Reactors[END_REF]. Moreover, HER is an endothermic reaction which is favored by increased temperature [START_REF] Shinagawa | Insight on Tafel slopes from a microkinetic analysis of aqueous electrocatalysis for energy conversion[END_REF]. The competition between CO2RR and HER might be unbalanced by temperature changes. In figure 4.27, we performed CO2RR for three different temperatures. As it can be seen, increasing the temperature decreases cell performances. Eventhough electrolyte and membrane ion conductivity are increased, selectivity CO is a few percents lower at higher temperatures. These results are surprising because they are in contradictions with the results obtained with FeP [START_REF] Torbensen | Iron Porphyrin Allows Fast and Selective Electrocatalytic Conversion of CO 2 to CO in a Flow Cell[END_REF]. As mentionned earlier, the temperature effect depends on the catalyst [START_REF] Shinagawa | Insight on Tafel slopes from a microkinetic analysis of aqueous electrocatalysis for energy conversion[END_REF] which suggests that every catalyst has an optimised temperature for each CO2RR product. For expample, polycristaline Cu favors a CH 4 production at 2 • C and H 2 production at 42 • C [START_REF] Steven T Ahn | Electroreduction of CO2 on polycrystalline copper: Effect of temperature on product selectivity[END_REF]. Further experiments could explore lower temperatures. It may increase cell performances. However, we have to keep in mind that cooling electrolytes in industrial processes is expensive and then might not be suitable for large scale devices.

Flow

The electrolyte flow aim to extract the gaseous products of the cell while recycling and stirring the electrolyte. Cell resistance depends on the ease of the ions to flow from an electrode to the other. Hydroxyde ions formed at the cathode must flow through the catholyte, the membrane and the anolyte to recombine into water and form O 2 . Every gaseous bubble between the electrodes prevent ions to circulate efficiently. The extraction of the gaseous bubbles is therefore essential to the cell operation. A strong electrolyte flow will extract bubbles fast and decrease cell resistance while stirring efficiently the electrolyte. However, this flow may damage the GDE surface or the membrane. It is thus important to balance this flow to preserve the other components. Cell performances are enhanced by increasing the liquid flow between the electrodes. Figure 4.28 represents selectivity CO and cathode potential variations as a function of the electrolyte flow rate. The initial value is selectivity CO and cathode potential for a liquid flow of 2 mL.min -1 . Increasing the liquid flow from 2 to 20 mL.min -1 improves cell performances. Selectivity CO is increased by ca. 3 % and cathode potential is decreased by about 100 mV. From these values, plateau is reached. Further cell performances improvement is negligeable upon liquid flow increasing. Observed improvement is due to the enhanced bubble extraction between the electrodes. The concentration of bubbles is decreased while increasing liquid flow. However, this effect has a limit. The speed limit of gas extraction is reached around 20 mL.min -1 . Compared to the other parameters, the effect of the electrolyte flow is small and lim-4.3. ION TRANSPORT ited. Moreover, increasing the liquid flow might reduce the GDE and the membrane stability by tearing them apart. Stability experiments are necessary to assess its effect on the overall cell performances and adapt the standard set.

Electrolyte composition

The electrolyte composition is crucial for CO2RR. Ions forming the electrolyte react at both electrodes. Therefore, the ion conductivity and the ion concentration of the electrolyte play an important role in the cell operation. The same catholyte and anolyte composition are used to simplify the system and avoid crossover between the two tanks. Exchanges between a different anolyte and catholyte would result in performance decreasing. Decorrelating the electrolyte crossovers and the GDE deactivation would be too difficult. Since our work focuses on CO2RR, only the effects of electrolyte modification at the cathode were investigated. As we can see in figure 4.29, the cation of bicarbonate salts affects cell performances. The solvation sphere of Cesium cation being smaller than the one for Sodium, the charge density at the cathode is stronger using cesium bicarbonate. This charge density induces a stronger electric field that helps CO2RR. This electric field drives CO 2 molecules towards the electrode/electrolyte interface [START_REF] Ringe | Understanding cation effects in electrochemical CO 2 reduction[END_REF]. Therefore, a stronger electric field results in stronger performances. This effect is illustrated in figure 4.30.

CHAPTER 4. CELL DESIGN AND OPTIMIZATION

High productivities are reached using Cesium bicarbonate instead of sodium bicarbonate. Cell stability has also been improved using Cesium as counter ion. As we can see in Figure 4.31, selectivity CO could be maintained over 90% for 10 days. Even more, selectivity CO at 50 mA.cm -2 is maintained above 95 % for 8 days. This improvement is due to a higher solubility limit of CsHCO 3 compared to NaHCO 3 . Since, CsHCO 3 is more soluble in water than NaHCO 3 , crystal formation is delayed. The combination of CO2RR enhancement and crystal formation delay results in a significantly increased cell stability. To conclude, electrolyte temperature, flow and composition optimisations result in both cell productivity and stability enhancements. Temperature study showed that heating the electrolyte is not suited for CO2RR. HER is favored by increased temperature and results in lower selectivity CO . The electrolyte flow leads to extract gaseous products of the cell. It is crucial to keep the electrolyte flowing to perform high productivity CO2RR. However, this parameter impact reaches quickly a plateau for a value of 20 mL.min -1 . Lastly, the electrolyte composition, especially the counter ion, affects drastically cell performances. Using a counter ion with a smaller solvation sphere improves significantly cell performances. It resulted in maintaining selectivity CO higher than 90% at 350 mA.cm -2 . It also extended cell stability at 50 mA.cm -2 from 7 days above 85 % selectivity CO to 10 days above 90 %. Further investigations concerning the concentration of the electrolyte, potentials additives such as Cesium salts and assymetric electrolytes would be useful. The optimisation of both sides of the flow cell could lead to significant enhancements in pro-CHAPTER 4. CELL DESIGN AND OPTIMIZATION ductivity, stability and energy efficiency.

Membrane

The ion exchange membrane separates the cathode and the anode while conducting ions from one to the other compartment. Its presence is essential to the cell operation. This component is crucial to avoid products mixing and recombination. Because the cell design does not enable mechanically driven product separation, the ion exchange membrane is indeed mandatory. However, ions must flow from one electrode to the other. Depending on the type of the membrane, these ions are cations, anions or both. A Cation Exchange membrane is composed by polymers with sulfoxide dangling chains guiding cation from one side of the membrane to the other. Bipolar membranes split water to transport hydroxyde ions on one side and hydrogen ions on the other. Lastly, Anion exchange membranes (AEM) guide anions as CEM. These anions are usually hydroxyde but can also be chloride or bicarbonate. It has been shown that AEM are the most suited type of membrane for CO2RR and specific membranes have been conceived for this purpose. This is the reason why the Sustainion membrane is part of the Standard Set and why only AEM are investigated in this study. Unfortunately, the comparison between Sustainion and Fumasep membranes cannot be precisely quantified. The producer of Sustainion membrane -Dioxide Materials -do not provide information about their membrane. Membrane parameters such as thickness, resistance area or water uptake shown in figure 4.3 are available only for Fumasep membranes. and Fumasep membranes. A difference is made at higher current densities. At 150 mA.cm -2 , the FAA-3-30 shows the best selectivity CO of 93 % which is 5 % more selective than Sustainion. The thicker Fumasep membranes show CO selectivities smaller than 90 % over 150 mA.cm -2 . At 175 mA.cm -2 , Sustainion and FAA-3-30 membranes have a similar selectivity around 80%. Finally, at 200 mA.cm -2 a large difference appears between the two membranes. At this current density, Sustainion membrane maintains selectivity CO larger than 75 %. Even if this selectivity is not relevant for industrial uses, the difference is noticeable. Also, a pattern relating thickness and selectivity CO decreasing is visible among the Fumasep membranes. A thin membrane keeps cell productivity over larger current densities, in line with the fact that a thinner membrane is less resistive than a thick one. This difference is hardly noticeable with a 1 cm 2 electrode but can have a strong effect at larger scales. The membrane stability might also become a issue. As shown in figure 4.34, the Sustainion membrane cannot handle too long electrolysis. Dioxide Materials -the constructor -claims for 1000 hours electrolysis without any efficiency loss [START_REF] Kutz | Sustainion Imidazolium-Functionalized Polymers for Carbon Dioxide Electrolysis[END_REF]. However, it appears that Sustainion membranes are not as sustainable as expected. The difference between a new membrane and a 10 ramp experiments membrane is striking. About 20 % of selectivity CO are lost within 10 experiments. Also, an additional stability experiment is the coup de grâce for the membrane. Selectivity CO drops below 80 % at only 75 mA.cm -2 .

To conclude, we have compared two brands of AEM. The productivity difference between the Sustainion and the FAA-3-30 is hardly noticeable. However, the difference within the same brand is clear. It appears that the membrane thickness and resistivity are key parameters to chose membranes. A thin and conductive membrane results in better productivity and energy efficiency as expected. Unfortunately, we have not been able to investigate the water uptake or the ion selectivity effect. These parameters are certainly impactful. Also, we have shown that the membrane might age faster than expected. We are not able to explain this fast aging. Further investigations are therefore required to assess it. Lastly, table 4.3 shows that the membrane cost is a game changer. In this case, Sustainion membrane cost about 10 times more than the FAA-3-30 which is as efficient. Once again, over a 1 cm 2 flowcell, this difference is negligeable. In the case of a 1 m 2 flowcell, the cost difference would be increased by 4 orders of magnitude. The more appropriate choice of membrane for the Standard Set would be the FAA-3-30 membrane.

TOWARDS AN OPTIMIZED FLOW CELL

Towards an optimized flow cell

Through all previous sections, several cell optimizations have been acheived. First, catalyst immobilization into a GDL improved productivity. Then, performance has been enhanced by increasing its hydrophobicity and air permeability, while decreasing its thickness. Binders concentration, composition and location have been optimised to ensure GDE integrity while enhancing performance. The SPC and overall CO 2 availability have been improved by decreasing the CO 2 flow from 22.5 to 11.3 SCCM. In addition, electrolyte counter ion and flow have been modified to favor CO2RR. Finally, membranes have been compared to improve cell productivity and energy efficiency. All these optimizations are combined to reach the most productive working point of the flow cell. Few optimizations methods, such as binder position in the GDL or carbon paper, are still under evaluation. They have not been implemented to the record set. We have used the following record set:

• Cell: Flow cell • Membrane: Sustainion

To minimize stability issues, we also decided to decrease the number of measurements during the ramp experiment. Instead of increasing the current density by 25 mA.cm -2 steps, we used 250 or 500 mA.cm -2 steps. We also decreased the step duration from 1200 to 900 seconds. These modifications allowing optimizing cell performances (selectivity CO ) at high current densities while keeping electrolysis duration reasonable.

CoPc as catalyst

In figure 4. [START_REF] Rosen | Electrodeposited Zn Dendrites with Enhanced CO Selectivity for Electrocatalytic CO 2 Reduction[END_REF], we can see that the difference between the unoptimized and the optimized flow cell is striking. Before optimization, we managed to reach only 100 mA.cm -2 while keeping selectivity CO over 90 %. By only modifying the electrolyte composition from NaHCO 3 to CsHCO 3 , decreasing the gas flow from 22.5 to 11.3 SCCM and modifying the GDL to an optimized (hydrophobic, permeable and thin) one, we increased cell productivity by a factor 5, reaching 500 mA.cm -2 with a Selectivity CO of 90.4 %. Further investigations for improving stability are required.

