GENERAL INTRODUCTION

As of November 2020, 194 countries out of 197 approved the Paris Agreement, aiming at handling global climate change by reducing greenhouse gas emissions, except the only country with a 1% share of global emission that is not participating, as shown in figure 1. 1 Every participating country has to set the minimum limit to reduce GHG. The main major purpose of this agreement is to hold the increase of the global average temperature by 2°C above the preindustrial level or lesser than that. Get pass this 2°C limit, we will go through an irreversible change that will activate a "domino effect", leading to other climate changes. For illustration, a huge amount of methane (CH4) gas, presently trapped under the Arctic Ocean as methyl-clathrates (CH4,5.75H2O or 4CH4,23H2O) that are molecules of methane frozen into ice crystals, and as organic matter frozen in permafrost (contains a lot of carbon), will be released in the atmosphere if the supporting ice came to melt. Actually, increasing temperature means that permafrost can thaw and may escape methane someday to the atmosphere due to continuing global warming and further heat up the earth. 2 For now, the Arctic acts as a carbon sink but if the earth continues to heat up and a lot of permafrost thaws out then the Arctic would become an overall source of carbon to the atmosphere, instead of a carbon sink. In this scenario, the arctic would change from carbon sink to carbon source and that extra carbon in the atmosphere leads to an ever-more increase in global warming. And, in the future, there is more to come if we cross the temperature increase of 2° Celsius. Consequences of climate change will increase the frequency and the intensity of some disasters such as the rise of the sea level, droughts, storms, floods and the sixth extinction of species.

Significant reduction in GHG emissions is only possible if all industrial sectors replace fossils fuels with renewable carbon-less fuels, including energy efficiency, combined heat and power, more efficient use and recycling of the materials, and by developing some eco-friendly solutions to replace existing polluting products.

Among the different contributors, 27% of global CO2 emissions accounted from transport emissions in 2017, which associates road, rail, aviation, and marine transportation (22% if international aviation and maritime emissions are excluded) and that is also growing faster than any other sector. CO2 emissions only from transport have been increased by 2.2% compared with 2016. It explains that the transport sector is posing a major challenge for mitigating GHG emissions. 3 In 2017, 73.1% of total GHG (transport) emissions come from road transportation, which includes 44,3% from cars, 19,2% from heavy-duty trucks and buses, 8,7% from light-duty trucks and 0,9% from motorcycles. Transport is considered for 80% of the hike in GHG emissions from 1970 to 2010, as we can see in figure 2. [3][4] Figure 1. 2..a) EU(Convention) Share of transport greenhouse gas emissions; b) Share of road transportation greenhouse gas emissions. Source:IPCC [3][4] Therefore, electrification is a very important sector to bring the change into incessant rising GHG emissions from the transportation sector because it removes tailpipe emissions which is a very serious threat to the human well-being and also for the environment. As, we can see in figure 3(a), the combustion of petroleum-based fuel releases chemicals and toxic substances such as carbon monoxide from incomplete combustion, hydrocarbons (CxHy) from unburnt fuel, nitrogen oxides (NOx) from excessive combustion temperatures, and atmospheric aerosol particles or suspended particulate matter (microscopic particles of solid or liquid matter suspended in the air) into the atmosphere. 5 Public transport can carry peoples with more efficiency than private vehicles, for that, we need to focus on public transport which needs to integrate electrification, and to increase better network services. For now, electric cars are acquiring worldwide notoriety, especially in major cities, as they make cleaner environment.

For heavy transport, such as buses and trucks, high energy densities are required, which makes it more difficult for batteries (as the energy storage system) to compete with fossil fuels.

However, electric vehicles should not be considered as a zero-emission vehicle. As we know, they do not emit carbon dioxide directly while being driven, but they might participate in three different stages, called: manufacturing, energy production, and recycling. For now, EV mainly depends on lithium-ion battery technology and overall more than 400 kWh energy is needed to produce a 1 kWh Li-ion battery, therefore, 1 kWh Li-ion battery almost releases 75 kg CO2 emissions. This equates to driving about 636 km with a petrol-car that releases 118 gm CO2/km. Compensation of electric vehicles' GHG emission produced during the manufacturing stage is paid off within two years compared to conventional vehicle, i.e. a medium range electric car (~20 kWh) would need to drive at least 13,000 km for paying life cycle emission debt. 12 This situation also highly depends upon the source of electricity used to charge the EV's battery.

If the EV is being powered with energy produced from fossil fuels then it is obviously still releasing CO2, not from the tailpipe but from some power plant, in the atmosphere. As shown in figure 3 (b), electricity and heat production contribute 1/4 th of the total GHG emissions of 2010. 5

"Using EV's for decreasing road transport GHG emissions while increasing electricity production emissions for charging is pointless."

Wherefore, producing clean-sourced electricity by using renewable technology is the only possible way to reduce GHG emissions from the earth. According to a 2019 survey, only 27% of world electricity generates from renewable sources, see figure 4. 6 Figure 1. 4. Comparison between renewable and non-renewable electricity production in %. 6 In the world, Brazil and Canada generates 2/3 of their electricity from renewable sources, while EU-28 uses a relatively high amount of nuclear energy and the rest of the countries rely upon more than 50% of their electricity generation from fossil fuels, as shown in figure 5. 11 If we want to fulfill the target of the Paris agreement for GHG emissions, we need to develop and implement renewable energies on a high scale in the upcoming future. Source: International Energy Agency (IEA) via the World Bank 11 Nonetheless, EV's development will also benefit us to improve human health. European

Respiratory Journal studies show that diesel engines cause the emission of harmful particles in the atmosphere, and are responsible for various diseases including asthma, chronic bronchitis, respiratory tract infections, fatigue, nausea, and ischemic heart disease. 7 As a matter of fact, the transport sector is, for instance, accounting for 46% of total European Union-28 NOx emissions and the other 13% and 15% of total PM10 and PM2.5 primary emissions (respectively particulate matter diameter of 10 µm or less and 2.5 µm or less). NO2 and particulate matter, both known as reasons for many lung and vascular diseases. Worldwide, air pollution is one of the biggest environmental risk factor of premature deaths (around 8.8 million, according to a 2015 survey) due to severe illnesses. As can be seen in figure 6, the life expectancy is highly impacted by PM2.5 and also revealing annual average ambient PM2.5

(µg/m3) with respect to the world population. 13 Figure 1. 6. Life expectancy decrement from PM2.5, a) Curve is expressing the survival percentage with respect the age, b) illustration of the relationship between world population and annual average PM2.5 (µg/m3) 13 Observed that the mortality caused by air pollution is highest in East Asia (35%) and South Asia (32%), followed by other continents Africa (11%), Europe (9%), and America (6%), while in Australia the mortality rate is the lowest, around 1.5%, bound with the strict air quality standards. 8 Figure 7. is showing an overview of life expectancy decrements from PM2.5 for the selected countries based on high and low-income countries. 13 In the most polluted cities according to the researcher's estimation, the average life expectancy could be increased by approximatively more than a year, if we would eliminate the use of fossil fuels. income countries. 13 Another fascinating component for the growth of EV's is that, according to the current extraction rates corporation of petroleum exporting countries (OPEC) and main oil-producing companies forecast, the world's proved oil reserves will last at the 2066 horizon. Earth has almost 1.688 trillion barrels of crude, whereas, during the last ten years (2003-2013) proven reserves have risen by more than 350 billion barrels. As for today's, the number of proven oil reserves and their extraction is rising every year. To fulfill the demand, new extraction methods are employed, which often use a huge amount of energy, particularly from the shale (which also uses chemicals that spread poison and also create a huge amount of toxic wastewater. 9 Due to these consequences, fossil fuel prices are expected to rise by that time and the population's lifestyle mostly relying on oil-powered transports, can change if travelling long distances becomes more expensive. Moreover, the total energy consumption used in transport by sources is shown in figure 8. We should have employed another source of energy for the vehicles in order to keep away any kind of environment/economic crisis. The support of the governments should be focused on to develop alternatives to the current internal combustion engine vehicle (ICEV) that would allow countries to become self-sustainable in terms of energy sources, especially non-oil producing countries, by decreasing their dependency on fossil fuels.

Figure 1. 8. Representing growth from 2000-2015 of the total transport energy consumption by the current available energy sources. 4 Thus, global car manufacturing companies should expand their interest in EV's product range to a way-out future challenge. Nowadays, various car companies are manufacturing electric vehicles. EVs stand for the transition to greener energy by producing only one-third GHG emissions compared to fossil fuel vehicles, even though charged through grid electricity. The major advantage of the EV is that they do not (or very less) emit air polluting particulate matter, contrary to gas or diesel vehicles. And if we use renewable energy sources to charge the EV (green grid), there is almost zero percent emission contribution, while the car's lifespan. Electric vehicles are also more practical than conventional vehicles as they are likely more efficient to travel the same distance, with less energy consumption and dissipation (10%), compared to fossil fuel powered cars (70%). 14 The variation in the GHG emissions is displayed in figure 9, for the 19,000 kilometers operated medium-size fuel (gasoline) car vs EV, also comparing when EV is 100% renewably charged. Initially, the EV's sales market was launched by Nissan LEAF in 2010. Nowadays, Tesla Model 3 stands at the worldwide top of the best-selling plug-in EV models in 2019 (approx. 300,000 units). Still, the crucial point for the EV market is the ability to fast charge and the performance in terms of velocity and driving range (autonomy) compare to ICEVs, rarely achieved by any current EV in the market except for Tesla (at a high cost!). 10 Furthermore, for the equal performance between ICEV and EV, the cost of the EV is far superior to ICEV. The explanation for this expensive cost lies in the electric powertrain and R&D costs (above 10% of the battery cost), as well as additional costs for the battery packaging due to use of some high volatile flammable materials and safety concerns. Also EV's are in the higher insurance group: cost more to insure compared to ICEVs.

For this reason, various different materials and manufacturing techniques are being explored to replace current lithium-ion batteries with the next-generation batteries.

CHALLENGES FOR THE NEXT GENERATION BATTERIES

Future Global Battery Demand

Future challenges are to achieve ultra-high battery performance, improving the lifespan, safety of the cells and systems, and also keeping in mind to ensure a circular economy model for the batteries with respect to future applications.

"Batteries will play a very important role in enabling a less emission climate by 2050."

In 2017, the European Union total carbon footprint was 7.2 tons of CO2 per person, which is considered as a very high level emission. Therefore, Europe is working to produce electricity by using more renewable resources and is aiming to reduce GHG emissions by 50% before 2030 and zero net emission by 2050. This new grail has been launched at the European Green Deal, in the month of December 2019, in order to transform the European Union economy for a sustainable future and to make Europe an emission-free or climate neutral region by 2050.

The next-generation batteries will highly support this vision to be fulfilled by playing a key role.

Rechargeable batteries with high efficiency are a key technology, empowering large energy storage for so many different types of application that is also mentioned in the European Green Deal, whereas next-generation batteries can play a very important contribution to accelerate the shift in the direction of sustainable and smart mobility. Batteries will assure clean energy for industries such as automobile and afford circular economy as well.

Undoubtedly, battery demand is intensely increasing and predicting the urge for energy supply over the next ten years. In fact, Europe itself will require an annual 200 GWh cell manufacturing capacity, that will increase towards the TWh range within next five years for European companies, as shown in figure 10. 6 Figure 1. 10. Showing future global battery demand by applications and regions 6 Sadly, the global battery market is mostly dependent on lithium-ion batteries. Today's, lithiumion batteries are reaching their maximum capacity. For a big change, we need a major breakthrough in battery performance and production, while the current lithium-ion batteries will carry on to play a part in the field of medium energy storage applications. Innovations are required to empower the formation of sustainable next-generation batteries and maintain to establish a cleaner electricity-based society.

