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. General context

Human evolution, from its appearance on Earth to the present day, has always been based upon the ability to harness and handle energy for various applications. Primarily, for survival and leadership on other species, and then for the technical and scientific advancement that accounts for the inherent evolutionary and auto-preserving instincts.

Looking at humankind's history, it's easy to understand that it has been marked by tremendous energetic revolutions. From the fire-control period, through up to the production of fossil fuels, energy management innovations have always opened up new horizons of assets, population expansion (Figure 1.1a), and overall growth. However, conserving these conditions was sometimes reliant on the urgent need for alternative resources and/or vectors of energy.

Recently, this scenario threatens to occur, as Western societies' relative prosperity has a tremendous impact on emerging countries' outstanding inflation rates that need to feed their growing population and drive their industrial expansion. [START_REF] Klapp | Energy for the Present and Future: A World Energy Overview[END_REF][START_REF] Max | Energy Overview: Energy Options and Prospects for Natural Gas[END_REF] Nonetheless, important issues inevitably arise about the energetic durability of this scenario, bearing in mind the complex geopolitical situation in most oil-producing countries. While crude oil consumption (Figure 1.1b) has been improved over the past few years, with consequent price reductions and more realistic reserve estimates, excessive dependence on fossil fuels puts non-producing countries in an unfavorable position and, could, therefore, affect their strategies to expand. [START_REF]Global primary energy consumption[END_REF][START_REF]Population Growth by Continent From 2000 to[END_REF] Global warming entails drastic environmental changes, with significant implications for most living organisms. While the rise in the greenhouse effect is not universally recognized as the main culprit of the elevated average temperature, many countries have implemented policies aimed at gradually reducing CO2 emissions (Figure 1.2). This involves not only rationalizing production processes but also producing energy with limited CO2 emissions, reducing the amount of electricity generated from fossil sources. On the other hand, the majority of developing countries are more hesitant and focus on feeding their "industrial revolution" with relatively cheap and easily accessible fules. [START_REF] Diffenbaugh | Global warming has increased global economic inequality[END_REF][START_REF] Hughes | Global warming impairs stock-recruitment dynamics of corals[END_REF] Figure 1.2. Carbon dioxide emission by countries. [START_REF]Each Country's Share of CO2 Emissions[END_REF] European countries offset for the reduced energy supply from fossil fuels by concentrating on alternative energy sources, allowing the conversion of energy from potentially permanent sources, such as solar radiation, wind, water, etc., to electricity. The processing of such sources has a limited impact on the environment, as it is not followed by the creation of hazardous/polluting by-products, is usually flexible, allows local development, and thus provides power in regions or areas not connected to major power grids. [START_REF] Dyatlov | Prospects for Alternative Energy Sources in Global Energy Sector[END_REF] The major drawback of renewable sources of energy production, however, is represented by their intermittent nature. This state is not compatible with current electricity usage, which can be required in a very oscillating fashion at any time. To overcome this problem, it is necessary to combine a renewable energy source with an energy storage system capable of storing the possible surplus of energy when production exceeds demand and eventually releasing it when the needs arise. One of the main methods used to store this energy is to pump a mass of water from a low reservoir to a high reservoir, increasing its potential energy, and transform it. This approach is relatively expensive and involves installation that can be complicated to realize, especially where water is scarce. The use of batteries represents a more efficient storage system, which allows the storage of electrical energy produced by renewable sources, transforms it into chemical energy, and converts it back into electricity when necessary. Enhancing the efficiency and cost reduction of energy storage systems is a crucial point for sustainable energy production to grow further and enter the market. [START_REF] Dyatlov | Prospects for Alternative Energy Sources in Global Energy Sector[END_REF][START_REF] Letcher | Future energy: improved, sustainable and clean options for our planet[END_REF] Hydrogen was targeted also as a promising alternative energy vector for automotive applications, but several drawbacks have to be overcome as safety issues related to gaseous or liquid H2 tanking, cost and energy efficiency.

At present, hybrid, plug-in hybrid, and fully-electric vehicles could not be treated as a completely compatible alternative to combustion engine cars, as there is still a difference in cost, efficiency and power supply. Nonetheless, electric mobility is competitive under specific conditions such as urban mobility, where driving range is not a major issue and emissions reduction is mandatory. In addition to these specific applications, the power supply of partially/full electric cars is now becoming a credible alternative for common automotive purposes. [START_REF] Adua | Alternative Energy: Political, Economic, and Social Feasibility[END_REF] In conclusion, in a dramatic energy-consuming scenario, the future development of modern society has to face several challenging issues, such as the sustainability of energy supply for many purposes (automotive transport, electricity production, etc.), which can be achieved by shifting from polluting fossil fuels to renewable energy sources. Another key to success in this conversion is the possibility to store energy at reduced costs with enhanced protection of the environment. One potential solution is using electrochemical storage devices, which are targetted as credible candidates, indeed their costs are critical targets fir promoting this energy storage solution. [START_REF] Diffenbaugh | Global warming has increased global economic inequality[END_REF][START_REF] Letcher | Future energy: improved, sustainable and clean options for our planet[END_REF] 

Rechargeable batteries overview

An electrochemical cell permits the reversible storage of electricity into chemical energy. There are three main components in a cell including an anode (negative electrode), a cathode (positive electrode), and an electrolyte. Rechargeable batteries are made from one or many cells with various shapes and sizes, ranging from coin cells to wired megawatt systems. Different combinations of electrode and electrolyte materials are applied, such as lead-acid, nickelcadmium (Ni-Cd), nickel-metal hydride (Ni-MH), Lithium-ion (Li-ion), and Lithium-ion polymer (Li-ion polymer). [START_REF] Goodenough | Rechargeable batteries: challenges old and new[END_REF][START_REF] Goodenough | Challenges for rechargeable batteries[END_REF] Rechargeable batteries are used in various devices, for consumer and industrial applications including portable electronics, power tools, battery electric vehicles, emergency power backup, and storage power stations. [START_REF] Linden | Handbook of Batteries[END_REF] As presented in a Research and Markets study, the analysts predicted that the global rechargeable battery market will grow at an annual growth rate of 8.32% over the period 2018-2022. Small rechargeable batteries can be used in portable electronic devices, power tools, appliances, etc (Figure 1.3). Bulky batteries are used in various devices from scooters to locomotives, aircraft, and fuel electric vehicles. These are also used for the production of distributed electricity and in stand-alone power systems. [START_REF][END_REF] Figure 1.3. The application of rechargeable batteries. [START_REF] Yoo | On the challenge of developing advanced technologies for electrochemical energy storage and conversion[END_REF] In charge and discharge terms, the positive active material is oxidized during charging, creating electrons, and the negative material consumes electrons and is reduced. Those electrons constitute the current in the external circuit. As in Li-ion and Ni-Cd cells, the electrolyte permits the ion movement between the electrodes and avoids short-circuit, or is an active participant in the electrochemical reaction, as in lead-acid cells [START_REF] Linden | Handbook of Batteries[END_REF][START_REF] Armand | Building better batteries[END_REF] and Li/S batteries. [START_REF] Cheong | A high-performance slurry-coated polysulfide cathode for lithiumsulfur battery[END_REF][START_REF] Rana | Review on areal capacities and long-term cycling performances of lithium sulfur battery at high sulfur loading[END_REF] When batteries are used regularly even without mistreatment, they lose energy as the number of charging cycles increases, until finally, they reached the end of their useful life. For example, many reactive lithium metals can be formed on charging in Li-ion forms, particularly on deep discharge, which is no longer available to participate in the next discharge cycle. [START_REF] Liu | Stretchable Lithium Metal Anode with Improved Mechanical and Electrochemical Cycling Stability[END_REF] Rechargeable batteries are combining various cell types, such as lead-acid, Ni-Cd, Ni-MH, and Lithium-ion batteries (LIBs). While lead-acid batteries and Ni-Cd batteries have been used for a long time, relatively young are Ni-MH and LIBs. Ni-MH and LIBs have played critical roles in the market of rechargeable batteries, particularly LIBs. Table 1.1 compares the main characteristics of those four battery types. [START_REF] Braga | Alternative strategy for a safe rechargeable battery[END_REF][START_REF] Choi | Promise and reality of post-LIBs with high energy densities[END_REF] Over the past two decades, the challenge of rising battery energy density has powered all the battery technology advancement. Up to now, battery energy density remains the primary criteria in choosing a battery system, which is particularly critical for rechargeable batteries. The advances in increasing battery energy density, however, continue to keep pace with growing demands from rechargeable batteries. Even though LIBs exhibit the highest energy density among different rechargeable batteries, their energy density, ranging from 170 to 250 Wh/kg or 350 to 700 Wh/L, is still not able to cope with the growing energy storage demands of emerging rechargeable batteries (Figure 1.4). Therefore, it is a global and urgent desire to further increase the energy density of rechargeable batteries. [START_REF] Shen | Beyond lithium ion batteries: Higher energy density battery systems based on lithium metal anodes[END_REF][START_REF] Li | Free-standing Sulfur-Polypyrrole Cathode in Conjunction with Polypyrrole-Coated Separator for Flexible Li-S Batteries[END_REF] LIBs have become the primary means of energy storage for off-grid solar products due to their high performance, low cost, high capacity, lack of memory, and long-life cycle. Li-ion is an advanced technology, first commercialized in the early 1990s, and research and development try to improve security, enhance performance and widen lifetime. For some Li-ion chemistries, charging efficiency is excellent, up to 99% (Figure 1.5).

Figure 1.5. Charge/discharge in a Li-ion battery. [START_REF]Zeta Potential Analysis of Lithium Ion Battery Electrolytes[END_REF] Li-ion systems must be designed accurately to achieve good performance and to avoid serious safety hazards that may result from the mistreatment of battery cells and unauthorized operation. Overcharging, overheating, short-circuiting, or damaging the charged Li-ion battery can lead to fire or explosion. 27

Active materials for the positive electrode

LIBs use a concept known as intercalation that incorporates lithium ions into the electrode materials structure. Within the cell, lithium ions move during charging from the positive to the negative electrode, and from the negative to the positive electrode as the battery is discharged.

When the battery is discharged, electrons pass through an external circuit in the same direction as the lithium ions. [START_REF] Yoshio | Lithium-ion batteries[END_REF][START_REF] Moog | Lithium Battery Discussions -Electrode Materials[END_REF] The Li-ion battery refers to various battery chemistries. All Li-ion battery cells have three functional layers: the positive electrode, the negative electrode, and the separator. The separator is a generally a polymeric membrane swelled with a liquid electrolyte that allows for the transport of Li-ion but prevents shorts-circuits. [START_REF] Moog | Lithium Battery Discussions -Electrode Materials[END_REF] LIBs are frequently categorized by the composition of their positive electrodes. Table 1.2

addresses the major types of commercially produced positive electrode materials on the market. [START_REF] Ellis | Positive Electrode Materials for Li-ion and Li-Batteries[END_REF][START_REF] Schipper | Study of Cathode Materials for LIBs: Recent Progress and New Challenges[END_REF] The most effective positive electrodes are LiNi1-xMxO2 (M = Co, Mn, and Al with (1 -x) > 0.5) nickel-rich layered materials. In the field of sample composition, morphology, and microstructure with optimum capacity, cyclability, and thermal stability, ongoing efforts are mostly focused on. One strategy is to reduce the amount of cobalt in LiNi1-x-yCoxMnyO2 (NMC)

to reduce the price. For this purpose, NMC 811, [START_REF] Xin | Li-Nb-O Coating/Substitution Enhances the Electrochemical Performance of the LiNi0.8Mn0.1Co0.1O2 (NMC 811) Cathode[END_REF] NMC 532, [START_REF] Du | Three-dimensional conductive network formed by carbon nanotubes in aqueous processed NMC electrode[END_REF] and NMC 442 [START_REF] Petibon | The use of ethyl acetate as a sole solvent in highly concentrated electrolyte for LIBs[END_REF] are being developed and applied for commercial usage (particularly for automotive applications). On the other hand, for high-power Li-ion applications with decent safety, spinel LiNi0.5Mn1.5O4 is promising, awaiting advances in electrolyte capable of withstanding its high operating voltage (4.7 V vs. Li/Li + ). High-voltage Li-rich layered Li1+xM1-xO2 and polyanion-based compounds have the potential to increase battery energy densities more significantly over the long term.

Particularly, manganese-based Li1+xM1-xO2 offers the highest volumetric energy densities coupled with graphite-silicon blends as negative electrodes among all secondary Li-based chemistries produced. [START_REF] Croy | Review of the U.S. Department of Energy's "Deep Dive" Effort to Understand Voltage Fade in Li-and Mn-Rich Cathodes[END_REF] Recent developments in the literature have shown that redox processes incorporating reversible oxygen and 4d/5d metal (Ru, Nb, Ir) could be a viable path to potentially eradicate voltage decay. [START_REF] Grimaud | Anionic redox processes for electrochemical devices[END_REF][START_REF] Yabuuchi | High-capacity electrode materials for rechargeable lithium batteries: Li3NbO4-based system with cation-disordered rocksalt structure[END_REF] Despite good structural and thermal stability, the highvoltage polyanion-based materials are still severely penalized by a greater formula weight, a poor kinetic response resulting in low volumetric energy densities and a reactivity versus the electrolyte. Besides inorganic materials, a vast number of new generation organic cathodes are also investigated for lithium batteries. Metal-organic frameworks (MOFs) such as nanoconfined poly(anthraquinonyl sulfide)@3D-C show a high reversible specific capacity at low and highrates. [START_REF] Zhao | Significantly stable organic cathode for Li-ion battery based on nanoconfined poly(anthraquinonylsulfide)@MOF-derived microporous carbon[END_REF] Recently, poly(naphthalene diimide-alt-benzoquinone) (NDI-BQ) delivers a practical capacity of 168 mAh/g which is higher than common inorganic materials (LiFePO4 or LiCoO2). [START_REF] Mumyatov | New Naphthalene-Based Polyimide as an Environment-Friendly Organic Cathode Material for Lithium Batteries[END_REF] 

Anode materials

At present, the four most commonly used anode materials are those based on graphite, alloyed graphite, silicon, and lithium metals. Unlike the case of Li and K batteries, graphite cannot be used as a negative electrode material for Na and Mg batteries because of the too week thermodynamic interaction between Na + and Mg 2+ ion and graphite. However, the reversible cointercalation of Mg 2+ ions with solvent molecule into graphite for magnesium-ion batteries was introduced as preliminary work in this field. [START_REF] Kim | Cointercalation of Mg 2+ Ions into Graphite for Magnesium-Ion Batteries[END_REF] Besides, oxide spinel Li4Ti5O12 is one of the commercialized alloyed lithium metals. [START_REF] Chen | An overview of LIBs for electric vehicles[END_REF] Its higher potential prevents cycling and safety issues associated with dendrite formation on lithium anodes. The downside is expressed in the form of performance loss due to a decrease in cell voltage, which further decreases the energy density and power. [START_REF] Shukla | Materials for next generation lithium batteries[END_REF] Therefore, most researchers have concentrated on the successful development and marketing of high-capacity conversion negative electrode for electric vehicles and portable electronic applications by achieving high conversion efficiency and good Solid Electrolyte Interphase (SEI) stability compared to traditional graphite with low-cost materials. Electrode materials could include a series of different chemical and physical phenomena during the charge/discharge process at the electrode/electrolyte interface. [START_REF] Li | Li + ion conductivity and diffusion mechanism in α-Li3N and β-Li3N[END_REF][START_REF] Gregory | Lithium nitrides as sustainable energy materials[END_REF][START_REF] Pimenta | Ionic conductivity in LiK0.9Na0.1SO4 single crystals[END_REF] The main studied one is the silicon-based anode which provides significantly higher energy density than graphite [START_REF] Lee | Carbon-coated nano-Si dispersed oxides/graphite composites as anode material for lithium ion batteries[END_REF][START_REF] Yoshio | Silicon/graphite composites as an anode material for lithium ion batteries[END_REF] using carbon-coated nano Si dispersed oxide/graphite composite. It showed impressive performance on improving cycling stability and reducing the irreversible capacity of the LIBs. However, the conversion electrode materials face various difficulties during the electrochemical process, such as volume expansion, poor conductivity, and poor stability. The decomposition of the electrolytes on the continuously renewed results in the formation of SEI which induces the irreversible consumption of Li + and the weak cyclability of the system. Eventually, novel conversion anode materials are believed to potentially explore the field of Li-ion rechargeable batteries by increasing capacity, stability, and performance. 47

Forecasts, consumption, and resources for post-lithium ion

LIBs (LIBs) have developed evolutionarily in terms of their common energy (Wh/kg) and energy densities (Wh/L) since their market launch in 1991. Including LIBs, there is a variety of different technologically promising battery concepts that might also be ideal for different applications, depending on the respective technology. Such "next generation" devices, the socalled post-lithium ion batteries (PLIBs), such as metal/sulfur, metal/air or metal/oxygen, or "post-lithium technologies" (systems without Li), based on an alternative single (Na + , K + ) or multivalent (Mg 2+ , Ca 2+ ) ions, are presently under intensive study. In today's perspective, it seems quite clear that not only a single technology will be the answer for all the applications, but different battery systems, which can be especially suited or adapted for a particular application (technology diversity). [START_REF] Besenhard | Advances in Battery Technology: Rechargeable Magnesium Batteries and Novel Negative-Electrode Materials for Lithium Ion Batteries[END_REF][START_REF] Canepa | Odyssey of Multivalent Cathode Materials: Open Questions and Future Challenges[END_REF][START_REF] Bruce | Li-O2 and Li-S batteries with high energy storage[END_REF][START_REF] Manthiram | Rechargeable Lithium-Sulfur Batteries[END_REF] To ensure sustainable long-term energy generation, conversion, and storage, the creation of new and Zimbabwe. [START_REF] Yoshio | Silicon/graphite composites as an anode material for lithium ion batteries[END_REF][START_REF] Bhatt | High capacity conversion anodes in Li-ion batteries: A review[END_REF][START_REF] Besenhard | Advances in Battery Technology: Rechargeable Magnesium Batteries and Novel Negative-Electrode Materials for Lithium Ion Batteries[END_REF][START_REF] Canepa | Odyssey of Multivalent Cathode Materials: Open Questions and Future Challenges[END_REF][START_REF] Bruce | Li-O2 and Li-S batteries with high energy storage[END_REF][START_REF] Manthiram | Rechargeable Lithium-Sulfur Batteries[END_REF][START_REF] Read | Dual-graphite chemistry enabled by a high voltage electrolyte[END_REF] The problem of cheap and efficient energy storage in conjunction with renewable energy generators will not be overcome with "mobile" applications but will face the urgent need for large-scale deployment. Several companies have produced MWh scale LIBs, the likelihood that current Li-based technologies satisfy the growing demand for such installations are being questioned and the scientific community is pursuing alternative systems based on cheaper, more abundant, and more effective ion vectors.

In addition to the aforementioned lithium batteries, several novel battery ideas and technologies have been approached and developed in recent years, making the situation for concepts of electrochemical energy storage much more complicated since the commercial launch of LIBs in the 1990s (Figure 1.6). These innovative or alternative post-lithium ion developments include, for example, sodium-ion batteries, all-solid-state batteries (ASSB), dual-ion or dualcarbon batteries, redox flow batteries, magnesium batteries, potassium-ion batteries, and calcium batteries. [START_REF] Read | Dual-graphite chemistry enabled by a high voltage electrolyte[END_REF][START_REF] Yabuuchi | Research Development on Sodium-Ion Batteries[END_REF][START_REF] Ponrouch | Towards a calcium-based rechargeable battery[END_REF][START_REF] Aurbach | Nonaqueous magnesium electrochemistry and its application in secondary batteries[END_REF][START_REF] Klein | Conversion reactions for sodium-ion batteries[END_REF][START_REF] Hu | Getting solid[END_REF][START_REF] Weber | Redox flow batteries: a review[END_REF] Since all of these technologies are fairly "young" and can not be considered mature, significant research and development efforts are needed to improve these new storage concepts to be able to compete with state-of-the-art Li-ion technology for some applications. 25 The first calcium study as the electroactive element occurred in 1964 and relates to primary thermal batteries, a technology mostly used in military and aviation technologies. [START_REF] Selis | A High-Rate, High-Energy Thermal Battery System[END_REF][START_REF] Aurbach | The Electrochemical Behavior of Calcium Electrodes in a Few Organic Electrolytes[END_REF] Staniewicz et al. became the first to report the electrochemistry of CaSOCl2 used for military applications, and addressed the impossibility of calcium plating, due to the formation of a passivation layer consisting mainly of CaCl2 impermeable to the Ca 2+ ions. [START_REF] Staniewicz | A Study of the Calcium-Thionyl Chloride Electrochemical System[END_REF][START_REF] Meitav | SEI) electrode-V. the formation and properties of the SEI on calcium in thionyl chloride solutions[END_REF] Interest in intercalation cathodes, like those used in LIB technology, also re-emerged, but the bottlenecks related to the discrepancies between Li + and Ca 2+ as charging carriers were soon clearly realized and hence the need for the specific design of materials. [START_REF] Rong | Materials Design Rules for Multivalent Ion Mobility in Intercalation Structures[END_REF] The feasibility of reversible calcium metal plating and stripping using traditional alkylcarbonate organic-solvent-based electrolytes was assessed at moderate temperatures by the end of 2015. [START_REF] Ponrouch | Assessing Si-based anodes for Ca-ion batteries: Electrochemical decalciation of CaSi2[END_REF] It opened up for a more thorough screening of electrode products, considering problems associated with these electrolytes. With Ca metal anodes being the most attractive choice, research focused on electrolyte formulations that enable better coulombic efficiency and, if possible, make room-temperature operation feasible, while at the same time using them to unravel suitable cathode materials. (Ohfip = hexafluoroisopropoxy and Bu = butyl). [START_REF] Wang | Plating and stripping calcium in an organic electrolyte[END_REF][START_REF] Shyamsunder | Reversible Calcium Plating and Stripping at Room Temperature Using a Borate Salt[END_REF] Ca batteries are strongly dependent on the electrolyte/electrode interface properties and efficiency. Important research by Aurbach et al. [START_REF] Aurbach | The Electrochemical Behavior of Calcium Electrodes in a Few Organic Electrolytes[END_REF] investigated the method of calcium anode plating from an organic electrolyte using Ca(BF4)2 and Ca(ClO4)2 as salts and PC, γ-BL, THF, and ACN as solvents. Plating was observed by infrared spectroscopy to be limited by electrolyte decomposition to form a passivation layer on top of the Ca metal somewhat similar to the SEI developed on graphite and lithium electrode. None of the various electrolytes studied allowed reversible calcium plating/stripping, as the passivation films, mainly composed of CaCO3 and Ca(OH)2, did not conduct Ca 2+ ions. Even though these findings seriously halted the production of Ca metal-anode-based batteries, two recent studies have indeed reported efficient calcium plating and stripping using organic electrolytes in the presence of passivation layers: 1.5 M Ca(BH4)2 in THF and 0.45 M Ca(BF4)2 in EC:PC. The former electrolyte allows reversible cell output at room temperature, with an electrochemical stability window of about 3 V (Figure 1.8), while the latter provides more than 4 V but requires high temperature (100 °C). [START_REF] Ponrouch | Towards a calcium-based rechargeable battery[END_REF][START_REF] Wang | Plating and stripping calcium in an organic electrolyte[END_REF][START_REF] Shyamsunder | Reversible Calcium Plating and Stripping at Room Temperature Using a Borate Salt[END_REF] In a brief conclusion, this stressed that the actual study of electrochemical behavior in Ca study is in progress with two main approaches. The first strategy is electrolyte development to prevent resistive SEI formation while the second attempt is to optimize the performance of Ca anode and to design new cathode material.