CoPc2 as catalyst

As for CoPc, cell optimizations impact performances with CoPc2. We can see in figure 4.36 that 96 % selectivity CO is maintained at 500 mA.cm -2 with an optimized flowcell. The electrolyte has been modified from NaHCO 3 to CsHCO 3 while decreasing the CO 2 flow from 22.5 to 11.3 and changing the GDL from H23C6 to H23C9. Before these changes, selectivity CO It is mandatory to perform stability experiments to assess the efficiency of these optimizations. In addition, further investigation regarding binder location and concentration needs to be done. However, we can expect that they would improve cell performances leading to higher productivity and stability levels.

About some fundamental aspects

Other research groups are developping innovative methods to improve the understanding of CO 2 electrolyzers. spectroscopy and computational methods have been adapted to get new insights and open the "black box" of the electrolyzer.

pH Gradient at the cathode [107, 108, 109]

In operando spectroscopy methods such as Raman, Infrared or UV Visible are keys to understand ion diffusion within the electrolye or catalysis mechanism at the electrode. Recently, a zero gap reactor housing a sapphire window has been built. This system enables in operando Raman measurements. The system contains focal lenses to probe the electrode surface or the electroyte. HCO - 3 and CO 2- 3 quantifications within the electrolyte are possible. Based on their concentration ratio, they can give access to the electrolyte pH gradient while performing CO2RR.

A real difference exists between H cell and flow cells studies. The flowing electrolyte decreases significantly pH gradient. H cell studies have measured a pH difference between the electrode surface and the bulk of 5 while performing CO2RR at 120 mA.cm -2 . However, in the zero gap reactor, flow induced convection increases species mobility and reduces pH gradient to 2 at the same current density. It was also observed that pH gradient reaches a steady state in few minutes independantly of the applied current density.

In the study mentioned above, potassium bicarbonate is reduced into CO using Ag nanoparticles in a zero gap reactor. This system is therefore quite different from molecular catalysis of CO2RR within a flow cell. However, this measurement method is very insightful. Since carbon based electrode Raman peaks are close to HCO - 3 and CO 2- 3 peaks, it would be complex to perform measurements as usual. However, it would be interesting to explore this spectroscopy method. Even if this study is not directly relatable to the flow cell, we can suggest that pH gradient behaviour is similar in the zero gap reactor and the flow cell. Adapting the method to the flow cell would require an extensive work but may bring valuable inputs into the electrolyte evolution during electrolysis.

Water management within the electrolyzer [110]

Computational simulation combined with physical measurements permits to better understand water management within the zero gap reactor. It is known that water has a crucial role in productivity and stability of CO 2 electrolyzers. Water is essential to CO2RR because it conducts ions to the catalytic sites. However, excess of water could reacts with bare carbon particles of the electrode leading to HER. It is therefore essential to understand water flow within the electrolyzer. This study adapted humidity and temperature captors to a zero gap reactor. Combined with a 3D computational modeling of water flow within the electrolyzer, Berlinguette group has been able to describe the actual water flow within the electrolyzer while operating.

Water flow is a key to flow cell productivity and stability. Relative humidity of CO 2 was measured at 4 points of a serpentine flow plate. The difference between an hydrated CO 2 flow and a dry CO 2 flow is striking. In both cases, CO 2 is hydrated by the ion exchange membrane and reaches an hydration plateau around 80 % relative humidity. Salt formation within the flow plate prevents to reach current densities higher than 100 mA.cm -2 and 160 mA.cm -2 with respectively dry and hydrated CO 2 . CO 2 attracts humidity from the membrane which drags potassium ions among water. These ions then crystallise within the flow plate. A dry CO 2 flow drags more water and therefore more ions.

Water management within a zero gap reactor is however very different from within a flow cell. First, in a zero gap reactor, there is no catholyte solution. The electrode is directly in contact with the ion exchange membrane. The amount of avalaible water within a zero gap reactor is much smaller than the one within a flow cell. Also, in this case, CO 2 is distributed via a serpentine flow plate. It is clear that depending on the location in the GDE, reactant availability is extremely different especially with dry CO 2 . Between the inlet and the outlet, CO 2 , CO and water concentration are evolving. This phenomenon may induce large differences in CO2RR within the electrode itself. Indeed, even if the system is entirely different from the flow cell, several inputs are noticeable. First, it offers a view inside a CO 2 electrolyzer. Second, it confirms that crystal formation is a real issue to tackle. Third, the calculated water flux indicates that a non significant part of water comes from the membrane. In the flow cell case, we can suggest that a 4.5. ABOUT SOME FUNDAMENTAL ASPECTS part of the water comes from the catholyte. A solution must be found in order to keep the water balance neutral between the incoming CO 2 and the recycled electrolyte. Fourth, the temperature study shows that at 200 mA.cm -2 , the temperature within the cell increased by 2 degrees. Such heating phenomenon could significantly impact cell performances with large electrodes. It is therefore important to keep in mind cell heating. Lastly, we observe that serpentine flow plate may be suited for "flow by" CO2RR method with small surface. However, CO 2 distribution and hydration may not be maintained with large surface or "flow through" methods. [START_REF] Reyes | Managing Hydration at the Cathode Enables Efficient CO 2 Electrolysis at Commercially Relevant Current Densities[END_REF][START_REF] Salvatore | Designing anion exchange membranes for CO2 electrolysers[END_REF] Even in zero gap reactor GDE may be flooded. As mentionned before, water within the GDE is a doubled-edged sword. It is required to perform efficient CO2RR but in excess it favors HER over CO2RR. In a zero gap reactor, water management depends on the ion exchange membrane but also on the GDE hydrophobicity. It is important to balance these two parameters to provide the right humidity. The same above mentionned study has explored the role of water uptake and thickness of the membrane combined with GDE hydrophobicity. A 1D computational model has been conceived to predict possible GDE flooding.

GDE Flooding

The computational model determines the water flow from the anode to the cathode. It comprises water diffusion, electro-osmotic drag and back convection. At first, it seems that low water uptake membrane (LWUM) acts as high water uptake membrane (HWUM) while inverting the water flow within the cell. However, at 200 mA.cm -2 , LWUM collapses and and drives more water than HWUM to the cathode. The membrane floods the GDE which decreases significantly cell performances. This downside is compensated by decreasing the membrane thickness. A Decrease from 55 to 20 µm led to an increase of F E CO at 200 mA.cm -2 by 30 %. This enhancement decreases the water flow 38 to 2 mg.cm -2 .h -1 . In order to enhance such effect, GDE hydrophobicity has been increased. PTFE ratio in the catalytic ink was increased from 6 to 29 % wt. As expected, water flow to the cathode further decreased and cell performances were improved.

All these results deal with a Zero Gap Reactor and Ag NP. However, we found similar trends with the flow cell. However, our results are more empirical. We already observed that a thiner membrane shows better performances. Also, an hydrophobic GDE is primordial to perform CO2RR at high current densities. This study confirms that GDE hydrophobicity needs to be maximised.

Deposition methods [113, 69]

A GDE mapping protocol has been developped using XRF. This protocol determines the local composition of the GDE by quantifying the catalyst and the additives. Uneven ink deposition decreases dramatically cell performances. The conceived mapping quantifies the homogeneity of the deposition and therefore assesses the reproducibility of a deposition method.

A quantified comparison of deposition methods compare depositions methods. Dropcasting, hand airbrushing and ultrasonic spray coating were compared. Based on XRF calibration curves of Ag and solfunated groups found in Nafion, they are able to map a 4 cm 2 electrode. A real difference was obtained with these three deposition methods. Only ultrasonic spraycoating led to homogeneous deposition. In addition to this protocol, XRF may be used as a post electrolysis caracterisation. It was shown that 5 % of the catalytic Ag nanoparticles has been lost during electrolysis. This method could therefore help determining if the catalyst is desorbed from the GDE.

Chapter 5 Cell Upscaling

Industrial metrics are now at reach for the scientific community. Indeed, the optimized flow cell shows CO productivities stronger than industrial requirements [START_REF] Masel | An industrial perspective on catalysts for low-temperature CO2 electrolysis[END_REF]. This work even resulted in an European patent filing. This challenge being acheived, a new path is open for industrial CO2RR. Industrial production levels must be reached.

Approximately 100 kg of CO 2 per hour is emitted in a typical chemical factory. This metric implies that, with a productivity of 200 mA.cm -2 , a 100 m 2 electrode is required to transforme the entirety of the emitted CO 2 . The actual 1 cm 2 electrode must be expanded by a factor 1 000 000.

A subsidy has been obtained from the Société d'Aide au Transfert de Technologie (SATT) Erganeo to acheive this new challenge. A 500 ke research program has been planned for the next 3 years including the prototyping and the optimisation of pre-industrial flow cells. A start-up, Carboneo, has been created to frame this research program and enable its founders to apply for grants and raise funds. The following chapter describes the upscaling program from its strat in 2020 to its expected end in 2025.

From the lab to the industry

Industrial metrics

Industrial current densities and selectivity CO have been reached at the bench. We were able to perform CO2RR over 200 mA.cm -2 and 90 % selectivity CO with a 1 cm 2 flow cell. Two challenges must be overcame to reach industrial CO2RR. Industrial productions estimated around 50 tons of CO per year require a strong upscaling effort. In the mean time, cell stability, energy efficiency and single pass conversion need improvements for CO2RR to be viable.

Industry CO 2 Emissions are massive. They represent about 8.5 Gt of CO 2 per year. A medium factory emits about hundreds of kilograms of CO 2 every hour. A large transformation power is therefore requested while keeping a capital expenditure reasonable. These requirements imply a minimum applied current density. This value is directly related to the electrolyzer size and thus to the investment to valorise the entirety of CO 2 emissions. Technoeconomical studies calculated that the minimum industrial current density is 200 mA.cm -2 with 90 % selectivity CO . A 1 m 2 electrolyzer transforms 1 kg of CO 2 per hour at such current density. Several stacks of electrodes parallelized could reach the required transformation rate. Increasing the applied current density decreases drastically the capital expenditure by reducing the required number of electrolyzers and thus the amount of consummables. Reaching 500 mA.cm -2 would divide the capital and the operational expenditures by 2.5 times and create a very attractive industrial investment profitable in about 2 years.

CO is used in several industrial sectors. It is mainly employed in chemical processes such as phosgene synthesis and carbonylation processes. Similarly, it is also a standard reactant in pharmaceuticals. Its specific reactivity makes it very interesting for drug synthesis. This molecule gets also oxidized with ease at high temperature which makes it useful in metallurgy. One typical mined metal ore is composed by metallic oxides. To remove the oxygen atoms from these oxides, ores are melted under controlled atmosphere of CO in blast furnaces. It results in melted pure metal and gaseous CO 2 . In addition, CO is used in many niche processes. Using the same property as metallurgy, the meat industry keep their products under CO atmosphere avoiding meat oxidation. This phenomenon gives a hard-to-sell brown color to the meat. CO is easier to oxidize and keeps the bright red color to the meat. CO is also used in research laboratories as standard gas in several analysis processes. Finally, 99.997 % CO is a carbon source in silicon based materials. The absorption spectrum of light of materials can be tuned. This property is crucial in microelectronics.

CO production is based on incomplete combustion. This phenomenon occurs when a combustion is not fuelled with enough oxygen. Components are oxidized only once and form CO instead of CO 2 . This process takes place in blast furnaces under controlled atmosphere. It emits around 1.57 kg of CO 2 per kg of CO and requires large investments as well as expensive transportation.

O 2 is used in a plethora of sectors. As CO it is used in chemistry, pharmaceuticals, metallurgy, reasearch labs and micro electronics. It is also used in car, aerospace and glass industries. It is a powerful oxidizing and combustion agent. Ores are also found under carbide forms. Oxygen atmosphere permits to remove the carbon atom from the metallic ore. The elevated temperatures required in metallurgy, aerospace or glass industries are obtained by burning fuels under an oxygen concentrated atmosphere. Increasing the amount of combustion agent boosts the reaction and releases a tremendous amount of energy able to reach thousands of degrees celsius or to propel rockets out of the earth atmosphere.