With that in mind, there is an urge to generate a dynamic ecosystem, which goads to cover long The next-generation battery breakthroughs are:

1) to reach very high capacity cells, safer than current Li-ion batteries, with low manufacturing cost and sustainable development with a long lifespan.

2) to authorize or empower long term solutions for existing application suchlike transport, large stationary storage and for future emerging sectors like aerospace, defenses, medical sectors, and robotics.

3) to find new chemistry, neutral methods, able to fulfill the requirements.

These goals can be fulfilled by developing "Solid-State Batteries (SSB)" that promise much higher capacity and no use of liquid electrolytes, which makes them safer than current conventional (liquid-based) batteries.

For now, this battery is the most promising technology for future electric vehicles.

Recycling for Material Sustainability

Driving an electric car will guarantee less air, but also less noise pollutions, although recycling the batteries is a necessary step to achieve in order to make the cells more sustainable. In general, small electric vehicles batteries need to be replaced every 7 to 10 years after the use, while large vehicles demand this procedure each 3 to 4 years. According to the survey, 11 million tons of lithium-based batteries will be on market by 2030, in which the electric vehicles contribute at most. 15 These kind of used batteries contains toxic and/or environment hazardous materials that require to be extracted for reuse or recycling. EV used batteries with 50% to 70% storage capacity remaining can also be reused for stationary energy storage applications, with less stringent requirements, such as wind turbine or photovoltaic solar panels or gird connections hoarding power. 16 A future stockpile of the EV batteries is estimated to be over 3.4 million packs by 2025 that is a big driving force to discover the new ways of reuse retired batteries (by offering them a second life). Globally, EVs are commonly using lithium-ion batteries and the recycling process is still in its infancy with few existing techniques facing the wave of disposal. Most of the industries are focusing on the recovery of critical materials such as cobalt rather than extracting lithium and the rest valuable metals like copper, aluminum. [17][18][19] Recently, various interesting LIBs recycling projects were under development in several countries, such as the United States, Belgium, Canada, Germany, and Japan. European Union and China are following the local regulations for recycling the used batteries. 22 Numerous technologies for the recycling of LIB, in Japan, are studied by JX Nippon mining and metals corporation. [20][21] The US department of energy (DoE) created the first LIB recycling center "ReCell" at Argonne National Laboratories, by focusing on the goal to make a profitable closed-loop recycle program. 23 While a Canadian-based company assures that they developed an efficient recycling technology, which improves the lithium recovery rate from 33% to 100%. 15 For now, all these recycling procedures are depending on several different techniques such as deactivation, pyro-metallurgical, mechanical, and hydrometallurgical treatment [24][25][26][27][28][29][30] , as the methodology called LithoRec (as shown in figure 11). Initially, the process deals with mechanical and hydrometallurgical treatments to dismantle and shred the cells. Evaporated and condensed liquid electrolytes are treated to collect the Li-salt (LiPF6) by using thermal drying or extraction techniques or redissolution using the dimethyl carbonate (DMC). A magnetic field is applied to separate the iron-based elements. Zig-Zag air classifier is used to separate plastic materials and binders, whereas binder continues for further thermal treatment (600°C) to detach the active materials from the metal current collector following by air jet sieving. The leached process, using H2SO4 and H2O2 for taking out lithium, is performed to also dissolve the active material and then transferred for an additional hydrometallurgical refinement step. [31][32] Different LithoRec projects are now studied, trying to achieve high energy efficiency and high recycling rate by developing new processes chain.

The Belgium based Umicore Group successfully reached a new level, in the recycling process of the batteries, by using two different combinations: a pyro-metallurgical and an hydrometallurgical treatment, respectively, called the Val'Eas process. This process also has a series of complex treatments, such as a preheating to separate the electrolyte solvent, while the metals (including silicon) are enabled to be extracted by using the pyrolysis methods. 33 Another recycling process is developed by a Canadian Enterprise, called Retriev, by using wet crushing of the cells, followed by a hammer mill under brine solution, wich also helps to decrease the reactivity and to reduce volatile emissions. To extract more other materials, such as Al, Cu and Co, a mechanical separation process is used, whereas Li brine and unfinished Co are collected from the remaining fluid. 33 The industry is thus trying to achieve a more closed-loop economy of LIBs (Production/Construction/Recycling). According to the worldwide statics of EVs, that reached more than 4 million units and is estimated to cross over 500 million by 2040, EVs market will require the massive production of batteries, so that car manufacturers and policy makers necessarily need to focus more and more on recycling and reuse the used batteries. 34 However, our current recycling technology is not satisfying to recover lithium. Thus, it is urgent to study and discover new promising methods for an efficient and costless recycling of the actual batteries and also the next-generation of batteries to be launched.

Of the several next-generation of batteries currently being uncovered, SSBs are deemed to be a highly favorable technology, due to their use of nonflammable (inorganic) electrolytes, wide operating temperatures, and high energy density that can play a very important role in EV and grid storage applications. In addition, SSBs recycling process appears much easier, compared to current LIBs, and able to recollect 100% lithium, as well as other high-priced materials such as Ni, Co, Cu. We will thus be able to reduce the recycling cost, as SSBs do not require numerous different techniques for extracting materials, especially, technologies such as pyrometallurgy and hydrometallurgy facing scanty acceptance in the industry by reason of their high cost and intensive energy consumption. [35][36] Figure 12, is representing a feasible design and expandable all-solid-state batteries (ASSBs) recycling model in order to achieve maximum recycling capability. At first, cell packaging of the ASSBs is separated and the entire cell stack can directly be processed in the solution for phase separation. Centrifugal decanter is used for the solids and liquids separation, whereas SSEs active materials are recovered with the aid of direct regeneration through thermal annealing and direct regeneration (for example, by utilizing re-lithiation for the cathode recovery). 37 This process can finally lead to "new" cells with equivalent performance and comes up with a promising pathway for adoption of environmentally friendly and sustainable recycling policy of batteries.

Figure 1. 12. Showing the possible recycling procedure on industry level depend on the idea of direct recycling. 37

BATTERY WORKING PRINCIPLE

All batteries consist in three basic sections, such as the positive electrode, the negative electrode, and the electrolyte. Each and every battery performs due to the motion of the charged ions from the negative electrode to the positive electrode through the electrolyte that occurs because of the electrochemical reaction, which in parallel produces electrons, and consequently gives a certain amount of electric energy for powering up our devices, as shown in figure 13.

The charge transfer process only stops when the active materials became completely transformed. In consequence, the electrons stop to travel through the circuit and the battery is no more able to supply any power (discharged state). A charge of the battery (all reactions are then inversed) is needed to recover the initial state. In the operating battery, ionic and electronic forces every time should be balanced. 

Conventional Battery

As we know, very few materials are really interesting for use in a battery, therefore they should be chosen wisely, based on their intrinsic properties. Conventional lithium-ion liquid electrolyte batteries are ruling the industry market, covering from small portable devices to the high energetic applications i.e. electric vehicles, while still exhibiting problems with safety, expensive packaging (due to flammable liquid electrolyte), which makes this kind of battery to go for continue further improvement. As a consequence, Li-ion batteries improve their performance by using nanotechnology, by implementing new materials or by stabilizing liquid electrolytes, even by replacing them with solid electrolytes.

For now, solid-state batteries are the ones which theoretically will allow to achieve the major requirements, such as faster charging, lower cost, more compact size, easier to recycle, and less prone to safety issues. The solid electrolyte part helps the battery to achieve more than twice energy density than the current most advanced conventional Li-ion battery.

Why solid state battery?

Solid-state batteries use both electrodes and electrolyte at solid state (it is thus entirely made of solid components). They appear to be a serious competitor for lithium-ion batteries, see figure 14. The solid state is actually capable to enhance the battery performance and characteristics. The working principle of solid-state batteries is very similar to the conventional batteries with respect that, here, the ions are moving from one electrode to another through the solid electrolyte layer. This is more detrimental for the power of the system, since solid are generally less ionic conductive than liquids, especially at room temperature. The ionic motion can thus be hindered until a convenient solid electrolyte has been developed.

CONCLUSION

The electricity industry is going worldwide through a major revolution and the renewable energy sector is competing with thermal and nuclear power in order to achieve Paris GHG agreement before 2050. In this field, the energy storage domain, and the solid-state batteries (SSBs) particularly, will play a very important role to fulfil the upcoming demand for high capacity rechargeable batteries, especially for the EVs market. SSBs, by interchanging the liquid electrolyte for a solid-based material that advantageously allows higher specific energy density, can improve safety by removing flammable elements (organic solvents, polymer membranes). The overall cost can also be reduced by extending the lifespan and enabling easier recycling. Thus, ASSBs are contributing to an upgradeable and sustainable pathway for the next generation of (greener) batteries. 

Chapter 2 Solid State Electrolytes

TECHNOLOGICAL MOTIVATION FOR SSB

Electronic autonomous and portable devices require energy. Embedded batteries transform internal chemical energy into external electric energy, with enhanced volumetric energy densities when compared with capacitors. Most of these applications depends on rechargeable batteries, as long as they can carry higher volumetric and gravimetric energy densities to provide the required autonomy. The journey of the battery, as we know it today, involved so many evolutions one after another, as displayed in figure (2-15).

Conventional lithium ion batteries use specific organic liquid/polymer electrolytes. Therefore, it infers a hermetically and heavy packaging, which particularly increases weight of the batteries and lowers down their energy density. Moreover, several issues, amalgamated with the use of an organic liquid electrolyte, could be diminished by removing liquid electrolyte, as for at least prevent any leakage.

However, Li-ion batteries are currently the most used energy storage systems for high energy density applications. In 1991, first lithium-ion batteries were commercially launched by Sony (~80 Wh/kg). Thereafter, these batteries have been technically improved to reach maximum charging speed and energy storage capacity (~180 Wh/kg). Technologically, solid-state batteries are stimulated by the aspiration to reach high specific energy density (˃ 500 Wh/kg) to fulfill the electric vehicle autonomy expectation (> 500 km).

"Scientifically, the invention of new solid electrolyte materials would provide the required starting point to enable this technology development."

Several advantages of using a solid electrolyte are: safety (less or non-flammable) as they are containing less or no organic matters, high stability (non-volatile), high electrochemical properties (if high ionic conductivity and wide operating potential window), adequate for the device fabrication (facile shaping, patterning, and integration), and more durable (as long as they do not react) that makes them longer-lasting batteries. 2 A solid electrolyte layer also works as a separator between cathode and anode electrodes. 1 Solid-state batteries can be manufactured in a very small size (µ-battery) as compared to conventional Li-ion batteries and interestingly, they do not make hazardous gas thanks to no use of unstable organic materials, and thus, strengthening the overall safety. As it is known, liquid-based electrolytes (organic) are limited by the boiling or freezing points which enable a narrow range of temperature use. Contrarily, solid electrolytes can be operated over a wide range of temperatures, especially at high temperatures where their conductivity can be higher. 1 For performing, SSBs can be stacked in a bipolar ordering to configure a high voltage single cell, consequently yielding a simplified design.