Aluminum

One of the differences between Al and Ca is the triple-charged Al 3+ ion to be transported and activated at the electrodes. However, the biggest difference is that, until now, nearly all practical Al batteries have used an electrolyte with an anionic [AlCl4] -transfer complex, the formation of such a complex resulted in low energy densities, Cl corrosion, and the need for specific intercalation electrodes. [START_REF] See | A High Capacity Calcium Primary Cell Based on the Ca-S System[END_REF] To date, there are only a few reviews, [START_REF] Elia | An Overview and Future Perspectives of Aluminum Batteries[END_REF][START_REF] Das | Aluminium-ion batteries: developments and challenges[END_REF] and a proof of concept for an Al/V2O5 cell. [START_REF] Jayaprakash | The rechargeable aluminum-ion battery[END_REF] In this study, the use of an electrolyte based on an ionic liquid (AlCl3-EMICl)

was the key to creating the [AlCl4]-complex. In contrast, traditional organic electrolytes display no electrochemical activity. [START_REF] Reed | The Roles of V2O5 and Stainless Steel in Rechargeable Al-Ion Batteries[END_REF] The Al-battery cell achieved 20 stable cycles that ended at 273 mAh/g and about 240 Kg/Wh. In later studies, however, these findings have been questioned, challenging the electrochemical reaction and indicating that corrosion of the stainless steel current collector is rather the cause. [START_REF] Reed | The Roles of V2O5 and Stainless Steel in Rechargeable Al-Ion Batteries[END_REF] In reality, Al-based research into rechargeable batteries is not new, but over the past 30 years or more they have been laden with massive problems. This was noted in 2015, Lin et al.

introduced a new Al-battery with significantly better performance and surprisingly long cycle life (> 7000 cycles). [START_REF] Lin | An ultrafast rechargeable aluminium-ion battery[END_REF] One of the key drawbacks, however, was the consumption of electrolyte during cycling, the reason why for each gram of carbon between 2 and 6 g of electrolyte (EMIMCl:AlCl3) was required and therefore the battery has very limited energy capacity. [START_REF] Elia | An Aluminum/Graphite Battery with Ultra-High Rate Capability[END_REF] A rather more recent route of research for Al battery cathodes has been the use of organic active species grafted on polymers, like those originally developed for Mg batteries. Specifically, a proof-of-concept was presented for an Al metal-organic battery that provides 5000 stable cycles and a reversible capacity of 110 mAh/g, a battery in which the organic component is mixed with graphite particles. 76,77

Magnesium

At 20 °C, the density of Mg is 1.74 g/cm [START_REF] Chen | Energy overview for globalized world economy: Source, supply chain and sink[END_REF] , about two-thirds that of aluminum (Al). Magnesium is an abundant element, being the 8 th most abundant element in the crust of the earth and the 3 rd most abundant ion in seawater [START_REF] Mordike | Magnesium Propertiesapplicationspotential[END_REF] . According to the U.S. Geological Survey, the estimated economically viable reserves is 8.5 million tons, equivalent to a lifespan of 306 years, given the constant global annual production of 27 700 tons. When most of the world's resources are found in Russia (27%) and China (25%) and two-thirds of the currently produced Mg comes from China, led by Turkey (10%), Russia (5%), and Austria (3%). Even if the abundance of Mg is very important, China's current dominant market power explains the classification of Mg as a vital raw material. One other advantage is that magnesium can be quickly recycled without any loss in quality. [START_REF] Fichtner | Motivation for a Magnesium Battery[END_REF] Mg 2+ is light but heavier than Li (1.74 g/cm 3 and 0.53 g/cm 3 ), however, its divalent character induces high volumetric energy density (3837 mAh/cm 3 ), which is approximately twice that of Li metal and ten times that of Li graphite. It should be remembered that the potential of the couple Mg 2+ /Mg is only -2.36 V vs. SHE, higher than Li + /Li or Ca 2+ /Ca. [START_REF] Muldoon | Quest for Nonaqueous Multivalent Secondary Batteries: Magnesium and Beyond[END_REF] Mg batteries can be regarded as a credible alternative for storage systems. [START_REF] Kim | Metallic anodes for next generation secondary batteries[END_REF][START_REF] Yoo | Mg rechargeable batteries: an on-going challenge[END_REF] Table 1.3 compares the main physical and electrochemical properties of alkaline and alkaline-earth metals for energy storage applications. The creation of dendrites in batteries with a metal electrode and liquid electrolyte presents a major safety threat as the thin metal needles can expand through the separator and induce short circuits inside the battery, which can trigger the exposure of harmful substances, flame, and explosions. Nevertheless, magnesium metal seems to be less affected by dendrite formation during plating even if some dendrite can be obtained in some conditions. [START_REF] Davidson | Formation of Magnesium Dendrites during Electrodeposition[END_REF] The SEI was subsequently recognized as a key factor in the magnesium deposit morphology, reversibility, and battery life. [START_REF] Balbuena | Lithium-lon Batteries -Solid-electrolyte Interphase[END_REF] Li has been shown to react quickly with both electrolyte solvents (mostly carbonates) and dissolved salt anions, such as ClO4 -, PF6 -, BF4 -, etc. Such reactions from insoluble Li salts that require Li-ion diffusion, such as Li2CO3, Li2O, LiF, etc. Analogous electrolyte formulations on the surface of Mg metal result in the same reactions but, sadly, Mg 2+

could not move through this layer. Therefore, the Mg electrode is passivated and no more reversible Mg cycling is hindered. Such evidence limits electrolyte solvent selection and Mgbased salts; electrolyte engineering is still considered one of the most challenging problems for magnesium batteries. [START_REF] Aurbach | Nonaqueous magnesium electrochemistry and its application in secondary batteries[END_REF][START_REF] Aurbach | A short review on the comparison between Li battery systems and rechargeable magnesium battery technology[END_REF] Also, multivalent ions face a specific challenge for electrodes to intercalate, while their mobility in host materials is generally low. Thus, to maximize both ion packing density and mobility, techniques need to be established to build an "ideal" geometrical and chemical environment for the mobile ion.

Electrolyte

Electrolytes for magnesium batteries are a specific challenge from the outset. The anions of the salts being tested either reacted with the magnesium electrode or a passivation layer covered the negative electrode. The electrochemical reaction stops in both cases.

Such as, the creation of Mg electrolytes is strongly linked to Mg metal-compatible salts and solvents, which for many years have limited electrolyte designs to a variety of highly reactive and/or heavily-reduced reagents further as halide-based reagents. There are significant developments within the field of electrolytes over the past decade which have displayed new avenues to supply innovative designs beyond those previously known. (4) low cationic transference of relatively large [MgxCly] (2x-y)+ cations. 86

a. Magnesium chloride-based anions

Although the number of studies on Grignard reagents on magnesium system is steadily decreasing because of unstable anodic stability, it is still the most interesting precursors for preparing electrolyte for Mg batteries. [START_REF] Nelson | A magnesium tetraphenylaluminate battery electrolyte exhibits a wide electrochemical potential window and reduces stainless steel corrosion[END_REF][START_REF] Carter | Boron Clusters as Highly Stable Magnesium-Battery Electrolytes[END_REF][START_REF] Saha | Rechargeable magnesium battery: Current status and key challenges for the future[END_REF] The most recent work involving Grignard reagent precursors is based on aromatic structures, such as phenyl and carboranyl anions, associated with their improved oxidative stability compared to their alkyl congenerous.

In the report of Nelson et al. [START_REF] Crowe | Kinetics of Magnesium Deposition and Stripping from Non-Aqueous Electrolytes[END_REF] PhMgCl/AlCl3 was used as an electrolyte to minimize the corrosion to non-noble current collectors. Although the electrolyte displayed remarkable anodic stability of 5 V vs. Mg 2+ /Mg on stainless steel his impact was attributable to the adsorption of electron-insulating aromatic species resulting from the oxidation of anionic phenyl constituents. [START_REF] Crowe | Kinetics of Magnesium Deposition and Stripping from Non-Aqueous Electrolytes[END_REF] In 2014, Carter et al. [START_REF] Carter | Boron Clusters as Highly Stable Magnesium-Battery Electrolytes[END_REF] prepared 1-(1,7-carboranyl) magnesium chloride. The compound in THF showed high coulombic efficiency (> 98%) and relatively high oxidative stability (3.2 V vs.

Mg 2+ /Mg on Pt). Curiously, the same anodic stability was measured on 316-stainless steel and aluminum, indicating lower corrosivity compared to other chloride-containing electrolytes, although a similar adsorption process [START_REF] Carter | Boron Clusters as Highly Stable Magnesium-Battery Electrolytes[END_REF] .

b. Magnesium nitrogen-based anions

Since the 90s, Gregory and his team investigated a range of amido-magnesium chloride which helps to arise the oxidation stability potential even if it shows lower conductivity than Grignard compounds. [START_REF] Gregory | NonaqueousElectrochemistryof Magnesium[END_REF] A few years later, Liebenow presented an anion of hexamethyldisilylazide (HMDS) and demonstrated that it exhibits superior oxidative stability compared with other highly basic amides. [START_REF] Liebenow | The electrodeposition of magnesium using solutions of organomagnesium halides, amidomagnesium halides and magnesium organoborates[END_REF] Further works relied on the non-nucleophilic character of the HMDS -to prepare a series of electrolytes compatible with sulfur cathode and allowed the Mg-S battery system to be further developed. [START_REF] Yu | Performance Enhancement and Mechanistic Studies of Magnesium-Sulfur Cells with an Advanced Cathode Structure[END_REF][START_REF] Zhao-Karger | Performance Improvement of Magnesium Sulfur Batteries with Modified Non-Nucleophilic Electrolytes[END_REF][START_REF] Kim | Structure and compatibility of a magnesium electrolyte with a sulphur cathode[END_REF] These new HMDS-based systems were obtained by adding precursors AlCl3 or MgCl2 to either (HMDS)MgCl or Mg(HMDS)2 (Figure 1.10), increased anodic stability (3.3 V vs. Mg 2+ /Mg) and high coulombic efficiency (98 -99%) were obtained. [START_REF] Zhao-Karger | Bisamide based non-nucleophilic electrolytes for rechargeable magnesium batteries[END_REF][START_REF] Liao | The unexpected discovery of the Mg(HMDS)2/MgCl2 complex as a magnesium electrolyte for rechargeable magnesium batteries[END_REF] Electrolytes with a high ratio of MgCl2/Mg(HMDS)2 show a broader electrochemical window and higher coulombic efficiency. Crystal structure data suggested that [Mg2Cl3] + dimer was the dominant cationic species in solution, but recent mass spectrometry experiments support the presence of

[MgCl] + cation as one of the predominant species. [START_REF] Merrill | Conditioning-Free Electrolytes for Magnesium Batteries Using Sufone-Ether Mixtures with Increased Thermal Stability[END_REF][START_REF] Merrill | Electrochemical Properties and Speciation in Mg(HMDS)2-Based Electrolytes for Magnesium Batteries as a Function of Ethereal Solvent Type and Temperature[END_REF] In the presence of Mg(TFSI)2 as a solubility enhancer, other amidomagnesium chloride salts have been recently studied at 100 °C in triglyme. Its oxidative stability was consistent with previous reports. 100 Alkoxide systems based on several short-chain alcohols were studied in mixture with MgBr2, the maximum ionic conductivity of 4.1 mS/cm was achieved for 1.0 M Mg(OEt)2/MgBr2 in THF with a coulombic efficiency at 90% for Mg plating/stripping. 102 Mg(TFSI)2 (TFSI= bis(trifluoromethanesulfonyl)imide) was also added to prepare concentrated solutions of 2.5 M. [102][103][104] For alkoxide anions, such as (Ph3CO)MgCl or (Ph3SiO)MgCl, the enhancement offered by adding MgCl2 or AlCl3 was lower compared to smaller anions, while the strong Lewis acid 

d. Magnesium halides

In the 20s, THF solution of MgCl2/AlCl3 was studied but the electrolyte showed poor efficiency, with a high overpotential for Mg deposition (> 900 mV) and low stripping efficiency (34%). 106

The magnesium-aluminum chloride complex (MACC) obtained by mixing MgCl2 and AlCl3 in THF or glyme presents higher properties to many of the existing electrolytes based on organic Mg 2+ precursors associated with AlCl3. It exhibits excellent reversibility of deposition and dissolution of Mg, high anodic stability, and low nucleophilicity. transport. 123,124 Some recent reports about sulfone solvents as the main solvent or combined with THF have been reported, [START_REF] Merrill | Conditioning-Free Electrolytes for Magnesium Batteries Using Sufone-Ether Mixtures with Increased Thermal Stability[END_REF] however, this was only possible in the presence of reducing agents or chloride-based systems such as MgCl2, and showed high plating/stripping potential. 125 Considering the undesirable flammability of most popular aprotic solvents, the use of ionic liquids due to their very low volatility, non-flammability, and high thermal stability in addition to a large electrochemical window would be an attractive choice to remove the safety hazards.

In most of the above-mentioned tests, the oxidative stability of these solutions was poor (< 2.5

V) and those based on strong reducing agents are supposed to be incompatible with a nucleophilic attack-prone positive electrode such as sulfur. 

Polymer-based electrolytes for magnesium batteries

One strategy would be trapped the electrolyte within polymeric matrices (polyethylene oxide, PEO) or porous hosts to reduce the risks associated with using volatile solvents. Though, the applicability of this approach remains questionable, as the magnesium salts applied were known to be incompatible with the magnesium metal in most of these electrolytes. 130 Another approach presented in electrolyte development for magnesium batteries is the use of polymer electrolytes including PEO, 131,132 In assumption, stable, safe and Mg-compatible electrolytes with also high electrochemical performance is a huge challenge, as metallic Mg is not compatible with conventional Mg salts.

Additionally, electrolytes compatible with Mg-metal endure from weak electrochemical stability or react irreversibly with many positive electrodes, thereby limiting the choice of materials that may be used. A better understanding of the anode/electrolyte/cathode interface reactions and the search for new active Mg-species could help for new electrolyte development.

To follow this strategy, some derivatives of BH4 -compounds and π-rich molecules for magnesium battery will be synthesized, characterized, and presented in the following chapter. This section describes the electrochemical behavior of these components and addresses the latest trends in guiding the short-term design of better negative materials.

Insertion-type anode

For the first sight in insertion-type negative materials part, graphite, graphene are the exciting anode materials that can reversibly intercalate Li + and K + ions. However, several studies pointed out that these were not suitable for its application into the magnesium system. The low capacity for Mg 2+ was attributed to the host substrates, such as graphite and its derivatives, due to the weak chemical binding nature of the Mg 2+ . [142][143][144][145] In 2013, ions were reversibly intercalated into graphite in ether solvents such as diethylene glycol dimethylether (DEGDME) and 1,2-dimethoxyethane (DME) with the same phenomenon that was also reported when incorporating Li + and Na + ions into graphite layers. [START_REF] Kim | Cointercalation of Mg 2+ Ions into Graphite for Magnesium-Ion Batteries[END_REF]148,149 The diffusivity of the Mg 2+ -DEGDME complex into graphite layers is estimated at room temperature at 1.5 10 -8 cm 2 /s with the redox potential of graphite was about 1 V vs. Mg 2+ /Mg comparable to that of Li + in graphite (1.8 10 -9 cm 2 /s). [START_REF] Kim | Cointercalation of Mg 2+ Ions into Graphite for Magnesium-Ion Batteries[END_REF] This suggests that the kinetics engaged in the co-intercalation of the Mg 2+ -DEGDME complex are as fast as the intercalation of Li + ions into graphite. The mechanistic report analyzed by ex-situ X-ray diffraction patterns of the electrodes at different charge/discharge states shows that Mg 2+ -DEGDME co-intercalation displays a well-known graphite staging behavior, meaning that Mg 2+ ions intercalate each n th space between the graphene layers. [START_REF] Kim | Cointercalation of Mg 2+ Ions into Graphite for Magnesium-Ion Batteries[END_REF]150 However, the Mg 2+ intercalation performing a staging molecule was not identified with DMF as a co-intercalated solvent. This is important to note that in many cases, the co-intercalation of solvent molecules with metal cations is susceptible to induce irreversible graphite exfoliation, which will progressively deteriorate the electrochemical performance. This aspect of Mg 2+solvent pair co-intercalation needs to be somehow studied. 151 In addition to the non-metallic elements as mentioned above, inorganic compounds have also been deepened and studied to make negative electrode materials for magnesium batteries from recent years. 152,153 

Positive electrodes

Nonetheless, one of the main obstacles in developing positive electrodes for Mg-based systems is the slow solid-state diffusion of Mg 2+ , primarily due to its high load/radius ratio, and the consequent difficulty in redistributing the divalent load to the hosting device. During the last 25 years, a wide variety of intercalation products such as oxides, sulfides, and phosphates have been studied. However, most of them had poor electrochemical activity characterized by reduced intercalation and/or elevated polarizations. Furthermore, some of these results should be reviewed as poor activity can also be attributed to less efficient or corrosive electrolytes.

However, many types of cathode materials have been studies and get some promising results such as inorganic materials (layered intercalation hosts, materials based on conversion and displacement reactions, spinel structure) and organic materials. [START_REF] Saha | Rechargeable magnesium battery: Current status and key challenges for the future[END_REF]167,168 1.6.4.1. Layered intercalation positive material a. Sulfide and selenide layers

Based on the theory of hard-soft acid-base (HSAB)), Mg 2+ which is hard acid ion interacts weakly with soft base anions such as S 2-or Se 2-. This weak interaction may promote the ionic specie displacement inside the active material structure. 169,170 However, full cells using sulfide or selenide-based electrodes exhibit lower theoretical voltage and power than oxide-based cells.

Layered TiS2 is a typical intercalation host recorded by Whittingham et al.. 171 However, due to the large migration energy barrier, the intercalation of Mg 2+ into TiS2 layers has been considerably challenging. 172 MoS2 is also a typical layered sulfide known to intercalate lithium ions in a reversible manner. [173][174][175] MoS2 was the first positive material to demonstrate compatibility with a broad range of Mg electrolytes. 176 This product has a three-dimensional open structure, consisting of Mo6S8 blocks, each containing an octahedral Mo6 cluster inside an S8 cube. Hence Mg 2+ cations could insert easily and delocalized between channels in the active sites. 168,177 The Mo6 cluster's variable valence can easily compensate for the charge-unbalance induced by the introduction of divalent ions to preserve electroneutrality during insertion. Given that electronic charges can be readily dispersed on each element (Mo or S), poor interaction with the guest cation is anticipated. Moreover, this material's application for practical rechargeable Mg batteries is limited by its low theoretical capacity (122 mAh/g) and low output voltage (< 1.5 V). Given this, Mo6S8 has become the traditional material for use in laboratory studies of Mg electrolytes, because it can maintain a stable structure. 119 Although the intercalation of Mg 2+ is slow because of the strong electrostatic forces between the divalent Mg 2+ ions and the sulfur anions. On the other hand, the TiSe2 and VSe2 selenides offer capacities of approx. 110 mAh/g at room temperature, with no special treatment, following the general tendency of chalcogenides. 174 Recently, VS4 was reported as positive material for rechargeable magnesium batteries by Meng group. 178 Thank to the specific structure, this compound demonstrated high electrochemical performance by over 400 cycles and capacity obtained about 80 mAh/g at 50 mA/g with 90% of capacity retention. The unique linear-chain structure of VS4 besides the large specific surface area, and more flower-like structure are contributed to the excellent electrochemical efficiency.

b. Oxide layers

MoO3, V2O5, MnO2, and TiO2 were prepared using various methods. [179][180][181] All of these transition metal compounds are nanosized to provide more active cation intercalation sites with a high surface area and short ion-transport pathways to allow cation diffusion. However, the presence of water has a large impact on the electrode performances. Indeed, the co-intercalation of water molecules with Mg 2+ decreases the strong interaction between oxide and Mg 2+ and largely improve the Mg 2+ diffusion. Amatucci et al. argued that the nanosized V2O5 can intercalate Mg 2+ based on electrochemical testing. 182 However, H2O is not compatible with the negative electrode and will result in a passivation layer being formed. Based on the initial tests, a few companies were pursuing the production of full battery cells with a cathode of V2O5 and anode of Mg. Pellion technologies have developed a process believed to promote Mg 2+ solidstate diffusion by extending the interlayer gap with the intercalation of bigger organic cations within the interlayer. 183 The electrochemical and spectroscopic tests revealed, however, that the actual content of Mg in V2O5 was minuscule, and proton intercalation prevailed. 184 Such results

have contributed to the serious question of whether or not α-V2O5 is capable of intercalating Mg 2+ .

Materials based on conversion and displacement reactions

One of the biggest roadblocks of layered materials is that it causes a strong Coulombic interaction with the host material framework, resulting in poor kinetics of the reaction. [START_REF] Yoo | Mg rechargeable batteries: an on-going challenge[END_REF]185 Conversion-type reactions may provide an alternative path of reaction to get around this situation. As said previously, S 2-or Se 2-exhibit weak interaction with Mg 2+ . For the possibility of using these substances as conversion-type positive materials for rechargeable Mg batteries, copper chalcogenides with a variety of crystal structures have been extensively studied. Series of copper chalcogenides, CuαX (1< α < 2, X = S, Se), such as CuS, Cu2S, and Cu2Se were proposed. 186,187 In rechargeable Mg batteries, these are known to undergo conversion reactions 191,192 The first evaluation of an oxo-spinel material for an Mg-ion insertion material confirms its average voltage, high capacity, and stability. Based on these results, spinel-type compounds are promising as electrochemically Mg-ion material. However, high voltage stable electrolytes were problematic, inducing more studies to be performed. 193 DFT calculations established λ-Mn2O4 as a significant polymorph for high energy density Mg insertion material vs. conversion, and it has obtained a considerable interest. 194,195 The spinel based on chromite, Mg1-xCr2O4 seems to exhibit also interesting properties. Some property improvements can be performed through material engineering and the inclusion of tailored structural, composition, or morphological complexity. 194,196,197 1.6.

Organic materials

Although inorganic positive materials exhibit several good properties including insolubility, stable during cycling or easy to synthesize, they are still limit by many obstacles: low theoretical capacity, heavy metal containing, and low redox potential. The fact that redox-active organic materials could be used with different counterions allows them became an interesting target for operation in post-LIBs where so many potential inorganic materials suffer from the poor insertion of cations, particularly considering the insertion of multivalent ions, such as Mg 2+ , Ca 2+ , and Al 3+ . One of the key drawbacks of redox-active organic materials is their poor volumetric power, but this can be effectively compensated by the high volumetric density of the Mg electrode. Because of the difference in the redox potential of Li and Mg metal, the voltage of a Mg metal-organic battery should be about 0.7 V lower than its Li metal equivalent. 198,199 The main drawback of redox-active organic materials in different types of batteries containing organic solvents for electrolytes is the process of dissolution, which can significantly reduce the cycle life of these materials. To mitigate this issue, various research groups proposed either grafting redox-active organics on solid support, insoluble redox-active salts, preparing insoluble polymers, or using selective separators. 198,200 Organic materials frequently comprise electrophilic center which makes them inconsistent with Mg electrolytes containing nucleophilic species, generally those synthesized from Grignard reagents. Thereby, the growth of non-nucleophilic electrolytes has become fundamentally important to allow electrochemical examinations of all organic materials in Mg metal battery systems, particularly those containing conjugated carbonyl groups and various sulfides. insertion instead of Mg 2+ was previously introduced in several reports [217][218][219][220] . At the end of the charge, the pristine compound was obtained. MgCl + plays a significant role in all the solvent involving chloride ion in organic magnesium batteries. In this specific material, with nonchloride electrolytes, the same capacity is obtained whereas EDX spectrum shown no anion co-insertion with Mg 2+ (Figure 1.22). Moreover, excellent coulombic efficiency and 87% of its initial capacity after 2500 cycles were achieved. In short conclusion, P(NDI2OD-T2) is one of the best organic cathode material until now even though its theoretical capacity is not very high comparing to others. 115 For the magnesium batteries study, polyaniline (PAn) could be used to make a composite with DMcT to increase the redox potentials. The results showed only 17 mAh/g capacity for the first scan and rise to 29 mAh/g after 10 cycles (Figure 1.25). Two plateaus at 0.9 and 1.4 V in the discharge curve indicated two reaction processes of PAn and DMcT with Mg 2+ , respectively.