Large scale production methods are required to meet the large consumption of O 2 within the whole industry. As an example, a metallurgy blast furnace consumes about thousands of tonnes of O 2 every day. The main production process is cryogenic separation of air. Cooling the air liquifies some of its components such as nitrogen and oxygen while keeping helium and impurities in gaseous form. Then liquid nitrogen and oxygen are distilled for separation.

Upscaling methods

Expansion

Increasing the active surface of the electrode is the first method to increase the overall cell productivity. Increasing the active surface area from 1 cm 2 to 1 m 2 multiplies the productivity by 4 orders of magnitude. Obviously, this method requires several intermediate steps and an extensive preparation. We planned 4 of them:

• First, from 1 cm 2 to 10 cm 2

• Second, from 10 cm 2 to 200 cm 2

• Third, from 200 cm 2 to 2500 cm 2

• Lastly, from 2500 cm 2 to 1 m 2 All these steps are sequenced to implement optimization between each of them. Since an order of magnitude is gained in every step, we expect that technology issues appear at every step. Technological locks must be resolved before starting the next step.

For example, we expect that dropcasting cannot be performed on electrodes larger than 10 cm 2 . Other deposition methods therefore need to be investigated, for ensuring an homogeneous catalytic layer over 1 m 2 . In addition, an homogeneous gas flow is required over the whole GDE. Lastly, increasing the GDE size while keeping the electrolyte thickness increases the bubble concentration within the electrolyte. Optimisation of the liquid flows is required combined with pump modifications. Lastly, such expansions are usually associated to heat generation via Joule effect. It is essential to manage this phenomenon using appropriate materials and cell design. The objective is to minimize the cell resistance then Joule effect while keeping the flow cell cost reasonable.

Stacking

Multiplying the number of electrode, by putting them in series, may multiply the overall production by the number of electrodes. This method also increases significantly the single pass conversion. A 5 electrodes flow cell is envisioned to explore this upscaling method. Each electrode will be 100 cm 2 which makes a total of 500 cm 2 of active surface.

UPSCALING METHODS

Efficiency loss is the most probable issue. Indeed, the concentration of active CO 2 within the gas flow decreases from one electrode to the next one. The first electrode performs CO2RR with an optimized gas flow but the second one transforms CO 2 with a mix of CO and CO 2 depending on the SPC of the previous electrode. Each of them uses more CO 2 until one receives mostly CO. This waterfall effect implies that first electrode transforms more CO 2 than the second one which transforms more CO 2 than the third one and so on. The overall production is not the addition of each electrode and the 500 cm 2 prototype will not produce as much CO as an ideal 500 cm 2 electrode. Other technologic locks such as pressure drop between the electrodes are expected. Addition of gas between the electrode might be needed to keep a 1 atmosphere pressure. Lastly, the increasing CO concentration may induce CO reduction reaction. Even if CO reduction reaction has not been observed within the flow cell, it may occur with a mix of CO 2 and CO in large favor of CO. All these potential issues require thorough investigation to evaluate their impact and find solutions if needed.

Parallelising

Multiplying the number of electrolyzers is the last option to increase CO production. It consists in reaching client needs by implementing standard electrolyzers. This method is the easier one because it requires only tubings to parallelise several electrolyzers and floor area.

The requirements of the methods are however difficult to fullfil. Indeed, being able to multiply an industrial electrolyzer means that this electrolyzer exists. The electrolyzer produces CO with high SPC and Energy efficiency. In the present case, 10 000 electrolyzers of 1 cm 2 produce as much as an electrolyzer of 1 m 2 . However, the floor area occupied by this huge number of electrolyzers is estimated around 900 m 2 compared to only 4 m 2 for the single electrolyzer. In addition, the investment of such electrolyzers fleet is estimated to 5 millions euros as compared to 100 000 euros for a single, large electrolyzer. These numbers show that, even if it is an easy option, it would be very expensive. Therefore, an upscaling method seems viable to multiply the standard production by 2 to 10 folds.

To conclude, table 5.1 summarizes the potential improvements and difficulties of each upscaling method. It is crucial to combine all of Table 5.1: Technological bottlenecks upon upscaling the flow cell.

these options to balance their advantages and drawbacks. The expansion method has an enormous potential for production increase but is extremely difficult to develop. Each expansion of an order of magnitude requires an extensive study with a dedicated prototype. The stacking method may increase significantly the production while decreasing the overall efficiency. Putting electrodes in series increases the flow cell SPC but decreases the production of each electrode. The method requires thorough investigation to assess gas management and by-products within the flow cell. Finally, the parallelisation method is the easier one to reach market requirements. However, it relies on an existing industrial flow cell. This method may also be very expensive as the investment price and the floor area are skyrocketing with the number of installed flow cells.

First step

, from 1 cm 2 to 10 cm 2

Productivity experiment

A 10 cm 2 electrode has been prepared following an identical protocol to a 1 cm 2 GDE preparation. The catalytic ink has been dropcasted on a GDL using a manufactured 10 cm 2 mask. The same flow cell has been used the GDE grove being the only difference.

Figure 5.1 shows the comparison of the selectivity CO as a function of current density with a 1 cm 2 and a 10 cm 2 GDE. In this figure, we can see that at current density below 75 mA.cm -2 , a 10 cm 2 GDE is as selective for CO as a 1 cm 2 GDE. However, at 100 mA.cm -2 , the 10 cm 2 GDE only shows 75 % selectivity for CO. In addition, we observe that the cathode potential is about 300 mV more negative with the 10 cm 2 GDE. This difference is certainly due to the increased bubble concentration within the catholyte layer. Catholyte thickness hence volume in the cell has been kept identical between the 1 cm 2 and the 10 cm 2 set up. The gas emitting surface -GDE surface -has been multiplied 10 times. The resulting concentration of gaseous bubbles between the electrodes is enhanced which increases flow cell resistance. These results are not surprising. Indeed, the dropcasting process is not suited for a 10 cm 2 electrode. As we can see in figure 5.3, the catalytic ink deposit is heterogeneous. And the ink layer thickness is uneven over the whole electrode surface. This deposition difference may cause the lower GDE performances. In addition, figure 5.2 shows the back of the GDE after a ramp experiment. We can distinguish two parts. The bottom one, in blue, is hydrophilic after the electrolysis. The top part, in orange, appears as if it has not reacted. It suggests that only a part of the GDE has been fed with CO 2 during the electrolysis. Less than a CO 2 pathway within the flow cell and then within the GDE is a determining parameter for CO2RR. Previously, CO 2 was forced to flow through the GDE. The gas inlet being at the bottom of the cell, CO 2 could pass through the GDE using only the bottom part. Adding a gas outlet at the top of the cathode side avoids the partial use of the GDE. As shown in figure 5.4, CO 2 enters and leaves the cell on the same side of the GDE. We expect that this pathway would increase the volume ratio of catalically active GDE. However, in figure 5.5, we observe a similar behavior with both flows. Selectivity CO is above 90 % at 50 mA.cm -2 but decreases at higher current densities. The poor activity of the 10 cm 2 GDE compared to the 1 cm 2 GDE arises from the catalyst deposition. Dropcasting is not suited for large surface GDE. In addition, cathode potential is less negative by flowing CO 2 by the GDE. This difference is due to the absence of gaseous bubbles in the catholyte. Products exit the cell behind the GDE and do not interfere with the ion transport. Large surface GDEs require a more extensive liquid flow optimisation.

To conclude, these experiments show that upscaling the GDE surface is a complex process. Increasing the GDE surface from 1 cm 2 to 10 cm 2 decreases the GDE activity at current densities starting from 75 mA.cm -2 and increases the cathode potential by ca. 300 mV. These issues are the result of an unsuited catalyst deposition and an uneven CO 2 feed. It is crucial to find ways to keep an homogeneous catalyst deposition and CO 2 flow within the whole GDE. Spray coating might be a better process to make homogeneous GDE. Also, it is essential to conceive a flow cell where CO 2 flows through the whole GDE independently of the GDE size.

DEVELOPMENT PLAN

Development plan

Deposition method

Several deposition methods have been explored to create GDE. Dropcasting, spin coating, hand brushing, filtration or spray coating could be envisioned. Amongst them, spray coating seemed to be the most suited for an industrial use. As we have seen, dropcasting is limited to small surfaces such as 1 cm 2 . This process requires an even evoporation of the solvent over the entire surface of the GDL. Therefore, it is impossible to expect an homogeneous deposition over larger surface than typically 1 cm 2 . The same issue exists with the brushing method. In addition, brushing relies on human work leading to mediocre reproducibility. Spin coating is a process inspired from photovoltaic cells. However, it is meant to deposited layers on the surface of a material. In addition, it wastes a large part of the deposited ink which increases the production costs drastically. Lastly, filtration could be an interesting alternative method. It assures an homogeneous deposition of the ink into the whole GDL. It has however two drawbacks. During the process, the GDL and its pores may be damaged resulting in a poorly reactive GDE. Filtration is a difficult process to perform on large scale GDL and requires expensive instruments. Finally, automated spray coating appeared to be the most balanced process for catalyst deposition. The automation would assure a strong reproducibility while spray coating is easy to implement and optimise on large surfaces.

An automated spray coater has been conceived. The catalytic ink is placed in a tank then pulverized on a heated GDL. This process is simple to implement and ensures a fast deposition without human supervision. Also, only a small part of the catalytic ink is lost during the deposition on the edges of the GDE. Finally, this process is used in many sectors using paints which provides insights. However, even if it is well known in the industry, our use of spray coating is diverted from its original one. A thorough investigation is required to assess the optimal deposition process. Height, flow rate, width, temperature, drying period and speed are tunable. The large number of possibilities implies that the use of an experiment design to optimise efficiently this deposition method. Such study is on-going. 

CHAPTER 5. CELL UPSCALING

Prototype conception

Larger prototypes are already in conception. As mentionned before, to reach industrial production two upscaling methods are followed in parallel. These methods will then be combined. The expansion step from 1 cm 2 to 1 m 2 requires three stages. The first one consists in determining the technological bottlenecks involved in the upscaling stages from 1 cm 2 to 1 m 2 . The second is the conception of three flow cells of 200, 2500 and 10 000 cm 2 . The parallelisation step will be performed with a flow cell including 5 stacked electrodes of 100 cm 2 each. This prototype will require thorough experimentations and modifications to reach high SPC while keeping the energy efficiency as high as possible. The final development step will combine both upscaling methods to build an flow cell of 10 electrodes of 1 m 2 . Finally, CO production is expected to be 100 000 larger than the iniatial one. trode stability are keys to an industrial development. Energy efficiency and stability are optimized via research performed on small scale flow cells. Gas delivery and catalyst deposition will be assessed with expansion prototypes. Upscaling processes from one prototype to the other will ensure a constant progress to the industrial scale. Finally, stacking electrodes will require an important cell optimisation. This upscaling method will allow great improvements such as high SPC and production increasing using few materials and small floor areas. However, the flow management within stacks is an additional challenge that needs to be tackled.

First modifications

Gas flow is a limiting factor when GDE size is increased. As shown in figure 5.8, the present bottom CO 2 flow only feeds the bottom part of the GDE. The electrode porosity enables CO 2 to pass only through its bottom part and limits the catalyst use to about a third of the deposited amount. The usual flow used in gas flow reactor is the serpentine flow. This kind of stream assures a strong gases residence time when it is used in flow by systems. However, with a flow through system, the same issue would appear. Only a small volume fraction of the GDE would be used. Actually the only method permitting a total coverage of the GDE is the orthogonal flow. It consists in injecting CO 2 perpendicularely from the GDE. To avoid that the entire flow goes through the middle of the GDE, it is crucial to add as many entry points as possible. In the expansion prototypes, the orthogonal flow will be used using a single CO 2 inlet feeding a dividing system. This system will provide the GDE with more than 9 inlets enabling a quasi-homogeneous CO 2 delivery.