The history of solid-state batteries took place in the 1830s but the advantage of this concept was not completely acknowledged until a sodium ion conductor has been discovered (called sodium beta-alumina solid electrolyte) in the 1960s. 3 Afterward, solid electrolyte materials were used as membranes in various types of molten salt electrochemical cells. After that, in the 1970s, solid polymer electrolytes were found, especially with the pioneering works from M. Armand (France/Canada), and opened on to complete solid-state batteries. 4 The following discovery of lithium phosphorus oxy-nitride (LiPON) at Oak Ridge National Laboratory, in the 1983s, allowed to develop thin-film SSB (µ-battery) with good cycling stabilities at ambient temperature. 5 Solid electrolytes have been improved so far, after many decades, with the emergence of high ionic conductors. Commonly, the studied solid electrolyte materials include sulfide compounds (such as Argyrodite, LGPS, LPS, and more), oxy-nitride compounds (such as LiPON), phosphate glass-ceramics (NASICON) oxides, garnet structure (LLZO with various dopants), and polymers (such as PEO). Lithium inorganic solid electrolyte materials exhibit ionic conductivity ranges from 10 -4 S/cm up to 10 -2 S/cm at RT. Thanks to their high ionic conductivity, solid electrolyte materials are envisaged for the development of next-generation batteries.

However, even if there are already several promising solid electrolyte materials on the shelf, not all known compounds meet the required criteria for solid-state battery application. 15 This compound actually shows high ionic conductivity for the bulk form up to 10 -3 S/cm at room temperature, with a small activation energy of 0.3 to 0.4 eV, coming from the large concentration of A-site vacancies (due to the charge neutrality when the ratio of La/Li is more than one). These A site vacancies help Li + ions to move through the square planner bottleneck formed by four O 2-ions in the middle of two nearest A sites. 16 includes six O4 as a square window and eight O3 equilateral triangles 15 Thanks to its high ionic conductivity, LLTO is fully suitable for SSBs. Interestingly, researchers found that ionic conductivity of thin polycrystalline films is lower than that of amorphous LLTO. However, the reason behind this is not clear yet, some authors suggest that this might be because of the absence of grain boundaries (GB), the disordered structure or the stress in the films. 17 For the disordered structure, there are three main factors, which influence the specific space group of this compound: the lithium concentration, the thermal history during the preparation, and the sintering treatment. Actually, a quenching process transforms a hightemperature cubic phase into a rhombohedral phase, while slow cooling down process transforms the initial structure into both orthorhombic (x<0.1) and tetragonal (x > 0.1) phases.

A brief review and discussion

In the orthorhombic and tetragonal phases, the lithium-ion conduction, in the middle of the Acages, accompany the site percolation model, whereas in case of the rhombohedral phase Liions are only available at the O4 windows, which accounts more for the bond percolation model (Li-ion diffusion pathway in between two neighboring O4 windows, as shown in figure 2345678910111213141516171819), and reveals a higher ionic conductivity for the rhombohedral phase Li0.5La0.5TiO3. The same crystal structure (Li0.5La0.5TiO3) were substituted by sodium ions instead of lithium-

ions. An irregular occupancy of the A-sites is observed without affecting the lattice symmetry or the diffusion pathway. However, increasing sodium concentration reduces the ionic conductivity radically until the percolation threshold (nc = 0.2). 31 Woefully, the LLTO solid electrolyte is not chemically stable with metallic lithium. For that reason, an additional barrier film is required to use these LLTO material in lithium metal-based SSBs.

ii. Lithium Lanthanum Zirconium Oxide (LLZO)

At first, LLZO electrolytes caught scientists' attention due to their high ionic conductivity (10 -3 S/cm), good chemical stability with respect to pure Li metal, and very wide operating window (9 V vs. Li+/Li) in which it is electrochemically stable. 36 In 2007, Murugan et al.

discovered this garnet type oxide, named after Li7La3Zr2O12 (LLZO) 35 . The cubic and tetragonal structure of LLZO directly depends on the sintering treatment temperature. For obtaining the cubic structured LLZO (c-LLZO), the synthesized powders need to be heated above 1100°C.

In the case of that cubic structure, the LLZO space group has been identified as Ia3d, and the lattice parameters measured to be between a = 12.95-12.97 Å. 8 where pathway B is more favorable in LLZO. 36 As can be seen in figure 2-20 (a), the crystal structure is described as a framework of LaO8 dodecahedra and ZrO6 octahedra, where Li atoms (LiO4/LiO6) are located in tetrahedral and octahedral sites. 37 The tetrahedral-24d and octahedral-48g Li-ions sites are represented by Wyckoff positions, as shown in figure 2-20 (b). Each tetrahedral cage is situated in a particular position so that they are able to share the face with four octahedral cages.

Two diffusion pathways of Li-ions through the structure has been evidenced. 38 The first pathway allows the diffusion of Li-ion from one octahedral cage to the bordering octahedral cage, through the interstice, shown as 'A' in figure 2-20 (b). This diffusion pathway seems to be predominant in garnet type solids that have a low Li-content, with a 0.8 eV activation energy. 39 Direct route from octahedral cage to octahedral cage (48g to 48g) is no more favorable, once the garnet type solid LLZO has a high amount of Li-content. Then the Li-ions start to travel first through the tetrahedral site (24d) before arriving at the bordering octahedral site (48g). This second route is more beneficial in terms of LLZO's ionic conductivity due to a much lower activation energy of 0.26 eV. 39 At room temperature, the tetrahedral structure of LLZO (t-LLZO) is the more stable form of LLZO. 9 This tetrahedral structure (t-LLZO) was first synthesized by Junji Awaka in 2009. The outcome lattice parameters (a = 13.07-13.12 Å and c = 12.67-12.72 Å) specify that it was just a minimally distorted version of the cubic structure. 40 With that being said, the minimal distortion has a strong effect on room temperature ionic conductivity. It lowered this conductivity by as much as two orders of magnitude, due to the "deleterious effects" on the diffusion of Li. The cubic structure LLZO(c-LLZO) thus caught the attention when it comes to solid electrolyte applications. Furthermore, the ionic conductivity and the stability of this compound has been further enhanced by doping with various elements such as Al, Nb, and Ta. 41 a) PHOSPHATE BASED i.

Lithium Phosphorus Oxy-nitride (LiPON)

LiPON is one of the most studied compounds as thin film lithium-ion solid conductor and was originally synthesized at the Oak Ridge National Laboratory (ORNL). It has been used

commercially in several thin films Li-ion micro-batteries, with an "adequate" ionic conductivity of 1.2*10 -6 S/cm at room temperature (25°C). Actually, the film is thin enough to counterpart the weak ionic conductivity. It displays very high electronic resistivity (more than 10 14 Ωcm)

giving the battery a very stable behavior at charged state. It also comes up with a vast electrochemical window to 5.5V vs Li. LiPON, was fully described by Bates et al. in 1992. 18 It has been accepted as a standard solid electrolyte for thin films batteries, based on lithium metal due to the high stability of LiPON with Li (compared to other lithium sulfide or oxide glasses). 42 In some cases, SiO2 were added to improve the ionic conductivity but unfortunately, it formed Li3.6Si0.6P0.4O4 which is no more stable in contact with Li-metal. [43][44] Figure 2-21. Representing the ionic conductivity at room temperature and the possible LiPON electrolyte composition through ternary diagram 32 Basically, phosphate glasses are fascinating because of their properties such as high thermal expansion coefficients and low melting temperatures that make them perfect for sealing applications; nonetheless, they suffered from poor chemical stability. [45][46] For improving the chemical resistance, Marchand et al. 47 demonstrated nitridation of these phosphate glasses under NH3 atmosphere conditions. Bates et al. improved the ionic properties of the lithium phosphates glasses with nitride. 48 Two possibilities of coordination come out, through the nitridation, either di-coordinated -N= (Nd) or tri-coordinated -N< (Nt) nitrogen atoms switch for both bridging oxygen's or non-bridging oxygen's to form PO3N and PO2N2. 49 Among these two substitute possibilities, it is supposed that non-bridging oxygen's and cross-linked network enhance the ionic conductivity by creating more available sites for Li-ions. 50 As shown on ternary diagram in figure 2-21, LiPON is highly tolerant against the changes in the composition in the LixPOyNz system and is also very suitable for different processing conditions. Generally, thin-film electrolyte's accurate composition is quite difficult to determine and very challenging. It requires various methods to be fully characterized.

LiPON thin films can be obtained by using different technologies, like plasma-enhanced chemical vapor deposition (PECVD) 19 , reactive RF magnetron sputtering 20 , and plasmaassisted directed vapor deposition (PADVD), ion beam direct assembly 21 , and reactive pulsed laser deposition, all onto the unheated substrate or directly on the electrodes.

LiPON thin films have no grain boundaries, high density, are smooth, and closely adherent to the substrate. These strong key features make this solid electrolyte more fit for the solid Li-ion batteries. 22 Conceivably biggest drawbacks of the LiPON are its lower ionic conductivity, and the expensive-, slow rate-, and high vacuum-deposition method to produce thin layers.

ii. NASICON

The crystal structure of this compound has been characterized in 1968. It is also known as sodium or lithium superionic conductor and refers to a family of superionic conducting oxide.

For Li-based material, the general formula is Li1.3Al0.3Ti1.7(PO4)3, and for Na-based material, the general formula is Na3Zr2Si2PO12. Na ion mobility is much higher than Li-ion mobility in NASICON type solid electrolytes. Sodium based NASICON compounds have actually huge ionic conductivity in the order of 10 -4 to 10 -3 S/cm at room temperature, which compete with organic liquid electrolytes. 27 This happens due to the weaker Lewis acidity of sodium ions that have weaker electrostatic interaction with the oxide or sulfide anion species in the crystalline structure. 23 The M1 site is typically full, while M2 and M3 are partially occupied. 27 As we can see in figure 2 The ionic conductivity highly depends on the synthesis and processing approach due to a variable amount of a parasitic secondary (orthorhombic) AlPO4 phase that is unfavorable in the sense that it takes away Al from the primary phase, LATP.

c. SULFIDE ELECTROLYTES

In recent years, sulfide based conductive crystalline solid electrolytes have gained interest because of their high ionic conductivity (around 10 -3 S/cm) and due to their relative good electrochemical stability. These electrolytes are considered to be stable with lithium metal, and with dry air. Another reason is their soft nature that allows them to accommodate the volume change of the cathode (or anode) during charge-discharge cycling.

However, sulfide electrolytes are highly sensitive to moisture exposure, thus PLD and RF sputtering systems should be directly connected to controlled environment chambers.

Researchers found that thin-film electrolytes exist in an amorphous state, as a consequence when annealing failed to generate a crystalline material. 24 These amorphous thin films exhibit almost the same ionic conductivity than their crystalline parent materials. This property makes them remarkably different from the oxide and phosphatebased thin film electrolytes, where ionic conductivities are always much lower in the amorphous structure.

Sulfide based solid state electrolytes can be classified into three different categories, such as a)

Li2S-P2S5 glass and glass-ceramic, b) thio-LISICON, and c) anion-doped Li2S-P2S5.

i.

Li2S-P2S5 glass and glass-ceramic

Li2S-P2S5 glasses are currently considered as solid state electrolytes, mostly for Li-S batteries. 25 The glass-ceramic compound can exhibit high ionic conductivities after applying an annealing process. The glassy 80Li2S-20P2S5 compound (prepared by mixing Li2S and P2S5 together)

shows an ionic conductivity of 2.10 -4 S/cm at room temperature. The same compound, after an annealing process at 250°C, shows an increase of its ionic conductivity up to 9.10 -4 S/cm at room temperature. 51 Thus, the annealing process plays a key role in the ionic conductivity (changes in phase structure, and crystallinity). Tatsumisago et al. showed that increasing the annealing temperature to 500°C, 80Li2S-20P2S5 glass-ceramic compounds changed into Li7PS6 and Li3PS4, which makes them more thermodynamically stable but less ionic conductors. 52 A new phase was discovered by Mizuno et al. when 70Li2S-30P2S5 glass went through an annealing process at 240°C for 2 h. The glass-ceramic obtained possesses a high ionic conductivity of 3.2.10 -3 S/cm at 25°C. 53 Later, this new phase has been recognized by Tatsumisago et al. as a Li3P3S11. 54 Furthermore, they also improved the crystallinity of this compound by increasing the annealing temperature to 360°C. The highest ionic conductivity (1.7.10 -3 S/cm) were achieved by Seino et al. thanks to the use of a highly compacted 70Li2S-30P2S5 glass powder, maintained under a high pressure of 94 MPa, and annealed at 280°C for 2h. The obtained glass-ceramic was more conductive due to less inner gap and grain boundaries that undoubtedly boost the mobility of Li-ions. 55 ii.