After 25 cycles, discharge capacity was increased near double to initial value. It was explained by the incompleted using at the first scan from organic positive material. While the theoretical capacity was about 224 mAh/g, the low capacity reported was due to the high polarization effect associated with the divalent character of magnesium ion. The second compound in NuLi and Guo studies, poly-2,2'-dithiodianiline (PDTDA), which was known as a new class of a conducting polymer with a disulfide bond. PDTDA reached 78 mAh/g (Figure 1.25c) after 30 cycles with weak charge/discharge efficiency reaching 80% in 0.25 M MgAlCl3Bu2/THF electrolyte. The improvement in battery performance could be due to the better S-S creation which led to the increasing electrocatalytic effect on the cell.

In contrast to those molecules, CSM-PAn complex which contains a π-conjugation and C-S-S-C covalent bond showed a higher discharge capacity with 117 mAh/g at the first scan and remained at 78% up to 22 cycles. The disulfide bonds in this polymer help to keep stable polymer chains. While pristine CSM material did not work well with only 51 mAh/g at the first discharge curve which was reduced rapidly after several cycles due to Mg 2+ trapping. The report indicated 3 steps to improve the performance in magnesium batteries with organosulfide as cathode material: i) suitable catalyst, ii) increasing number of S-S function on the polymer, and iii) improve the conductivity of the material. These approaches could help to enhance the specific capacity and cyclability in the study with this kind of material as a positive electrode in the Mg system. Although up to now, only one report from NuLi and Guo 223 introduced this conductive sulfur-containing material as potential material for magnesium batteries cathode.

To increase the insolubility of quinone based materials in organic solvent, a sulfur-bridged polymer poly(hydroquinoyl-benzoquinoyl)sulfide (PHBQS) 224 including both hydroquinone and benzoquinone species was formed via solvothermal reaction. This PHBQS was investigated in both Li and Mg battery configurations. 224,225 This polymer in the Mg system exhibits a discharge voltage of about 2 V vs. Mg 2+ /Mg with high capacity at 158 mAh/g (Figure 1.26).

This study was performed in 0.48 M Mg(TFSI)2 + 0.32 M MgCl2 in tetraglyme:1,3-dioxolane solvent. The weak coulombic efficiency (80%) due to the reactive electrolyte system needs to be studied. 224 Table 1.5 below summarizes all of the organic cathodes using in magnesium batteries. 

Conclusion and aim of the work

Recently many groups have begun investigating organic materials for their application in Mg batteries and significant progress has been made. Comparing the growth of the state of the art of Mg batteries in recent years, it may conclude that organic materials have swept up rapidly and in some cases even exceeded the performances of inorganic materials. In parallel, the introduction of new non-nucleophilic electrolytes opens up new avenues of study capable of proposing relevant solutions.

As demonstrated by the analysis provided in the previous sections, the interest in this area is actually increasing with drawbacks to be overcome. At the same time, it is also essential to emphasize that most of these studies are only preliminary, presenting generally complex synthetic pathways that could barely match a massive-scale production. Based on these considerations, the following aims can be drawn for this thesis, with two main objectives:

-Development of new non-hazardous magnesium salts and the use of -electron rich molecules in order to develop relevant electrolytes.

-Development of organic positive electrodes with high energy density and cyclability. For that several targets will be investigated on the basis of enolate/carbonyl-based compounds for which affordable and green chemical approaches can be more easily undertaken. Polymers and polyanionic structures (organic salts) will be investigated in order to obtain insoluble materials.

The manuscript is composed of five chapters, where extensive description of obtained results is presented. Chapter 2 is devoted to the synthetized and characterized of salts and additives for Mg electrolytes. The electrochemical experiments are discussed based on cyclic voltammograms study (CV) with a first section dedicated to borohydride modified salt and the following one associated with the addition of -molecules.

Chapter 3 is dedicated to the synthesis and the characterisation of poly(benzoquinonyldisulfide) (PBQDS) as organic positive material for both Li and Mg batteries. The comparison of the two systems is performed.

Chapter 4 is devoted to the prelimary study of carboxyphenolate salt as insoluble active material for Mg battery with CV method.

Chapter 5 will present the method and experiment part with all of the synthesizing and characterizing (physical and chemical) schemes. Moreover, the technique to prepare, store, dry electrolyte/electrode are also discussed.

As previously discussed in the bibliographic chapter, the use of electrolyte additives and the development of new magnesium salts are effective ways for improving the performance of the Mg battery. 231,232 Most current anions applied in LIBs such as PF6 -, AsF6 -, ClO4 -, present high anodic stability. Another strategy, using additives to improve the performance for Mg cell is also concerned.

Typically, the quantity of additive in the electrolyte is no more than 5% by weight or volume, while its addition significantly improves Mg battery capacity and cycle life. 176,239 In a general point of view, for better battery efficiency, the additives can (1) promote the creation of efficient SEI on the negative electrode surface; (2) improve the Mg plating/stripping reversibility, (3) minimize the irreversible formation of gas during the SEI formation and long-term cycling; (4) protect positive electrode material from dissolution and overload, and ( 5) boost the physical properties of the electrolyte such as ionic conductivity, viscosity, polyolefin separator wettability, and so on. For better battery safety, the additives should exhibit: (1) lower flammability of organic electrolytes, (2) overload protection or increase overload tolerance, and

(3) terminate battery operation under conditions of assault. [240][241][242] In this context, anthracene 122 was used as an additive to improve the Mg plating/stripping process reversibility. To go deeper into the electrochemical mechanism understanding, in particular on the formation or not of a πrich molecule Mg complex, the second part of this chapter will introduce several electrolytes containing π-rich molecules based on anthracene and non-anthracene structures, as additive.

Borohydride based salt

In 2018, Seydou et al. Moreover, this electrolyte can support reversible and efficient Mg insertion/de-insertion with a high capacity of 94 mAh/g and 96% of coulombic efficiency in the Mo6S8 Chevrel phase.

Although Mg[B(OPh)3H]2 achieves high performances, some adjustments need to be accomplished. Synthesizing more soluble B-centered salts, modulating the degree of hydride substitution, and enhancing oxidative stability, have to be performed. Indeed, the Mg[B(OPh)3H]2 was the only substance obtained with phenol, whatever the stoichiometry phenol/BH4 -used.

To these ends, the chemical modification of Mg(BH4)2 with different phenol derivatives was investigated. The substitution of phenol with alkyl or steric hindrance substituents were studied, regarding the reactivity vs. the compound and the salt solubility.

Even if very high performances were obtained with Mg[B(OPh)3H]2, one drawback is the weak solubility of Mg[B(OPh)3H]2, with a solubility limit of 0.15 M in diglyme. To increase its solubility, phenol used as reactive will be modified by the introduction of ether groups, which will increase the polarity of the salt and the affinity with ether-based solvents. For this purpose, numerous commercial phenol substances are identified as 2-methoxyphenol, 3-methoxyphenol, 4-methoxyphenol, or sesamol ones.

In addition to phenol compounds, we will also investigate thiophenol substituent. Indeed, literature previously showed the formation of [H(4-n)B(SPh)n] -with n = 1, 2, and 3, 243,244 which was not reported for phenol compounds. Thus, to investigate the effect of the hydride substitution degree on the salt properties, specific thiophenol/Mg(BH4)2 ratios will be investigated.

The resulting salts will be thoroughly characterized by NMR and electrochemistry. The impact of chemical functionalization on the solubility of the borohydride salts will be evaluated. The electrochemical properties of these new salts, especially on the Mg plating/stripping, will be investigated, as it's the overriding criterion to have.

Effect of solvent on the Mg[B(OPh)3H]2 solubility

The limit of triphenolateborohydrate magnesium solubility in diglyme leads to low conductivity when using this salt alone. [START_REF] Adua | Alternative Energy: Political, Economic, and Social Feasibility[END_REF] Also, the improvement noticed on the Mg plating/stripping could be increased if the concentration can be improved. To increase the salt concentration, polyethylene glycol dimethyl ether (PEGDME Mw = 250 g/mol) is used instead of diglyme.

Although the viscosity of PEGDME is seven times higher than diglyme, it's an oligomer with a higher ether function number per unit, which enhances the donor number of the solvent (DNdiglyme ≈ 19.2, 245 DNPEGDME ≈ 24 246 ) and strengthen the cation solvation and at the end, the salt solubility is improved. 246,247 In this study, a solution of 0. plating/stripping is obtained with a current density 10 times lower in reduction than the one obtained with diglyme. Different scan rates from 10 to 100 mV/s were investigated, but no improvement was observed and large irreversibility occurred with a high overpotential. This issue could be explained by the larger amount of water presented in the electrolyte (a few tens of ppm) even after the addition of dried molecular sieves using the protocol described in the experimental part. Indeed, several studies emphasized that the amount of water in Mg electrolytes needs to be reduced under a few ppm. 248 For example, in diglyme based electrolyte, The high viscosity of the electrolyte may be one explanation for the difficulty to remove water to such drastic conditions. These problems and the fact that the electrolyte obtained is very viscous, we have focused our study on other borohydride compounds.

Phenolate borohydride derivatives

The limit of solubility is one of the main reasons for investigating new borohydride compounds which can be more soluble in the ether-based solvent. Structures, name, and solubility in ether solvents of several salts obtained by the reaction of phenol derivatives with BH4 -are introduced in To propose an explanation of the kinetics of the reaction and on the precipitation observed, the mechanism of the reaction could be useful. The mechanism between BH4 -and alcohol group is investigated by I. E. Golub et al. 249 The main points are:

-the dihydrogen bond formation is considered as the first step of proton transfer to hydrides, indeed the combined spectroscopic and computational investigations provided the evidence for dihydrogen bonding of BH4 -with various HX proton donors. 249 -the first proton transfer step is rate-limiting for each alcohol, the corresponding activation barriers decrease with the increase of the ROH acidity.

In conclusion, the borohydrides' reactivity toward proton donors, meaning that once the first barrier is passed this reaction would run to the completion unless ligands steric bulk or other effects hamper it. The main parameters regarding the different phenol derivatives used are the alcohol acidity (acidity increase induces reactivity increase) and steric hindrance which may limit the number of substituents. However, the 3-methoxyphenol which presents the highest acidity exhibit the lowest kinetic, so in discordance with the expectation. Concerning the weak acidity difference, the steric hindrance and the formation of insoluble species could have a large impact on the reaction kinetics.

The precipitation of the compound appears immediately with methoxyphenol compounds, even in PEGDME which exhibits very high solvation property, as discussed previously this behavior is unexpected. It may be due to the incompatible between solvent and derivative phenol complex, which could be associated with their bulky character. Some specific interactions between Li + and the oxygen groups of the salt cannot be excluded, which, contrarily to improve the solubility as reported in the literature, induces some physical cross-linking between salt molecules favoring their precipitation. The only compound that permits to obtain soluble species is sesamol. Sesamol contains two oxygens at positions 3, 4 with a more rigid structure.

Thanks to the presence of those oxygen atoms, the reactivity of sesamol are close to the one with methoxyphenol.

Based on the 1 H-NMR spectra, there is only one product at any ratio between BH4 -and sesamol intensity. Mg oxidation occurs at 1.2 V vs. Mg 2+ /Mg with a broad peak at the first scan. This peak shifts toward a lower potential when the cycle number increases. At the 5 th scan, Mg stripping is observed at 1.1 V vs. Mg 2+ /Mg with coulombic efficiency associated with Mg plating/stripping equal to 54%. However, the amount of current and the coulombic efficiency (41%) are weakly reduced due to some polarization effect at the 10 th scan, even if the potential of Mg stripping is reduced to 0.9 V vs. Mg 2+ /Mg. The results from this investigation are somewhat similar to the study of Wang et al. 250 with Mg(BH4)2 in tetraglyme. Also, the oxidation of BH4 -starts early at 1.8 V vs. Mg 2+ /Mg in good accordance with the literature. 121 For this experiment, different amount of sesamol is added to the electrolyte containing Mg(BH4)2 from very small to large quantity, after each addition the electrochemical measurement is performed at least after 30 minutes to make sure that the reaction is almost finished. With ratio sesamol/BH4 -in 0.3 (orange curve), a weak reduction wave is observed before 0 V vs. Mg 2+ /Mg following by the magnesium reduction starting at -0.9 V. In the oxidation step, a broad signal between 0.2 V and 1.5 vs. Mg 2+ /Mg is noticed which can be associated with the Mg oxidation. The reversibility observed is very weak. When the concentration of sesamol increases until the ratio sesamol/BH4 -equal. to 3, the pre-peak starting at 0.5 V vs. Mg 2+ /Mg increases notably, and the Mg 2+ reduction shifts in more cathodic potential. Moreover, the oxidation signal disappears. If we compare the curves obtained with sesamol/BH4 -= 1 and n = 2, the pre-peak increases notably, which seems to indicate that the response observed at 0.5 V vs. Mg 2+ /Mg may be related to the electrochemical response of the trisesamolatehydroborate or unreacted sesamol. Due to the reactivity in the reduction of the compounds formed, the investigation of sesamol has not been continued. In summary, all of the derivative phenols using in this study could not go further even if the solubility was better in some compounds than in the case of phenol. Therefore, thiophenol was indicated for the next investigation in this chapter.

Electrochemical properties of sesamol based compounds

Thiophenolate borohydride study

Cyclic voltammetry investigation

Thiophenol is an organosulfur compound with a sulfur atom instead of the oxygen in the phenol molecule. Due to the bigger diameter, the sulfur electron free-doublet can be easily given to the benzenic ring and stabilizes, after the H + releasing, the formation of thiophenolate. The pKa of thiophenol is 6.62 in water (10.3 in DMSO), while it is 9.95 (18.0 in DMSO) in the case of phenol. 251 Thiophenol is more acid than phenol, therefore the substitution reaction kinetic will be higher in presence of thiophenol.

The addition of 0.3 mol equiv. of thiophenol (Figure 2.6) induces a substantial improvement in the Mg plating/stripping process with two close signals in the oxidation scan at 0.6 V vs.

Mg 2+ /Mg, while the Mg plating is observed at -0.5 V vs. Mg 2+ /Mg and the coulombic efficiency reaches 79%. The oxidation peak is composed of an important broad signal followed by a narrow peak. This response may be associated with the oxidation of Mg, which is more or less passivated or activated. For the ratio thiophenol/BH4 -at 0.5, an improvement of the plating/stripping process occurs with only one signal in the oxidation step with a shift in the cathodic potential, the peak is observed at 0.5 V vs. Mg 2+ /Mg, however the coulombic efficiency decreases and reaches 61%. A large modification in the reduction process is shown from the ratio thiophenol/BH4 -= 2 (Figure 2.6) with a broad peak at 0.1 vs. Mg 2+ /Mg, which delays the Mg 2+ reduction. Besides, the oxidation peak decreases dramatically. The reduction of the thiophenol is observed at 1 V vs. Mg 2+ /Mg with an irreversible process as previously reported for the reduction of SH -group. 252 The reduction behavior is similar to the one observed for the ratio thiophenol/BH4 -at 3, which permits unambiguously to associated this peak with the irreversible response of thiophenol which doesn't react with BH4 -at the time scale of the experiment. In the literature, some improvements in the electrochemical process were noticed with the cycle number, that's why several scans are investigated for the different ratio thiophenol/BH4 -. After 10 cycles (Figure 2.8), Mg platings are improving and no more pre-peak is observed at the lowest thiophenol concentration until the ratio thiophenol/BH4 -= 2.

This seems to indicate some reactivity of thiophenol with BH4 -with time or thiophenol consumption by reaction with Mg, inducing an improvement of the Mg plating/stripping reversibility. Also, the Mg oxidation peak is more defined after 10 cycles for the different ratios.

Especially, there is only one oxidation peak for all the curves at potentially less than 1 V vs.

Mg 2+ /Mg. For a long CV test, the best result is obtained with the ratio 0.5. Contrary to what was observed with phenol, thiophenol seems not to totally react up to the ratio 3. Regarding the coulombic efficiency vs. the cycle number, the same evolution versus the cycle number can be observed whatever the ratio with an increase of the coulombic efficiency up to the 4 th cycle, and then stabilization.

As an example, Figure 2.9 shows the effect of cycle number on the curve shape and the coulombic efficiency for the ratio thiophenol/BH4 -= 0.5. At the first scan, Mg plating is observed near -0.7 V vs. Mg 2+ /Mg while on the reverse scan, Mg starts its oxidation at 0 V with a peak at 0.7 V vs. Mg 2+ /Mg, however cathodic current is observed from 0.6 V vs. Mg 2+ /Mg, which can be associated with the reduction of residual thiophenol, as previously discussed. This process disappears completely in the 5 th cycle. The coulombic efficiency is calculated and gets 60%. This value is improving scan by scan until 90.5% from the 8 th scan which exhibits the highest efficiency obtained in borohydride complex study. 121 Following this study, the potential window is investigated up to 3.4 V vs. Mg 2+ /Mg to see the signal of thiophenolatehydroborate in the oxidation region. As shown in Figure 2.10, the BH4 - is oxidized at approximately 2.6 V vs. Mg 2+ /Mg in accordance with the literature. [START_REF] Adua | Alternative Energy: Political, Economic, and Social Feasibility[END_REF] However, the addition of thiophenol seems to reduce the stability in oxidation with a peak at 2.5 V vs.

Mg 2+ /Mg, lower than the one of triphenolatehydroborate with an oxidation peak at 3.1 V vs. Even if good results are obtained, the electrochemical response is not easy to interpret, the influence of the cycle number and the scan rate on the electrochemical response could be associated with the kinetics of the reaction between BH4 -and thiophenol, which seems to be more complex than the one reached with phenol compounds. To go deeper into this investigation, the chemical reaction was investigated by NMR.

NMR spectroscopy characterization

The NMR spectroscopy of this reaction was performed at room temperature in the same conditions that the ones used for the electrochemical investigations. The concentration of the different peaks obtained by 1 H-NMR spectra after the addition from 0.3 up to 2 molar equiv. of thiophenol into 0.1 M LiBH4 in diglyme (LiBH4 is used instead of Mg(BH4)2 to limit the cost of the study) were given in Table 2.2 after 45 minutes of reaction (which corresponds approximatively to the time before the first CV cycle). The concentration of these compounds was deduced from area peaks based on the 1 H-NMR (show in the annex 1-8). Table 2.2. Evolution of 1 H-NMR peak concentration associated with BH4 -, thiophenol, and the two formed products obtained for different ratios from 0.0:1.0 to 2.0:1.0 at room temperature under glovebox after 45 minutes (the 1 H-NMR spectra show in annex 1-8). *: could be (C6H5S)BH3 -; **: could be (C6H5)2BH2 -and be explained in the following paragraph.

Although the addition of thiophenol, we observe a continuous decrease of the area of the BH4 - signal up to the 1.5 thiophenol/BH4 -molar ratio as illustrated by Figure 2.12. However, regarding the amount of remaining thiophenol, as expected the amount is equal to zero for 0.3 and 0.5. However, for the ratio 0.8, surprisingly its area value is quite far from zero whereas the BH4 -quantity is close to zero, and two products, whose ratio depends on the amount of added thiophenol, are obtained, showing that some side reactions are likely to occur. Based on the NMR spectrum in the region of aromatic protons, after two hours of reaction, there are two products obtained with a ratio around 2.5. Product 1 with a higher amount could be one substitution of thiophenolate, (C6H5S)BH3 -, with no more thiophenol. Three signals were indicated at 7.35, 6.91, and 6.65 ppm while the second product with 3 peaks at 7. 43, 6.98, 6.76 ppm could be the substance containing two thiophenolate ((C6H5S)2BH2 -), the thiophenol was completely consumed. Interestingly, before 9 days, the ratio is not changed but this ratio is changed to near 0.9 after 21 days besides the appearance of a third product at 28 days of reaction. The investigation is to keep running to 63 days and stopped with 3 products recorded.

In parallel, the lower 1 H chemical shift from 0 to 0.8 ppm is observed to check the evolution of the proton signals of BH4 -. After 2 hours of reaction (Figure 2.14), about 20% of the initial BH4 -is still present which is coherent with the formation of (C6H5S)BH3 -as the ratio 1/1. The BH4 -amount reduced by time and almost disappeared after 21 days of reaction indicating that there is no more LiBH4 in the solution. All the integrates of these peaks are presented in annex 9. Keeping longtime in solution may cause the side reaction of BH4 -with humidity inside the glovebox or, as reported in the literature, 251 with itself inducing the formation of dimers with a B-B link.

In a brief conclusion for NMR study, a stabilization of the ratio product 2/product 1 seems to occur during the first week, with a ratio of 2.5, before decreasing to above 2 after 9 days. Then it drops dramatically to 0.3 after 3 weeks (annex 10). The ratio between the two compounds never becomes stable even after several weeks The decrease of the ratio product 1/product 2 occurs when the BH4 -was completely consumed, this evolution can be related to the instability of the formed compounds, especially ((C6H5S)BH3 -), as BH4 -, can be reacted with time with the formation of dimers, which can be insoluble or the third product observed, during this reaction C6H5S -may be produced and react with another molecule of (C6H5S)BH3 -to form (C6H5S)2BH2 -, explaining the decrease of the NMR signal of (C6H5S)BH3 -and the increase of the one of (C6H5S)2BH2 -. The third product detected by NMR was not identified but could be due to some dimer formation.

This study proved that the reaction kinetic is much lower than the one expected due to the higher acidity of thiophenol and the products obtained are not stables.

To try to identify the products and also understand the difference between phenolateborohydride and thiophenolateborohydride, the MM2 method in Chem3D was applied to calculate the steric energy which is usually used to predict the detailed structure through the stretch, bend, Van de Waals force. 237,253,254 All the data from The evolution of the total energy calculated for the substitution of H by phenol in phenolatehydroborate series is in good accordance with the reaction proposed, as the formation of phenolatetrihydroborate and diphenolatedihydroborate is not favorable, which is not the case for triphenolatehydroborate. With 4 substitutions on boron center, the product seems to be more stable than the one with three substitutes but the steric hindrance effect should be the main reason for its non-existence in solution which was also explained in the publication of the Belkova group. 249

In the case of thiophenol substituent, the MM2 calculation predicts that the total energy increases follow the rise up of thiophenolate substitutes. All the compounds can be then obtained, with stability increasing with the number of substituents. As experimentally it seems that we can obtain mostly the thiophenolatetrihydroborate and the dithiophenolatedihydroborate, we could suppose a compromising between the stability of the product formed and the steric hindrance due to bulky substitutes.

The lower total energy of thiophenol-based products compared to the phenol ones and the higher acidity of thiophenol should increase the kinetics of the reaction, however, in the practical, we observed the contrary with instable formed products in a time range of one week.

The steric hindrance, sulfur instead of oxygen could explain the result obtained, even if more investigation is required to explain the unexpected behavior experimentally obtained.

Mg/electrolyte interface

Even if the reactivity of thiophenol is complicated, the electrochemical response in CV is very promising, that's why we investigated more properly the electrochemical properties of the thiophenolateborohydride-based electrolyte. We investigated, first, the Mg/electrolyte interface by impedance spectroscopy at OCV using the PEIS technique (potential applied +/-20 mV) and under current using the GEIS technique (sinusoidal current < 10% of the current applied during the chronoamperometry). In this study, 3 electrolytes based on diglyme were investigated using several Mg salts mixture: 0.5 M Mg(TFSI)2, 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 and 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 + 0.15 M of thiophenol (corresponding of a ratio thiophenol/BH4 -= 0.5). Based on the NMR and electrochemical investigations, we can believe that in this electrolyte, we will have both BH4 -and mainly (C6H5S)BH3 -.