Liquid flow significantly impacts energy efficiency. We have shown that increasing from 1 to 10 cm 2 results in about 300 mV increase in cathode potential. Therefore, it is essential to optimize the liquid flow extracting gaseous products from the cell. The liquid flow is increased to extract as efficiently as possible gaseous bubbles while preserving GDE and membrane integrity. Also, since the gas extraction occurs vertically, it appears preferable to perform CO2RR with a rectangle flow cell wider than tall.

To conclude, we have shown in this chapter that the upscaling process is necessary to reach industrial production rate and comprises several challenges. Potential client needs will be fulfilled by combining three 5.4. DEVELOPMENT PLAN methods: expansion and stacking of the electrodes and parallelising flow cells. The expansion method has a tremendous potential because it may multiply flow cell production by 4 orders of magnitude. Yet, it requires an extensive development process involving a prototype for each order of magnitude. The stacking method requires a significant amount of research. It requires to conceive a flow cell from scratch. Even if this method is demanding, it has a great potential. Not only flow cell production could be increased but also SPC may reach more than 90 %. These improvements may decrease the purification costs drastically. Finally, the parallelising method consists in building as many standard flow cells as needed. The flow cell production cost decreases with their number. However, this method requires an existing standard flow cell with a productivity large enough to maintain reasonable investment costs and floor area coverage. We started the expansion process by increasing the active surface from 1 to 10 cm 2 . This expansion highlighted bottlenecks such as gas delivery, liquid flow and catalyst deposition. To solve the latter one, an automated spray coater was conceived. A custom gas delivery system will be implemented in future prototypes to avoid the poor CO 2 feeding of the GDE. Lastly, liquid flow will be optimized to increase as much as possible energy efficiency. The development plan of the CO2RR flow cell is described in figure 5.9. In 2019, a proof of concept at the laboratory scale has been validated. In 2022, the expansion and stacking upscaling steps will be optimized. We estimate that two years will be required to combine both upscaling methods resulting in an industrial scale flow cell. Finally, a pilote fulfilling client needs will be delivered by 2025. CO 2 delivery to the electrode has been enhanced. Flowing gaseous CO 2 through a GDE enables to reach high productivity. The reaction occurs at a triple phase interface between gaseous CO 2 , solid catalyst and liquid electrolyte. Using a highly porous electrode, we are able to reach high current densities. Using CoPc, we reach 125 mA.cm -2 with 90 % selectivity CO in a flow cell. These productivities are close to the industrial one.

Molecular catalysts are challenging solid state catalysts. We performed CO2RR with high selectivity for CO, at high current density. We also showed that catalyst stability can be improved from 6 to 120 hours by modifying the flow cell design. These improvements represent a great step toward molecular catalyzed CO2RR.

Cell engineering impacts strongly performances

A flow cell consists in a GDL fed with CO 2 flowing through it. A catalytic ink is deposited into it forming a GDE. CO2RR is performed at the triple phase interface between CO 2 , the catalyst and the electrolyte. The flowing electrolyte insures ion conduction from an electrode to the other. An ion exchange membrane separates the cell compartments avoiding product mixing. Lastly, OER occurs at the anode where the electrolyte also flows. This complex system enables to mediate CO2RR and OER at high current densities. Since it comprises several correlated components, it is mandatory to understand and optimise their interactions to release its potential. Improving CO 2 delivery increased cell productivity from 30 to 150 mA.cm -2 . It is crucial to optimise CO 2 feed through the flow plate, the flow rate and the humidification. As expected, by increasing the flow 6.1. KEY FINDINGS rate, CO 2 is more available and cell performances are increased. However, single pass conversion decreases drastically when increasing the flow rate.

It is essential to balance productivity and SPC. We determined that a humidified flow of CO 2 at 11.3 SCCM feeds a 1 cm 2 electrode perfectly and enables to reach high current densities while keeping a reasonnable SPC.

The GDE is the most important and complex component of the flow cell. It comprises a GDL and a catalytic ink tunable respectively with at least 4 and 3 parameters. On top of that, GDE physical properties are tunable using binders. We showed that GDL must remain strongly hydrophobic during CO2RR. This feature increases CO 2 residence time at the triple phase interface and therfere the cell productivity. Also, we observed an optimized GDL permeability of 30 Gu.s. This parameter shows a large surface area hosting numerous actives sites for CO2RR. Finally, we observed that decreasing GDL thickness increases slightly the cell productivity at high current densities but may cost precious hours of stability. Concerning the catalytic ink, we observed that the binder used to maintain GDE integrity affects cell performances. PTFE is the most performant binder because it increases the overall GDE hydrophobicity. However, the deposition process requires more investigations to provide a repeatable and resistant GDE. Adding binders to the back or on top of the GDL tune its physical properties.However, it requires more investigations, especially in stability experiments, to lead to any improvement. On another note, the molecular catalyst can be tuned to improve cell performances. Adding a trimethyl ammonium group to the molecular complex acts as a local proton source which enhances significantly cell performances. The molecular catalyst is more active and more selective for CO. These improvements may however backfire. For example, Cobalt quaterpyridine is a very selective catalyst that can reach 98 % selectivity for CO but it is irreversibly degraded at negative potentials. This downside unables its use at current densities that requires negative potentials.

The electrolyte affects significantly cell performances. Its composition, concentration, flow rate and temperature determine cell productivity and energy efficiency. We worked only with bicarbonate anions avoiding electrolyte CO 2 poisoning. Also, bicarbonate counter ion impacts tremendously cell performances. The counter ion solvatation sphere must be as small as possible. This particularity enables to obtain a large density of positive charge at the electrode surface, creating a strong electric field helping CO2RR. Cesium bicarbonate is therefore the most suited electrolyte. Changing from sodium to cesium permits to reach 250 mA.cm -2 and increase cell stability by 50 %. Concerning the electrolyte flow, we observed that the flow is mandatory to extract gaseous bubbles formed at the GDE from the cell. The faster the bubbles are extracted the lower the cell resistance. However, a performance plateau appears quickly while increasing flow rate. The extraction reaches a rate limit. The electrolyte temperature disturbs also the balance between HER and CO2RR in the flow cell. Unfortunately, increasing the electrolyte temperature favors HER over CO2RR. The prefered electrolyte temperature is therefore room temperature. In addition, we worked with identical catholyte and anolyte to avoid ions crossover issues. Cell performances could be enhanced by optimizing specifically the anolyte and studying the effect of ion crossover during the electrolysis. Unfortunately, the concentration of the electrolyte is not optimized. This parameter may impact cell performance. Further investigations especially with cesium bicarbonate are required.

The ion exchange membrane conducts the ions, in this study anions, from the cathode to the anode. It also keeps the cell compartments a part and assures that products do not mix. This component is essential but is a source of electrical resistance. It is primordial to find a membrane able to conduct ions over a long period of time with a high conductivity. We compared 5 anion exchange membranes. The ion conductivity, as expected, is the most important parameter and must be maximized. Thickness and water uptake also affect cell performances. It is however difficult to find a wide panel of commercial membranes. Further investigations are required about the membrane type and its potential impact on an industrial electrolyzer.

The combination of all these optimization results in strong cell performance inscreasing. By enhancing CO 2 delivery, the overall GDE, the electrolyte and the ion exchange membrane, we are able to perform CO2RR at 500 mA.cm -2 with >95 % selectivity for CO over 15 minutes. As shown in figure 6.3, by immibilizing the molecular catalyst in an optimized flow cell, we multiplied the cell productivity by 16 and stability by 30.

Stability is still the downside of molecular catalyzed CO2RR. During the electrolysis, electrolyte perspires through the GDE and is dried by CO 2 flow. Bicarbonate crystals are formed and obstruct GDE pores which decreases the number of fed active sites. This phenomenon appeared around 6 hours at 50 mA.cm -2 in the zero gap reactor. Changing the cell design and optimizing its components enable to operate CO2RR over more than 200 hours at 50 mA.cm -2 . Even if this improvement multiplied stability by 30, it is not enough. Extensive investigations are required to increase cell stability from 200 to 4000 hours. This improvement may also highlight other stability issues such as catalyst desorption, demetallation or deactivation. Therefore, it is crucial to make sure that the catalyst is robust enough to perform CO2RR over a this period.

Future investigations about CO2RR in flow cells are also an important part of the flow cell optimization. Understanding phenomena such as pH gradient within the catholyte flow, water uptake within the membrane and hydration within the GDE is the path toward spectacular improvements. These enhancements may open to road to complex catalysts such as metallic organic frameworks or single atom sites.

Looking forward

Upscaling

Upgrading from 1 cm 2 to 10 cm 2 is already a challenge. Experiments showed that processes involved in CO2RR must be robust and prepared for large upscaling. We observed that dropcasting the catalyst into the GDE is not suited for large surfaces. The deposition is heterogeneous which results in poor cell performances. Spray coating is the easiest process to upscale from 1 cm 2 to 1 m 2 . Also, CO 2 delivery through the GDE induces difficulties concerning the gaseous pathway. CO 2 inlet must distribute the gaseous flow over the entire GDE to provide all the active sites. We conceived a CO 2 distribution with an orthogonal flow. This flow should provide the whole electrode with a continuous flow. Future investigations will conclude about the efficiency of such distribution.

Upgrading for 10 cm 2 to 10 m 2 is an even more complex challenge. This upscaling process has been decomposed into two methods: expansion and stacking. The first one consists in increasing the active surface by increasing the surface of the GDE. This development requires the conception of three prototypes. The construction of the prototype is sequenced and each of them will benefit from improvements performed before. First a 200 cm 2 , then a 2500 cm 2 and finally a 1 m 2 flow cell will be built. The potential production enhancement is 4 orders of magnitude. This process requires extensive investigations to obtain a fully operational 1 m 2 flow cell in 2022. The stacking process increases flow cell productivity by connecting several electrodes in series. The gaseous outlet of the first is the inlet of the second and so on. The method will increase cell productivity and single pass conversion. However, it requires a detailled conception especially about gaseous flows to perform CO2RR porperly. 5 electrodes of 100 cm 2 will be stacked to explore this upscaling method.

The industrial scale will be reached by combining both upscaling methods. The industrial pilot is expected to consists in 10 electrodes of 1 m 2 stacked. It will be able to transform 30 tonnes of CO 2 per year. This development is part of Carboneo, a start up founded by Marc Robert and Dorian Joulié.

Stability improvements

Crystal growth is the main stability issue. This phenomenons occurs when the electrolyte perspires through the GDE and is dried by the flowing CO 2 . The formed crystals obstruct pores within the GDE which avoid CO 2 to feed portions of the GDE. Unfed active sites react only with electrolyte. They perform HER which decreases drastically selectivity CO . It is therefore mandatory to delay this phenomenon. To do so, we humidified the inlet of CO 2 , decreased its flow rate and changed the electrolyte -sodium bicarbonate -for a less saturated one -cesium bicarbonate. These modifications improved cell stability from 6 hours to 200 hours at 50 mA.cm -2 . Crystals are however still forming and it is crucial to delay even more this phenomenon.

GDE hydrophobicity loss is the second phenomenon decreasing cell performances. During the electrolysis, a part of the carbon forming the GDE is reduced. This reaction decreases the hydrophobic property of the GDE resulting in an hydrophilic and inactive GDE. We showed that hydrophobicity is the most important feature of the GDE. It is essential to also delay this property loss. We can perform small oxidation step at the GDE to restore carbon properties. However this process requires further investigations.