Thio-LISICON

It is one of the most common crystal sulfide solid electrolytes. It was firstly reported by Kanno et al. with the general formula of Li4-xA1-yByS4, where A=Si or Ge, and B=Zn, Al, or Pt. 56 With time, various thio-LISICON phases have been explored to achieve better ionic conductivities, e.g. Li2S-GeS2-Ga2S3, Li2S-GeS2-ZnS and Li2S-GeS2. Thio-LISICON exhibits higher ionic conductivity in the case of aliovalent substitution. For example, initially Li4GeS4 shows an ionic conductivity of 2.10 -7 S/cm, but after the substitution of Ge 4+ by (Ga 3+ +Li + ), to form thio-LISICON with formula Li4.275Ge0.61Ga0.25S4, it exhibits higher ionic conductivity of 6.5.10 -5 S/cm at RT. 56 Accordingly, Kanno et al. substitute thio-LISICON Li4-xA1-xBxS4 (0.6< x ≤0.8) by (Ge 4+ +Li + ) to P 5+ and discovered much higher ionic conductivity of 10 -3 S/cm at room temperature, with monoclinic structures. 57 The aliovalent substitution seems to enhance the ionic conductivity by creating more Li-ion vacancies. Further improvements have been done through substituting GeS2 by SnS2 or SiS2 for achieving ultra-fast superionic conductivity.

iii.

Anion doped Li2S-P2S5

In 1981, Li2S-P2S5 glass was doped by lithium halide (LiX, X= Cl, Br, or I) and it has been noticed that it increases the ionic conductivity, depending on the polarizability of the halides (σLiI>σLiBr>σLiCl). 59 Doping appropriate anion also improves the stability of sulfide-based solid electrolytes. Li7P2S8I was discovered by Rangasamy et al. through mixing β-Li3PS4 and LiI with following heat treatment process. However, Li7P2S8I is not showing very high ionic conductivity (~6.3.10 -4 S/cm), but it exhibits a large electrochemical stability window up to 10V vs Li/Li + . 60 Unfortunately, sulfide based electrolytes are highly sensitive to the wet atmosphere. Therefore, to solve this problem some researchers tried to replace S with O to increase the stability against moisture. In this case, Hayashi et al applied substitution method for partially replaced P2S5 with P2O5 in 70Li2S·30P2S5 and found less H2S generation rate. 61 Although, this substitution exhibits PO4 and oxy-sulfide units, where the non-bridging oxygen possibly block the Li-ion motions and consequently decrease the ionic conductivity.

Solid Polymer Electrolyte (SPE)

SPE stands for solvent-free salt solution electrolytes in a polymer-based material, and has the potential for being used in SSBs. Generally, SPE is much easier to synthesize than the ISE, which makes them more attractive for large-scale manufacturing processes. Thin films electrolytes, based on cross-linked polymer networks, are an interesting family of solid electrolytes due to their higher elasticity and plasticity behavior, increasing the conformity and stability at the interface, their flexibility, improving the resistance to volume changes during functioning. Other reasons that make SPEs ideal for the next generation of batteries, are for instance, a good dissolution of Li-salts, a low temperature-sensitivity, a low degree of crystallinity, a wide electrochemical stability window, and a superior thermal stability. Thanks to their mechanical properties, they can adjust with the expansion or the contraction of the adjacent cathode and anode during the successive charges and discharges. 26 Despite several advantages of SPEs, their ionic conductivity remains lower than ISEs which is limiting fast charging. It makes them less attractive for use in the automotive batteries industry. 7 Polyethylene oxide (PEO) based SPE is considered to be the first solid-state polymer in which conductivity was illustrative both through inter and intramolecular units, by ion hopping due to their segmental motion of the polymer chains (ion complexation capability of the ether groups). 9 reference electrode and SS used as a blocking electrode) at 70°C. 33 M. Armand et al. 33 reported a solid polymer electrolyte composed of PEO/PEGDA/DVB (10% divinylbenzene)/LiTFSI that practically achieved high ionic conductivity (~10 -4 S/cm at 70°C) as well as large electrochemical stability window, up to 4.3V (vs Li/Li + ), as it can be seen in diagram 1-24.

Another SPEs example, the WPU: PEO = 1:3 with 30wt% LiTFSI solid electrolyte combination delivers a relatively satisfactory ionic conductivity of 8.2.10 -4 at 60°C and 3.1.10 -3 S/cm at 80°C. 34 Therefore, those kinds of solid polymer electrolytes can be applied for specific battery applications that are running above 60°C/80°C. Some other compounds, that can be used instead of polyether-based SPEs, are polyesters, polysiloxane (such as PDMS), polycarbonates, polyamines (such as PEI), polynitriles (such as PAN), polyalcohols (such as PVA), and fluoropolymers (such as PVDF, PVDF-HFP).

Furthermore, biopolymers are also studied due to their eco-compatibility and high complexation capability with the salts, e.g cellulose 8 , lignin 9 , and chitosan 10 .

Quasi Solid-State Electrolytes

Quasi solid-state electrolytes, with an inorganic skeleton, show good optimum efficiency, durability and high ionic conductivity. They are well known due to their long term stability and also represents good interfacial contact property similar to the liquid electrolytes. Often, QSSEs are also called gel polymer electrolytes (GPEs). They are containing a polymer network swollen (three different hypotheses proposed such as rubber-like elasticity theory, equilibrium swelling theory and mesh size theory) in the solvent that carries the active ions.

Consequently, QSSEs exhibits the mechanical properties of solid and also the high transport properties of liquids. Several different solvents have been studied to enhance porosity in order to simply allocate low evaporation, such as propylene carbonate (PC), dimethyl carbonate (DMC), ethylene carbonate (EC), and diethyl carbonate (DEC). [12][13] Polyethylene glycol (PEG), ethers or aprotic organic solvents, such as dimethyl sulfoxide (DMSO) exhibiting high dielectric constant (permittivity), and low molecular weight solvents can also advantageously be added in a solid matrix. Rather than this, UV and thermal crosslinking are a very useful method to in-situ polymerize QSSEs with respect to enhanced contact with main electrodes for a perfect adherent conformal interface. 14

A newborn inorganic oxide-based solid state electrolytes doped with lithium/sodium for the next generation of full solid state batteries

HIGH ENTROPY OXIDES (HEOx)

A composition that forms an entropy stabilized rock salt structure by random allocation of the cations on the cationic sub-lattice, when heat treatment of a binary mixture is above 850°C and decomposes if heat treatment proceeds under 850°C. 65 After that, a wide range of structures has been found by manipulating the synthesis process, and the composition of oxide mixtures, such as fluorite [73][74][75][76] , spinel [START_REF] Djenadic | Multicomponent equiatomicrare earth oxides[END_REF] , perovskite [START_REF] Sarkar | Rare earth and transition metal based entropy stabilized perovskite type oxides[END_REF][START_REF] Jiang | A new class of high-entropy perovskite oxides[END_REF][START_REF] Okejiri | Room-temperature synthesis of highentropy perovskite oxide nanoparticle catalysts through ultra-sonication-based method[END_REF] , bixbyite 77 , pyrochlore [78][79][80] , monoclinic [81][82][83] , magnetoplumbite [84][85] , rutile 86 , defect fluorite [87][START_REF] Zhang | Synthesis, Characterizations, and Transport Properties of New HEOx Solid Electrolytes[END_REF] , and even amorphous type [START_REF] Zhang | High-entropy oxides 10La2O3-20TiO2-10Nb2O5-20WO3-20ZrO2 amorphous spheres prepared by containerless solidification[END_REF][START_REF] Cheng | Pressure-induced tuning of lattice distortion in a high-entropy oxide[END_REF] In the beginning, HEOx has been prepared without substituting Li + /Na + ions, named parent compound un-doped HEOx-0. It is an insulator material, as all binary oxides composing it. 64 However, we found that this compound exhibits promising dielectric properties with a colossal dielectric constant (CDC) found in a wide frequency range, which makes this material attractive for (super)capacitors. 63 Then, we observed that this un-doped HEOx-0 "(Mg, Co, Ni, Cu, Zn) O" can be substituted by Li + or Na + ions with an intrinsic charge compensation mechanism, or by a combination of +1 and +3 element with a self-charge compensation between the substituents, while keeping the rock salt structure not deformed.

Fortunately, the charge compensation mechanism that occurs in case of the substitution by +1 elements also involves oxygen vacancies that provides a feasible diffusion pathway for lithium or sodium ions. Due to this interesting charge compensation mechanism, and also thanks to the oxygen vacancies, these doped high entropy oxide compounds are a very important player among the best oxide-based superionic conductors, as we observed in the case of Li + an ionic conductivity above 10 -3 S/cm and for Na + around 10 -5 S/cm, at room temperature. [64][65] Besides, another most essential reason is the ease and flexibility of the HEOx synthesis which also distinguishes them from the conventional oxides.

"Over the past few years, HEOx compound draw the attention due to their exceptional structural characteristic and various possibilities for tailoring high entropy oxide materials. The distinctive chemistry of HEOx leads to multifunctional properties such as conductive, dielectric, catalytic, thermal, and magnetic by using one standard composition (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O. Among all these properties, the high conductive (Li + /Na + ) nature makes this compound more fascinating for the next-generation solid state battery applications, particularly Na-SSB"

CONCLUSION

Numerous miniaturized electronic devices and high energy applications will soon require solidstate batteries that allow more safety, reliable prices, and high energy-density. However, this battery technology requires the most suitable solid electrolyte to efficiently replace the conventional liquid-based battery. Thus, developing a solid electrolyte with high ionic conductivity, at room temperature, becomes most worthwhile. It is also important to maintain good interface contact between solid electrodes and lithium/sodium metal for avoiding huge interfacial resistance, which affects the cycling. Solid-state batteries offer excellent properties to overcome several limitations deep-rooted to conventional lithium-ion batteries due to the use of liquid electrolytes.

Actually, solid-state batteries can solve safety concerns, intrinsic to liquid electrolytes that start to decompose after contact with moisture and cannot operate above 60°C, while solid electrolytes can be used for high temperature applications such as on drilling sites. It couldn't be plausible with organic electrolytes due to their boiling points, which drop between 90°C and 250°C. Solid electrolytes allow lithium/sodium metal to be used as an anode in the battery.

Thanks to the solid electrolytes that could make facile fabrication process and assembly of the cells.

Ionic conductivity is playing a very important role in the electrolyte, as well as in the electrode.

It is linked to the mobility of the ions, which decidedly impacts the performance and the capacity of the battery. Ionic conductivity relies on the three-layer of the battery, themselves depending on the material used and the conductivities at the grain boundaries associated with the solid/solid interfaces. Unfortunately, the ionic conductivity of most solid electrolytes still remains lower than liquid electrolytes (10 -2 S/cm) at room temperature.

Overwhelming this drawback is completely depending on the research of ionic conductors. The solid electrolyte should possess chemical-thermal stability, maximum ions mobility, optimum mechanical properties, as well as a wide electrochemical stability window.

Apart from all this, the control of the solid/solid interfaces is crucial. These interfaces are not ideal and vary according to the material used and the implemented fabrication technique, therefore, it is essential to find suitable fabrication technique relative to selected materials.