For the first electrolyte diglyme + 0.5 M Mg(TFSI)2, the impedance at OCV is very high with a resistance higher than 250 000 Ω and polarization of 2 V even at low current. The addition of Mg(BH4)2 and of the thiophenolateborohydride salt has a positive effect on the magnesium foil/electrolyte interface (Figure 2.15), the present paragraph will present the result obtained. Whereas the polarization obtained at low current (20 µA) is weakly lower in presence of thiophenolateborohydride salt, instead of BH4 -with respectively 170 mV and 290 mV. In addition, the increase of current induces a large increase of the polarization in the presence of Mg(BH4)2 salt up to 1700 mV, whereas the maximum of polarization is lower than 220 mV with thiophenolateborohydride salt. The impedance spectra obtained (Figure 2.16b) presents the same shape whatever the electrolytes used, with two semi-circles at high and medium frequencies and an inductive loop at low frequency, with a total impedance which is significantly lower than the ones measured at OCV. The presence of an LF inductive loop is generally attributed to an electrochemical mechanism with two or more stages in the presence of an adsorbed phase, for at least two of them with an electron transfer. This inductive loop was previously reported on the graphite electrode for example, without clear identification. 255,256 An in-depth study of this inductive loop could not be carried out within the framework of this work, but the intervention of magnesium adsorbed species could be considered. The total impedance of the cell decreases with the current increase. The addition of thiophenol enables significantly reduces impedance value especially at high current, for a current of 100 µA, the total resistance is equal to 760 Ω instead of 2350 Ω in presence of Mg(BH4)2. This reasonable resistance value explains the reversibility of the system, whereas at OCV a resistive passive layer is formed immediately. Regarding the capacitance associated with the bigger semi-circle, it's coherent, as at OCV, with the formation of an SEI with a thickness of about 1 nm (similar to the one obtained at OCV) in presence of the thiophenolateborohydride salt, whereas the thickness seems to be ten times higher with Mg(BH4)2 i.e. 13 nm considering the same surface area and dielectric properties of the layer.

The plot of the reverse of the total resistance vs. the current value is given in Figure 2.17. Linear behaviors are obtained for the two cells, indicating that the interface is not stable, with a resistance which decreases with the current increase (R proportional to 1/i), which can be associated with a modification of the electrode texture undercurrent with some heterogeneity of the surface properties (even if we don't perform some SEM image of the surface, such heterogeneity was previously reported) 121 , more the current is high less the interface is resistive, the proportion of the electrode which is electrochemically active may increase. The presence of thiophenolateborohydride salt permits to improve notably the Mg/electrolyte interface, even if the interface is not stable and more investigation is required, long cycling tests were then performed.

Galvanostatic test

Mg plating/stripping measurements were also performed in Mg/stainless steel (SS). Swagelok- The maximum coulombic efficiency of the Mg plating/stripping process reaches 90% after twohundred cycles (Figure 2.20) with an average value of around 80%. This value is similar to the one obtained in phenol-based electrolyte i.e. 90% after 300 cycles in the same conditions. 121

cell
However, instead of 300 cycles with phenol substituent, CTBE performs a promising performance with near 550 cycles before short-circuit. The presence of both MgCl2 and thiophenolborohydrate allows to stabilize the Mg interface and to perform the Mg plating/stripping process with good reversibility and a weak polarisation.

Mg/Chevrel phase investigation

Full cell measurement was operated by applied CTBE as an electrolyte and Mo6S8 Chevrel phase as the positive active material. Containing many cavities inside structure, Chevrel phase can received two Mg 2+ during insertion process which related to 2 plateaus observed in charge/discharge curves. [257][258][259][260] This inorganic compound was mixed with carbon superP and PVdF in the ratio 7:2:1. The theoretical capacity of the Mo6S8 Chevrel phase is equal to 128 mAh/g, and even if its potential is low, this phase is considered as a reference electrode for Mg cell. [257][258][259][260] In this experiment, magnesium foil was used as a negative electrode in a two-cell configuration.

During the discharging process, voltage plateaus were obtained at 1.10 and 1.00 V vs. 

π-rich compounds

An alternative strategy is also developed in the literature, based on the addition of a π-electron- The effect of the addition of several  rich molecules on the plating/stripping process of magnesium was evaluated by cyclic voltammetry. One of the ideas of this study is to evaluate the impact of the pKa value of the π-protons (Table 2.4) on the Mg 2+ /Mg mechanism assisted by π-rich molecule and the influence of the substituent on the additive solubility and reactivity. The pKa value of π-protons is associated with their electronic density: the lower pKa is, the stronger electronic density is. 261 Also, the electron-donating groups such as alkyl, alkoxy reinforce the electron density on the ring through an inducive donating effect. Therefore, divers non-anthracene-based compounds with smaller pKa including naphthalene, fluorene, phenanthrene, indene, and anthracene derivatives: 9,10-dimethylanthracene, 9methylanthracene, 2-(tert-butyl)anthracene, 9-methoxyanthracene, and 9,10dimethoxyanthracene were studied as additives in 0.5 M Mg(TFSI)2 + glyme electrolyte.

Non-anthracene based compounds

The addition of naphthalene, fluorene, or indene induces no improvement of the Mg plating/stripping, a large polarization for the Mg 2+ reduction can be noticed with a very low current at the potential limit (Figure 2.24a). In the oxidation part, these compounds are oxidized at 3.4 V vs. Mg 2+ /Mg, the same potential as anthracene. 122 The inefficiency of these compounds in the improvement of the Mg plating/stripping process could be explained by the lower charge density of the π-rich carbon for the others compounds as indicated by Bernevo et al.. 261 To be clearer, the small charge-density may lead to some difficulty for the complex formation between additive, magnesium ion and diglyme as in the anthracene case. The bonds created by those molecules are not strong enough to break the solvation of Mg 2+ by diglyme and so no complex formation can occur. Indeed, no electrochemical signal, which can be related to the formation of such complex, is observed near 0 V vs. Mg In presence of phenanthrene, the study was performed several times but without the same results. In some tests, the reduction of Mg 2+ occurs at -500 mV vs. Mg 2+ /Mg whereas the oxidation process starts at 1.5 V vs. Mg 2+ /Mg (Figure 2.24a), while for other experiments, the oxidation process starts near 0 V vs. Mg 2+ /Mg (Figure 2.24b). The addition of phenanthrene enables the reduction of Mg 2+ with a large decrease of the polarization and a kinetic improvement even if a weak coulombic efficiency is obtained at the first cycle, on increases up to 40% at the third cycle. No explanation can be given to date.

Unfortunately, the benefic effect of the addition of anthracene on the Mg oxidation is not observed with the other π-rich molecules.

Derivative anthracenes

As anthracene seems to be the best structure for the activation of the Mg plating/stripping process, alkylanthracene and alkoxyanthracene are investigated.

Alkylanthracene in 9,10 positions

The effect of the different substituents on the activation of the Mg plating/stripping and the compound solubility were investigated. The presence of methyl groups in position 9 and 10 affect the pKa, the configuration, and the complex formation proposed in the literature (Figure 2.23) involving the 9 and 10 positions. The effect of these substituents was then investigated by electrochemistry.

Cyclic voltammetry tests

To identify the best concentration of 9-methylanthracene in the electrolyte, Mg Different curve shapes can be observed concerning the 9-methylanthracene amount. Without additive, as previously shown, the plating of Mg occurs with a large polarization without reversibility. However, the addition of a small quantity of 9-methylanthracene activates the Mg plating/stripping by a neat reduction of the overpotential for the plating/stripping process (green curve). The overpotential for magnesium deposition reduces from 0.6 V to -0.01 V vs. Mg 2+ /Mg with a two steps process (as observed with anthracene) whereas the oxidation process is divided into 3 steps: one starting at -50 mV associated with the reversible signal of the π-rich molecule complex formed following by the oxidation of part of Mg deposit starting at 0 V vs. Mg 2+ /Mg while the last oxidation process, associated also with the oxidation of Mg, occurs at 2 V vs.

Mg 2+ /Mg as in diglyme + Mg(TFSI)2 electrolyte. However, the coulombic efficiency for the reversible Mg plating/stripping process (considering just the oxidation response near 0 V vs. Instead, whereas the Mg 2+ reduction seems to be very similar to the one obtained with 9methylanthracene, the strong Mg oxidation starting at 0 V vs. Mg 2+ /Mg is not observed, Mg is oxidized mainly at 2 V vs. Mg 2+ /Mg at any concentration of 9,10-dimethylanthracene. Only, the use of a large amount of additive (0.07 M) permits to reduce the polarization related to the Mg oxidation and a broad peak is obtained (oxidation between 0.5 and 2 V vs. Mg 2+ /Mg). At 3

V vs. Mg 2+ /Mg, the oxidation of 9,10-dimethylanthracene is occurred, as expected the signals increase with the amount of additive.

The comparison of three anthracene derivatives on the Mg plating/stripping is shown in Figure 2.27. The behavior of 9-methylanthracene and anthracene is similar in both reduction and oxidation parts with the strong reversibility of Mg plating/stripping at 0 V vs. Mg 2+ /Mg whereas with 9,10-dimethylanthracene, even if the reduction part seems to be similar, the oxidation of Mg is less favorable. Regarding the oxidation of these additives, the potential decreases with the addition of the methyl group in accordance with the electron-donating effect of this group, which increases the electronic density then favor the oxidation process. The best stability in oxidation is then obtained with anthracene at around 3 V vs. Mg 2+ /Mg 200 mV higher than the oxidation of 9,10-dimethylanthracene. To go deeper into the knowledge of the electrochemical process, the reversible pre-peak associated with the reduction/oxidation of the magnesocene complex is also investigated in the suitable window potential (Figure 2.28). The extracted values are presented in Table 2.5. Ipeak ox/Ipeak red increases vs. the scan rate while ΔEpeak is also increasing with values far away from 59/n (mV). Thus, the reduction/oxidation of the magnesocene complex could not be considered as a reversible process, some adsorption of the anthracene complex or chemical reaction coupled with electrochemical one may explain such behavior. However, these quasi-reversible systems can be compared regarding the value and the evolution of the Ipeak ox/Ipeak red ratio. For all the compounds, the ratio is far from 1 at a low scan rate, whereas at 200 mV/s is close to 1, this large evolution seems to indicate that some parasitic reactions occur in the time of the CV measurement at low C-rate. Indeed, the potential of the redox process is very low, and a reaction with the electrolyte can occur. If we compare the different systems, the current ratio reaches 0.94 at 100 mV/s for the 9methylanthracene while the highest value is 0.88 for anthracene, this difference can be observed for all the scan rates, a higher Ipeak ox/Ipeak red ratio for the 9-methylanthracene than for anthracene can be associated with the higher reversibility of this system. The result obtained for 9,10dimethylanthracene is worst with the Ipeak ox/Ipeak red lower than 0.7. It could be due to the impact of the two substitutions on 9 and 10 positions which limits the stability of the magnesocene complex. Two explanations can be given the lower potential associated with the complex formation (complex more reactive vs. the electrolyte) or the importance of the acidic protons at the 9 and 10 positions on the complex formation. Another aspect is the relation between Ipeak red and the square root of sweep rates (Figure 2.29).

The current peak attained from electrochemically processes limiting by diffusion process increases linearly with the square root of scan rate υ (mV/s) following the Randles-Sevcik equation (equ. 2) 263 where n is the number of electrons transferred, S (cm 2 ) is the surface of the electrode, D (cm 2 /s) is the diffusion coefficient and C (mol/L) is the pristine concentration of the chemical identifying.

Ipeak = 0.446nFSC ( nFυD RT ) 1/2 (equ. 2)
With: R = constant (8.31 J/mole K); T = absolute temperature (Kelvin scale); F = Faraday's constant (96,485 C/mole e -)

The Ipeak red value is linear with the square root of the scan rate which indicates that the process is limiting by diffusion, which is coherent with the fast kinetics of the reduction of the magnesocene complex. The diffusion coefficient of anthracene, 9-methylanthracene, 9,10dimethylanthracene are 6.3 10 -10 cm 2 /s, 5. The coulombic efficiency obtained at high scan rates is equal to the one obtained with anthracene, reaching 68% at 100 mV/s. At a low scan rate, 20 mV/s, and 10 mV/s, the Mg oxidation occurs both at 0 V and 1 V vs. Mg 2+ /Mg. The influence of the scan rate seems to indicate that the magnesocene complex formed with 9-methylanthracene is less effective to help the oxidation of Mg 2+ due to a lack of stability. This weak stability and the fact that no improvement on the Mg plating/stripping was obtained with the addition of 9,10dimethylanthracene may indicate the importance of the protons on the positions 9 and 10 on the complex formation and that the assisted electrochemical process needs these acidic protons.

The effect of the electrolyte conditioning, perform by several cycles on the Mg plating/stripping was investigated and the results are presented in In a short conclusion, the use of 9-methylanthracene and 9,10-dimethylanthracene is not effective to improve the Mg plating/stripping compare to anthracene one. It could be due to the lack of proton in positions 9 and 10 as previously said and the steric hindrance effect caused by alkyl groups. To evaluate the effect on an alkyl group in another position, the influence of the addition of the 2-(tert-butyl)anthracene was investigated.

Alkylanthracene in position 2

The impact of the 2-(tert-butyl)anthracene concentration on Mg plating/stripping was first investigated at 100 mV/s. The coulombic efficiency obtained at low additive concentration is very high i.e. 77%, with a significant decrease when the additive concentration increases. As an example, only 28% is obtained at 0.06 M. This phenomenon could be due to the functional group attached to anthracene, its inductive effect may help to stabilize the magnesocene complex. This effect can be counterbalanced by the steric hindrance of the bulky tert-butyl substituent at high additive concentration, or some passivation of the electrode by adsorption phenomenon. The electrochemical reduction of the formed complex is observed at 0 V vs. with the addition of 9-methylanthracene). The coulombic efficiency of the reversible Mg plating/stripping is observed at over 50% and increases when the scan rate decrease and reaches 61% at 20 mV/s, which are weakly lower than the results obtained with the addition of anthracene.

Cycling test

To understand more the electrochemical properties, a galvanostatic cycling test was performed with a constant current applied on 2-electrode Swagelok cell. The result is presented and discussed below.

Galvanostatic measurements were carried out in Mg/Mg Swagelok cell using 0.5 M Mg(TFSI)2 + 0.01 M 2-(tert-butyl)anthracene in diglyme as the electrolyte. From the first cycles, high polarization of 1 V is observed and then increases to near 1.5 V in the 10 th cycle as shown in Although cycling was run up to over 300 cycles, the high polarization during investigation leads to unsatisfactory results. Therefore, we decide to stop the galvanostatic test here without charge/discharge evaluation, as the high polarization at Mg/electrolyte interface will dramatically reduce the cell energy efficiency.

Alkoxyanthracene

Another approach to enhance the electron density on anthracene groups, and perhaps to improve the efficiency of the complex formation and stability, is to attach one or two alkoxy group into anthracene. As these two compounds are not commercially available, 9-methoxyanthracene and 9,10-dimethoxyanthracene are synthesized and purified before applying in electrochemical tests. The synthesis of these compounds is started with anthrone/anthraquinone and methyliodide, the yield for dimethoxyanthracene recorded at over 80% while only 5% of methoxyanthracene is collected. More details about these reactions and purifications are presented in chapter 5.

The study of the additive 9-methoxyanthracene is investigated from 0.01 to 0.06 M (Figure 2.35a) at 100 mV/s while the highest concentration for the study of dimethoxyanthracene is 0.04 M due to its limit of solubility. In the case of 9-methoxyanthracene, electrochemical behavior is similar to anthracene and alkylanthracene ones with the complex reduction signal at 50 mV vs. Mg 2+ /Mg and the following reduction of Mg at -0.5 V vs. Mg 2+ /Mg. In the reverse scan, the Mg stripping process is reduced by increasing the additive concentration and the highest coulombic efficiency obtained is with 0.01 M 9-methoxyanthracene, i.e. 56%. For 9,10-dimethoxyanthracene, an additional reduction signal at 1.5 V vs. Mg 2+ /Mg is obtained and could be due to the reduction of methoxy group. The redox response of the magnesocene complex is observed at 0 V vs. Mg 2+ /Mg but no Mg plating can be noticed up to -1 V vs.

Mg 2+ /Mg. These results are worst than the ones obtained with anthracene and alkylanthracene.

For both alkyl and alkoxy substituents, the di-substitution is worse than the mono substitution, the results obtained with 9-methylanthracene and 9-methoxyanthracene are compared in Figure 2.36. The same curve shape is obtained, with a pre-peak associated with the magnesocene complex reduction following with the Mg plating. The complex formed with 9methoxyanthracene is reduced at a lower potential than the one formed with the 9methylanthracene i.e. peak observed at -0.5 V vs. Mg 2+ /Mg instead of 0 V vs. Mg 2+ /Mg with 9methylanthracene. The currents associated with the Mg plating/stripping are very similar for the two additives, whereas the coulombic efficiency is slightly higher with the use of 9methoxyanthracene with 50% instead of 40%. Overall, those two compounds are quite similar with one donor group (methyl and methoxy) at position 9 of anthracene. Even if, the donor effect is not the same, methoxy is stronger than methyl group, the increase of the electron density in the anthracene group seems to have a weak effect on the Mg plating/stripping mechanism whereas the lack of proton in position 9 is detrimental. The lower potential of the magnesocene formed with the 9-methoxyanthracene increases its reactivity with the electrolyte which can explain part of the worst results obtained. 

Conclusion

Electrochemistry experiments of borohydrate-based compounds shown the difficulty to manage the reaction, in particular, the drastic dry condition needed. The study on thiophenol reaches some promising results with improved Mg plating/strip reversibility. Whereas some parasitic reactions were observed in the full cell study.

Anthracene's study is obtained with several improvements in the solubility point of view. The best result recorded with the additive π-rich compound is 2-(tert-butyl)anthracene with impressive coulombic efficiency at 80%. In presence of 9-methoxyanthracene, good reversibility of the Mg plating/stripping obtained but only for the low additive concentration.

Introduction

In addition to the development of new electrolytes adapted for magnesium battery, one of the main aspects is to propose relevant organic material that can be used as active material in the positive electrode, due to their versatility vs. cation nature and sustainability. 264 The insertion of multivalent cations such as Mg 2+ , Ca 2+ , and Al 3+ in inorganic materials present some drawbacks. Indeed, a large variety of inorganic materials was investigated including V2O5, MoS2, Olivine compounds. [265][266][267][268][269] For such materials, promising capacities were only obtained in the presence of water, which permits to lower the Mg 2+ -oxide electrostatic interaction, but which is incompatible with metallic Mg. 270 Despite intense studies, the performance obtained with inorganic material remains very poor and, to date, reasonable capacity and cyclability have only been obtained with very low potential (< 1 V) cathodes such as the Chevrel phase Mo6S8 and TiO2. 271,272 Alternative approach that seems to be promising concerns redox-active organic materials in which intermolecular forces are weaker than those in inorganic materials. 273,274 One of the key drawbacks of redox-active organic materials is their poor volumetric power 275 and their solubility which can significantly reduce the cycle life of these materials. 115,185,210,276 To overcome the drawback of dissolution of small organic molecules, many research was focused on redox polymers organic salts or the use of the selective separators. [START_REF] Bitenc | Anthraquinone-Based Polymer as Cathode in Rechargeable Magnesium Batteries[END_REF]205,212,223,224,[277][278][279] Organic materials generally present electrophilic group, which make them inconsistent with Mg electrolytes containing nucleophilic species, generally those synthesized from Grignard reagents. 207,280,281 The growth of non-nucleophilic electrolytes has become fundamentally important to allow the electrochemical investigation of all organic materials in Mg metal battery systems. The most studied organic electrodes are dimethylbenzoquinone (DMBQ) and polyanthraquinone (PAQ) since they contain conjugated carbonyl groups. 223,282,283 DMBQ 276 was a promising candidate in the Mg system with a capacity of over 200 mAh/g beside P(NDI2OD-T2) 115 and PDI-EDA 221 showed a more impressive performance with high cyclability with more than 2000 cycles with a capacity near the theoretical value 54 mAh/g.

Another auspicious material for organic electrode was the PAQ, which exhibits stable performances after one hundred cycles with a capacity of 100 mAh/g with MgCl2-Mg(TFSI)2 in a mixture of THF and glyme (MTCC) as the electrolyte, between 0.5 and 2.5 V vs.

Mg 2+ /Mg. 284,285 Here we study for the first time poly(benzoquinonyldisulfide) as a positive active material. The material was obtained using a low-cost, 3-steps synthesis. Its electrochemical properties are presented in both lithium and magnesium batteries which enable the comparison of the two systems, in terms of electrochemical processes.

Results and discussion

Synthesis and active material characterization

Linking active organic units with thioether bonds is a simple strategy to synthesize polymer electrode materials, and was previously proposed by Song et al. 225 with one thioether link. To increase the insolubility property of polymer, two sulfur bridges were designed on this work.

Three steps are required. First of all, a polycondensation reaction permits to obtain the lithiated polymer, whereas two more steps are needed to have the Mg 2+ -based product. The detail is presented in the experimental part. After a three steps reaction summarized in Scheme 3.1, the PBQDS was obtained in a high yield, more than 95%.

Scheme 3.1. PBQDS preparation from TCBQ.

To check the complete oxidation of the PHBQDS hydroquinone groups into quinone ones, during the last reaction step, the products were characterized by FT-IR. In the FT-IR spectra (Figure 3.1), the oxidation of hydroquinone was observed with the disappearances of the strong and broad O-H stretching mode (between 2100 and 3600 cm -1 ) and of the C-O stretching band at 1190 cm -1 observed in the PHBQDS spectra. Characteristic peaks at 1623 cm -1 for C=O stretching, 692 cm -1 for C-S stretching were obtained in the intermediate and final products. Energy-dispersive X-ray spectroscopy (EDX) was used to complete the elemental analysis performed in particular to evaluate the presence or not of some chloride atoms (Figure 3.2c).

The peaks of the different elements such as S, C, O are observed. Only a small amount of Cl is detected at 2.6 keV, this weak amount could be associated with the polymer chain end relating to the moderate molecular weight of the polymer. No other elements are detected. Based on literature data 286 , it is clear that the particle size has a large impact on the electrochemical cell capacity as the diffusion process in large solid particles can be the limiting process. Pristine synthesized PBQDS particle sizes are in the range of dozens µm or even higher. Thus, a manual grounding method (MGM) and ball milling technique (BMT) were used to reduce the pristine particle diameters. Several BMT speeds and experiment time were investigated. More detail of the condition used is presented in chapter 5. The pristine particles are large and not homogeneous with some particles having a diameter of 70 µm. At low BMT speed (220 rpm), the particle size was reduced from over 30 µm to 13 µm. When the polymer was ground at 550 rpm, the size of the polymer particles dropped to around 11 µm after 15 minutes and decreased slightly to 10 µm after 30 minutes (Figure 3.3). In addition to SEM characterization, the specific surface area was measured by Brunauer-Emmett-Teller (BET) method, whereas the pristine material exhibits a surface of 3 m 2 /g, after 30 minutes at 550 rpm MBT, the BET value increases up to 15 m 2 /g. The low BET surface area of the pristine material is associated with the aggregation of the polymer during the polymerization and this value is comparable to the one obtained from PAQS. 287 To evaluate if the BMT process can induce some degradation level, Raman spectroscopy was applied after each experiment of time and speed (Figure 3.4). Based on the Raman spectrum, it could be said that some degradation seems to occur after 45 minutes BMT at 550 rpm with the reduction of the quinone peak intensity at 1500 -1600 cm - 1 , whereas at low speed no degradation can be noticed even after a long time. Based on the result obtained, the BMT conditions were fixed at 550 rpm for 30 mins, even if some optimization should improve the result obtained.

Electrolyte properties

To evaluate the impact of the electrolyte composition on the electrochemical performances, both sulfolane and diglyme were used as solvent. Indeed, the solvent polarity and donor number could have a large impact on the organic material solubility during the cycling test and the ability for solvating Mg 2+ . These solvents were selected as they exhibited high stability in reduction vs. lithium and were previously used in the lithium battery. [288][289][290][291][292][293][294][295][296][297][298][299][300] The properties of the two solvents are given in Table 3.1. Diglyme exhibits a lower polarity and a higher solvation ability vs. Mg 2+ than sulfolane (Table 3.1), whereas the viscosity of sulfolane is significantly higher. The conductivity for both lithium and magnesium-based electrolytes is plotted vs. temperature in As expected, due to the high viscosity of sulfolane, the conductivities obtained in this solvent for both lithium and magnesium salts are lower, especially at low temperatures. At 60 °C, the values obtained are very closed with 6 10 -3 S/cm and 3.6 10 -3 S/cm for 0.5 M Mg(TFSI)2 in diglyme and sulfolane while these values recorded for lithium-based solutions are 13 10 -3 S/cm and 5.3 10 -3 S/cm, respectively. In lithium-based electrolyte, a classical VTF law is observed, with a pseudo-activation process, which is not the case for 0.5 M Mg(TFSI)2 in glyme. The weak activation of the conductivity vs. temperature in glyme can be related to a decrease in Mg 2+ salt dissociation in glyme as observed in Ca 2+ based electrolyte 301 , with a decrease of the salt dissociation with the temperature. Such behavior seems not to occur in the sulfolane solvent, indeed the high dielectric constant of sulfolane may improve the salt dissociation.