Catalyst errosion is the final phenomenon occuring over long electrolysis. The molecular complex can be reduced at negative potential. The resulting molecule lose a double bond crucial for the immobilization of the catalyst on the surface of the electrode. The weakened π system cannot keep the catalyst into the electrode. Catalyst molecules are etched from the electrode at a slow pace. This phenomenon decreases the number of active sites available for CO2RR. However it has not been properly observed so far because the two previous phenomena deactivate the GDE faster. Once they will be assessed, the catalyst errosion will limit the cell stability. To delay this errosion, other methods of immobilization must be explored. Covalent bonding seems to be the strongest immobilization method but require extensive investigations.

OER at the anode

Energy efficiency is largely affected by the overpotential at the anode.

The OER occuring at this electrode has been overlooked during this study. However, investigations have already been performed to optimize water electrolyzers. Then, we can take advantage of these research and chose the most suited catalyst.

The anolyte could also be modified. To simplify the system, we chose to use an anolyte identical to the catholyte. The cathode side being optimized, we can work more thoroughly on the anode side and especially on the anolyte. The potential improvements brought by an optimized anolyte are tremendous. The overall energy efficiency can be increased by several percents.

This enhancement is crucial for industrial CO2RR. As energy efficiency, especially cell voltage, dictates the production cost of CO and O 2 , it must be maximized. Improving the anode side is the easier method to increase energy efficiency.

Industrial CO2RR

CO 2 is usually only a fraction of industrial wastes. Factories emit CO 2 among other chemicals such as NOx, SOx, small particles and water. It is therefore crucial to work with industrial CO 2 to understand the effect of each impurity on CO2RR process.

CO 2 concentration within fumes is around 10 % wt. This percentage is very low compared to lab grade CO 2 . This low concentration decreases the avalaibility of CO 2 and may decrease drastically cell performances. Solutions such as preconcentration of CO 2 or high flow rate of CO 2 must be explored.

Impurities such as NOx, SOx and small particles might either obstruct GDE pores or react within the electrolyzer. Oxides may be reduced resulting in impurities in CO outlet or in the electrolyte. Such molecules should be less reactive than CO 2 but it is essential to understand their reduction mechanism and their effect on cell performances to access to the industrial stage.

Outlet purification is an additional process that might be required. As mentionned before, SPC is primordial for industrial purposes. Industries work with high purity CO comprised within 90 and 99.999 %. Such purities may be obtained via a highly selective processes or less selective ones combined with a purification process. Its cost depends on the initial 6.3. INDUSTRIAL OPPORTUNITIES purity and the required one. Therefore, a balance must be found between the production and the purification process.

Industrial opportunities

Feasability study

With renewable energies, the electricity price is decreasing drastically. Nowadays, the production cost is around 0.05 e.kW h -1 . The proliferation of solar panels, wind turbines and other green electricity production methods enables us to rely on cheap electricity. However, these production methods are intermittent hence energy storage methods are required. Industrial CO2RR can be performed as such by transforming CO 2 into CO during low consumption period. CO 2 being easy to storage, CO2RR could use the intermittent electricity following its production.

Carbon taxes and quotas are also emerging in numerous countries. These taxes penalise CO 2 emissions and limit the development of many industries. Cimentery, metallurgy, chemicals, pharmaceuticals and electronics are targeted by these taxes. All these sectors need to valorise and use the CO 2 they produce to keep growing. Amongst all CO 2 capture methods, CO2RR appears to be the most suitable solution. CO 2 sequestration in grounds only costs and for now it costs more than carbon taxes. Other CO 2 transformation solutions are either non scalable or too expensive. CO2RR is emerging and the first industrial electrolyzers are in conception. Also CO2RR creates value by producing useful chemicals.

CO and O 2 markets are expanding every year. These industrial gases are used in sectors such as metallurgy, chemicals or pharmaceuticals. They gain value every year because new processes are developped. These gases are therefore a great opportunity for industrialisation of CO2RR.

Usual CO production method emits a large amount of CO 2 . Coke or natural gases are burnt under controlled atmosphere to perform an incomplete combustion resulting in CO. This process emits about 1.6 kg of CO 2 per kg of CO produced. Also, it requires blast furnaces involving large investments and expensive transportation. It is crucial to develop a more adaptable and less CO 2 emitting production method. CO2RR fits prefectly this process. As O 2 production, CO2RR is performed on demand using small infrastructures. On industrial sites, we can easily store CO 2 in supercritical state, transform it when CO and O 2 are need using cheap renewable electricity. As shown in figure 6.4, Carboneo system is able to capture CO 2 emitted by factories. Then, using renewables energies, CO 2 is transformed into CO and O 2 which are provided back to the factory. A carbon cycle is created within the factory where the emitted CO 2 is transformed into value chemicals feeding CO 2 emitting processes. The overall carbon footprint is decreased by 90 % while reducing production costs.

Carboneo Model

To conclude, starting from a laboratory set up orders of magnitude smaller than industrial scale, we conceived a flow cell hosting an immobilized molecular catalyst performing CO2RR with high productivity. The enhancements brought to the catalyst, the flow cell and the future process upscaling enable us to create a start up aiming an industrialization

The mixing process is performed as follows. The catalyst is sonicated in 4 mL/cm 2 of solvent at 37 kHz and 100 % power for 30 minutes. The carbon support is added to the solution with 1 mL/cm 2 of solvent in the solution. The resulting mixture is sonicated at 37 kHz and 100 % power for 30 minutes. The binder is added to the solution, which is sonicated at 37 kHz and 100 % power for 30 minutes. The solution is stirred overnight and dropcasted on the following day.

Dropcasting method Figure 6.6: Ink dropcasting system.

3 mm thick PTFE masks have been manufactured to cover the Gas Diffusion Layers during dropcasting. These masks have a 1 cm 2 surface hole able to receive approximately 100 µL of Aceton. PTFE tape is applied on the corners of the mask and at the bottom of the GDL to avoid leaks during dropcasting. A Peltier module is used so as to ensure an homogeneous temperature over the whole GDL. The temperature used is 5 to 10 • C below the boiling point of the solvent. 90 µL of the catalytic ink is deposited on top of the GDL every 150 seconds until all the catalytic ink is deposited. Resulting GDE are weighted to ensure the amount of deposited catalytic ink.

Flow cell assembling

The flow cell consists in a sandwich of layers which are either flow plates or seals. In figure 6.7 and 6.9, we can see an exploded view of the flow cell. Liquid and gas flows are plugged to the resulting cell. Gas Gas chromatography analyses of gas sampled from the outlet of the flow cell during the electrolysis were performed with an Agilent Technologies 7820A GC system equipped with a thermal conductivity detector (TCD). CO and H 2 production were quantitatively detected using a CP-CarboPlot P7 capillary column (27.46 m in length and 25 m internal 

Potentials

Cell voltage is not the priority of this study. Since only one half of the cell has been explored, cell voltage are not representative of the performed research. In table 6.3, we can see typical cell voltages during ramp experiments. These values could be drastically decreased by optimizing the anode side and the flow cell design. Further investigation are in progress to decrease the cell voltage.

Cathode potential affects the molecular catalyst integrity. Chemical reactions altering the molecular stucture of the catalyst may occur during the electrolysis. We observed that CoPc and CoPc2 resist to negative potentials. However, Co(qpy) is degradated between -2 and -2.2 V vs SCE. We also observed that the cathode potential is slightly affected by The electrolyzer outlet was introduced into a condenser before being vented directly into the gas-sampling loop of the gas chromatograph (GC; SRI-8610C; Mandel). A GC run was initiated every 1200 s. The GC was equipped with a packed MolSieve 5 A column and a packed HaySep D column. Argon (Praxair, 99.999%) was used as the carrier gas. A flame ionization detector with a methanizer was used to quantify CO, CH Catalytic ink was prepared as decribed previously. Although, catalytic ink was deposited by spray coating with the following procedure. 25 mL of the ink was spray-coated on the GDL using a SONO-TEK Exac-taCoat automated ultrasonic spraycoater equipped with 1-Watt power 4 ultrasonic nozzle with a frequency of 120 Hz. The flow rate was controlled 6.3. INDUSTRIAL OPPORTUNITIES at 0.6 mL/min. The resulting electrode was 4 cm 2 . The anodes were prepared by cutting as-purchased nickel foam (MTI;EQ-BCNF-16m) to size. A standard cleaning procedure was used to clean both the carbon GDL and nickel foam by sonication in acetone and then deionized water. A fresh cathode, anode, and AEM were used for each electrolysis test. [START_REF] Chapovetsky | Proton-Assisted Reduction of CO 2 by Cobalt Aminopyridine Macrocycles[END_REF] and Mn (b) [START_REF] Kuo | Reductioninduced CO dissociation by a [Mn(bpy)(CO) 4 ][SbF 6 ] complex and its relevance in electrocatalytic CO 2 reduction[END_REF] 
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Abstract

Human activities are responsible for the carbon cycle disruption. This cycle notably balances the carbon dioxide in the atmosphere via photosynthesis and decomposition of living beings. Upon burning fossil fuels such as oil or coal, humans produce an astronomical amount of carbon dioxide (33 Gt in 2019) accumulating partially (approximately 25 %) in the atmosphere. This greenhouse gas is responsible for global warming. It is urgent to drastically decrease our carbon dioxide emissions. Numerous efforts are currently being made to valorize carbon dioxide. This molecule is stable and easy to handle. It is used in oil recovery processes, syngas production or as chemical solvent. Carbon dioxide can also be transformed with thermochemistry, biocatalysis, photochemistry or electrochemistry. Regarding these transformations, electrochemical catalysis is undoubtedly the closest technology that may reach industrial productivity while being viable economically.

In this manuscript, we show that a simple, abundant and commercial molecule, Cobalt Phthalocyanine, is able to transform carbon dioxide into carbon monoxide with industrial productivities. The comprehension and optimization of a flow cell, hosting the molecular catalyst, permit to multiply the reaction productivity by 17 and its stability by 30. Such performances upgrade is necessary to reach industrial production. A development plan of the flow cell is presented to upscale the lab 1 cm 2 electrode to an industrially relevant 10 m 2 surface.

Carbon monoxide is used in several industries such as metallurgy, chemicals and pharmaceuticals. Carbon dioxide electroreduction into carbon monoxide enables to decrease greenhouse gases emissions while producing an added value product. Using renewables energies, the industry carbon footprint could be reduced by 90 % while decreasing operational costs. It is an exceptional opportunity to contribute to the reduction of global carbon dioxide emissions. This work is one step closer from the conception of an anthropogenic carbon dioxide cycle. Keywords: Electrochemistry; Carbon dioxide; Recycling; Flow cell; Molecular Catalysis

Synopsis

Les activités humaines sont responsables du dérèglement du cycle du carbone. Ce cycle régule particulièrement le dioxyde de carbone dans l'atmosphère via la photosynthèse et la décomposition des êtres vivants. En brûlant des ressources fossiles comme le pétrole ou le charbon, les humains produisent une quantité astronomique de dioxyde de carbone (33 Gt en 2019) qui s'accumule pour partie (environ 25 %) dans l'atmosphère. Ce gaz à effet de serre est un des principaux responsables du réchauffement climatique. Il est urgent de diminuer drastiquement nos émissions de dioxyde de carbone.

De nombreux efforts sont faits pour valoriser le dioxyde de carbone. Cette molécule est stable et facile d'utilisation. Elle s'avère utile dans des procédés de récupération d'hydrocarbures, de production de gaz de synthèse ou en tant que solvant chimique. Il est aussi possible de la transformer par thermochimie, biocatalyse, photochimie et électrochimie. Parmi toutes ces options, la catalyse électrochimique est sans doute la plus proche d'atteindre des vitesses de transformations et des coûts compatibles avec un développement technologique industriel.