INTRODUCTION

The aim of the present chapter is to present the synthesis and the characterization of superionic conductor (Li-HEOx) and fast ionic conductor (Na-HEOx), based on high entropy oxide matrix (HEOx). Different analyses have been done to understand the properties of HEOx SSEs, by using various investigation techniques, such as X-ray diffraction (XRD), Scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Impedance spectroscopy (EIS), Raman spectroscopy (RS). After this process, the obtained mixture was uniformly pressed into 12x3x3 mm 3 or 13x13 mm 2 pellet die, under an hydraulic pressure of 250 MPa, thenceforth, pellet were kept in an alumina crucible to be heated at high temperature range that varies according to sample composition (between 850°C to 950°C) for 12 hours, in air, with a heating rate of 2°C/min (120°C/h), followed by a quenching in liquid nitrogen or directly kept on a metallic plate (for better heat dissipation) under vacuum (especially those prepared with a large amount of sodium that were directly kept in the glove box to prevent any side reaction from the humidity). A synthesis process diagram can be seen in figure 3-28. The practical density of all the samples, after the heat treatment, was calculated to be between 75% to 80%.

SYNTHESIS PROCESS OF HEOx SSEs

CHARACTERIZATIONS

X-Ray Diffraction (XRD)

This technique is widely used as a primary technique to investigate the crystal structure and detect secondary phases (like impurities). X-rays contain wavelengths alike to the interplanar spacing in a crystalline material, in consequence they can be diffracted by ions or atoms.

Actually, the crystals can be considered as layers of semi-transparent mirrors (lattice planes) which are occupied by ions or atoms; for this reasons, X-ray interactions with elements are able to give important information concerning the lattice planes, the atomic positions, the identification of phases, the crystal structure, and the detection of impurities phases etc 1 . All crystalline solids have a particular diffraction pattern in respect with position (2θ) and intensity of reflection (2), where the position (or d-spacing) provides details regarding the size and the shape of the unit cell, and the intensities of reflection give data related to atomic positions. X-ray diffraction of high entropy oxides (as a pellet or powder form) were characterized at room temperature and recorded with a Panalytical X'pert diffractometer, using a Cu Kα1 radiation with a Ge (111) incident monochromator, and an X'celerator detector (Philips).

FULLPROF software was used to obtain lattice parameters, by means of diffraction patterns refinements. Crystal structure of high entropy oxides is affected by several parameters, such as sintering temperature, oxygen vacancies, doping with an excess amount of Co, Ga, K, etc.

Synthesis conditions and their effect on HEOx with XRD analysis

Several conditions were used to prepare the high entropy oxides. HEOx structures are highly dependent on the correct heat treatment and also how the quenching process is accomplished.

After a heat treatment analysis, with different operating conditions, we found the most suitable parameters.

Apart from this, to check the stability against moisture, some pellets were kept in the water or under air atmosphere. Following experiments are described below: An alike experiment has been carried out on as-synthesized HEOX doped with 15% Na that was kept in the water for 24 hours to check the stability when sodium is inside the HEOx matrix.

According to figure 3-33, which represents almost similar XRD patterns for both cases, the compound with sodium seems to be also "stable". However, all peaks are shifted towards higher angles, after a stay in water, which is highlighted in the zoom-out version. It is possible that some Na + could be exchanged by H + (in a small amount, according to the slight effect observed), leading to some lattice parameters change (and peak position displacement). In complement to thermogravimetric experiments (presented in the published JACS article, at the end of this chapter), XPS analysis has also been performed in order to shed more light on the charge compensation mechanism that participates uniquely, especially when HEOx compound is doped (x < 0.21) with alkali. It has been observed that the charge compensation mechanism only occurs through changes in the valence state of cations. As we can see, on figure 3-37, representing Co-2p core-level XPS spectra for a selection of compositions, where undoped Heox compound is (x = 0), there are cobalt ions in the +2 state. Traces of Co 3+ can be seen but it cannot be unambiguously claimed. However, it is possible to differentiate between Co 2+ and Co 3+ by considering the discrete main peak, Co2p3/2, and its satellites. 2,3 The discrete cobalt ions in the +2 state was confirmed to be at about 6 eV, while Co 3+ was around 9 eV.

Spin-orbit splitting is different, depending on the oxidation state, and it stands for Co 2+ at 15.8 eV and 15 eV for Co 3+ . 4 By increasing the fraction of Li + in the HEOx, the magnitude of the satellite at circa 786 eV monotonically decreases until it completely vanishes for x ≥ 0.15. Above this value, it is replaced by a small peak at circa 789 eV. The magnitude of this peak does not depend on the Li + fraction when x > 0.15. Therefore, we can now unambiguously confirm that when Li + is introduced in (MgCoNiCuZn)1-xLixO, a fraction of Co 2+ ions is oxidized into Co 3+ to keep the charge balance constant, until all Co 2+ in the structure has turned into Co 3+ (which occurs at x = 1/6). No change in the Co 2p spectra can be observed for concentrations of lithium larger than 0.15, which indicates that the formation of Co 4+ to compensate for the introduction of more Li + is unlikely. The binding energies corresponding to Co 3+ and Co 4+ are very close (779.6 eV and 781.5 eV, respectively 5 ) but the distinction between these two states could be possible by considering the FWHM of the Co2p3/2, which was reported at about 2.4 eV for Co 3+ and 3.7

eV for Co 4+ with Co cations, in a similar chemical environment (Oh geometry). 6 Figure 3-38, is showing Ni-2p core-level spectra for a selection of compositions. There is no significant influence of the fraction of Li + on the spectra, which shows that nickel ions do not seem to play any role in the charge compensation mechanism occurring upon the incorporation of Li + . The Ni XPS spectra are very similar to Ni 2+ in Oh geometry 6,7 with the main peak for Ni 2+ 2p3/2 between 854.2 and 854.9 eV. The appearance of Ni 3+ would lead itself to a broadening of the main peak (Ni 3+ binding energy was reported at 855.2 eV) together with a decrease in the intensity of the satellites 8 , which is not observed here.

The presence of Cu + in all samples is consistent with the presence of a slight amount of oxygen vacancies, even in the Li-free sample, even if we cannot totally exclude an in situ reduction of some Cu 2+ ions during the XPS measurements. According to these previous results, the charge compensation mechanism can be explained.

First, below x = 1/6, the introduction of Li + leads mainly to the oxidation of Co 2+ into Co 3+ .

Then above x ≈ 0.21, oxygen vacancies are formed, with a concentration that increases when increasing the fraction of Li + . However, from the present data, we are not able to explain how the charge compensation occurs between x = 1/6 and x = 0.215, as the fraction of Li + does not have any influence on the valence state of neither copper nor nickel ions. Some plausible hypotheses can be proposed: either partial oxidation of part of the Co 3+ ions into Co 4+ could occur above x = 1/6, with a maximum 38% of Co 3+ turned into 4+ at x≈0.21 (which would be hard to detect using XPS).

As the samples are electronic insulators, whatever the fraction of lithium, this hypothesis would require that these charges remain localized, which could be enabled by the huge entropic disorder of the structure. Last, as reported previously (see for instance 19 ) high oxidation states of 3d metals have low-lying 3d levels and the hybridization of these levels with oxygen 2p orbitals can produce oxygen p holes (ligand holes), which could, once again, remain localized in this system due to the large chemical disorder.

After analyzing the Li-doped HEOx, a similar study has been applied to Na-doped HEOx, with same observations. XPS measurements were also carried out to check the stability of Na-doped HEOx in full solidstate battery, and will be presented in chapter 4.

SCANNING ELECTRON MICROSCOPY (SEM)

The morphology of both the surface and the particle was investigated with a focused beam of electrons, by using scanning electron microscopy (SEM). The overview of the SEM images, in figure 3-39, shows micro to nano-particle sizes of the HEOx powder doped with Li 25% and 32% Na, whereas a higher magnification image of individual particles is presented in the insets.

In both case, doped-HEOx powders contain some individual particles and clusters or agglomerated spheres. Furthermore, some SEM analyses have been done on four doped samples of each Li 25% and Na 32%. As shown in table 1, these samples were first synthesized and heat-treated at a standard temperature (> 700°C) to obtain a perfect rock salt structure. After that pellet was grinded into powder and compacted as a pellet by applying hot pressing to observe changes in the morphology and particle sizes, if any.

Table 1. Four Heox doped pellet of each Li%25 and 32% Na were prepared by following pressure and temperature for the morphology analysis to compare with a heat-treated reference electrode:

In figure 3-41, the morphology and particle sizes of these compacted samples are different from their parent pellet due to changes in the texture. The compaction makes the surface rougher. According to the selection rules, an ideal centro-symmetric rock salt structure with Fm-3m space group should not have any Raman active modes. However, an enhancement can occur because of the presence of a distortion and/or structural defects. Such parity-breaking effects have been observed for rock salt-structured materials such as LiMgXO3 (X = Ti, Sn, Zr) ceramics 11 , Li(1-x)/2Ga(1-x)/2MxO (M = Mg, Zn) alloys 12 and NiO [13][14][15] . Actually, the Raman spectrum of pure NiO shows two first-order peaks near the transverse optical (TO) at 400 cm -1 and longitudinal optical (LO) at 580 cm -1 . Hence, the presence of a broad and asymmetric band in the HEOx Raman spectra, which can be deconvoluted into the TO and The TO mode is also a good descriptor of the average lattice force constant, that can be calculated using the relation [5,7,8] (eq. ( 1)):

𝜔 = 1 2Π𝑐 ( 𝑘 𝜇 ) 1/2
eq. ( 1) where ω is wavenumber of the TO vibration, c is the velocity of light, k is the average cationoxygen force constant and μ is the effective mass of the cation-oxygen bond, calculated from (eq. ( 2)):

𝜇 = ∑(𝑥 × 𝑀 𝐶 ) × 𝑀 𝑂 ∑(𝑥 × 𝑀 𝐶 ) + 𝑀 𝑂 eq. ( 2 
)
where MC is the atomic mass of each cation in the lattice, x is the mole fraction of the respective cation and MO is the atomic mass of oxygen. The average cation-oxygen bond length, b, was determined from the force constant from the relation [19]: The obtained results lead to the following comments, pointing to the probable occurrence of two distinct mechanisms upon Li + /Na + substitution: 20 The blue shift here observed for the LO mode (figure 3 Direct probing of oxygen vacancies by Raman spectroscopy is not an easy task. However, the presence of an additional component at ~405 cm -1 in the low frequency side of the main Raman band for Li-10%, Li-16% and Li-25% could be related to the creation of additional defects such as oxygen vacancies that are known to influence both the shape and position of the bands related to M-O vibrational modes. 22 

𝑏 3 = 17 𝑘
(i)

TRANSPORT PROPERTIES

Basic of Electrochemical Impedance Spectroscopy (EIS)

For better understanding, we need to start with Ohm's law for calculating the ionic conductivity, the electronic conductivity, and the permittivity. The applied potential difference V and current I passing through a conductor are proportional to the resistance R, as stated in equation 4.

𝑉 𝐼 ⁄ = R eq. ( 4)

As we know that capacitors and inductors are frequency-dependent and their response is known as reactance, while the electrical response of resistors does not depend on frequency, using an AC signal (with different frequencies) will help to highlight the contribution of these elements.

The reactance of a capacitor is inversely proportional to frequency, while the reactance of the inductor is directly proportional to frequency.

X c (reactance of capacitor) = 1 𝜔.𝐶 eq. ( 5)

XL (reactance of inductor) = ω.L. eq. ( 6)

ω = 2πf
where, ω, C and L stand for pulsation, capacitance, and inductance, respectively.