Electrochemical performance in Li batteries

The polymer is firstly tested by cyclic voltammetry in both diglyme and sulfolane lithium electrolytes. The CV curves show good reversibility of the oxidation/reduction of the carbonyl groups in presence of Li + , with E 0 = 2.8 V vs. Li + /Li and E = 1.2 V and 0.8 V in sulfolane and diglyme solution, respectively, and a ratio Ipeak ox/Ipeak red = 1.4 (Figure 3.6a). The kinetics of the reaction seems lower in the sulfolane-based electrolyte, with higher E which can be related to the high viscosity of the solvent at room temperature. These values are quite similar to the E 0 and E obtained from the study of polybenzoquinonesulfide (PBQS) 225 containing one sulfide bridge instead of two in PBQDS.

The solvent seems to have a weak effect on the electrochemical redox reaction, indeed, the oxidation process seems to occur in one step in both solvents, whereas two steps are observed during the reduction, even if the two signals are more separated in diglyme based electrolyte.

The electrochemical performance of manual grinding PBQDS electrodes was evaluated in the Swagelok cell at C/20 in presence of the different electrolytes (Figures 3.6b and 3.6c). In diglyme, the cell capacity increases during the first cycles and reaches 110 mAh/g at the 3 rd cycle. The capacity is far from the theoretical one i.e. 319 mAh/g based on a two-electron redox reaction. The capacity obtained in literature with PBQS 225 reached 275 mAh/g (over 70% of the theoretical capacity). The main reason evoked is the presence of water and residual NMP which false the active material amount. In our study, the low capacity obtained may be associated with the high particle size, few microns, which limit the accessibility of part of the active material. Also, during cycling, the capacity decreases notably up to 85 mAh/g after 50 cycles. The capacity decrease may be associated with the solubility of the PBQDS in its reduction form in diglyme based electrolyte, which can also explain that the maximum of capacity is far from the expected one. The use of sulfolane as solvent permits to avoid the solubility of the PBQDS and increased capacity with the cycle number is obtained. However, the capacity obtained is lower than the ones in diglyme which can be associated with its high viscosity associated with the big PBQDS particle sizes. To improve the capacity of this system, active material was ground using ball-milling technique to reduce the particle size, and the electrochemical performances of the new electrodes were investigated in sulfolane based electrolyte at 40 °C.

During the first cycles, the discharge capacity reached 180 mAh/g, with a stable capacity up to 50 cycles around 140 mAh/g (Figure 3.7b), with a coulombic efficiency of around 97%. The maximum capacity is half of the theoretical one, which may be explained by several aspects, the presence of some particles or aggregates with size of few microns even after ball milling (Figure 3.3), which can limit the accessibility of part of the material, or the difficulty to oxidize the two quinone functions in the potential range used. A power test was performed between C/20 to 2 C (Figure 3.7c). The capacity values slowly decrease while increasing the current density from C/20 to 2 C, the main decrease is observed at C, with respectively 80 mAh/g at C and 60 mAh/g at 2C. These values are smaller than the one obtained with a polymer containing one sulfide bridge at 198 mAh/g at a high rate 5000 mA/g from the work of Song et al. 225 It could be due to the use of sulfolane, the high viscosity of the electrolyte can induce some limitation due to ionic diffusion process and limit the charge/discharge capacity compare to other electrolytes, 302 the particle size or the electronic conductivity of the electrode. Based on the large capacity improvement observed with the decrease of the particle size, some optimization of the BMT protocol should be efficient to increase the capacity obtained. When returning to moderate C-rate C/20, the capacity almost comes back to its initial values.

Regarding the coulombic efficiency, it increases with the C-rate, with 98% at C/20, 99% at C/10, and higher than 99.5% for the high C-rate. Regarding capacity retention, a large difference can be noticed between Mg and Li systems. In the Mg system, a capacity increase is observed during the first cycles with a maximum at 180 mAh/g then a continuous decrease of the capacity is obtained. The same capacity can be reached in the two systems however whereas in lithium a capacity stabilization is observed, in Mg the capacity decreases cycle per cycle. Regarding the coulombic efficiency (determined by Dn+1/Cn) values higher than 98% were obtained throughout the cycling test, whereas the ratio Cn/Dn is close to 95% inducing the capacity decrease. This behavior may be associated with some solubility problem in the reduction step or some diffusion process limitation, to evaluate this point, the cycling tests were performed also at low C-rate i.e. C/50, and at a higher temperature, C/20 and T = 60 °C. However, whatever the experimental conditions, near the same capacity evolution, was obtained with an increase of the capacity during the first cycles and a continuous capacity decrease, no improvement or increase can be obtained. The nature of the anion was also investigated and Mg(ClO4)2 was used instead of Mg(TFSI)2, the same evolution is noticed at both 60 °C and 40 °C. Some solubility problem can be eliminated as it will increase the solubility phenomenon. To go further in understanding the difference observed between lithium and magnesium, GITT studies were carried out.

GITT investigation for Li and Mg batteries

In Mg battery, one of the key parameters governing the overall reaction rate, and therefore the possibility of quickly charging or discharging the battery, is the diffusion coefficient of the Mg 2+ inside the active material. Indeed, this phenomenon is often the one that is limiting concerning diffusion in the electrolyte and the charge transfer at the interface electrode/electrolyte or electronic conduction within the electrode. The galvanostatic intermittent titration technique (GITT) is widely used to study cation diffusion in both anode and cathode materials. 303,304 While the transport properties of electrode materials are largely available on the inorganic positive electrode, 305,306 the study using GITT on organic electrodes is less reported in the literature. 

Lithium investigation

The GITT in both discharge/charge of PBQDS vs. Li is presented in Figure 3.11, the discharge and charge capacity reach 181 mAh/g and 179 mAh/g, respectively (in good accordance with the cycling test). Even if all the capacity is not reached, good reversibility is obtained. The apparent diffusion coefficient evolution in discharge is shown in Figure 3.12. The apparent diffusion coefficient decreases with the insertion of Li + from 4.1 10 -12 cm 2 /s for Li0.04PBQDS to 4.2 10 -14 cm 2 /s for Li0.9PBQDS ( = 1 corresponds to half of the state of charge if we suppose that all the active material is accessible, maximum capacity obtained for  = 2) and the diffusion average value is near 10 -12 cm 2 /s while the molar volume of active material used is 1200 cm 3 /mol (the D value obtained can be sur-estimated if the molar volume is lower). These values are in the same order of magnitude as the ones obtained with benzoquinone (between 7.9 10 -14 cm 2 /s and 6.8 10 -16 cm 2 /s). 307 

Magnesium investigation

The capacities obtained during the GITT measurement on Mg cell are 130 mAh/g and 80 mAh/g on discharge and charge process, respectively (Figure 3.13). The values obtained are lower than that have been obtained from galvanostatic measurements, indeed in the Mg system the maximum capacity is not obtained at the first cycle but after few cycles (between 3 and 10 cycles generally). The ohmic drop is higher for the Mg system than the Li one in accordance with higher impedance measurement with a relaxation process up to the stationary state which is longer in Mg cell. In the charge and discharge processes, the overpotential in the Mg system is higher than the ones obtained in lithium one (Figure 3.15). The highest overpotentials are obtained in charge of the two systems, indicating a more diffusion limiting process associated with the deinsertion of the cationic charge than the insertion one. However, the pratical capacity fading during cycling is still a question. This behavior could be due to the high Mg 2+ /O interaction, which limits the diffusion process, and then the capacity obtained in charge, some Mg 2+ ions may be trapped inside the material. To evaluate this hypothesis, the amount of Mg 2+ trapped in PBQDS at the end of the charge, after a long cycling test is determined, the amount of Mg 2+ in the electrode was characterized using the inductively coupled plasma mass spectrometry (ICP-MS). The magnesium amount is equal to 95 ppm which corresponds to 51 at% (count 3% error) of Mg 2+ in the electrode (0.51 Mg per quinone after the end of the charge). In theory, after charging or de-insertion process, there is no more Mg 2+ inside the positive electrode, the large amount of Mg 2+ detected proves the trapping phenomenon as supposed. The capacity reached at the last cycle is equal to only 14 mAh/g, far from the starting capacity.

In a brief summarize, GITT investigation clearly shows that the Mg 2+ diffusion is similar to the one of Li + in the discharging process. The ionic radius of Li + (0.76 Å) and Mg 2+ (0.72 Å) 308 are closed. Although, Mg 2+ needs more solvent molecules to surround for the stabilization of the charge density during the solvation step. 309 This leads to high desolvation energy which limits the electrochemical process kinetic. Moreover, the high charge density of Mg 2+ creates high Mg 2+ /O interaction which may limiting the diffusion of part of the Mg 2+ in the oxidation step lead to the decrease of capacity in electrochemical operation and the presence or Mg 2+ in the end of charge.

The impact of crown-ether as an additive

Recently, crown ether has been used as an additive for Li rechargeable batteries. [310][311][312] It helps to prevent the dendrite's growth of lithium by forming an efficient protective layer on Li metal.

However, there is no much research applying crown ether in magnesium batteries. Following the studies of the K. Kanamura group in 2018 310 and 2016 311 on the effect of crown ether on Mg plating/stripping, in this work, we investigated the impact of the addition of crown ether in the Mg 2+ de-insertion process from the PBQDS positive electrode. Indeed, crown ether presents high solvation property vs. cation 313 due to the presence of chelating oxygen (Figure 3.17).

This solvation property can improve the extraction of Mg 2+ by balancing the interaction quinone O/Mg 2+ . As the complex formed between Mg 2+ and 18-crown-6 (18C6) is a 1/1 complex based on Raman investigation, 314 an equimolar ratio Mg 2+ /18C6 was performed in sulfolane based electrolyte. seems to be trapped inside the active material. On the contrary, where Dn+1/Cn is equal to 1 without additive, the presence of 18C6 induces a decrease of this value i.e. 0.95. This capacity delay may be associated with some active material dissolution in its reduced state. To verify this hypothesis, the quantity of Mg 2+ inside the electrode after charging was analyzed, the cathode was removed and carefully clean before checking ICP-MS. The magnesium amount is equal to 50 ppm which corresponds to 20 at% (0.2 trapped Mg 2+ per quinone) much lower than the one obtained without 18C6. Although the retained capacity after charging is 40 mAh/g in the 30 th cycle (12% of theoretical capacity), the data from ICP-MS measurement and the charge/discharge ratio indicate that crown ether plays a significant role in the processed. It seems to help to remove Mg 2+ with near 3 times lower Mg 2+ trapping per quinone unit however the trapping still happens. It could be due to the small quantity of 18C6 using that is not enough for the efficient solvation of Mg 2+ , also, 18C6 is a large molecule, some steric entanglement can limit its solvation ability vs. Mg 2+ close to the quinone function. The electrolyte was also checked by cyclic voltammetry to evaluate the presence or not of soluble active material in the cell. However, no electrochemical signal was obtained, this can be due to the absence of soluble active compound inside the electrolyte, or as the quantity of active material is extremely small, the concentration of the active material is too low to be detected. Based on the result obtained with ICP-MS test, the presence of crown-ether seems to help to remove Mg 2+ during the charging process, even if some optimization is required, as some Mg 2+ are still trapping. The difference observed in presence of 18-crown-6 can help us to design a suitable electrolyte for this kind of organic material.

Forward to calcium batteries

Among multivalent metals, calcium is an attractive element that could be replaced Li in rechargeable batteries thanks to high abundance (5 th on earth) and close potential (E Ca 2+ Ca ⁄ 0 = -2.868 V vs. NHE, 170 mV higher than the couple Li + /Li). Given the chemical similarities between magnesium and calcium, the first approach to the calcium-based battery has been based on a similar principle to that developed for magnesium, with the development of ether-based electrolytes which can enable the Ca plating/stripping reversibility and of positive active material adapted to divalent cation. As PBQDS is in its oxidized state, the evaluation of its potentiality in calcium battery can be easily performed by the use of a calcium-based electrolyte i.e. 0.4 M Ca(TFSI)2 in sulfolane. To avoid the problem of the metallic calcium interface, an active carbon (AC) electrode was used as counter and reference electrodes, as reported in several publications. [315][316][317] The large excess of electrolyte used may be considered as a Ca 2+

reservoir. We performed just a preliminary test, to see if the diffusion limitation observed in the Mg system can be less detrimental using Ca 2+ as a divalent cation, however, the first results obtained seem to indicate near the same limitation, and real work on calcium cell is required.

Conclusion

In this study, a novel polymer-based on quinone sulfide PBQDS was synthesized in high yield from commercially available starting materials. Electrochemical properties of this polymer have been characterized for both Li and Mg batteries and even in Ca batteries, allowing for comparison of the material performances. PBDQS displays good electrochemical properties in a lithium battery system in sulfolane based electrolyte. Solvent investigation shows a significant role and ethereal solvent such as diglyme, usually applied in Mg battery studies, cannot be used in this case due to the solubility problem. The reduction of the particle size permits to notably improve the capacity obtained, some optimization is required to increase the capacity. For the Mg system, diffusion limitation was observed, which could be limited by the particle size reduction and the use of more solvating solvent however the solubility problem encountered precluded the evaluation of more solvating solvent in this work.

Overview

Between different approaches to tackling the problem in rechargeable batteries, redox organic salt compounds are applied to improve the insolubility of redox organic materials based electrode in aprotic solutions. [320][321][322][323] In 2008, P. Poizot group 324 introduced firstly the conjugated carbonyl dilithium terephthalate as positive material for the Li system, and thanks to this research, a series of enhancements based on the terephthalate salts were implemented and introduced in subsequent years. [325][326][327] Organic tetralithium salts of This chapter will then present the electrochemical performance in a similar condition of 3 salts synthesized from 2,5-dihydroxyterephthalic acid: Mg(Li2)-p-DHT, Li4-p-DHT, MOF CPO-27

provided by IMN laboratory in different magnesium-based electrolytes using cyclic voltammetry. Some of the materials will also be investigated in lithium-based electrolyte for the comparison.

sulfolane as a solvent for electrolyte were presented in chapter 3. We selected this solvent because it presents good electrochemical stability on both the anodic and cathodic sides. 332,333 

Electrochemical performance in magnesium system

The sulfolane-based electrolyte was applied to investigate the response of Mg(Li2)-p-DHT in magnesium cells using cyclic voltammetry in the potential window from 0 to 4 V vs. Mg in the quinone form, Li + is removed from the structure, that's why, as expected, the oxidation peak potential is obtained at the same value as the one in LiTFSI based electrolyte. However, the oxidation peak is broader and more problematically no reduction of the quinone is observed so no Mg 2+ insertion can be obtained. Unfortunately, the fast kinetic of the intercalation of Li + is not reached with Mg 2+ ion. It may be due to the bigger size of [Mg-solvent] 2+ compared to [Li-solvent] +334 even if the magnesium ion radius is smaller than the Li-ion radius (0.72 and 0.74 Å, respectively) 335 which can be reinforced by the strong interaction between Mg 2+ and the solvent, associated with the divalent character of Mg 2+ .

To be check that whatever the solvent used, no insertion of Mg 2+ can occur, several solvents were investigated. Indeed, it's well-known that the solvent has a large effect on chemical The difference in potential is significantly higher than the one observed in the lithium-based electrolyte. 329 The oxidation peak width is very different with a narrow peak for Li4-p-DHT. These two elements show that the kinetic of the phenolic function oxidation with the removal of Li + is more favorable in Li4-p-DHT than in Mg(Li2)-p-DHT in presence of magnesium salt into the electrolyte. This kinetic difference was not noticed in the lithium-based electrolyte. 329,331 However even for Li4-p-DHT, the response in a reduction involving the Mg 2+ insertion is still weak with a broad peak, and no response in both oxidation and reduction is observed during the second cycle. One reason which could be proposed to explain this behavior is the destruction of the crystal structure of Li4-p-DHT when Mg 2+ insertion occurs related to the bigger species intercalated (solvated Mg 2+ ) and/or the divalent character of the species. In another strategy, the metal-organic framework was applied as positive material for this study.

MOF has also emerged as a class of complex organic-inorganic hybrid porous materials consisting of metal ion nodes and organic ligands, known as coordinating polymers. [346][347][348] Thanks to their high porosity and tunable structure, MOFs have been applied for many purposes including electrochemistry. 349 Although it was used in lithium batteries as sensors or wearable devices, the low electronic conductivity limits their utilization as electrode materials. Some of the modified MOFs were studied as an electrode for supercapacitors (Ni3(HITP)2 350,351 and Ni/Cu-HAB) and for lithium system (CPO-27). 352 CPO-27 (named also MOF-74) was synthesized the 2,5-dihydroxyterephthalic acid (H4-DOBDC). 352,353 The H4-DOBDC is used as a ligand to link the metal clusters to construct an open channel for hexagons. 352 The CPO-27 

Conclusion

The reversible of the terephthalate salts is only observed from the study on Li batteries in diglyme and sulfolane-based electrolytes. Although the capacity after 30 cycles is significantly lower than the one obtained in the carbonate-based electrolyte with a capacity of 50 mAh/g in sulfolane based electrolyte with a good coulombic efficiency. However, on Mg battery, no reversibility is obtained with no Mg 2+ insertion whatever the solvent used and even in the presence of MgCl2 in the electrolyte. It could be due to the incompatible between the active material and Mg 2+ salt with the destruction of the crystal structure associated with the divalent character, the size of the solvated species, and/or a too strong interaction between oxygen and Mg 2+ .

Synthesis

Solvent and chemicals preparation

Solvent commercially available was used as received for the synthesis part of the work. On the other hand, the solvent used for electrolyte preparation is distilled and stored under dried condition before using. To reduce the water content to a few ppm, molecular sieves (3 Å) dried at 300 o C for 3 days under vacuum and keep inside the glovebox was used. To achieve the water amount under 2 ppm, the "3 times/week" rule is applied for all of the solvents. Dried molecular sieves were added three times into the solvent. Each time, after two days of reaction, the molecular sieves were released. The dried solvent is then checked by Karl Fischer titration to confirm the quantity of water lower than 10 ppm.

Liquid phenol derivatives and thiophenol are purified by distillation, whereas solid derivatives 

Borohydride compounds

Several phenol derivatives are used including 2-methoxyphenol, 3-methoxyphenol, 4methoxyphenol, sesamol, and thiophenol. The reactions between phenol derivatives and LiBH4

or Mg(BH4)2 are performed at room temperature in ethereal solvents: DME, diglyme, PEGDME. The solution is stirred at 500 rpm for 3 hours inside the glovebox. The scheme following show the reaction and mechanism between BH4 -and derivative phenol, several substitution steps depending on the derivatives and its concentration can occur.

Scheme 5.3. 9,10-Dimethothyanthracene preparation from anthraquinone.

To synthesis 9-methoxyanthracene the same protocol is used with anthrone (0.943 g, 4.85 mmol) instead of 9,10-anthraquinone and obtaining 57.4 mg of pure product (5% of yield). The yield is very weak due to the difficulty in the oxidation step from 9-methoxy-9,10dihydroanthracene to 9-methoxyanthracene.

Poly(benzonylquinonyldisulfide)

For the synthesis of poly(benzonylquinonyldisulfide) (PBQDS) (Scheme 4), tetrachlorobenzoquinone (TCBQ, 6.150 g, 0.025 mol) is first dissolved in 100 mL N-methyl-2pyrrolidone (NMP) in the glovebox, then anhydrous Li2S (Sigma-Aldrich 99.98%, 2.875 g, 0.0625 mol) is added into the solution. After 8 hours, the solution is moved out of the glovebox to be heated at 160 o C overnight under stirring in Ar flow. After cooling to room temperature, the mixture is transferred to 400 mL 0.1 M HCl solution for 48 hours to precipitate the product.

The precipitate is filtrated with deionized water until the post-filtration waste is colorless.

Scheme 5.4. Synthesis of PBQDS from TCBQ.

For purification, the crude product is dissolved in 300 mL 0.1 M LiOH solution. After that, concentrated HCl is added drop by drop into the solution until pH at approximately 1. A large amount of precipitation is formed. The mixture is centrifugated at 5000 rpm for 10 minutes and washed with 0.1 M HCl several times and then washed with 0.1 M HCl in ethanol until the solution is near colorless. The poly(hydroxybenzonylquinonyldisulfide) (PHBQDS) product is dried at 80 o C under vacuum. The black powder is obtained with a high yield of over 95%.

To finish the reaction, the oxidation of the hydroquinone function of PHBQDS to quinone groups needs to be done in the last step. In a procedure, 2.0 g of PHBQDS is homogeneously The morphology of the redox polymers is mainly characterized by scanning electronic microscopy (SEM). SEM measurements are carried out using an Ultra 55 (Zeiss) microscope with a voltage of 5 kV and a SE detector. ImageJ is used for post-treatment and analysis of the collected image. All the compounds are deposited on a carbon conductive scotch and analyzed generally without any other preparations. Mapping EDX analysis is performed on the different polymers to identify the elements presented and the homogeneity of the samples on the same instrument with an SDD detector (BRUKER AXS-30 mm²).

Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy (AAS) measurement is applied to determine the chemical elements using the absorption of optical radiation by free atoms in the gaseous state. AAS is carried out using an AAS PinAAcle 900F PerkinElmer instrument. The product analyzed is dissolved in concentrated HNO3 before the experiment.

Physical properties

5.2.2.1.Thermogravimetric analysis (TGA)

The thermogravimetric measurement is a thermal analysis technique in which the sample 

Brunauer-Emmett-Teller (BET)

BET technique is a method to analyze the specific surface area of material based on the physical absorption of gas molecules on a solid surface. In this measurement, the BET instrument using Belsorp-Max (BEL JAPAN) is applied to examine the surface area of the redox polymers synthesized under N2 liquid after the degassing of the sample at 80 o C under vacuum during one day.

Granulometry

Granulometric analysis methods permit to determine the size distribution of particles in suspension in a solvent. In this thesis, the granulometry instrument MALVERN-Mastersizer 3000 is used to determine the polymer particle sizes dispersed in ethanol under the mechanical ball-milling of the particles.

For Cyclic Voltammetry tests performed on the active material, the samples were prepared by mixing 70% active material and 30% carbon black (SuperP®, 99%) in weight. The mixtures were ground with THF two times in the glovebox, after that the solvent was evaporated. Cavity microelectrode offers a good tool to study those compounds which are not soluble in the electrolyte. This method helps to reduce the study time while no battery or cell assembling is needed with only a few hundred nanograms of electroactive materials used. However, the main disadvantage was the non-know quantity of material put inside the cavity, so no quantitative measurement can be performed.

The different solvents used are dried three times using molecular sieves for one week. All of the electrolytes are obtained using the same protocol with two steps. First, 0.5 M Mg(TFSI)2 in PEGDME or diglyme was prepared and dried with molecules sieves 3 Å until containing water content lower than 2 ppm.

Ferrocene/ferrocenium couple is also used as an internal reference to correct the potential shift of the Mg electrode noticed in some of the solvents used. Coulombic efficiency was determined as a capacity ratio (n+1) discharge/(n) charge.

5.2.4.2.Galvanostatic Cycling with Potential Limitation

Galvanostatic Intermittent Titration Technique

To calculate the thermodynamic potential of a reaction, the device must be relaxed and the potential measured at equilibrium, extending the circuit for a while. A current is applied to the cell in a Galvanostatic Intermittent Titration Technique (GITT) for a defined short time (Closed Circuit Voltage, CCV), accompanied by a long time of open-circuit voltage (OCV). This process is replicated before complete insertion/de-insertion of the cation is achieved. Through observing the time taken to hit the plateaus in OCV and also the structure of the curve during these times, it is possible to gather information on the kinetics of the electrochemical reactions. The different solvents used are dried using molecular sieves, three times, the complete protocol lasts one week. All of the electrolytes are obtained using the same protocol with two steps. First, 0.5 M Mg(TFSI)2 in PEGDME or diglyme is prepared and dried with molecules sieves 3 Å until containing water content lower than 2 ppm. The second salt or its compounds, is added and stirred at 500 rpm for 2 hours at room temperature and dried again with molecules sieves for 2 days. In the case of PEGDME, due to its high viscosity, the drying step is performed at 70 o C. The solution is filtrated and used for electrochemical investigation.