Dans ce manuscrit, nous montrons qu'une molécule simple, abondante et commerciale, la phtalocyanine de cobalt, est capable de transformer le dioxyde de carbone en monoxyde de carbone avec des productivités industrielles. La compréhension et l'optimisation d'une cellule à flux comprenant le catalyseur moléculaire a permis de multiplier la productivité de la réaction par 17 et sa stabilité par 30. Des courants partiels pour la production de CO supérieurs à 0.5 A.cm -2 ont été obtenus. Il est nécessaire d'augmenter l'échelle de production de cette réaction afin d'atteindre les impératifs industriels. Un plan de développement de la cellule à flux est présenté et il permettra d'augmenter la surface des électrodes, de 1 cm 2 à 10 m 2 .

Le monoxyde de carbone produit est un composé utilisé dans de nombreuses industries comme la métallurgie, l'industrie chimique et pharmaceutique. L'électroréduction du dioxyde de carbone en monoxyde de carbone permettra de diminuer les émissions de gaz à effet de serre tout en fournissant un produit à valeur ajoutée. En utilisant de l'électricité renouvelable, il est désormais envisageable de réduire l'empreinte carbone de ces industries de 90 % tout en réduisant les coûts de production. C'est une opportunité exceptionnelle afin de contribuer à la baisse des émissions globales de dioxyde de carbone. Ce travail constitue une brique importante menant vers la mise au point d'un cycle du dioxyde de carbone d'origine anthropique. La molécule de CO 2 étant très stable, son électroréduction nécessite une catalyse efficace. Pour ce faire, trois types de catalyseurs sont utilisés. Tout dabord, les matériaux, généralement des nanostructures métalliques comme les nanoparticules dArgent, montrent des activités catalytiques exceptionnelles. Cependant, localiser le site catalytique sur ces catalyseurs est très complexe ce qui ralenti loptimisation de ce catalyseur. Ensuite, les singles atom sites (catalyseurs à site unique) sont des atomes métalliques intégrés à une structure carbonée. Ces catalyseurs sont eux aussi très actifs pour la réduction du CO 2 . En revanche, obtenir une surface homogène avec ce catalyseur est un défi limitant son développement à plus grande échelle. Enfin, les catalyseurs moléculaires sont des complexes métalliques comme les phtalocyanines, les porphyrines ou les cyclames. Ces molécules réduisent le CO 2 de façon très efficace et sélective. De plus, des modifications précises peuvent être implémentées afin daméliorer significativement leurs performances. Par des expériences de voltamétrie cyclique ou de spectroscopie, il est possible de proposer un cycle catalytique pour la réaction de réduction du CO 2 et de déterminer ses étapes limitantes. Par exemple, en ajoutant des groupements inductifs attracteurs ou des groupements chargés positivement à un catalyseur moléculaire, la cinétique et la thermodynamique de la catalyse sont améliorées.

Ces études mécanistiques sont principalement réalisées dans des solvants organiques comme lacétonitrile ou le diméthylformamide qui permettent la dissolution des catalyseurs moléculaires et du dioxyde de carbone. Dans lindustrie, il est cependant préférable dutiliser des solvants plus écologiques et moins dangereux comme leau. Malheureusement, le CO 2 a une limite de concentration et une diffusion très faible dans leau ce qui limite la vitesse de réaction de la réduction du CO 2 .

Les cellules électrochimiques permettant la réduction du CO 2 sont toutes basées sur le même modèle : un compartiment cathodique, où se produit la réduction du CO 2 , et un compartiment anodique, où leau est oxydée en dioxygène, séparés par une membrane échangeuse dions. Afin de faciliter les échanges entre les deux compartiments et lapport des réactifs, des flux sont implémentés. De plus, afin de le rendre plus disponible, le CO 2 est approvisionné à la cathode sous forme dun flux de gaz diffusion dans une électrode poreuse. Deux systèmes sont comparés. Le premier est un réacteur compact, où la cathode poreuse est en contact avec la membrane échangeuse dions sans catholyte. Le second est une cellule comportant 3 flux, un de CO 2 gazeux diffusant à travers la cathode et deux délectrolyte assurant lhydratation de la cathode et la membrane échange dions.

Deux expériences ont été conçues afin de comparer de façon efficace et précise les différents systèmes de réduction du CO 2 . La première, appelée Rampe de courant, consiste à appliquer une densité de courant croissante par intervalle de vingt minutes en mesurant la sélectivité pour le monoxyde de carbone à chaque étape. La seconde, appelée Stabilité, consiste à appliquer une densité de courant et de mesurer la sélectivité pour le CO tant que cette dernière est proche dune valeur arbitraire de 90 %. Ces deux expériences permettent de comparer et quantifier les effets de chaque modification faite sur la cellule.

Nous avons ainsi pu comparer le réacteur compact et la cellule à flux. Le premier permet de réaliser la réaction de réduction du CO 2 à 150 mA.cm -2 en maintenant la sélectivité pour le CO supérieure à 90 %. Cependant, cette sélectivité chute drastiquement à des densités de courant supérieures. La cellule à flux permet aussi la réduction du CO 2 à 150 mA.cm -2 avec une sélectivité légèrement inférieure de quelques pourcents. En contrepartie, la réduction du CO 2 peut être maintenu à 50 mA.cm -2 pendant près de 120 heures avec la cellule à flux et pendant 3 heures avec le réacteur compact. Nous avons donc décidé de concentrer nos efforts sur la cellule à flux car sa stabilité 40 fois supérieure est plus appropriée pour une industrialisation.

Cette première étape est marquante pour la catalyse moléculaire de la réduction du CO 2 . Afin dutiliser un catalyseur moléculaire dans ce type de cellule, le catalyseur est immobilisé à la surface dune électrode poreuse. Pour ce faire, nous utilisons des catalyseurs moléculaires avec un fort système pi permettant une adsorption sur un support carboné. Le catalyseur et son support sont alors dispersés dans une encre qui est déposée par dropcasting sur lélectrode poreuse. Cette différence est cruciale pour la réaction. En effet, les catalyseurs moléculaires utilisés en catalyse homogène opèrent la réaction de réduction du CO 2 aux alentours de 10 mA.cm -2 . Les catalyseurs immobilisés sur des électrodes réalisent cette réaction entre 20 et 40 mA.cm -2 . Immobiliser le catalyseur sur une électrode poreuse et améliorer lapprovisionnement en CO 2 ont permis daugmenter la densité de courant jusquà 150 mA.cm -2 . Ce grand pas en avant permet de montrer que les catalyseurs moléculaires peuvent réaliser la réduction du CO 2 à des productivités proche des prérequis industriels de 200 mA.cm -2 .

La cellule à flux comporte de nombreux composants comme la plaque découlement du CO 2 , lélectrode à diffusion, lélectrolyte ou la membrane échangeuse dions. Loptimisation de la cellule à flux passe par loptimisation de chacun dentre eux indépendamment des autres puis par la combinaison de ces optimisations.

Nous avons montré que le débit et lhumidification de lapport en CO 2 ont un effet important sur la stabilité de la cellule à flux mais affectent peu son activité. En effet, effectuer la réduction du CO 2 avec un débit de CO 2 humidifié optimisé permet daugmenter grandement la stabilité à 50 mA.cm -2 .

Nous avons aussi montré que lélectrode à diffusion de gaz est un élément important de la cellule. Cette électrode inclut le catalyseur moléculaire qui, comme indiqué précédemment, les performances de la cellule. Elle contient aussi une couche à diffusion de gaz sous la forme dun papier carbone. La perméabilité à lair, lhydrophobicité, lépaisseur et la densité de cette couche peuvent être modifiées afin daugmenter significativement lactivité de la cellule. Une électrode relativement perméable (30 Gu s), hydrophobe et fine peut effectuer la réduction du CO 2 en CO à 200 mA.cm -2 avec une sélectivité de 94.7 %.

La composition, le flux et la température de lélectrolyte affectent lactivité et la stabilité de la cellule. Utiliser un cation avec un sphère de solvatation plus grande dans lélectrolyte permet une meilleure accumulation de charges positives à la cathode ce qui améliore fortement les performances de la cellule. Augmenter le flux délectrolyte améliore les interactions entre les réactifs et permet une extraction efficace des produits ce qui diminue la différence de potentiel et augmente lactivité de la cellule.

La combinaison de ces différentes optimisations permet de multiplier lactivité de la cellule par 4 et sa stabilité par 3. En effet, nous avons montrer que la phtalocyanine de cobalt (CoPc) dans une cellule à flux optimisée et à pH neutre peut effectuer la réaction de réduction du CO 2 à 500 mA.cm -2 avec une sélectivité pour le CO de 90 %. Aussi, la CoPc2, un catalyseur moléculaire dont la structure est une structure optimisée de la CoPc réduit le CO 2 en CO à 500 mA.cm -2 avec une sélectivité proche de 95 %. De plus, nous avons montré que la CoPc effectue cette réaction à 50 mA.cm -2 pendant plus de 10 jours avec une sélectivité supérieure à 90 %.

Afin de comprendre plus précisément la réaction de réduction du CO 2 dans une cellule à flux, plusieurs pistes peuvent être explorées. En premier lieu, la déposition du catalyseur peut être étudiée par microscopie électronique et microtomographie afin dassurer une déposition homogène et optimale du catalyseur sur toute la surface de lélectrode à diffusion de gaz. Il est important de pouvoir créer un maximum de cycles catalytiques sur une surface géométrique minimum.

Afin de sapprocher dun modèle industriel, une optimisation du compartiment anodique est nécessaire. En effet, une étude similaire à celle effectuée sur le compartiment cathodique peut être mené afin dobtenir une cellule à flux dont lefficacité énergétique sera maximisée. Pour ce faire, la composition, la température et le flux danolyte peuvent être optimisés. Aussi, le catalyseur, la forme de lélectrode et le collecteur de courant peuvent être améliorés. Enfin, une étude poussée des différents flux et spécifiquement lhumidification de la cathode pourrait mener vers de grandes améliorations de la stabilité de la cellule. Nous avons montré que la formation de cristaux et linondation de la cathode sont responsables de la perte de stabilité de la cellule. En comprenant les différents paramètres liés à ces phénomènes, nous pourrions augmenter la stabilité de la cellule jusquà la limite de stabilité des catalyseurs moléculaires.

Pour atteindre un potentiel de transformation industriel, il est aussi nécessaire daugmenter la surface active de lélectrolyseur. Pour ce faire, nous proposons trois méthodes dagrandissement à combiner en fonction des besoins. La première consiste à agrandir la surface de lélectrode de 1 cm2 à 1 m2. Cette méthode a un fort potentiel car elle peut multiplier la production par 10 000 mais requière un important travail de développement. La seconde consiste à empiler plusieurs électrodes les unes sur les autres. Non seulement la production serait augmentée mais le taux de conversion global du CO 2 pourrait aussi atteindre les 100 %. Enfin, la dernière méthode consiste à multiplier le nombre délectrolyseurs. Bien que cette méthode soit coûteuse, elle est la plus simple à mettre en place et permet une flexibilité du système.