In the case of the solid electrolytes, resistance and capacitance are playing a key role in the global impedance measurement and response, whereas inductive effects are mostly not observed.

The combination of reactance and resistance is known as impedance, which can be express by a complex number form, Z*:

Z* = Z'j Z" eq. ( 7)

Where j = √-1

Experimental data can be examined by using either the impedance or other three complex forms such as permittivity (ɛ*), admittance (Y*), and electrical modulus (M*), as written below in the equation 8:

M* = jωC0Z* = 1/ε* = jωC0 (1/Y*) eq. ( 8 
)
Where, C0 = ε0 S/e (setup cell capacitance)

For example, a simple parallel R//C circuit stands for an ideal solid-state electrolyte that can be used to model and explain the dielectric behavior of the solid.

The impedance for each parameter like Z*R and Z*C can be written subsequently:

Z*R = R eq. ( 9)

Z*C = -j. eq. ( 10)

For this single parallel R//C circuit, the total admittance can be written as:

Y* = YR + YC eq. ( 11 
)
As we know, Z* is inversely proportional to the admittance, therefore the total impedance is:

Z* = 1/Y* = 1/ [YR + YC] = 1 1/R + jωC Z* = 1 1/R + jωC = 𝑅 1 + jωRC x 1-jωRC 1-jωRC = 𝑅(1-𝑗ωRC) 1+[ωRC] 2 Z* = 𝑅(1-𝑗ωRC) 1+[ωRC] 2 = 𝑅 1+[ωRC] 2 -j ω𝑅 2 C
1+[ωRC] 2 ; (Z* = Z' -jZ'') eq. ( 12)

Z' Z''

Each element showing resistance or capacitance behavior has a relaxation or time constant τ

(second), depending on the speed of the electrical phenomenon behind (kinetics). τ = RC eq. ( 13)

If we replace time with frequency, where the imaginary part of the impedance reaches a maximum value, we can then calculate capacitance from the maximum value of the arc; as it can be seen in figure 3-47, and the equation can be written as: ωmaxRC = 1 eq. ( 14)

EIS measurements can be plotted in several different ways. In the case of the complex plane plot (also known as Nyquist plot), a single parallel R//C circuit gives a semi-circle (according to eq.12). At very low frequencies, the diameter of the semi-circle ideally stands for the fully resistive behavior.

For better understanding the transport properties, the extracted data from electrochemical impedance spectroscopy were analyzed with Z-view/Z-plot package (Scribner) using the phase inflection detection (PID) technique for de-correlating relaxation phenomena.

Samples were used in the pellet form (D: 13mm, t: 2mm). The EIS measurements were performed with two different setups, such as blocking cell (Pt/HEOx/Pt) and Non-Blocking cell (A/HEOx/A, where A = Li, Na, and K). The sample pellet/metal interface can store charges, according to the technique applied to perform measurements. In general, platinum, gold, and silver metals or paste are used as blocking electrodes. For example, the blocking electrodes with an electronically charged surface are in direct contact with opposite charged Na + or Li + ions generated on the sample's surface, thus an electrical double layer is developed that works like a capacitor, as shown in figure 3-46.

Ideally, blocked flat electrode or pellet behaves as a capacitor due to the absence of chargetransfer reaction at the electrode-metal interface and also as per the equation 7 (-Z"=1/ωC) is demonstrated by a vertical spike in low-frequency domains of Z* plots, where -Z" decreases with increasing ω. This denotes that the electronic conduction scale is almost negligible compare to the ionic conduction of the solid electrolytes. In some cases, the electrode may not be fully blocking, reason being the rough surface of the electrode or pellet, and thus, the interface impedance could be partially resistive and capacitive. As a result, the angle of the low-frequency spike is less than 90°C (inclined spike). A less inclined angle towards to 45°C denotes the diffusion of mobile species in and out from the electrode material and described as Warburg behavior, which can be seen in figure 3-47.

While non-blocking electrodes (for instance, the alkali metal) allow both electrons and ions motion through a charge transfer at the pellet/metal interface, the charge accumulation is no more seen. Due to this behavior, the Z* plot doesn't have a low-frequency spike. Sometimes, for better electrical contacts, large parallel sides of the pellet were first polished with silicon carbide paper and then coated with silver (Ag) paste. The contact resistance was several orders of magnitude smaller compared to the "natural" resistance exhibited by the raw samples. For the measurement, a Swagelok-type symmetric cell was used, when Binder Climatic Chamber was used to control the desired temperature. All samples were measured at four different temperature ranges, between 25°C to 140°C, while very few samples were examined up to 180°C for analyzing the ionic conductivity behavior of HEOx with higher temperature (according to their demonstrated stability at this temperature). Before initiating the EIS measurements, the samples were consecutively kept 10 to 15 minutes at the selected temperature for proper thermal stabilization. All Nyquist diagrams are finishing on the real axis at the low frequencies, which is consistent with ions free to pass through the pellet/alkali metal interfaces (actually, exchanged thanks to the charge transfer process).

As a result of the redox reaction (A + + e -= A) which becomes possible due to the use of alkali metal electrodes (Li or Na), alkali ions are no longer accumulates at the interface at low frequency.

In the case of permittivity, the slope is not increasing any more at low frequency, at odds with platinum blocking electrodes.

Nonetheless, the corresponding resistance Rtc can be ignored as it stands for less than 1% of the total resistance (R+Re+Rtc).

Electronic Conductivity

The electronic conductivity was checked for the HEOx 0, HEOx 25% Li and HEOx 32% Na by applying a constant voltage to the sample and measuring the DC resulting current. We observed that all three samples of the HEOx family exhibit similar insulating behavior, which illustrates that the presence of Li and Na has no effect on the electronic conductivity.

Precisely, at first, the current decreases due to the displacement of the ions or defects in the HEOx matrix. Afterward, all ions are blocked at the interface (Pt/HEOx) and ionic transport is no more than a residual steady current corresponding to the sole electronic flow measured at the end of the curve. The stabilized current measured ~ 2 nA thus stands for the leakage current through the materials.

The electronic conductivity of the samples can then be calculated from the below equation ( 15):

σe = eI S∆E eq. ( 15 
)
Where σe, e, I, S and E correspond respectively to the electronic conductivity, the material thickness, the residual current intensity, the active surface area, and the applied voltage.

According to equation ( 15), the electronic conductivity of these three samples is in the same order of magnitude, around 2.10 -9 S cm -1 , which is very low and makes them electronic insulators.

Activation Energy of HEOX

Ionic conductivity values recorded are following an Arrhenius law, over a temperature range between 25°C to 180°C that allows the determination of the corresponding activation energy.

As we can see in table 3, the activation energy shows no clear trend with the fraction of the alkali element, except a decrease in some cases when increasing A + (Li + /Na + ) fraction. Several distinct mechanisms are involved, such as for low doping fractions: A+ ions and oxygen vacancies might be isolated, while for the high doping fractions: they could form pairs. Furthermore, the ionic mobility of HEOx samples is probably quite complex, as these compounds are sensitive to both oxygen vacancies and charge compensation and their respective temperature dependence could be different. 

Complex Ionic Conductivity and Permittivity Measurements

In order to understand the electrical properties of HEOx samples, it is possible to use complex ionic conductivity and complex dielectric permittivity, in a wide range of frequencies and temperatures. With this method, we can better separate the bulk conductivity and the electrode effect of the MIM cells and better highlight the frequency dependence of the ionic conductivity and permittivity. Both complex conductivity and complex permittivity can be extracted by using the following two equations respectively:

σ* = [Y′(ω) + jY′′(ω)] = σ′(ω) + jσ′′(ω)
eq. ( 16)

ε* = σ*/jωε0 = ε′(ω) -jε′′(ω) eq. ( 17 
)
where Y′(ω), Y′′(ω) and ε0 is correspond respectively to the real part of the admittance, the imaginary part of admittance (Y = 1/Z), and the vacuum permittivity constant.

It is interesting to study the influence on the transport properties when changing the alkali content in the HEOx. As we can see in the plots, the ionic conductivity increases with the lithium or sodium content percentage in the materials. The evolution of both Li and Na doped HEOx is quite similar. At 20°C, ionic conductivity begins from 2.10 -8 S/cm without any Li or Na and exceeds 1.10 -3 S/cm with 30% Li (figure 3-52), and 1.10 -4 S/cm for the 32% Na (figure 3-55). These high values are much larger than the electronic conductivity (~ 2.10 -9 S/cm) and make these compounds promising ionic conductors when doped with Li or Na. We also observed that the ionic conductivity rises very rapidly at higher frequency, while the permittivity exhibits a stable zone, corresponding to a stable system. We can say that ions tend to move in sequences by carrying their closest neighbor, in the form of jelly material.

At medium frequency, the ionic conductivity is constant and follows the same behavior until ~ 2 mHZ, where a low-frequency phenomenon takes place, mostly due to the electrode polarization.

Considering the permittivity, the spectra show a smooth and stable slope from the high to the medium frequency domain, after that the slope increases to reach the relative dielectric constant (ε′r). Permittivity curves have then been plotted, for all HEOx samples, in function of dopant content, and all samples exhibit colossal dielectric constants at high frequency (as explained in PSSRRL article, at the end of this chapter). Thus, we can see, in the figure 3-60, that Li 16.6% doped HEOx exhibits better ionic conduction than LiPON. When exceeding Li content more than 20%, the HEOx conductivity goes over LiPON by two to three orders of magnitude (at room temperature). Similarly, at 80°C the Li + conductivity of the HEOx (Li ≥ 20%) samples is leading by at least one order of magnitude compared to LiPON. Moreover, LiPON activation energy is larger than Li-HEOx.

a) Evolution of Li Doped Heox

Additionally, Na 15% doped HEOx also exhibits higher ionic conductivity than LiPON at 20°C, whereas increasing Na content more than 15% does not follow the same trend as for Li-doped HEOx. In fact, the ionic conductivity starts to decrease when HEOx is doped with more than 15% Na. Fortunately, we can see a rise in ionic conductivity with 32% Na doped HEOx, which increases our curiosity towards a better understanding of charge compensation mechanism and oxygen vacancies, that probably pilot the ionic conductivity of these materials.

DIFFUSION MECHANISM

For better enlightening the ion conduction mechanism of HEOx, some compounds were doped with two different elements, such as Ga and K.

In the first experiment, a simultaneous substitution of the elements with the equal amount of lithium and gallium was used in order to compensate the charge inside the solid matrix by blocking formation of the oxygen vacancies.

In the second experiment, HEOx samples were substituted by large ionic radius element as potassium (K) instead of lithium or sodium to avoid alkali conduction through oxygen vacancies.

In figure 3-61, the ionic conductivities of resulting samples are illustrated and it brings out more clarification on the ionic motion of Li + or Na + , since the ionic conductivity is lower than even undoped HEOx (σ Li=Ga or σ K < 2.10 -8 S cm -1 ). Consequently, small alkali ions (such as Li + or Na + ) definitely need oxygen vacancies for diffusing. Gallium prevents oxygen vacancies to be formed, that accordingly leads to the lower ionic conductivity. Potassium ions have very large size compared to lithium or sodium ions and cannot move through the oxygen vacancies (radius incompatibility), which becomes the reason for low ionic conductivity observed. With these additional experiments, it can be stated that a large amount of small alkali size in the sample enhances oxygen vacancies (charge defects) and apparently creates percolating channels or voids that are better linked when the number of these oxygen vacancies increases simultaneously and finally helps lithium or sodium ion diffusion.

The charge compensation mechanism occurs when Li + substitutes a 2 + element to form (Mg,Co,Ni,Cu,Zn)1-xLixO, and Na + substitutes a 2 + element to form (Mg,Co,Ni,Cu,Zn)1-xNaxO, without changing the rock salt structure up to x = 0.3.