Electrolyte containing π-rich compounds

To prepare such electrolytes, the electrolyte (0.5 M Mg(TFSI)2 in diglyme) is prepared with the protocol introduced in the last section. Commercial or synthesized additives are sublimated for purification before being added into the electrolyte. To dissolve all of the additives, the solution is stirred for 30 minutes before using it. Because the quantity of additive is small, these electrolytes are used directly without a second drying process for electrochemical measurements.

CV on microcavity electrode

The CV on cavity electrode tests performed on the active material, the sample is prepared by mixing 70% active material and 30% carbon black (Super P Conductive, 99%) in weight. The mixture is ground with THF as a solvent in the glovebox two times, the solvent is completely evaporated. A cavity microelectrode with a small hole (Figure 5.1) offers a powerful tool for the study of powder compound which is not soluble in the electrolyte. This method helps to reduce the study time while no battery or cell assembling is needed with only a few hundred nanograms of electroactive materials used. 354 It seems the easiest way to investigate the cyclability of battery materials at low cost and on a short-time scale. However, few disadvantages have remained during applying, such as the non-identified quantity of material inside the cavity or difficulty in the insertion task. In our work, a small amount of the active material mixture is placed inside a small vial 2 mL.

The cavity microelectrode is then pressed strongly perpendicular to the vial bottom for at least 10 times. After that, the electrochemical measurements are performed. To clean the microelectrode cavity after using, 100 oxidation/reduction cycles of an 0.1 M HClO4 aqueous solution is performed. Following this step, the electrode is cleaned in pure water, ethanol, and then acetonitrile before drying at 60 o C under vacuum.

Ink and cathode preparation

The procedure for the electrode preparation, the active material is mixed with carbon black and polyvinylidene difluoride (PVdF, Solef 5130, Solvay 12 wt.% in NMP Alfa Aesar) as the binder in the ratio 60:30:10. To prepare active material/carbon mixtures, precise amounts of active material and carbon powders are simply ground together in an agate mortar for ~ 15 minutes, with the addition of few drops of cyclohexane (Aldrich, anhydrous, 99.5 %). To finish the ink preparation, the polymeric binder was added into the mixture. An additional volume of NMP was also incorporated to obtain an optimal viscosity of the ink to facilitate the electrode coating.

Afterward, the ink is casted onto a current collector in aluminum then dried at 60 o C overnight and kept 1 hour more under vacuum at 80 o C. Later, the electrode is cut at the desired diameter, weighted to collect the mass, and dried again under vacuum at 80 °C for at least 2 hours before stored in the glovebox.

Cell assembling

In this thesis, most electrochemical tests are performed using a Swagelok cell. It can be twoelectrode or three-electrode type containing a reference electrode as shown in All the processes are carried out in the glovebox and put in a plastic bag before taking it out.

Electrochemical investigations are performed in VMP3 potentiostat -Biologic as discussed in the prior section. The main objectives of this work are to establish a sustainable, efficient magnesium electrolyte and organic-positive-electrode for Magnesium battery. To this end, the work was divided into two main parts, the first one was dedicated to the synthesis and characterisation of borohydride salts and π-rich additives, and the second one to the development of new organic positive electrodes. In the part of electrolyte development, although electrochemical performances are not improved compare to the prior studies using triphenolborohydride as salt and anthracene as π-rich molecule, it gives us the overall point of view in the preparation of borohydride salts containing phenol or thiophenol derivatives.

We were thus able to demonstrate the significant influence of the substituent on phenol derivatives and the use of thiophenol on their reactivity versus BH4 -, with the formation of precipitations or slow kinetics inducing a difficult to control the reaction. The use of substituted phenol did not increase the solubility of the salts obtained, on the contrary, rapid precipitation occurs. Even if obtaining, with the use of thiophenol, borohydride salts which unquestionably increase the reversibility of the Mg plating/stripping, the difficult control of the reaction induces the presence, in the electrolyte, of undesired products preventing the expected results in a complete Mg/Mo6S8 cell.

The evaluation of several π-rich molecules as additive helps us to go deeper into the role and mechanism involved with this family of additives. Crucially, the substitution in positions 9 and 10 of anthracene seems to prevent the formation of a stable magnesocene complex involving as intermediate in the Mg plating/stripping. Thus, the results obtained, even if some efficiency to improve the Mg plating/stripping process can be noticed, are worse than the ones obtained with anthracene. In the other place, the introduction of methyl in the position 2 of anthracene, with the use of 2-(tert-butyl)anthracene, permits to obtain the highest coulombic efficiency with a value equal to 80% during a cyclic voltammetry test before at 100 mV/s, however, the performances obtained at low C-rate are worse than the ones obtained with anthracene, which can be associated with some steric hindrance with the use of a bulk substituent. In conclusion, the protons in position 9,10 are primordial for the activity of π-rich molecules as an intermediate in the plating/stripping process. The introduction of functional groups, in order to improve the solubility or the reactivity of this family of additives, can be done but not in these positions.

The π-rich molecules are efficient on the Mg plating/stripping process but are not able to depassivate the Mg foil electrode. Thus, these additives cannot be used alone, and a more complex electrolyte formulation has to be developed, for example, the introduction of chloridebased compounds.

In the study of the organic positive electrode, two approaches were investigated. The opportunity of using organic salt in Mg battery was investigated with the study of 2,5dihydroxyterephthalic acid-based salt including Mg(Li2)-p-DHT, Li4-p-DHT, and CPO-27 (Mg). Although those materials are one of the promising compounds as active material in lithium batteries with stable capacity and high coulombic efficiency. There aren't suitable for magnesium one in many solvents used. No insertion of Mg 2+ can be obtained, this can be associated with the incompatible between the active material and Mg 2+ salt with the destruction of the crystal structure associated with the divalent character, the size of the solvated species, and/or a too strong interaction between oxygen and Mg 2+ . Other organic salts have to be designed with a structure that can be adapted to the size (in its solvating form) and the divalent character of Mg 2+ . This investigation is under progress by our partner in IMN Nantes and is part of the ANR, MAgnesium batteries with Innovative electrolyte and efficient Organic or Sulfur Cathodes (MAIOSC) project.

The second strategy was to develop a redox polymer that can be used as an organic cathode.

The polymer developed in this work, the poly(benzoquinonyldisulfide) (PBQDS), was prepared from green synthesis pathways via a 3 steps reaction from chloranil and lithium sulfide. The synthesized polymer allows obtaining a stable capacity of 140 mAh/g in lithium system. The impact of the particle size on the obtained capacity could clearly be highlighted, and the optimization of the grinding protocol should allow increasing the obtained capacity. In the Mg cell, even if the initial capacities are equivalent, a significant decrease in capacity is observed during cycling; this loss of capacity could be attributed to trapping of the Mg 2+ cation in the polymer structure. Different parameters have been studied to remedy this problem, the presence of crown ether as an additive seems to be the most efficient one. It seems important to counterbalance the oxidized quinone/Mg 2+ interaction by using solvating solvent. However, this strategy was limiting with PBQDS due to the solubility problem, the reduced form of PBQDS is soluble in glyme or in presence of solvating agent. The work carried out shows the difficulties in developing materials adapted to divalent cations, and even if organic materials can allow us to solve the problem of reversibility more easily than inorganic ones, the design of these must be considered, in terms of structure, function, and particle size. The solvent properties of the electrolyte are also a very important aspect, which can be modulated but without compromising the reversibility of the Mg electrode.

To improve the performance obtained in Mg cell, as in the lithium system or even more, the particle size has a main impact, the reduction of it can certainly improve the result obtained.

However, another important aspect it's the solubility problem, to mitigate it, the synthesis of PBQDS can be improved to increase the polymer molecular weight.

The high potential of the PBQDS and its solubility in glyme prevented the use of glyme + triphenolateborohydride electrolytes, which present interesting properties vs the Mg plating/stripping whereas it is very important to develop a complete Mg/electrolyte/positive organic system. Nonetheless, it must be acknowledged that a commercial Mg battery cell would take a lot of research and time to achieve because there are still many challenges to be met. 
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  [START_REF] Adua | Alternative Energy: Political, Economic, and Social Feasibility[END_REF] designed and synthesized a new electrolyte based on diglyme as a solvent, and Mg(TFSI)2 and magnesium triphenolateborohydride, Mg[B(OPh)3H]2, as Mg salts.The Mg[B(OPh)3H]2 was obtained by the reaction of Mg(BH4)2 with phenol in a one-step reaction. The combination of these two salts in diglyme permits to exhibit an electrolyte with high conductivity (5.5 mS/cm at 25 o C) and high Mg plating/stripping reversibility. By the addition of a slight amount of MgCl2, a coulombic efficiency of 90% in SS/Mg cell, a stable cycling performance, no dendrite formation, and a wide anodic potential of 3.4 V vs. Mg 2+ /Mg on Al current collector can be reached. The addition of a small amount of MgCl2 enables the homogenous electrochemical reaction on the entire Mg electrode surface during cycling.

  50 M Mg[B(OPh)3H]2 in PEGDME 250 is reached, thus a large increase of the Mg[B(OPh)3H]2 salt concentration can be obtained by increasing the donor number of the solvent used. Then, this new electrolyte is applied to investigate electrochemical properties. The electrochemical tests are performed by cyclic voltammetry. In the case of diglyme based electrolyte (Figure 2.1a), whereas the oxidation of Mg occurs at 2.5 V vs. Mg 2+ /Mg without Mg[B(OPh)3H]2, then with a large overpotential, there is a reversible magnesium plating/stripping with the addition of 0.15 M Mg[B(OPh)3H]2, following by the oxidation of Mg at 0 V vs. Mg 2+ /Mg as expected. The same phenomenon is not observed (Figure 2.1b) with the electrolyte 0.5 M Mg(TFSI)2 + 0.5 M Mg[B(OPh)3H]2 in PEGDME. No reversible Mg

  at 34 ppm of water, the magnesium is deposited only at -1.2 V vs. Mg 2+ /Mg whereas very weak coulombic efficiency is obtained. The reduction of the water content up to 4 ppm is the only way to obtain a high coulombic efficiency. The presence of a small amount of water (more than 10 ppm) is very detrimental for the magnesium plating/stripping as water traces can react with Mg to form MgO or Mg(OH)2 which passivates the electrode.
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 21 Figure 2.1. Cyclic voltammetry on Pt electrode of (a) diglyme solution containing 0.5 M Mg(TFSI)2 or 0.5 M Mg(TFSI)2 + 0.15 M Mg[B(OPh)3H]2 at 50 mV/s. (b) PEGDME solution containing 0.5 M Mg(TFSI)2 or 0.5 M Mg(TFSI)2 + 0.5 M Mg[B(OPh)3H]2 at 50 mV/s. RE and CE electrodes are Mg foil, WE is Pt 2 mm.
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 22 Figure 2.2. The mechanism of the reaction between phenol derivatives and BH4 -through four steps.

Figure 2 . 2 .

 22 Figure 2.2. shows the reaction between BH4 -and phenol derivatives to give phenolatehydroborate by steps and release H2 at the end of each step. Regarding the mechanism proposed, borohydrides with several phenol substituents should be obtained. It was that is

from 1 :

 1 1 to 1:4 respectively, in good accordance with the result obtained with phenol (Figure 2.3).
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 23 Figure 2.3. NMR spectra obtained after the addition of sesamol:LiBH4 ratio 3:1 in diglyme after 30 minutes.

  The next step is to investigate the electrochemical analysis of magnesium trisesamolatehydroborate in diglyme solvent at room temperature. A cyclic voltammetry test was performed on Pt as a working electrode. The CV curves are presented in Figure2.5a.
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 25 Figure 2.5. (a) Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 + sesamol with sesamol/BH4 -from 0 to 3 at 20 mV/s. (b) Structure of trisesamolatehydroborate anion.

Figure 2 . 6 .

 26 Figure 2.6. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 + thiophenol at 100 mV/s with thiophenol/BH4 -from 0 to 2.No more magnesium deposition can be observed with ratio thiophenol/BH4 -= 3 (Figure2.7).To associate the reduction peak observed at 0.1 vs. Mg 2+ /Mg, the electrochemical response of the thiophenol in diglyme + 0.5 M Mg(TFSI)2 was investigated (Figure2.7).
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 27 Figure 2.7. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 + thiophenol at 100 mV/s with thiophenol/BH4 -= 3 and of diglyme + 0.5 M Mg(TFSI)2 + 0.15 M thiophenol in electrolyte.
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 28 Figure 2.8. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 + thiophenol at 100 mV/s with thiophenol/BH4 -= 0.0 -2.0 at the 10 th scan.
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 29 Figure 2.9. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 + thiophenol in 100 mV/s (thiophenol/BH4 -= 0.5) at different cycles with the plot of coulombic efficiency vs. cycle number.

  Mg 2+ /Mg.121 It could be due to the facile oxidation of the sulfur atom in accordance with the literature.252 
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 210 Figure 2.10. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 + thiophenol in 100 mV/s (thiophenol/BH4 -= 0.5) at different cycles in oxidation area and compare to the first cycle with the electrolyte containing nonthiophenol.
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 211 Figure 2.11. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 + thiophenol with thiophenol/BH4 -= 0.5 at (a) different scan rate at 8 th cycle. (b) at 20 mV/s for different cycles. Examination of the voltammogram profile recorded at the 8 th cycle at different scan rates shows the evolution of the Mg plating/stripping curve shape (Figure 2.11a). At a low scan rate of 20
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 212 Figure 2.12. Correlation of BH4 -concentration remained after 45 mins versus the ratio of thiophenol/BH4 -.
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 213 Figure 2.13. The reaction between tetrahydroborate and phenol in ratio 1:3.
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 214 Figure 2.14. The 1 H-NMR spectra of BH4 -and thiophenol (1:1) vs. time in the area of aromatic and BH4 -protons.
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 215 Figure 2.15. Nyquist graph of Mg|0.15 M Mg(BH4)2 + 0.5 M Mg(TFSI)2 in diglyme|Mg and Mg|0.15 M thiophenol + 0.15 M Mg(BH4)2 + 0.5 M Mg(TFSI)2 in diglyme|Mg at 25 o C.
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 2 Figure 2.16. (a) Chronopotentiometry test in different applied currents (20 µA, -40 µA, 60 µA, -80 µA, 100 µA, and -20 µA) of Mg|0.15 M Mg(BH4)2 + 0.5 M Mg(TFSI)2 in diglyme|Mg and Mg|0.15 M thiophenol + 0.15 M Mg(BH4)2 + 0.5 M Mg(TFSI)2 in diglyme|Mg at 25 o C. (b) Nyquist plot of Mg|0.15 M Mg(BH4)2 + 0.5 M Mg(TFSI)2 in diglyme|Mg and Mg|0.15 M thiophenol + 0.15 M Mg(BH4)2 + 0.5 M Mg(TFSI)2 in diglyme|Mg at 20 µA and 100 µA.
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 217 Figure 2.17. The plot of the reverse of the total resistance vs. the current values of Mg|0.15 M Mg(BH4)2 + 0.5 M Mg(TFSI)2 in diglyme|Mg and Mg|0.15 M thiophenol + 0.15 M Mg(BH4)2 + 0.5 M Mg(TFSI)2 in diglyme|Mg at 25 o C.

  with 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 + 0.15 M thiophenol + 0.1 M MgCl2 in diglyme which was named chloride thiophenolateborohydride-based electrolyte (CTBE) and 0.5 M Mg(TFSI)2 + 0.15 M Mg(BH4)2 + 0.1 M MgCl2 in diglyme which was named chloride borohydride-based electrolyte (CBE). The addition of a small amount of MgCl2 was justified by the previous study performed on phenol-based electrolyte, 121 and shown clearly the need of MgCl2 to stabilize the interface for long cycling tests. In the galvanostatic cycling tests, current density was set up at 40 µA/cm 2 for 10 minutes per cycle at 25 o C, the results using CBE and CTBE are shown in Figures 2.18and 2.19, respectively.

Figure 2 . 18 .

 218 Figure 2.18. Full voltage profiles during the galvanostatic Mg plating/stripping processes in SS/Mg Swagelok-cell using CBE with an applied current density of ±40 µA/cm 2 for 10 minutes per cycle at 25 o C.
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 219 Figure 2.19. Galvanostaticaly cycling of Mg|CTBE|SS Swagelok-cell with ±40 µA/cm 2 for 10 minutes. The voltage profile corresponds to the first ten cycles of this experiment.
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 220 Figure 2.20. Galvanostaticaly cycling of Mg|CTBE|SS Swagelok-cell with ±40 µA/cm 2 for 10 minutes. The voltage profiles correspond to the ten cycles 220 -230 th of this experiment.

  In the oxidation step, two plateaus are located at 1.26 and 1.64 V vs. Mg 2+ /Mg (Figure2.21a). These plateau values are in good agreement with the ones attained by Hebie's study for the phenol-based electrolyte. 121 Polarization observed from galvanostatic curves, especially for the second insertion/de-insertion process (observed at low otential) is low.This means that the electrolyte of the CTBE is suitable for the use of Mg metal as a negative electrode. Regarding the cell capacity, whereas 70% of the full discharge capacity is obtained for the first and the second cycles, a high capacity decrease with cycle can be noticed (Figure2.21b), associated with some Mg 2+ trapping in the Chevrel phase. After 25 cycles at C/20, the discharge capacity retained at 50 mAh/g (40% vs. theoretical capacity).

Figure 2 .

 2 Figure 2.21. (a) Charge/discharge profiles of: Mg|CTBE|Mo6S8 at a rate of C/20. (b) Discharge capacity of the cell with 25 cycles in C/20 at 25 o C in CTBE solution.

  rich molecule (anthracene) in Mg(TFSI)2/glyme electrolyte, 122 which allows accessing to a reversible Mg plating/stripping with very high current density (Figure 2.22), in line with a fast redox reaction.
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 222223 Figure 2.22. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 + 0.04 M anthracene at 100 mV/s.

  2+ /Mg, contrary to what was observed with anthracene. In addition, weak reversibility of the Mg plating/stripping is obtained whereas Mg oxidation is obtained close to 2 V vs. Mg 2+ /Mg with a weak coulombic efficiency. The behavior may be associated with large passivation of the Mg electrode, and the inactive behavior of these additives to form magnesium-π-rich molecule complex, contrary to what was observed with anthracene.

Figure 2 .

 2 Figure 2.24. (a) Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 and 0.04 M of indene, phenanthrene, naphthalene, or fluorene at 100 mV/s. (b) Reversible Mg plating/stripping on 0.5 M Mg(TFSI)2 + 0.01 M phenanthrene at 100 mV/s for different cycles and coulombic efficiency versus cycle number.

  plating/stripping was investigated from 0.01 M to 0.1 M by CV at 100 mV/s (Figure2.25).
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 225 Figure 2.25. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 and 9-methylanthracene in different concentration (mol/L) at 100 mV/s and plot of the coulombic efficiency versus the concentration for the first cycle.

  Mg 2+ /Mg) is only 15%. The increase of the 9-methylanthracene amount induces an improvement of the Mg plating/stripping reversibility with the disappearance of the peak at 2 V vs. Mg 2+ /Mg. The best efficiency of Mg plating/stripping is recorded at 0.04 M with a coulombic efficiency equal to 45% in the first cycle. The increase of the 9-methylanthracene amount induces an increase of the magnesocene complex electrochemical signature (observed at 0 V vs. Mg 2+ /Mg), which induces a delay on the Mg 2+ reduction. With the concentration 0.1 M, the main electrochemical response is associated with this complex, and the Mg plating/stripping is no more present. In anodic area (Figure2.26), an irreversible anodic peak occurs at 3.0 V vs. Mg 2+ /Mg characteristic of 9-methylanthracene oxidation lead to an electrochemical window closed to 3 V.

Figure 2 . 26 .

 226 Figure 2.26. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 + 9-methylanthracene in different concentrations (mol/L) in the oxidation area.

Figure 2 . 27 .

 227 Figure 2.27. The comparison of cyclic voltammetry from anthracene, 9-methylanthracene, 9,10-dimethylanthracene in the same condition at 100 mV/s (C = 0.07 M).

Figure 2 . 28 .

 228 Figure 2.28. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 and 9-methylanthracene with the plot of current vs. square root of scan rate.

  3 10 -10 cm 2 /s, and 4.1 10 -10 cm 2 /s, respectively. The evolution of the diffusion coefficient is coherent with the size of the molecule, with the smaller diffusion coefficient in the case of 9,10-dimethylanthracene, the larger molecule, even if the formation of π-stacking complexes can influence the size of the diffusing molecules.

Figure 2 . 29 .

 229 Figure 2.29. Evolution of the Ipeak ox/Ipeak red of the magnesocene complex vs. the square root of the scan rate.

Figures 2 .

 2 Figures 2.30a,b present the CV obtained at the first scan for different scan rates between 10mV/s and 200 mV/s. The shapes of the curve with the use of anthracene are very similar to whatever the rate applied, with a stable coulombic efficiency between 67 and 70%. With the use of 9-methylanthracene (Figure2.30b), the reversible Mg plating/stripping is also observed but only at a high scan rate from 50 mV/s.

Figure 2 . 30 .

 230 Figure 2.30. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 and (a) 0.04 M anthracene at different scan rates. (b) 0.04 M 9-methylanthracene at different scan rates.

Figure 2 . 31 .

 231 With the cycle number increase, a small improvement of the coulombic efficiency is observed for the first three cycles, with a value reaching 50% and then a low decay is obtained with the two additives with the appearance of the oxidation of Mg at 2 V vs. Mg 2+ /Mg. The coulombic efficiency is worst with 9methylanthracene. With the cycle number increase, the part of the Mg oxidation occurring at high potential near 2 V vs. Mg 2+ /Mg increases. It is clear that the conditioning protocol used as no beneficial effect on the electrochemical process efficiency.

Figure 2 . 31 .

 231 Figure 2.31. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 and (a) 0.04 M anthracene in different cycles at 100 mV/s. (b) 0.04 M 9methylanthracene in different cycle at 100 mV/s.

Figure 2 .

 2 32a shows the curves from 0.01 to 0.06 M, as with anthracene an improvement is noticed, with the oxidation of Mg occurring at 0 V vs. Mg 2+ /Mg.

Figure 2 . 32 .

 232 Figure 2.32. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 and (a) 2-(tert-butyl)anthracene at different concentration. (b) 0.01 M 2-(tertbutyl)anthracene at different cycles.

Figure 2 . 33 ,

 233 Figure 2.33, even if it's not the best concentration.

Figure 2 . 33 .

 233 Figure 2.33. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 and 0.04 M of 2-(tert-butyl)anthracene at different scan rates.

Figure 2 .

 2 Figure2.34a. This high overpotential could be due to the difficulty of the Mg plating/stripping process which is caused by a strong passivating layer forming on the Mg surface, the additive is not effective to consume the passive layer formed on the Mg foils. After long cycling, this overpotential was not improved, even worse with near 2 V of overpotential at the end of cycling before short circuit after 320 scans (Figure2.34b). As just a part of the Mg electrode is involved in the electrochemical process, due to the electrode passivation, the local current density is very high inducing a short-circuit due to the formation of dendrites.

Figure 2 . 34 .

 234 Figure 2.34. Galvanostatic cycling test was performed with ±10 µA/cm 2 for 5 minutes on Mg|0.5 M Mg(TFSI)2 + 0.01 M 2-(tert-butyl)anthracene in diglyme|Mg Swagelok-cell. The voltage profiles correspond to (a) the ten first cycles and (b) the ten 310 -320 th cycles of this experiment.

Figure 2 . 35 .

 235 Figure 2.35. Cyclic voltammetry on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 and (a) 9-methoxyanthracene and (b) 9,10-dimethoxyanthracene in different concentration at 100 mV/s.

Figure 2 . 36 .

 236 Figure 2.36. Cyclic voltammetry at the first cycle on Pt electrode of diglyme solution containing 0.5 M Mg(TFSI)2 + 0.01 M 9-methoxyanthracene or 0.04 M 9-methylanthracene at 100 mV/s and plots of coulombic efficiency versus cycle number.