Dans ce manuscrit, nous montrons qu'une molécule abondante et commerciale, la phtalocyanine de cobalt, est capable de transformer le dioxyde de carbone en monoxyde de carbone avec des productivités industrielles. La compréhension et l'optimisation d'une cellule à flux comprenant le catalyseur moléculaire a permis de multiplier la productivité de la réaction par 17 et sa stabilité par 30. Des courants partiels pour la production de CO supérieurs à 0.5 A.cm -2 ont été obtenus. Il est nécessaire d'augmenter l'échelle de production de cette réaction afin d'atteindre les impératifs industriels. Un plan de développement de la cellule à flux est présenté et il permettra d'augmenter la surface des électrodes, de 1 cm 2 à 10 m 2 . Le monoxyde de carbone produit est un composé utilisé dans de nombreuses industries comme la métallurgie, l'industrie chimique et pharmaceutique. L'électroréduction du dioxyde de carbone en monoxyde de carbone permettra de diminuer les émissions de gaz à effet de serre tout en fournissant un produit à valeur ajoutée. En utilisant de l'électricité renouvelable, il est désormais envisageable de réduire l'empreinte carbone de ces industries de 90 % tout en réduisant les coûts de production. C'est une opportunité exceptionnelle afin de contribuer à la baisse des émissions globales de dioxyde de carbone. Ce travail constitue une brique importante menant vers la mise 
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 22 Figure 2.2: Schematic view of the process of Homogeneous (left) and Heterogeneous (right) CO 2 electrochemical catalysis to CO.
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 23 Figure 2.3: Examples of Co (a)[START_REF] Chapovetsky | Proton-Assisted Reduction of CO 2 by Cobalt Aminopyridine Macrocycles[END_REF] and Mn (b)[START_REF] Kuo | Reductioninduced CO dissociation by a [Mn(bpy)(CO) 4 ][SbF 6 ] complex and its relevance in electrocatalytic CO 2 reduction[END_REF] based molecular catalysts for CO2RR.
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 25 Figure 2.5: Mechanism for the CO 2 -to-CO Conversion with the catalyst in figure 2.4b in the presence of an acid in the case of the Tetraphenyl Fe porphyrin (figure 2.4a) [60].
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 26 Figure 2.6: Schematic view of molecular catalyst immobilization methods onto a carbon support.
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 28 Figure 2.8: Scheme of H-Cell, Micro flow cell, Zero Gap Reactor and Flow cell showing the corresponding flows during CO2RR.

  2000 g of CO 2 are flowing through the cell every hour. After 100 hours, FE CO decreases below 90 %. This cell transforms 1480 g of CO 2 per hour. Its productivity is 940 g of CO and 540 g of O 2 per hour. The catalyst's TOF is 0.13 s -1 and it performed 47 972 CCs. The cell SPC is 74 %. The cell EE is 24 %. It requires 7 kWh to transform 1 kg of CO 2 which represents an electricity cost of 1.05 e.
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 33 Figure 3.3: Applied current density and mock selectivity CO as a function of the time during a Ramp experiment.
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 34 Figure 3.4: Applied current density and mock selectivity CO as a function of the time during a Stability experiment.
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 1 Homogeneous to Immobilized catalysisSolid state catalysts represente the majority of CO2RR catalysts.

Figure 4 . 1 :

 41 Figure 4.1: Scheme of the zero gap reactor (left) and the flow cell (right).
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 42 Figure 4.2: CO 2 distribution scheme and corresponding maximum concentration and diffusion coefficient for CO 2 dissolved in water (left) and humidified gaseous CO 2 (right).
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 43 Figure 4.3: Selectivity CO as a function of applied current density using 4 mg.cm -2 CoPc loaded electrode in the zero gap reactor (light blue) and the flow cell (dark blue).

Set 1 :

 1 Zero gap reactor, 10 mL.min -1 flow of KOH 1 M at room temperature as Anolyte, 22.5 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, Freundenberg paper H23C6, 4 cm 2 , Sustainion membrane. Set 2: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 22.5 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, Freundenberg paper H23C6, 1 cm 2 , Sustainion membrane.

Figure 4 . 4 :

 44 Figure 4.4: Selectivity CO and single pass conversion as a function of the CO 2 flow in the zero gap reactor. Set: Zero Gap Reactor, 10 mL.min -1 flow of KOH 1 M at room temperature as Anolyte, 22.5 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, Freundenberg paper H23C6, 4 cm 2 , Sustainion membrane

Figure 4 . 5 :

 45 Figure 4.5: Selectivity CO as a function of time using a 4 mg.cm -2 CoPc loaded electrode in the zero gap reactor (light blue) or the flow cell (blue).

Set 1 :

 1 Zero Gap Reactor, 10 mL.min -1 flow of KOH 1 M at room temperature as Anolyte, 22.5 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, Freundenberg paper H23C6 4 cm 2 , Sustainion membrane. Set 2: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 22.5 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, Freundenberg paper H23C6, 1 cm 2 , Sustainion membrane.

Figure 4 . 6 :

 46 Figure 4.6: Selectivity CO as a function of applied current density for representative molecular catalysts (green)[START_REF] Costentin | Catalysis of the electrochemical reduction of carbon dioxide[END_REF][START_REF] Froehlich | Homogeneous CO 2 Reduction by Ni(cyclam) at a Glassy Carbon Electrode[END_REF][START_REF] Lu | High-Performance Electrochemical CO 2 Reduction Cells Based on Non-noble Metal Catalysts[END_REF][START_REF] Kramer | Polymer coordination promotes selective CO 2 reduction by cobalt phthalocyanine[END_REF][START_REF] Smieja | Manganese as a Substitute for Rhenium in CO 2 Reduction Catalysts: The Importance of Acids[END_REF][START_REF] Hawecker | Electrocatalytic reduction of carbon dioxide mediated by Re(bipy)(CO)[END_REF][START_REF] Sampson | Manganese Catalysts with Bulky Bipyridine Ligands for the Electrocatalytic Reduction of Carbon Dioxide: Eliminating Dimerization and Altering Catalysis[END_REF][START_REF] Choi | Energy efficient electrochemical reduction of CO 2 to CO using a three-dimensional porphyrin/graphene hydrogel[END_REF][START_REF] Dong | Electrochemical Reduction of CO 2 to CO by a Heterogeneous Catalyst of FePorphyrin-Based MetalOrganic Framework[END_REF][START_REF] Bourrez | Mn(bipyridyl)(CO)3Br]: An Abundant Metal Carbonyl Complex as Efficient Electrocatalyst for CO2 Reduction[END_REF][START_REF] Chen | Molecular Catalysis of the Electrochemical and Photochemical Reduction of CO 2 with Earth-Abundant Metal Complexes. Selective Production of CO vs HCOOH by Switching of the Metal Center[END_REF][START_REF] Han | Supported Cobalt Polyphthalocyanine for High-Performance Electrocatalytic CO2 Reduction[END_REF][START_REF] Hod | Fe-Porphyrin-Based MetalOrganic Framework Films as High-Surface Concentration, Heterogeneous Catalysts for Electrochemical Reduction of CO 2[END_REF], best solid state catalysts reported in 2019 (gray)[START_REF] Verma | Insights into the Low Overpotential Electroreduction of CO 2 to CO on a Supported Gold Catalyst in an Alkaline Flow Electrolyzer[END_REF][START_REF] Kutz | Sustainion Imidazolium-Functionalized Polymers for Carbon Dioxide Electrolysis[END_REF] and immobilized CoPc in a Zero Gap Reactor (light blue) or a flow cell (dark blue)[START_REF] Shaoxuan Ren | Molecular electrocatalysts can mediate fast, selective CO 2 reduction in a flow cell[END_REF].

Figure 4 . 7 :

 47 Figure 4.7: CoPc (left), CoPc2 (middle) and Co(qpy) (right) complexes for CO2RR.

Figure 4 . 8 :

 48 Figure 4.8: Selectivity CO as a function of applied current density using 0.2 µmol.cm -2 CoPc2 (orange), Co(qpy) (green) or CoPc (gray) or 7 µmol.cm -2 CoPc (dotted line) loaded cathode in the flow cell.

  Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 22.5 SCCM CO 2 humidified flow, using catalyst with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, Freundenberg paper H23C6, 1 cm 2 , Sustainion membrane.

Figure 4 . 9 :

 49 Figure 4.9: Gas Diffusion Electrode scheme.

Figure 4 . 10 :

 410 Figure 4.10: SEM image of the cross section of a gas diffusion electrode (Freudenberg paper H24C5).

Figure 4 . 11 :

 411 Figure 4.11: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded ink deposited on a PTFE treated (red) or non-treated (blue) Freudenberg papers in the flow cell.

  Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, varying Freundenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 12 :

 412 Figure 4.12: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded ink deposited on Freudenberg papers with 90 (orange), 70 (gray) or 30 (red) Gu.s Air Permeability. Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, varying Freundenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 13 :

 413 Figure 4.13: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded GDL with 30 (red), 4.5 (blue), 3 (orange) or 1.5 (green) Gu.s Air Permeability. Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, varying carbon paper, 1 cm 2 , Sustainion membrane.

  4.2. CATHODE MATERIALSof H14C9 vs. H23C9 paper.

Figure 4 . 14 :

 414 Figure 4.14: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loadind ink deposited on 250 µm (red) or 180 µm (green) thick Freudenberg papers. Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, varying carbon paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 15 :

 415 Figure 4.15: Nafion (left), Fumion (middle) and PTFE (right) molecules.

Figure 4 . 16 :

 416 Figure 4.16: Possible binders locations in the Gas Diffusion Electrode.

Figure 4 . 17 :

 417 Figure 4.17: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded cathode without binder (dashed line), with Nafion (orange), Fumion (red) or PTFE (blue) incorporated in the catalytic ink. Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and varying binder, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 18 :

 418 Figure 4.18: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded GDL without (dashed line) and with a deposited 60 (light blue), 100 (blue) or 120 (dark blue) µL layer of 2.5 % wt PTFE solution. Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder, PTFE between the catalytic ink and the GDL, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 19 :

 419 Figure 4.19: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc deposited on GDL without (dashed line) or a back layer of Nafion (orange) or PTFE (blue).

  Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, with varying binder at the back of the GDE, H23C6

Figure 4 . 20 :

 420 Figure 4.20: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded GDL without (dashed line) or with a front layer of Nafion (orange) or PTFE (blue).

  Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, with varying binder on top of of the GDE, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 21 :

 421 Figure 4.21: Back of the GDE after a ramp experiment without additive (a), with PTFE (b) or Nafion (c) on top of it.

Figure 4 . 22 :

 422 Figure 4.22: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded electrode using a humidified CO 2 (orange) or not (blue).

  Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified or not flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 23 :

 423 Figure 4.23: Selectivity CO as a function of time using 7 µmol.cm -2 CoPc loaded GDE at 50 mA.cm -2 , humidifying (orange) or not (blue) CO 2 . Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified or not flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 24 :

 424 Figure 4.24: Back of the GDE after a 120 hours long stability experiment at 50 mA.cm -2 without (left) or with (right) a bubbler.

CHAPTER 4 .

 4 CELL DESIGN AND OPTIMIZATIONflow rate induces larger productivity.Crystal formation is yet affected strongly by the CO 2 flow rate. It is decreased by a factor 2 between the usual flow rate (22.5 SCCM) and the optimised one(11.3 SCCM). This large difference results in stability improvement. In figure4.26, we observe that decreasing CO 2 flow rate increases cell stability from 4 to 7 days. Selectivity CO is maintained over 85 % for more than 5.5 days using a flow rate of 19.3 SCCM. Such increase is simply due to a delayed crystal formation. Flowing less gas through the electrode, even humidified, formed less crystals obstructing the active sites.

Figure 4 . 25 :

 425 Figure 4.25: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded GDE with 4.8 (light green), 11.3 (light blue) or 22.5 (dark blue) SCCM CO 2 flow rate. Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, varying CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 26 :

 426 Figure 4.26: Selectivity CO as a function of time using 7 µmol.cm -2 CoPc loaded GDE with 11.3 (light blue), 19.3 (blue) or 22.5 (dark blue) SCCM CO 2 flow rate. Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, varying CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 27 :

 427 Figure 4.27: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded GDE at room temperature (light blue), 30 • C (blue) or 45 • C (dark blue) electrolyte. Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at varying temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 28 :

 428 Figure 4.28: Selectivity CO (circle) and Cathode potential (square) differences as a function of the electrolyte flow with 7 µmol.cm -2 CoPc loaded GDE. Set: Flow cell, varying flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 29 :

 429 Figure 4.29: Scheme of the resulting electric field at the cathode/electrolyte interface as a function of the electrolyte cation.