However, the ionic radius of Li + or Na + in an octahedral environment is wider than the ionic radius of any M 2+ cations inside the material, and this is acting in the same way with a charge compensation mechanism involving the oxidation of the M 2+ to M 3+ cations or (an equivalent combination of cations turning from 2+ to 3+ and/or 3+ to 4+), followed by the formation of oxygen vacancies. With the help of full-prof refinement, we found that the lattice parameters strongly depend on the concentration of alkali. In the figure 3 

CONCLUSION

We show that the new six binary-based high entropy oxides can be substituted with monovalent cations. All corressponding samples have been successfully synthesized and are highly stable in air, and water.

From XPS results, we have shown that the charge compensation mechanism is dependant on the ratios of Li + in the material. First, below x = 1/6, all the Co 2+ ions have been turned into Co 3+ . However, from the present data, we are unable to describe how the charge compensation mechanism occurs between x = 1/6 to 0.21.

Ionic conductivity of the doped compounds was found among the largest ever observed in oxide based solid-state electrolyte at room temperature. This new class of materials are superionic Li +

(1.10 -3 S/cm with 30% Li doped), and fast ionic Na + (1.10 -6 S/cm for the 32% Na doped) conductors at room temperature. Li + ionic conductivity is 2 orders of magnitude larger than that observed in LiPON. It makes these materials very favourable candidates for applications, such as solid-state batteries.

It has been found that the activation energy of the ionic conductivity of Li-or Na-doped HEOx mostly does not depend on the concentration of alkali elements.

The overall comparison of ionic conductivities of Li + , and Na + based compounds indicates that ionic conduction probably occurs through the oxygen vacancies, that are formed when a monovalent element is introduced as a dopant.

Thanks to their colossal permittivity, some of these materials can also be very interesting for applications, such as large-k dielectric materials.

Chapter 4

Part 1

INTRODUCTION

In this chapter, we report systematic details on the synthesis process, characterization, and electrochemical performance of three sodium-based cathode materials, such as NaxCoO2 (NCO), α-NaxMnO2 (NMO), and NaFePO4 (NFP) that could be used for sodium-ion batteries and SSBs, as well. In particular, we focused on these materials due to their high theoretical discharge capacities of 100 -150 mAh/g at 2 to 4 V vs Na/Na + . First, we have taken assynthesized powders of NCO, NMO, and NFP as active materials to prepare coin cells with the use of sodium metal as an anode, operating in 1 mol/L sodium hexaflurophosphate (NaPF6) solution, in a mixture of EC + DMC = 1:1 solvents, (Aldrich). Cyclic voltammetry (CV) results are expressing if cathode materials are functioning properly in liquid electrolytes (will make our reference). Finally, the best cathode material was then used to build Na-based SSBs (chapter 4). has been widely studied as a possible cathode material in sodium-ion batteries. NaxCoO2 can be synthesized with several x sodium content, by chemical or electrochemical intercalation or de-intercalation of sodium ions.

SODIUM BASED CATHODE MATERIALS

STRUCTURE

In the 1980s, Delmas et al. [6] classified this material into two different groups: P2, and O3 type. The crystal structure of NaxCoO2 contains sodium layers intercalated in the middle of cobalt oxides (CoO6) octahedra layers, where the sodium ions are inserted with trigonal prismatic (P) or octahedral (O) coordination with oxygen atoms. 4 Both structures show very good electrochemical performance in sodium-ion batteries, whereas they do not express the same Na + mobility as a function of the state of charge (SOC).

Sodium content plays a crucial role in the crystal structure and undoubtedly manage the system properties. In 1973, the first NaxCoO2 phase diagram was proposed and displays four individual α, α′, β, and γ-phases. For the electrochemical analysis, we prepared coin cells by using as-synthesized C-Na0.71CoO2 cathode material as a working electrode and the Na metal as a counter electrode, in 1 mol.L -1 NaFP6/EC: DEC (1:1 ratio by volume) used as an electrolyte. Figure 4-68, shows the cyclic voltammetry (CV) performed between 2.0 V and 4.2 V at a scan rate of 1 mV.s -1 at 25°C (OCV 2.5V). From the CV curve, we can say that voltammogram exhibits two main peaks during anodic and cathodic sweeps at 4.2 V and 2V, respectively, which confirms the reversibility of Na ions exchange. Generally, the NaCoO2 signature appears with many peaks (anodic and cathodic peaks) due to the formation of different intermediate chemical compositions in the time of Na ions intercalation or de-intercalation. 16 123 C-Na0.71CoO2 has been presented as an active cathode material. It is synthesized by using solidstate reaction with the help of a heat treatment process at 900°C for 11 h, in air. Obtained results from the SEM measurements, show that the size of the particles is varying in the range of µmnm. With a convenient carbon-coating, cyclic voltammetry confirms proper electrochemistry of NCO, and proving that this cathode material is function-able in Na-based batteries.

α-NaxMnO2

INTRODUCTION

For lithium-ion batteries, LixMeO2 (Me= 3D transition metal) compounds with O3 layered structure have been intensively studied as possible electrode materials. For Me = Co and Nibased transition metal, these electrodes work very well as Li intercalation materials, while the other 3D transition metals (such as Ti, Fe, and Mn) do not form O3 layered structure very easily or for (V, Cr, Fe, and Mn) do not exhibit reversible lithium de-intercalation. (1)(2)(3) For preparing layered O3 structure, LiFeO2 and LiMnO2 can only be obtained from their Na parent phases by Li/Na ion exchange 4,5 . Even so, LiFeO2 cannot de-intercalate lithium easily and LiMnO2 suffers from structural transformation into spinel in the first charge/discharge as a consequence of the mobility of Mn 2+ . 6,7 These conditions are different for the sodium based NaxMeO2 compounds that can form O3 layered structures more easily due to less ionic size difference between alkali (Na + ) and 3D transition metals. In the past years, Na intercalation and de-intercalation in O3 layered transition metal oxides, NaxMeO2 has been investigated, where Me = V, Fe, Ti, Cr, Mn, Co, and Ni. 2, (8-12) As cathode materials, some of these Na-based compounds have been studied with mixed transition metal such as NaxNi0.6Co0.4O2, NaxNiyMn1-yO2 and NaxTiyMn1-yO2 that show either tunnel or layered structures. (13)(14)(15) In general, the NaxMeO2 series are considered to be very attractive owing to their ease of synthesis process and high theoretical capacity 16 . They were based on manganese (Mn) oxides such as NaxMnO2 considered being most promising because of its low cost and environmentally friendly nature. 17 Parant et al. [18] elaborated most known phases of NaxMnO2 (x = 0.2, 0.4, 0.44, 0.70, 1). This compound was observed in the two different phases α and β, respectively. At low temperature, α-NaxMnO2 compound exhibits a layered structure (O3) with a monoclinic distortion caused by the Jahn-Teller effect of the Mn 3+ ions and classified as O3 type (C2/m), while at high temperature β-NaxMnO2 showed orthorhombic structure with dissimilar layered structure that includes MnO2 sheets involving a double stack of edge-sharing MnO6 octahedra and Na settled in the octahedral sites in the middle of the two closest sheets. In 1985, both α-NaxMnO2 and β-NaxMnO2 compounds have been electrochemically examined, as positive electrodes for the sodium-ion batteries, and according to Mendiboure et al. [19] only 0.15 and 0.22 sodium could be reversibly de-intercalated. Various studies and experiments have been done to enhance the practical capacity and cycling stability by controlling morphology, particle size 20,21 , by performing hydrothermal reaction 22,23 , heat treatment 24 , and using sol-gel methods. 25 Also, Delmas et al. 26 described that this layered NaxMnO2 compounds are either O3 or P2 type and sodium ions occupy at octahedral and prismatic sites, sandwiched in the middle of MeO2 slabs. Generally, the O-type cathodes are more interesting for batteries due to their high Na + stoichiometry, whereas P2 type's structures suffered from Na + deficiency. Sohn et al. 27 used high temperature solid phase technique for synthesizing Na0.7MnO2 and demonstrated that this compound shows an initial discharge capacity of 176.4 mAh/g in Li-ion batteries.

In 2007, an orthorhombic structure Na0.44MnO2 (Na4Mn9O18) was prepared by Baudrin et al. 28 with MnO6 octahedra and MnO5 square pyramids forming large double ion channels and holding a large capacity of 140 mAh/g. They also showed some proof of the reversibility of Na ion insertion, over the 0.25 < x < 0.65 composition range, and a stable cycling performance thanks to their capability to tolerate the stress effect by structural adjustment.

Additionally, Morales et al. reported about the layered P2-Na0.6MnO2 cathode material, that first discharge capacity reached up to 150 mAh/g, notwithstanding this compound shows major capacity fading (more than 50%) just after 10 cycles. 29 However, the α-NaxMnO2 family is not fully well known and their practical performance in Li/Na-ion batteries needs to be further studied.

For these reasons, we focused on that material and successfully synthesized a layered α-NaxMnO2 (x=0.70) compound by using a high temperature solid-phase method. We coated our layered α-NaxMnO2 compound with 5% carbon for better electronic conductivity.

STRUCTURE

In 1971, Parant et al. 18 , demonstrated the existence of a ternary sodiummanganeseoxygen system. The initial reactants were MnO2 or MnO3 on one side and sodium hydroxide or oxygenated salt (carbonate, nitrite) on other side. All these phases are characterized by the existence of octahedral MnO6 with the common edges, where one of the lattice parameters is always close to 2.84 Å. Two-dimensional layers are obtained for high sodium content (Na/Mn > 0.44). 30 In the case of the Na -Mn -O system, several different structures can be obtained by performing different heat treatment like α-Na0.7MnO2+δ, β-Na0.7MnO2, α -NaMnO2, and β-NaMnO2. However, our main focus was to prepare α-Na0.7MnO2+δ cathode materials, therefore it will be discussed briefly here.

a) α-Na0.7MnO2+δ (0.1 < δ < 0.2)
This compound is obtained after applying a heat treatment between 600°C to 800°C, leading to a hexagonal system with the following lattice parameters: a = 2.88 Å and c = 11.12 Å, as it can be seen in figure 4-69 (a). 31 The sequence along the c-axis can be defined as:

O -Mn III, IV -O -Na -O -Mn III, IV -O -Na b) β-Na0.7MnO2
This compound is obtained after applying a heat treatment at 800°C, leading to an orthorhombic Then, kept these obtained monolithic gels at room temperature, in air, for almost 5 to 6 days until all the water solvent has gone. This procedure gives a black dry shiny powder, consisting in fine grains of xerogel (quasi-dry gel). For the formation of the ternary oxide, calcination or heat treatment was necessary, at 600°C for 12 hours with a temperature ramp of 2°C/min, and led to a very fine black-brown powder (< 20μm). Afterward, the as-prepared material α-NaxMnO2 was transferred to an argon-filled glovebox directly to minimize exposure to humidity and tested as the cathode material in SSB (described in chapter 4). The chemical formula of this crystalline lamellar compound is Na0.7MnO2+δ (0.1 < δ < 0.2). The phase structure of α-Na0.7MnO2 was evaluated by using X-ray diffraction. XRD analysis was used for evaluating the phase composition of calcined α-NaxMnO2 powder. It has been observed that if Na content is lower than x < 0.5, in the NaxMnO2, than the three dimensional (3D) S-shaped tunnel structure is stabilized. And when the Na content is higher than x > 0.5, in the NaxMnO2, then the layered phase structure is more favorable. 32 We obtained the layered hexagonal phase Na0.7MnO2, thanks to the high amount of Na content. Na ions are sandwiched in the middle of these MnO6 slabs.

b) SCANNING ELECTRON MICROSCOPY

As-synthesized carbon-coated α-Na0.7MnO2 particles morphology was observed by SEM. As shown in figure 4-72, the carbon-coated α-Na0.7MnO2 particles seem to have a narrow size distribution and flakes shape. All particles are available in a single form instead of cluster or agglomerate. It is happening due to the synthesis process in aqueous solution (sol-gel process) and lower heat treatment temperature (600°C) that helps to form small sized particles and alike shape. These single-particle measurements were pursued by SEM where their length and width are respectively, 1 μm and 200 nm. The shape observed is in agreement with a preferred orientation evidenced by XRD. Moreover, this compound is also interesting due to the low cost and environmentally friendly starting materials, compared with NaCoO2 or NaNiO2. For sodium ion insertion and mobility, this olivine NaFePO4 structure is flexible to ensure a long cycle life and superior reversibility.