Figure 3 . 1 .

 31 Figure 3.1. FT-IR spectra of PBQDS and PHBQDS in the region of 4000 -600 cm -1 .

Figure 3 . 2 .

 32 Figure 3.2. (a) TGA of PBQDS from room temperature to 1000 o C under airflow. (b) Elemental analysis of PBQDS. (c) EDX analysis of PBQDS under N2 flow.

Figure 3 . 3 .

 33 Figure 3.3. SEM of PBQDS before and after using BMT.

Figure 3 . 4 .

 34 Figure 3.4. Raman spectrum of PBQDS after MBT using several experimental conditions.

Figure 3

 3 

Figure 3 . 5 .

 35 Figure 3.5. Conductivity of magnesium and lithium electrolytes in different solvents from -15 o C to 60 o C.

Figure 3 . 6 .

 36 Figure 3.6. (a) Cyclic voltammetry of manual grinding PBQDS as active material in two different electrolytes at 1 mV/s and 25 o C. (b) Discharge capacity and coulombic efficiency of Li system with manual grinding PBQDS in sulfolane electrolyte at 40 o C including 3 cycles at C/50 and 40 cycles at C/20. (c) Discharge capacity and coulombic efficiency of Li system with manual grinding PBQDS in diglyme electrolyte at 25 o C including 3 cycles at C/50 and 40 cycles at C/20.

Figure 3 . 7 . 3 . 2 . 4 .

 37324 Figure 3.7. (a) Galvanostatic charge/discharge curves in sulfolane electrolyte with ground PBQDS at C/20 and 40 o C. (b) Discharge capacity and coulombic efficiency of Li system with

Figure 3 . 8 .Figure 3 . 9 )

 3839 Figure 3.8. Cyclic voltammetry of PBQDS ground by ball-milling technique as active material in two different electrolytes: (a) diglyme solvent and (b) sulfolane solvent in Mg battery

Figure 3 . 9 .

 39 Figure 3.9. Superimposition of the potential vs. differential capacity curves (4 th cycle) for PBQDS in Li and Mg cells in the sulfolane-based electrolyte.

3 )

 3 GITT tests were observed on the PBQDS electrode at 40 o C in both lithium and magnesiumbased battery to explain the different electrochemical behavior obtained during galvanostatic tests. The cells are cycled in the voltage window of 1.0 -2.1 V vs. Mg 2+ /Mg and 1.6 -3.4 V vs. Li + /Li for Mg and Li tests, respectively. GITT was applied with a pulse duration of 20 minutes with a current 3.83 µA (corresponding to C/20). Then, the cells were relaxed for one or two hours for Li and Mg respectively and this progress was repeated until the cut-off potential was reached.The relation to extracting the diffusion coefficient from the GITT measurements was proposed by Weppner and Huggins 307 and give in equ.3 The initial stoichiometry is known (δ = 0 in LiδPBQDS or MgδPBQDS) and the electrochemical cell is in thermodynamic equilibrium (homogeneous concentration of the species inside the electrode), corresponding to the cell voltage E0. When a current i is applied, a concentration gradient is formed inside the electrode at the phase boundary with the electrolyte.With i the current in ampere; Vm the molar volume of the active material (cm 3 /mol); F the Faraday's constant(96,485); zA the charge number; dE/d√t the slope of the linear plot of the potential (E) during the current pulse of duration t (s) which was removed of the Ohmic drop (IR drop); S is the surface area (cm 2 ) of the active material in the electrode which was calculated from BET value; dE/dδ is obtained from the slope of the plot of the steady-state voltage E1 (which is defined as ΔEs) collected after each titration step δ as shown in Figure3.10.

Figure 3 . 10 .

 310 Figure 3.10. Single-step of a GITT measurement (a) the constant current pulse (b) potential response with t the current pulse time, ΔEt the cell voltage modification, and ΔEs the steady stade voltage modification.

Figure 3 . 11 .

 311 Figure 3.11. The GITT curve in both discharge/charge of PBQDS at 3.83 µA (C/20) and 40 o C during 26 pulses.

Figure 3 . 12 .

 312 Figure 3.12. Evolution of the apparent diffusion coefficient D in different apparent δ values recorded from the discharge curve in Li GITT measurement.

Figure 3 . 13 .

 313 Figure 3.13. The GITT in both charge/discharge of PBQDS in magnesium form at C/20 at 40 o C.

Figure 3 . 14 .

 314 Figure 3.14. Overpotential determination base on one pulse (5 th pulse) in Li and Mg GITT.

Figure 3 . 15 .

 315 Figure 3.15. Overpotential on charge/discharge curves in the GITT test for Mg and Li system.

Figure 3 . 16 .

 316 Figure 3.16. Evolution of potential of the pseudo-equilibrium potential and the diffusion coefficient D at different δ values recorded from the discharge curve in Mg GITT measurement.

Figure 3 . 17 .

 317 Figure 3.17. Structure in 3D and 2D of complex (optimized by MM2 software from ChemBio3D Ultra) of 18-crown-6 and Mg 2+ in the ratio 1:1 and the reaction between 18-crown-6 and Mg(TFSI)2.

Figure 3 .

 3 Figure 3.18. a) Charge/discharge profile of PBQDS in 0.4 M Mg(TFSI)2 + 0.4 M 18C6 sulfolane electrolyte at C/20 and 40 o C. b) Discharge capacity vs. cycle number of PBQDS in 0.4 M Mg(TFSI)2 + 0.4 M 18C6 in sulfolane) at 40 o C.

Figure 3 . 19 .

 319 Figure 3.19. Comparison plots of the ratio between charge and discharge versus cycles on galvanostatic test on an electrolyte with and without 18-crown-6 ether.

Figure 3 .

 3 Figure 3.20. (a) Charge/discharge profiles in calcium batteries using PBQDS as the positive electrode and AC as counter and reference electrodes, in 0.4 M Ca(TFSI)2/sulfolane as an electrolyte at C/20 and 40 o C. (b) Discharge capacity and coulombic efficiency of the cell with 3 cycles in C/50 and following cycles in C/20. The potential of the active carbon vs. Ca 2+ /Cawas determined by using ferrocene/ferrocenium redox couple in sulfolane. The stability of the active carbon potential was evaluated by CV measurements performing during several days as in previous publication.318,319 

Figure 3 . 21 .

 321 Figure 3.21. Superimposition of the potential vs. differential capacity curves (4 th cycle) for PBQDS in Ca and Mg cells in the sulfolane-based electrolyte.

Figure 4 . 1 .

 41 Figure 4.1. Electrochemical performance of Mg(Li2)-p-DHT in diglyme electrolyte at 25 o C: (a) initial cycle voltage profiles at C/20 (b) capacity retention and coulombic efficiency upon 50 cycles at C/20.

Figure 4 . 2 .

 42 Figure 4.2. Galvanostatic cycling results (C/20) of Mg(Li2)-p-DHT in sulfolane electrolyte at 40 o C.

  2+ /Mg. Due to the insolubility of the material, a cavity microelectrode was used. The response of Mg(Li2)-p-DHT in sulfolane + 0.4 M Mg(TFSI)2 is compared to the one in sulfolane + 1 M LiTFSI. The CV curves of the first scan are shown in Figure 4.3.

Figure 4 . 3 .

 43 Figure 4.3. Cyclic voltammogram of Mg(Li2)-p-DHT in both 1 M LiTFSI or 0.4 M Mg(TFSI)2 in sulfolane at 1 mV/s and room temperature.

  reduction peaks weakly increases in trimethylacetonitrile based electrolyte. However, Mg 2+ insertion is weak. The addition of MgCl2 permits to have a weak reduction process with two broad peaks, however, no oxidation peak is obtained during the next cycle. The same behavior is reached in trimethylacetonitrile (Figure 4.4a). The weak reduction process and the inefficient oxidation one with the removal of Mg 2+ can be related to the destruction of the crystal structure (mechanical or electrochemical constraints) of the salt in addition to strong chemical bonds between Mg 2+ and the oxygen groups of the quinone limiting the cation mobility (Figure 4.4b).

Figure 4 . 4 .

 44 Figure 4.4. Cyclic voltammogram of Mg(Li2)-p-DHT (a) during the first scan in the different electrolytes at 1 mV/s and (b) during several scans in the trimethylacetonitrile-based electrolyte at 1 mV/s at room temperature.

Figure 4 . 5 .

 45 Figure 4.5. Cyclic voltammogram of (a) Mg(Li2)-p-DHT and Li4-p-DHT study during the first scan and (b) Li4-p-DHT study during the first and second scans in the diglyme-based electrolyte at 1 mV/s and room temperature.

  metal ions are integrated by six O atoms, five of which are from H4-DOBDC and the last one from the coordinated solvent molecule. For this work, cyclic voltammetry was used to test the electrochemical performance of CPO-27 in Mg electrolyte which was provided by our partner in the IMN laboratory during the postdoc position of Damien Bechu. CPO-27 (Mg) was obtained by the reaction between H4-DOBDC and magnesium nitrate in an autoclave at 120 o C using MeOH as solvent follow Scheme 4.2. The solvent was removed at 180 o C overnight and increased the temperature to 250 o C for 2 hours before using it as an active material.

Figure 4 . 6 .

 46 Figure 4.6. (a) Cyclic voltammogram of CPO-27 study in 0.5 M Mg(TFSI)2 in diglyme as electrolyte and Mg as reference and counter electrodes at room temperature, 1 mV/s in different cycles, and (b) at 5 mV/s in different cycles.

Scheme 5 . 1 .

 51 Scheme 5.1. Mg(TFSI)2 synthesized process.

5 . 2 . 1 . 3 .

 5213 dispersed in 200 mL anhydrous tetrahydrofuran (THF) in a sonication bath before added an excess of oxidation agent, 4.0 g of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), this reaction occurs at room temperature for 2 days. The mixture is centrifugated at 5000 rpm for 10 minutes and clean with THF until the solution is nearly colorless. PBQDS is dried at 80 o C for 48 hours under vacuum then stored in the Ar glovebox. The final product is obtained with a yield of near 100%. is conducted using a Bruker Avance III HD spectrometer for[START_REF] Klapp | Energy for the Present and Future: A World Energy Overview[END_REF] H at 400.15 MHz. The spectrums are handled with a TopSpin 3.2 program and the chemical shifts (δ) are displayed by parts per million (ppm) unit. In this analysis, the deuterated solvents applied were chloroform-d1 (δH = 7.26 ppm), DMSO-d6 (δH = 2.50 ppm), acetone-d6 (δH = 2.04 ppm), and acetonitrile-d3 (δH = 1.94 ppm). The multiplicity peaks are presented as: s = singlet, d = doublet, t = triplet, m = multiplets. measurements are performed with an IR spectrometer (BRUKER, VERTEX 70V). The samples are examined in absorbance from 4000 to 600 cm -1 . The IR spectrums are promoted with 64 accumulations and a resolution of 2 cm -1 . All of the agents, intermediate polymers and polymer products are analyzed in a solid cell with a KBr window and performed under N2 flow. Scanning Electron Microscopy (SEM) and elemental mapping with energydispersive X-ray spectroscopy (EDX)

  weight is measured overtime during an isotherm or a temperature ramp. It is carried out using the TGA 1 STARe instrument of METTLER TOLEDO. Data is treated by a STARe software version 12.20. The measurements are performed under air flux at 50 mL/min. The temperature increased from 25 o C up to 1000 °C with a heating rate of 10 ° per minute. 10 -15 mg of dry samples are put into the TGA sample carrier.

  Batteries cycling is tested by using Galvanostatic Cycling with Potentiostat Limitation (GCPL) (VMP3 potentiostat -Biologic). The voltage variation by time is measured with a constant current density set up. The current rate is designated by the C/x value where x indicates the theoretical number of hour need for the complete reaction. Different currents were applied to test the cell performances at various C-rates, which are specified for each experiment in this manuscript. Cell capacities and thus the current values were calculated, based on the theoretical specific capacity of active material and the amount of active material in each electrode. In this thesis, GCPL tests are operated at different temperatures: 25, 40, and 60 o C depending on the electrolyte used and to determine the impact of temperature on the electrochemical mechanism.

Figure 5 . 1 .

 51 Figure 5.1. Cavity microelectrode composition and the zoom of cavity hole. 355

Figure 5 . 2 .

 52 The positive electrode disk (Ø 8 mm) was placed on one of thick stainless steel spacer and covered with one layer of celgard® 3401 -a 25 μm thick polypropylene microporous layer (both Ø 9 mm or 12 mm) and Whatman® 1823-070 grade GF/D. Liquid electrolyte is then poured onto the separators, filling all their pores, as well as the pores of the positive electrode. Metallic lithium or magnesium are used as counter electrodes (and reference electrodes for Mg). A disk of Li or Mg (Ø 8 mm, 10 mm) was punched, placed on the soaked separators, and covered with a thick stainless-steel spacer (Ø 9 mm, 12 mm). The Mg electrode (Goodfellow) is carefully polished before every use. Several polishing discs are used with several grinding sizes 180, 600, 1200, and 2400.

Figure 5 . 2 .

 52 Figure 5.2. Three-electrode Swagelok cell and all the components inside.
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 10 Integration of proton signals for solution containing 0.033 M LiBH4 and thiophenol in different ratio of LiBH4:thiophenol = 1:1 using insect tube as a reference by different time investigation Time (hour) Proton [C6H5SBH3 -] Proton [(C6H5S)2BH2 -] Proton [BH4

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 . 1 .

 11 Characteristics of rechargeable batteries.[START_REF] Choi | Promise and reality of post-LIBs with high energy densities[END_REF] 

	Characteristics	Lead-acid battery	Ni-Cd battery	Ni-MH battery	Li-ion battery
	Gravimetric energy density (Wh/kg)	30 -50	40 -60	60 -120	170 -250
	Volumetric energy density (Wh/L)	60 -110	150 -190	140 -300	350 -700
	Battery voltage (V)	2.0	1.2	1.2	3.7
	Cycle life (to 80% of the initial capacity) 300	1500	1000	500 -2000
	Self-discharge per month (%)	5	20	30	< 10

Table 1 . 2 .

 12 Common positive electrode materials.[START_REF] Yoshio | Lithium-ion batteries[END_REF] 

	Material	Pr. Cap.	Density	Vol. En. Den.	Shape of	Safety Cost	Comment
		(mAh/g)	(g/cc)	(mAh/cc)	Dis. Curve			
	LiCoO2	160	5.05	808	Flat	Fair	High	Small-size
	LiNiO2	220	4.80	1056	Sloping	Poor	Fair	Impossible
	Li Ni0.8Co0.2O2	180	4.85	873	Sloping	Fair	Fair	LIP-small scale
	LiNi0.8Co0.15Al0.05O2	200	4.80	960	Sloping	Fair	Fair	LIP-small scale
	LiMn0.5Ni0.5O2	160	4.70	752	Sloping	Good	Low	
	LiMn1/3Ni1/3Co1/3O2	200	4.70		Sloping	Good	Low	
	LiMn0.4Ni0.4Co0.2O2	200	4.70					
	LiMn2O4	110	4.20	462	Flat	Good	Low	HEV-EV
	Li1.06Mg0.06Mn1.88O4	100	4.20	420	Flat	Good	Low	HEV-EV
	LiFePO4	160	3.70	592	Flat	Good	Low	Low cond.

  technologies is of utmost importance. Such enormous progress has been challenged recently because of the Li ability issues. Li is a relatively uncommon metal and is not distributed uniformly over the crust of Earth. It is usually extracted from brines, and Li-rich minerals'. The largest natural reservoirs are located in South America, and more precisely in a desert region

shared by Chile, Bolivia, and Argentina. Other large reservoirs are located in Australia, which has increased Li production in recent years. Smaller grades can be found in the USA, China,

  [START_REF] Yabuuchi | Research Development on Sodium-Ion Batteries[END_REF][START_REF] Bucur | Why Grignard's Century Old Nobel Prize Should Spark Your Curiosity[END_REF] 

Table 1 . 3

 13 Summary of availability, cost, physical and electrochemical properties of different elements used for energy storage device.

  [START_REF] Muldoon | Quest for Nonaqueous Multivalent Secondary Batteries: Magnesium and Beyond[END_REF] 

1.6.2.2. Electrolyte involves non-chloride ion

  

	stability in stainless steel (2.2 V vs. Mg 2+ /Mg) and aluminum (1.1 V vs. Mg 2+ /Mg) can be coulombic efficiency (94%), high current densities (25 mA/cm 2 stripping peak current), and
	noticed with MACC. 109 low deposition overpotentials (-0.3 V) and stripping (0 V). 116
	Many Lewis acids besides AlCl3 have recently been studied in conjunction with MgCl2 and Another idea is the use of boron clusters which is highly stable and non-corrosive. In 2014,
	many have yielded effective electrolyte systems. For example, AlPh3 and AlEtCl2 were also Carter et al. developed closoborane magnesium dodecahydrododecaborate (MgB12H12) with
	shown to provide 100% Coulombic efficiency for Mg deposition/dissolution. A series of 29 good anodic stability up to 4 V vs. Mg 2+ /Mg. 88 To improve the solubility of the salt, Tutusaus
	inorganic chlorides and [NBu4]Cl were investigated in combination with MgCl2 in DME, where et al. proposed an efficient and stable electrolyte based on Mg(CB11H12)2 salt using tetraglyme
	only BCl3, InCl3, SnCl2, SbCl3, and BiCl3 supported reversible Mg deposition, although in all as solvent. 117 In 2017, Zhang et al. introduced a salt with B-centered anions with large size and
	cases with low anodic stability (< 2 V vs. Mg 2+ /Mg) and insufficient coulombic efficiency. 110,111 CF3 function in response to the complicated synthesis of the previous product. 118 However, the
	Certain magnesium halide salts have also been used as precursors to Mg. For example, low Mg 2+ salt concentration in this electrolyte is a limit for this strategy.
	electrolyte solutions obtained by mixing MgF2 and the highly fluorinated Lewis acid tris(2H-One of the most frequently studied salts for Mg batteries is magnesium
	hexafluoroisopropyl) borate showed high coulombic efficiency (95%) in different electrolytes bis(trifluoromethanesulfonyl)imide known as Mg(TFSI)2. This anion presents high anodic
	based on DME. This electrolyte showed good anodic stability in stainless steel and aluminum stability, as well as reasonable solubility in ethers or ethereal solvents 104,119,120 and is
	(> 3.5 V vs. Mg 2+ /Mg). commercially available. One common strategy to improve the compatibility of Mg(TFSI)2 with
	e. Weakly coordinating anions Mg metal was to combine it with Mg(BH4)2. A new approach to modifying Mg(TFSI)2 solutions
	with BH4 -was the use of a BH4 -anion hydride groups partially replaced with phenol. This
	Magnesium salts of many common low-coordinating anions usually used in lithium batteries, strategy enables to improve the stability in the oxidation part. 0.5 M Mg(TFSI)2 combined with such as BF4 -, PF6 -or ClO4 -, show minimal reversibility of Mg plating/stripping due to the 0.15 M Mg[B(OPh)3H]2 electrolyte displays a reversible Mg plating/stripping with high formation of Mg 2+ insulating films that inhibit further electrochemical activity. Recent work coulombic efficiency. By the addition of a slight amount of MgCl2 to this electrolyte, a has shown, however, that in some cases, such as PF6 -and TFSI -, coulombic efficiency may be coulombic efficiency of 90 % in SS/Mg cell, a stable cycling performance, no dendrite
	highly effective. Early work at Pellion Technologies revealed that the addition of MgCl2 to formation, and wide anodic potential of 3.4 V vs. Mg 2+ /Mg on Al current collector can be
	Mg(TFSI)2 in ethereal solvents provides electrolytes capable of displaying high Mg reached. Moreover, this electrolyte ables to support reversible and efficient Mg insertion/de-plating/stripping coulombic performance. 112,113 insertion with a high capacity of 94 mAh/g and 96% of coulombic efficiency in Mo6S8 Chevrel
	The allowing effect of chloride to otherwise Mg-passivating solutions was also shown for the cathode phase. 121 Another strategy used, to ensure better performance of Mg(TFSI)2/diglyme,
	PF6 -anion, adding MgCl2 to a 0.25 molar ratio resulted in reversible Mg deposition/dissolution was the incorporation of an anthracene-Mg coordinating agent. 122 The Mg(TFSI)2/anthracene
	solutions with an average coulombic efficiency of 94%, following galvanostatic electrolyte permits a good plating/stripping reversibility and has a large electrochemical
	conditioning. 114 stability window greater than 3 V. Due presumably to the low anthracene concentration used,
	a non-uniform reactivity of the Mg electrode is noticed and the addition of 0.1 M MgCl2
	Indeed, all Mg organic cathodes cycled in electrolytes containing MgCl + species have recently overcomes this drawback and permits to obtain a high cyclability of a Mg/Mo6S8 cell.
	been revealed to interact with MgCl + , not Mg 2+ . Another obvious obstacle is the corrosive In terms of solvent, electrolytes based on conventional aprotic solvents such as carbonates and
	107,108 One of the most properties of Cl -which cause parasitic side reactions whose effects are pronounced at voltages nitriles are incompatible with Mg metal chemistry due to their instability at Mg deposition
	important drawbacks of MACC (and other halide-ion-containing) electrolytes, is their greater than 2.5 V vs. Mg 2+ /Mg. New classes of electrolytes that are free from Cl -based salts potential. Their instability, and decomposition induced passivation that blocks Mg 2+
	incompatibility with conventional current collectors due to the very high Cl -content, low anodic and reagents have been identified in the last few years. 115 In 2012, Mohtadi et al used Mg(BH4)2
	as salt for Mg electrolyte and shown a highly efficient magnesium plating/stripping with high

  PVA, 133 PEC, 134 PVdF, 135 or even biopolymer133,136 .

	It is divided into two main groups: solid polymer electrolytes (SPEs) and gel polymer
	electrolytes (GPEs). 137 Due to current awareness of the efficiency in Mg plating/stripping from
	different liquid magnesium electrolytes, obtaining good results with magnesium GPEs is
	potentially much simpler than with magnesium SPEs. Polymer electrolyte researchers have a
	tremendous opportunity to create new rechargeable polymer-metal batteries, either by
	developing new magnesium-conductive polymer matrices with Mg metal plating/stripping
	stability and supported or by engineering artificial SEIs on Mg metal that enables stability and
	reversibility with a wider range of magnesium-conducing polymer electrolyte chemistries. 137

1.6.3. Negative electrodes

  One method to enhance elemental Mg's electrochemical properties is by creating nano-and meso-structures in Mg.[138][139][140] Recently, Son et al. reported coating the Mg surface (

	Metallic Mg is reported to create a strong passive layer in electrolytes other than ethers, close
	to the SEI (SEI) layer in LIBs. The Mg surface film does not conduct Mg 2+ ions, unlike LIBs,
	where the SEI layer bears Li + . The formation of the passivation layer of Mg, therefore, makes
	the process of plating/stripping irreversible. 113

Figure 1.12) with

  an artificial Mg 2+ conducting polymer interphase to allow reversible stripping and deposition of Mg in a high-voltage electrolyte composed of Mg(TFSI)2 dissolved in a carbonate solvent. 141
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	.4 introduces the main materials that were applied for insertion-type
	anode studies in the Mg system.