Figure 4 .

 4 [START_REF] Li | CO 2 Reduction at Low Overpotential on Cu Electrodes Resulting from the Reduction of 129 BIBLIOGRAPHY Thick Cu 2 O Films[END_REF] compares ramp experiments using Sodium and Cesium bicarbonate. Using the latter, selectivity CO is maintained below 90% until 350 mA.cm -2 . Even at 400 mA.cm -2 , selectivity CO is only slighlty under 90 %. Productivity has thus been increased 3 times by changing the counter ion of the electrolyte.

Figure 4 . 30 :

 430 Figure 4.30: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded GDE with NaHCO 3 (blue) or CsHCO 3 (red) 0.5 M electrolyte. Set: Flow cell, 10 SCCM flow of varying electrolyte at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 31 :

 431 Figure 4.31: Selectivity CO as a function of time using 7 µmol.cm -2 CoPc loaded GDE at 50 mA.cm -2 with NaHCO 3 (blue) or CsHCO 3 (red) 0.5 M. Set: Flow cell, 10 SCCM flow of varying electrolyte at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

Figure 4 . 33 :

 433 Figure 4.33: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded GDE with FAA-3-30 (light blue), FAA-3-PK-75 (dark blue) or FAA-3-PK-130 (red) membrane. Set: Flow cell, 10 SCCM flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, H23C6 Freudenberg paper, 1 cm 2 , varying membrane.

Figure 4 . 34 :

 434 Figure 4.34: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded GDE with a new (orange), 10 ramp experiments old (blue) or 11 ramp and 1 stability experiments old (red) Sustainion membrane. Set: Flow cell, 10 SCCM flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, H23C6 Freudenberg paper, 1 cm 2 , Sustainion membrane.

•

  Electrolyte: CsHCO 3 0.5 M, 10 mL.min -1 , room temperature • Gas: Humidified CO 2 , 11.3 SCCM • Deposition method: Dropcasted with 4 mg.cm -2 XC 72 R carbon powder • Binder: 20 µL.cm -2 of 5 % wt Nafion solution • GDL: Freudenberg Paper H23C9

Figure 4 . 35 :

 435 Figure 4.35: Selectivity CO as a function of the applied current density using 0.2 µmol.cm -2 CoPc loaded GDE hosted in an optimized (red) and in the original (orange) set of experiment. Optimized Set: Flow cell, 10 mL.min -1 flow of CsHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, Freundenberg paper H23C9, Sustainion membrane. Original Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 22.5 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, Freundenberg paper H24C5, Sustainion membrane.

Figure 5 . 1 :

 51 Figure 5.1: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded GDE of 1 or 10 cm 2 . Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, varying electrode size, Freundenberg paper H23C6, Sustainion membrane.

Figure 5 . 2 :

 52 Figure 5.2: Back of the 10 cm 2 GDE after a ramp with CO 2 delivery through the GDE (left) with highlighted hydrophobic (orange) and hydrophilic (blue) parts (right).

Figure 5 . 3 : 2 5. 3 . 2 CO 2 Figure 5 . 4 :

 53232254 Figure 5.3: Pictures of a 1 cm 2 (left) and a 10 cm 2 (right) CoPc loaded GDE (dropcast deposition of the catalyst).

Figure 5 . 5 :

 55 Figure 5.5: Selectivity CO as a function of applied current density using 7 µmol.cm -2 CoPc loaded GDE 10 cm 2 with 11.3 SCCM flow through (red) of by (orange) the GDE. Set: Flow cell, 10 mL.min -1 flow of NaHCO 3 0.5 M at room temperature, 11.3 SCCM CO 2 humidified flow by or through the electrode, using CoPc 7 µmol.cm -2 with 4 mg.cm -2 XC 72 R carbon powder and 20 µL.cm -2 of 5 % wt Nafion solution, 10 cm 2 , Freundenberg paper H23C6, Sustainion membrane.
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 56 Figure 5.6: Upscaling steps of the electrolyzer.

Figure 5 . 7 :

 57 Figure 5.7: Main improvement paths for CO 2 to CO electrolyzer.

Figure 5 . 8 :

 58 Figure 5.8: CO 2 delivery schemes on the back of an electrode with the corresponding flow stream (orange arrow) and CO 2 feeding area (light orange area).
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 591 Figure 5.9: Roadmap for the development of industrial CO 2 electrolyzers.

Figure 6 . 1 :

 61 Figure 6.1: Selectivity CO as a function of current density for Molecular catalysts (green), Immobilized CoPc in a flow cell (blue) or in a zero gap reactor (purple) or Au and Ag nanoparticles (grey).

Figure 6 . 2 :

 62 Figure 6.2: Scheme of the flow cell key features.

Figure 6 . 3 :

 63 Figure 6.3: Selectivity CO as a function of current density for Molecular catalysts (green), Immobilized CoPc in an optimized or not flow cell (blue) or in a zero gap reactor (purple) or Au and Ag nanoparticles (grey).

Figure 6 . 4 :

 64 Figure 6.4: Carboneo principle.

Figure 6 . 7 :

 67 Figure 6.7: Exploded view of the ElectroCell flow cell.

Figure 6 . 8 :

 68 Figure 6.8: Picture of the flow cell in use.

Figure 6 . 9 :

 69 Figure 6.9: Exploded view of the flow cell.

Figure 6 . 10 :

 610 Figure 6.10: Typical gas chromatogram with separated injections.

Figure 6 . 11 :

 611 Figure 6.11: Typical gas chromatograms corresponding to a ramp experiment.

( a )

 a Exploded scheme of the zero gap reactor. (b) Exploded view of the zero gap reactor. The zero gap reactor used in collaboration with Berlinguette's group at the University of British Columbia is decribed with figure 6.12a. The reactor has been conceived by Berlinguette's group. It consist in a sandwich including a serpentine flowplate guiding CO 2 through the cell by the GDE. The GDE is directly in contact with the ion exchange membrane. Membrane hydration is ensured with the anolyte flow. 1 M KOH was recirculated through the anode compartment at a flow rate of 20 mL/min using a peristaltic pump (McMaster-Carr; 43205K11). CO 2 inlet and outlet are measured with Mass Flow Controllers (AALBORG). Electrochemical measurements were conducted at room temperature and pressure by means of a potentiostat (CH instruments 660D with a picoamp booster) through two-electrode cell measurements. Current density is expressed as the total current divided by the geometric surface area of the electrodes (4 cm 2 ).

Figure 6 . 13 :

 613 Figure 6.13: Picture of the Zero Gap Reactor in use.

Figure 6 . 14 :

 614 Figure 6.14: Cycle du carbone incluant la transformation du CO 2 Carbon cycle including CO 2 transformation

  au point d'un cycle du dioxyde de carbone d'origine anthropique. Mots clés: Electrochimie; Dioxyde de carbone; Recyclage; Cellule à flux; Catalyse moléculaire

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 

1: Standard redox potentials (pH = 0) for half-cell reactions in water, starting from CO 2 to C1 products

[START_REF] Parminder | Reduction potential of the carboxyl radical anion in aqueous solutions[END_REF][START_REF] Kortlever | Catalysts and Reaction Pathways for the Electrochemical Reduction of Carbon Dioxide[END_REF]

.

The linear shape of CO 2 is a limiting factor for CO2RR. This particularity induces the high thermodynamic stability of the molecule. The result is that the first direct reduction of CO 2 requires a very negative potential as shown in table 2.1. The following reactions with the CO 2 radical are easier to perform according to their standard potentials. It is mandatory to decrease the required energy barrier to perform energy efficient CO2RR. Catalysts able to bind and bend CO 2 molecules are candidates to perform catalyzed CO2RR

[START_REF] Savéant | Molecular Catalysis of Electrochemical Reactions. Mechanistic Aspects[END_REF]

.

Table 4 . 2 :

 42 Comparative properties of Freudenberg and Sigracet carbon papers.

Table 6 . 2 :

 62 Typical gas chromatograms quantify the amount of H 2 , Air (mix of O 2 and N 2 ), CO and CO 2 . Their associated retention times are listed in table6.2. The thermal conductivity detector (TCD) sensibility depends on the nature of the analysed gas. Eventhough the H 2 peak area is larger than the CO peak area, Selectivity CO is not inferior to 50 %. Figure6.11 shows several chromatograms with their corresponding Selectivity CO . Retention time and sensitivity index for relevant gases.

	Component Retention time (min) Sensitivity index
	H 2	1.406	189
	O 2 / N 2	1.694	22
	CO	1.875	426
	CH 4	3.210	65
	CO 2	7.925	26

2 . Conditions allowed detection of both H 2 , O 2 , N 2 , CO, and CO 2 . Calibration curves for H 2 and CO were determined separately by injecting known quantities of pure gas.

Table 6 . 3 :

 63 Typical values of cathode potential and cell voltage depending on the applied current density while performing CO2RR in a flow cell with a CoPc loaded electrode working in NaHCO 3 0.5M.

		6.3. INDUSTRIAL OPPORTUNITIES
	Current density Cathode Potential Cell Voltage
	mA.cm -2	V vs SCE	V
	50	-1.9	4.4
	75	-2.2	5.1
	100	-2.5	5.8
	125	-2.8	6.5
	150	-3.1	7.1
	175	-3.3	7.8
	200	-3.6	8.4

the optimisation process. Typical cathode potential values are listed in table 6.3. Performing chronopotentiometry experiments at several current densities impacts mostly Selectivity CO .

  4 , and C 2 H 4 while a TCD was used to quantify hydrogen. The GC was calibrated by injecting different calibration gas mixes from NorLAB from 100 to 50000 ppm containing CO, CH 4 , H 2 , C 2 H 4 , C 2 H 6 , CO 2 , and C 3 H 8 .
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ION TRANSPORT

is maintained over 90 % at current densities below 200 mA.cm -2 . Once again, by modifying the electrolyte and the GDL, we were able to multiply the productivity by 2.5.

However, if we compare figures 4.35 and 4.36, we observe that the optimized catalyst does not respond as well as the original CoPc. At 500 mA.cm -2 , the difference between CoPc and CoPc2 is only 5.4 % for selectivity CO . Besides, at 750 mA.cm -2 , CoPc shows a good selectivity CO of 81.5 %, more than 40 % larger than with CoPc2. As mentionned before, CoPc is more robust at high potentials and current densities than the optimized catalysts. Still, even if CoPc2 can not handle 750 mA.cm -2 CO2RR, it may perform at 200 mA.cm -2 with a very high selectivity CO for a longer period than with CoPc. in 2025. Carboneo is creating a carbon cycle within the original one. We hope this study will lead to significant decreasing in CO 2 industrial emissions. Participating to the energetic transition is the main goal of this study. 

Appendix -Materials and Methods

Catalytic Ink preparation

The Catalytic ink is prepared preferentially for 12 electrodes of 1 cm 2 . However, concentrations can directly be transposed for a different overall active surface. The catalytic ink consists in the catalyst, the carbon support and a binder mixed in a solvent. The catalytic solvent must disperse the catalyst and the carbon support while having a large vapor pressure. Acetone and ethanol are therefore favored. Usually, the catalytic ink is prepared with CoPc, Vulcan XC 72 R carbon powder and Nafion perfluorinated resin solution, 5 wt. % in mixture of lower aliphatic alcohols and water mixed in 99.5 % acetone. Other possible components are listed in table 6