1.6.3.2. Alloying-type anode

  

	more traditional magnesium electrolytes and thus open the door to investigating a positive
	Alloying-type electrodes operate by a different electrochemical process compared with the electrode material with high-voltage and free of Mg. 164
	insertion-type material. Rather than intercalation for which the crystallographic structure is not Another interesting approach is Mg 2+ capacitive storage on the surface of the negative electrode
	significantly altered, electrochemical alloy produces compounds with a different atomic with high surface area. 165
	organization. The pristine material is created once again during the dealloying process.
	Compared with typical insertion-type electrodes in which only the cation is transferred, more
	than one ion may react electrochemically here. Hence, an electrode of an alloy type usually
	exhibits high specific and/or volumetric capacities. Nonetheless, during electrochemical
	cycling, major volume changes occur and may result in the loss of electrical contacts at the
	electrode level. The drastic volume expansion at the particle scale will locally cause the process
	of destroying and reforming SEI layers, thus impacting on the cycling performance. 154
	Antimony and bismuth were the first alloy anode elements researched by the Toyota Research
	Institute of North America. Metallic Sb and Bi, and also the Sb1-xBix intermediate alloy
	compositions developed by Berthelot group, 155 were then electrodeposited on
	titanium/platinum-coated copper substrates and tested with EtMgCl-Et2AlCl/THF solution in a
	half-cell configuration. Anodes using a bismuth/reduced graphene oxide nanocomposite has
	achieved a high-rate efficiency and cycle life. Various characterization methods have been used
	to study Bi-based electrodes to understand the mechanisms of reversible alloy and phase
	transitions. 156-158 The formation of crystalline Mg2Sn or Mg2Sb has been verified by diffraction
	with an ex-situ X-ray. The corresponding high capacity approximating 900 mAh/g is not
	maintained during cycling. 159,160 Obrovac et al. studied the alloying activity of a lead with the
	classical Grignard-based electrolyte (EtMgCl:AlCl3 in THF) on both sputtered and composite
	electrodes. All the electrochemical work was carried out at 60 °C. Due to the high lead density,
	this two-phase reaction theoretically provides a very high volumetric capacity of 2300
	Ah/L. 157,161,162 Following the above mention methods, the electrochemical alloying of
	magnesium to indium was also studied. Electrochemical reduction contributes to the formation
	of crystalline MgIn with 467 mAh/g obtained at low C-rate. 163
	All of the above examples show that tin, antimony, indium, bismuth, and lead can undergo
	electrochemical magnesium alloy. The extraction of magnesium from the as-formed alloys was
	also shown. From a practical point of view, it might sometimes be easier to work with alloy
	powder than with soft and sticky metal particles (such as tin or indium). Alternatively, alloy
	powders allow for the simple slurry-casted shaping of electrodes. They are compatible with

Table 1 .4. Several

 1 insertion-type anode materials for magnesium batteries and their properties.

		Theoretical capacity		
	Anode materials		Advantages	Disadvantages	References
		( mAh/g)		
			Easy synthesis, low redox potentials of Ti 4+ /Ti 3+ , non-	The low reversible capacity of 78 mAh/g.
	Na2Ti3O7 nanoribbons	200	toxic, low cost.	The first process is the irreversible Na + de-insertion
			The lower solubility of Mg 2+ in Ti-based Compounds.	instead of Mg 2+ insertion.
			Low-cost.	Poor rate capability, low electronic conductivity, low
	Li3VO4	592	Electrode materials with high chemical stability,	coulombic efficiency of about 76% in the first cycle,
			theoretical capacity, and safety.	entrapment of inserted Mg 2+ in the host material.
			High cycle life (only 5% capacity decrease after 500	Sluggish kinetics of Mg diffusion into the structure.
	Li4Ti5O12	175	cycles).	Capacity lower than 70 mAh/g after stability and only
			Excellent safety characteristics, negligible volume	35 mAh/g for the first cycle.
			change over cycling, low cost.	

Table 1 . 5 .

 15 Organic cathode using in magnesium batteries.

	Materials ref.	Structure	Anode	Electrolyte	Voltage window (V)	Initial reversible capacity (mAh/g) at current density (mA/g)	Cyclability (mAh/g), current density (mA/g)
	Polyaniline (PAn) 226		Mg foil	2 M MgCl2; MgBr2; Mg(ClO4)2 (aqueous)	1.0 -1.6	-	-
	2,5-dimercapto-1,3,4-thiadiazole (DMCT) 223		Mg foil	0.25 M Mg(AlCl2BuEt)2/THF	0.3 -2.0	16.8 at 25	27.2 after 26 cycles, 25
	Poly-2,20 dithiodianiline (PDTDA) 223		Mg foil	0.25 M MgAlCl3Bu2/THF	0.3 -1.8	50 at 25	65 after 33 cycles, 25
	Conductive sulfur-containing material (CSM) 223		Mg foil	0.25 M Mg(AlCl2BuEt)2/THF	0.3 -2.0	117.3 at 25	73 after 22 cycles, 25
	Poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA) 222		Mg foil	0.25 M Mg(AlCl2BuEt)2/THF	0.3 -1.8	81.2 at 22.8	23 after 21 cycles, 22.8

  233,234 However, they cannot be used in the Mg system due to several reasons: formation of a resistive passive layer, incompatible with reversible Mg plating/stripping process associated with the decomposition of the electrolyte on the negative electrode surface. The introduction of Mg(TFSI)2 and MgCl2 as salts for Mg-based electrolyte was developed, these electrolytes present an anodic stability voltage near 3 V vs. Mg 2+ /Mg,235,236 however the corrosion of Al current collector can be observed in the presence of a large amount of MgCl2.Besides, the solubility of MgCl2 is limited in ethereal solution which seems to be the most

suitable solvents for magnesium battery. On the other side, Mg(TFSI)2 alone is unable to permit the Mg plating/stripping reversibility. A number of magnesium boron salts were developed including: Mg(BF4)2, 116 Mg(C2H11B10)Cl, 237 Mg[B(O2C2(CF3)4)2)]2, 117 and MgB[(hfip)4]2 (hfip = hexafluoroisopropyloxy) 238 as presented in detail in the chapter 1. However, their presences reduce the electrochemical window and limit the positive electrode material usable or, for some of them, there are difficult to synthesize. Latterly, Mg[B(OPh)3H]2 121 besides Mg(TFSI)2 was proposed and presented interesting properties (easy synthesis route, high anodic stability, high Mg plating/stripping reversibility).

In line with the work carried out on the Mg[B(OPh)3H]2, this chapter will present our investigations in magnesium electrolytes including new borohydride-based salts relied on thiophenol or phenol derivatives.

Table 2 . 1 .

 21 The reaction between LiBH4 and those substituents is performed in situ under Ar flow at room temperature for 30 minutes before identifying by 1 H-NMR. In those experiments, AlH2(OC2H4OMe)2] is more soluble than Na[AlH4] reactant in ethers due to the solvation of the sodium cations by the oxygen atoms from the alkoxy-groups (Scheme 2.1).121 

	LiBH4 is used instead of Mg(BH4)2 because of its lower price while chemical behavior is quite
	similar. 11 If the reaction succeed, Mg(BH4)2 is applied as salt in electrolyte for electrochemical
	investigations. The general reaction and mechanism are shown below (Figure 2.2).

Three ether solvents from short to long-chain including DME, diglyme, PEGDME are applied with 4 phenol-based compounds. It is believed that the presence of oxygen function in both sesamol and methoxyphenol, could help to raise the solubility of salt. Indeed for example Na[

Table 2 . 1 .

 21 Solubility properties of the product(s) formed by the reaction of several phenol derivatives with LiBH4 at 25 o C.

	However, even at low salt concentrations, clear precipitation of products formed by the reaction
	from both 2-methoxyphenol and 4-methoxyphenol with BH4 -in diglyme is observed. The
	solubility limit is higher with the use of sesamol. The investigation performed with other
	solvents (DME, PEGDME, ACN) does not show any significant improvement in terms of

solubility. The only case where no precipitation occured is in PEGDME using sesamol as reagent with LiBH4 at 0.5 M.

Table 2 .

 2 1, several derivative phenols and thiophenol were applied to the investigation with tetrahydroborate salt. The pKa value of these compounds was also introduced on this table.

LiBH4: Thiophenol Concentration after 45 minutes reaction of (mmol/L) BH4 - Product 1 * Product 2 ** Thiophenol

  

	0:1	-	-	-	33.3
	1:0	33.3	-	-	-
	1:0.3	23.0	7.4	0.4	2.0
	1:0.5	16.9	14.6	0.9	2.5
	1:0.8	3.5	16.0	2.3	6.3
	1:1.0	0.7	17.9	3.2	7.9
	1:1.5	0	20.3	4.4	18.8
	1:2.0	0	22.2	3.6	35.9

Table 2

 2 

.3 are collected after running the MM2 program in Chemoffice 3D software. Each molecule is build up and optimized during this process, the energy values are then shown up under the calculation.

Table 2 . 3 .

 23 Energy from MM2/Chem3D calculation for substitution borates.

	Total Energy (kcal/mol)

Table 2 . 4 .

 24 Structure, name, pKa value of several π-rich compounds.

Table 2 . 5 .

 25 The impact of scan rate into the current ratio and potential of the redox response of anthracene and anthracene derivatives at room temperature.

	Scan rate (mV/s)		10	20	50	100	200
		Ip-ox/Ip-red	0.59	0.65	0.71	0.80	0.88
	Anthracene	E1/2 (mV)	-4	-23	-39	-41	-35
		ΔEpeak (mV)	192	261	353	412	472
		Ip-ox/Ip-red	0.74	0.78	0.85	0.94	0.92
	9-Methylanthracene	E1/2 (mV)	-8	-5	-16	-9	-32
		ΔEpeak (mV)	192	221	288	331	440
		Ip-ox/Ip-red	0.53	0.56	0.59	0.64	0.69
	9,10-Dimethylanthracene	E1/2 (mV)	-140	-155	-160	-183	-182
		ΔEpeak (mV)	215	231	271	331	349

Table 3 . 1 .

 31 Physical and electrochemical properties of solvent and magnesium, lithium electrolytes in diglyme, or sulfolane solvents

		DN	AN	Permittivity	Viscosity	Conductivity (mS/cm) 25 °C	Conductivity (mS/cm) 25 °C
		[kcal/mol]	[kcal/mol]	25 °C	mPa s	0.5 M Mg(TFSI)2	1 M Li(TFSI)2
					10.3	
	Sulfolane	14.8	19.2	44		1.5	2.4
					(30 °C)	
					1.14	
	Diglyme	18	10.5	7.6		4.3	8.3
					(20 °C)	

  V vs. Li + /Li for a negative one by Chen group in 2013.328 Poizot et al..331 The use of Mg 2+ as a spectator ion in the carboxylate group enables to have a shift of 800 mV in potential, whereas the performances in term of capacity and cyclability are the same. Regarding the performance obtained and the well-adapted potential, we decide to investigate this family of material in magnesium battery.

				2,5-dihydroxyterephthalic acid (Li4C8H2O6) have been
	investigated as active materials with the morphologies of bulky material, nanoparticles, or
	nanosheets	as	positive	or	negative	electrodes	in	rechargeable	LIBs
	Li4C8H2O6/Li2C8H2O6 exhibits a potential at ∼2.6 V was used as a positive electrode, and
	Li6C8H2O6/Li4C8H2O6 at ∼0.8 Nanosheets show the highest discharge capacities of 223 and 145 mAh/g at 0.1 and 5 C rates
	after 50 cycles respectively using ethylene carbonate (EC) and dimethyl carbonate (DMC) + 1
	M LiPF6 as an electrolyte.						
	Dilithium 2,5-dihydroxyterephthalate (Li2DHTP) was synthesized and delivers remarkable
	performances 329 with a high specific capacity of 165 mAh/g over 100 cycles at 30 mA/g with a
	coulombic efficiency of 98%. Under the high versatility of organic compounds, tetrasodium
	salt of 2,5-dihydroxyterephthalic acid (Na4DHTPA; Na4C8H2O6), was investigated in sodium
	cell between 1.6 -2.8 V vs. Na + /Na as a positive electrode or between 0.1 -1.8 V vs. Na + /Na
	as a negative one, the two configurations exhibit stable capacities of 180 mAh/g. 330 To manage
	the potential of the material the magnesium (2,5-dilithium-oxy)-terephthalate (Mg(Li2)-p-DHT)
	was prepared by P.							
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Chapter 2:

Electrolyte design for Mg batteries

In the 1 H-NMR spectrum of the pristine materials, several signals can be noticed and are useful for the reaction study, in particular the OH -function at 7.4 ppm and the proton of BH4 -at -0.545 ppm. After reaction with ratio 3:1 of sesamol:LiBH4, there is no protons' peak associated with BH4 -, the consumption of BH4 -is completely done. The signal of OH group is disappeared in the region 7.4 ppm and there is only one product created at any ratio of sesamol and BH4 -. The product proposed in Figure 2.5b presents 3 substitutions due to the same reactivity noticed than the one with phenol as mentioned above (detail will be presented in the experimental and method chapter) and in accordance with the mechanism proposed in the literature. 121 The compound obtained should be Li[B(OC7H5O2)3H].

Based on the result obtained with lithium salt, Mg[B(OC7H5O2)3H]2 salt is prepared by mixing under Ar Mg(BH4)2 and dried sesamol using different sesamol/BH4 -ratio in diglyme solvent, after 30 minutes, the solution is applied for the electrochemical investigation.

Electrochemical properties of borohydride magnesium

Before going into the electrochemical investigation on derivative phenolate borohydride complexes, Mg(BH4)2 in 0.5 M Mg(TFSI)2/diglyme is investigated by cyclic voltammetry (Figure 2.4). 

Galvanostatic test in lithium battery

In the prior study, ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl carbonate (DMC) were used as solvents. However, the carbonate-based electrolyte can not be used for magnesium battery investigations because it can react with Mg foil and lead to a resistive passivating layer and cause a large polarization effect. [START_REF] Kim | Cointercalation of Mg 2+ Ions into Graphite for Magnesium-Ion Batteries[END_REF]141 Therefore, this study would be performed using glyme-based and sulfone-based solvents which seems to be more compatible with metallic Mg foil. That's why the study of the material was first performed in the lithiumbased electrolyte.

The procedure for the electrode preparation was described in chapter 5. SuperP® (Timcal) was used as a conductive carbon additive and poly(vinylidene difluoride) (PVdF 5130, Solvay; dissolved in N-methyl-2-pyrrolidinone as 12 wt% solution) was selected as a polymeric binder.

The electrode composition was set up to be 60/30/10 wt% (active material/C/binder). 1 M LiTFSI in diglyme and 1 M LiTFSI in sulfolane were used as the electrolyte. The galvanostatic cycling tests were performed on a VMP3 potentiostat at C/20 with a potential window from 2.6 to 3.8 V vs. Li + /Li.

The electrochemical property of Mg(Li2)-p-DHT at 25 o C was illustrated in Figure 4.1. The practical capacity is over 30 mAh/g after 50 cycles with an initial capacity of near 40 mAh/g which is far from the result obtained using carbonate-based electrolyte with 100 mAh/g. 331 The coulombic efficiency fluctuates at over 80%, this weak coulombic efficiency could be related to the oxidation of electrolyte at high potential during the charge. Concerning the results obtained, glyme + LiTFSI seems to be not relevant as an electrolyte for Mg(Li2)-p-DHT due to the weak stability of the glyme. For that reason, another choice has been considered which can be suitable for both Li and Mg systems such as a sulfolane-based electrolyte. The properties of reaction kinetic and also electron-transfer reactions (Figure 4.4). 336 The electrochemical study of Mg(Li2)-p-DHT was thus performed also in diglyme and trimethylacetonitrile. The properties of these solvents including acceptor number, donor number, and dielectric constant are presented in Table 4.1. The sulfolane presents a higher dielectric constant, favorable for a high ionic species dissociation, and lower DN value (a measurement of the capability to interact with cation) than the other two solvents, so weaker interaction with Mg 2+ . On the opposite, glyme exhibits a much lower dielectric constant but a good affinity with cation, whereas the trimethylacetonitrile has in between properties. Trimethylacetonitrile is used instead of acetonitrile due to its reactivity vs. metallic electrode associated with the acidic proton presented in the α-position of the nitrile group.

Trimethylacetonitrile presents interesting properties in terms of dielectric constant, DN value, and viscosity and could permit a high salt solubility, high cation solvation ability, and high ionic species mobility.

The mixture of Mg(TFSI)2 and MgCl2 as salt was also investigated. Pellion Technologies' early research showed that the addition of MgCl2 to Mg(TFSI)2 in ethereal solvents provides electrolytes capable of displaying high Mg plating/stripping coulombic efficiency. The addition of MgCl2 to the electrolyte enhances Mg plating/stripping reversible by the formation of the binuclear complex, [Mg2(µ-Cl)2] 2+ . [343][344][345] The study of the Yan group also proved that the MgCl + monovalent ion is, in presence of chloride salt, the main charge carrier in magnesium rechargeable batteries instead of Mg 2+ with faster kinetic. 174 In all the electrolytes, as expected, a similar response is obtained in oxidation related to the formation of quinone and the de-insertion of Li + with an oxidation peak at 3.1 V vs. Mg 2+ /Mg.

Whereas no reduction peak is observed in sulfolane based electrolyte, a small broad reduction peak is observed in glyme at a potential from 2.5 to 0.5 V vs. Mg 2+ /Mg, the intensity of the 

4.6b).

Whatever the scan rate, the shape of the curve is the same and more coherent with a surface response of the active material with a deactivation with time as a redox response of the bulk. The CPO-27 seems to be not adapted as an active material for Mg cell.

Chapter 5:

Experimental: synthesis and characterizations Scheme 5.2. The mechanism of derivative phenol and BH4 -.

In the small vials, 2 mL of ethereal solvent is prepared with different LiBH4 concentration.

Depending on the ratio of phenol derivative/BH4 required, several amounts of the phenol derivatives (thiophenol) are added under stirring at room temperature.

The soluble products are characterized by 1 H-NMR. For some studies, to measure exactly the amount of the different compounds formed during the synthesis in the solvent used (no dilution performed for the analysis), an inner tube containing a reference solution is used. The reference solution is 0.5 M anhydrous tetraethylammonium tetrafluoroborate in DMSO-d6. In NMR study, 0.3 mL of solution in NMR tube containing inner cylinder was prepared in glove box and sealed by parafilm before transferring outside for NMR checking. For the solution used as electrolyte, the reaction is scaled up to 10 mL, filtrated, and dried carefully with molecules sieves before the electrochemical characterization.

Alkoxyanthracene

To synthesize 9,10-dimethoxyanthracene (Scheme 5.3), 9,10-anthraquinone (1.33 g, 6.37 mmol) is diluted in ethanol (10 mL) and a solution of sodium hydroxide (3.06 g, 76 mmol) in water (20 mL) is added. The mixture is stirred for 15 min at room temperature before the addition of sodium borohydride (0.36 g, 9.58 mmol). After 30 min of stirring, methyl trifluoromethanesulfonate (8.4 mL, 76 mmol) is added and the solution keeps under stirring overnight. The reaction is followed by thin-layer chromatography (TLC) in silica gel using 1% acetone in pentane as eluent solvent. At the end of the reaction, the solution is diluted with water (30 mL) and extracts with dichloromethane (3 x 30 mL). The organic phase is washed consecutively with water (2 x 30 mL). 1.1 g of pure product (72.27% of yield) is obtained.

Mechanical milling

The ball-milling technique is used to reduce the particle size of materials. The result of the mechanical process can be affected by many factors including ball and container materials, grinding time and speed, the solvent used, number of ball or temperature, etc. For our polymers, to prevent the contamination of the polymer with conductive species, zirconium oxide was used as container material.

In the aim of the work, different conditions such as time grinding, milling speed (rpm), rest time are applied for pristine PBQDS. The detailed conditions are summarized in Table 5.1.

Table 5.1. Milling conditions applied for PBQDS.

Grinding speed (rpm) 219 550

Grinding time (minutes) 3, 10, 20, 40, 60, 90 5, 10, 15, 20, 30, 45, 60 Rest time 10' after each milling stint

Solvent Ethanol

Temperature

Room temperature

Milling container and balls

Zirconium oxide (Zr2O) and Ø5 mm balls Ratio of balls/material/solvent 1/1/1 by volume

The particle size of the pristine material and each sample is determined by granulometric and the chemical structure are checked by Raman spectroscopy.

Electrochemical characterization

Cyclic voltammetry

Cyclic voltammetry (CV) is a potentiodynamic method commonly used in battery research to check the electrolyte voltage window (i.e. potential window in which they are not degraded) but also for a qualitative examination of the electrochemical activity of the active materials.

The CV technique is carried out by a VMP3 potentiostat from Biologic. A 3-electrode configuration is used with a platinum electrode (cavity electrode diameter 100 µm for polymer investigation, 2 mm electrode for soluble product study) as a working electrode. The counter and reference electrodes are Mg or Li foil in a protected cell containing electrolyte. Mg electrode was prepared from Mg disk foil (99.9%, 0.25 mm, Goodfellow) after polishing by an abrasive grinding paper from P180 to P2400 until the surface roughness on magnesium metal became completely smooth. The potential of the Mg reference electrode was checked after each experiment by ferrocene/ferrocenium redox couple.

General Conclusion and Perspectives

Annex

Annex 1. 1 H-NMR spectra of 0.033 M LiBH4 in diglyme using insect tube as a reference.

Annex 2. 1 H-NMR spectra of 0.033 M thiophenol in diglyme using insect tube as a reference.

Annex 9. 1 H-NMR integration of 0.033 M LiBH4 and thiophenol in different ratio of LiBH4:thiophenol using insect tube as a reference.

Chemical shift (ppm) 1.17 

Abstract

The objectives of this thesis are, on the one hand, to develop new electrolytes by the design of new non-hazardous magnesium salts or by the use of aromatic additives such as anthracene and, on the other hand, to synthesize an organic polymer with redox properties suitable for its use as a positive electrode in magnesium batteries. The first methodology was the synthesis of several magnesium salts obtained by the reaction of substituted phenol or thiophenol with the tetrahydroborate anion. The best results were obtained with the salt obtained by the reaction of thiophenol and tetrahydroborate. The impact of this new salt on the improvement of the Mg/electrolyte interface was characterized by chronoamperometry and impedance spectroscopy measurements. In addition, the performance of full cell Mg/Mo6S8 was evaluated, a capacity of 75 mAh/g was obtained after 20 cycles, with a weak polarization of the Mg electrode. The second methodology several π-rich compounds were used. The best promising molecule is the 2-(tert-butyl)anthracene with an improvement in the Mg plating/stripping process reversibility. The second part of this thesis will present the electrochemical performance of organic material using as positive electrode for both lithium and magnesium batteries. Poly(benzoquinonyldisulfide) (PBQDS) was synthesized with very high yield in a green and easy way. After the particle size reduction using ball milling technique, the discharge capacity reaches a stable value of 140 mAh/g at C/20 in sulfolane based electrolyte. In Mg cell, even if similar capacity is obtained in the first cycles, a large capacity fading is observed associated with the trapping of Mg 2+ in the active material, due to strong oxygen/Mg 2+ interaction. The use of solvation additive (crown ether) in the electrolyte mitigates partially this behaviour, given some interesting leads of improvement.

Résumé

Les objectifs de cette thèse sont d'une part, de développer de nouveaux électrolytes par la conception de nouveaux sels de magnésium non dangereux ou par l'utilisation d'additifs aromatiques comme l'anthracène et d'autre part de synthétiser un polymère organique ayant des propriétés redox adaptées à son utilisation comme électrode positive dans des batteries au Magnésium.

La première méthodologie a été la synthèse de plusieurs sels de magnésium obtenus par la réaction de phénol substitués ou de thiophénol avec l'anion tetrahydroborate. Les meilleurs résultats ont été obtenus avec le sel obtenu par réaction du thiophénol et du tétrahydroborate. L'impact de ce nouveau sel sur l'amélioration de l'interface Mg/électrolyte a été caractérisé par des électrochimie. En outre, les performances de la cellule complète Mg/Mo6S8 ont été évaluées, et une capacité de 75 mAh/g a été obtenue après 20 cycles, avec une faible polarisation de l'électrode de Mg. La deuxième méthodologie a consisté à étudier l'effet d'additifs aromatiques sur le processus de dépôt/dissolution du Mg, et ainsi permettre d'approfondir notre compréhension du mécanisme assisté sous-jacent. La deuxième partie de cette thèse présente les performances électrochimiques de matériaux organiques utilisés comme électrode positive pour les batteries au lithium et au magnésium. Le polybenzoquinonedisulfure (PBQDS) a été synthétisé avec un rendement très élevé de façon écologique et facile. Les performances obtenues en cellule Li sont intéressantes, alors qu'en cellule Mg, une perte de capacité importante est obtenue associée au piégeage des ions Mg 2+ au sein de l'électrode, due à une forte interaction oxygène/Mg 2+ . L'utilisation d'un additif solvatant, un éther couronne, dans l'électrolyte atténue partiellement ce comportement, proposant ainsi des pistes d'amélioration intéressantes.