However, this cathode compound suffers from poor electrical conductivity, low Na + diffusion coefficient leading to practical capacity always much lower than the theoretical capacity. Due to this reason, we aimed at coating our synthesized olivine structure NaFePO4 material with 5% cellulose to award the battery with good cycling stability, and performance. 

INTRODUCTION AND STRUCTURE

Among the several layered oxide type cathode materials, LiCoO2 is known as the first that contains 140 mAh/g of practical capacity with an average voltage of 3.9 V vs Li+/Li. 45 In fact, this cathode electrode material takes out half of the lithium (0.5 < x < 1) stored in LixCoO2 due to the additional Li extraction such as x < 0.5 that corresponds to upper cut off voltage of 4.2 V, and becomes the cause of structural transition from hexagonal to monoclinic phase and play a major role in the degradation of the cycle life. In the past years, several studies have been done to understand the capacity fading mechanism over 4.2V, while others focused on to enhance the overall capacity of LCO. Apart from this, it has been proved that the cycle life of LCO can be increased after coating by using metal oxides (Al2O3, ZrO2, SnO2, MgO, and TiO2) [11][12][13][14][15][16] , metal phosphate (AIPO4) 17 , metal fluoride (AIF3 and LaF3) [18][19] , and multicomponent metal fluoride (AIWxFy) 20 . Surplus, the rate capability (electronic conductivity) and thermal stability can be enhanced by applying metal oxide coating. 21 Layered oxide LCO has the α-NaFeO2 structure (distorted rock salt structure) that contains O atoms in a face-centered cubic close-packed (FC-CCP) arrangement with the transition metal oxides and reorganized themselves to make hexagonal close packing in form of CoO2, once all lithium is removed, can be seen in figure 4-81.

However, LCO cathode material is less interesting for large-scale of energy applications due to the use of cobalt (Co) that considered as a toxic element and a critical resource. 22 Some study has been carried out to lower the cost of LCO by replacing Co fully or partially with Ni, Mn, and Al, for example, NMC (LiNi0.33Mn0.33Co0.33O2), and NCA (LiNi0.8Co0.15Al0.05O2). For a long time, these mixed cathode materials have been used for a wide range of applications. 3.2 SPINEL LiMn2O4

INTRODUCTION AND STRUCTURE

This particular phase is undoubtedly the most studied as a rechargeable cathode of lithiumbased batteries. Some researchers have shown that the insertion of lithium ions within this phase seemed to take place more reversibly than in the β-MnO2 or γ-MnO2 phase. [2][3] Spinel LiMn2O4 exhibits an excellent rate capability thanks to the three-dimensional Li-ion diffusion channels and another reason that makes this cathode material more interesting is the easy synthesis process from various precursors. It is also attractive due to the use of low-cost Mn, which is an abundant material on earth. Indeed, this material offers the possibility of working in 2 zones of different voltages depending on whether the LiMn2O4 phase is oxidized or reduced.

For y < 1, the extraction of lithium ions from the sites (8a) of the structure (LiMn2O4 -LiεMn2O4 also called λ-MnO2) takes place between 4.2 V and 3.7 V vs Li + /Li while the insertion of lithium ions into the sites (16d) of the structure located between 3 V and 2.5 V vs Li + /Li (LiMn2O4 -Li2Mn2O4). 46 However, it has been found that this cathode material poses several problems when functioning at 4 V, four main reasons are specifying below:

1. The instability of the organic electrolyte at high voltage.

2. A phenomenon of dissolution, by mean of Mn (III) species. They can travel to the anode direction and start to form Mn metal precipitate at the anode surface that possibly can spoil the structure of the solid electrolyte interface (SEI) and enhance the charge transfer resistance. 23 3. Significant deformations of the local structure (Jahn-Teller effect) which explains the drop in capacity and poor cycling that occurs if LiMn2O4 is over-discharge. 24 4. Some researchers tried other transition metals to overcome this problem such as Co, Ni, and Cr, while some applied coating and doping, such as LBO glass 25 , SiO2 26 , MgO 27 , SnO2 28 , Ag 29 , CNT 30 , and Al 31 to reduce Mn dissolution for improving the cycling and capacity retention. Furthermore, the substitution of oxygen has been carried out by fluorine. 44 In LiMn2O4, lithium ions occupy 1/8 th of the tetrahedral sites (8a) and manganese ions (Mn 3+ and Mn 4+ ) occupy half of the octahedral sites (16d) in a compact arrangement of oxygen (32e), whereas octahedral sites (16c) remain vacant. Thus, the spinel lattice can be described as a succession of chains of alternately empty (16c) and occupied (16d) sits sharing one of their faces with the tetrahedral (8a), as showing in the figure 4-85.

The formula accounting for this arrangement can be written as: [Li]8a [Mn 3+ , Mn 4+ ]16d [O4]32e

The average degree of oxidation of manganese in this compound is 3.5.

The crystalline parameters of cubic lattice (space group Fd3m) are: a = b = c = 8.2450 Å. 1 The compound can be synthesized by using solid-state reaction from a stoichiometric mixture of lithium carbonate Li2Co3 and Mn2O3 or Mn3O4 heat treatment at 850°C in air atmosphere. Olivine type LiFePO4 shows one dimension (1D) organization in an orthorhombic crystal structure with Pnma space group. 34 Among the major advantages of LFP, we can cite: totally stable voltage with two-phase lithiation steps approx. 3.45 vs Li+/Li, good cycling stability, abundant materials, and environmentally friendly. 35 However, LFP cathode material is still suffering from low electronic conductivity (<10 -9 S cm -1 ), unsatisfactory Li + ion diffusion properties (10 -10 to 10 -16 cm 2 .s -1 ), and low tap density (~1 g/cm 3 ). [35][36] Several techniques were used to improve the electronic conductivity of LFP by using a flawless amount of carbon nanotubes (CNT) and graphene that enhanced rate performance 37 . It has been observed that carbon and ionic conductors such as CePO4 using to coat LFP results in improving both the ionic and electronic conductivity. 38 Moreover, doping with some other elements such as Mg, Al, S, Ti, Zn, and Co is also enhancing the electronic and the ionic conductivity, and helps to reduce the anti-site defects making Li + ion diffusion easier.

Although, LFP has been used most widely in lithium-ion batteries (LIBs) as cathode materials due to its low cost and non-toxic materials. Worldwide, it has been used in largescale applications such as electric vehicles and energy storage. Nonetheless, the LFP cathode material is not ideal for portable devices due to the relatively low volumetric energy density. the cobalt (Co) which is toxic and exhibiting higher cost which increases the overall cost of the LIBs. Another drawback is that LCO could not be fast charged or discharged above its C-rating, while LMO enables fast charging or high current discharging. However, LMO suffers from dissolution, especially at temperature if exceeds 80°C and the overall capacity which is onethird lower than LCO. LFP is not exceptional than other cathodes, as it suffers most from lower energy density and cold temperature reduces overall performance. However, LFP offers good electrochemical properties with long cycle life, and good thermal stability. LFP is far superior in terms of thermal stability to any other cathode materials. LMO is used for powering medical equipment and hybrid or electric vehicles.

With the overall comparison, we have prepared coin cells with all these cathode materials to see their electrochemical properties in liquid electrolyte.

Cyclic voltammetry measurements of LCO, LMO, and LFP show that the intercalation and deintercalation of lithium ions take place differently in the organic electrolyte solutions. Among these three cathode electrodes, LCO cathode material shows three redox peaks, where LMO shows two and LFP stands for one. LCO, LMO, and LFP cyclic voltammetry curves prove that the Li + insertion/de-insertion shows redox activity uniquely during the cycling process and makes all these three cathode materials interesting candidates for SSBs.

INTRODUCTION

Numerous research groups have begun to work on the full solid-state batteries (FSSBs). This next-generation of battery is composed of three solid-state layers, where solid electrolyte plays a key role in functioning the battery differently rather than LIBs or NaIBs. In this chapter, we will discuss the manufacturing steps, the assembly process, the electrochemical analysis, and the different characterizations before and after testing of the full solid-state battery we built based on lithium or sodium, as well.

As we know, ionic conductivity is a very important factor in the active materials as well as in the solid-state electrolyte to operate the battery. It is directly linked with the mobility of the Li + or Na + ions in the different layers and can strongly affect the overall power of the battery. The solid-state electrolyte should be chemically and thermally stable, exhibit high mobility of ions, and offer mechanical resistance.

For that reason, we used our own Heox superionic (Li + ) and fast (Na + ) ionic conductors, as solid electrolytes (discussed in chapter 2) to build our different FSSBs prototypes.

On another side, the active material (specially at the positive electrode) is the source of the energy storage. Therefore, we have to choose very wisely according to the electrochemical performance and, as this project is part of an industrial collaboration, the cost and the environment issues have also been taken into account. We worked on optimization of the positive side to find the most functioning composition of the mix C/Active material/Solid electrolyte.

In the case of the anode electrode, lithium (Li), or sodium (Na) metal was used because of their highest theoretical capacity of ~ 3860 mAh/g and 1166 mAh/g, respectively; which is higher than any anode existing for LIBs or NaIBs, as shown in table 7. These both anodes are most appropriate competitor for negative electrodes for the next-generation of batteries. With the help of Li or Na metal, we would be able to boost directly the energy density of the system, if we are able to fix the main issue while using alkali metal anodes, i.e. the dendrite formation when recharging.

Table 7. Overall comparison of the properties for the most common anode electrodes.

As a matter of fact, undesirable growth of Li dendrite during cycling has forbidden its use in commercial applications, for decades by now. It highly depends on the electrolyte used in the batteries. These dendrite growths lead to several issues such as depletion of Li ions, internal short circuits, and the overall safety of the battery. [1][2] It has been observed that the solid and liquid electrolytes 3 shows different morphology of dendrites, as well as different growth in several other electrolyte kinds such as glasses fibers, and polymers. [2][3][4][5] Therefore, building up a full solid-state battery based on Li or Na metal is very tricky. In figure 5-88, we can see the difference between typical LIBs and FSSBs, where LIBs containing a porous polymer separator and FSSBs using solid electrolyte itself as a separator in between anode and cathode electrode. Several efforts have thus been made by numerous research groups for utilizing the maximum specific capacity of Li metal with the use of multilayer PVDF-HFP, and conductive graphite coating on Li surface, for example. [6][7] However, we need to keep in mind that using numerous technology at the lab scale is not favorable for the large scale production. Apart from replacing the liquid electrolyte by polymer, the use of a ceramic electrolyte to prepare a complete solid-state battery is the best known solution for now, except eliminating the lithium or sodium dendrites. Unfortunately, the full solid-state lithium battery will face extremely high-cost issues due to the use of lithium metal that is considered as a less abundant material. Therefore, we also focused on sodium-based FSSBs development which is highly abundant material and capable to fulfill future demand (discussed briefly in chapter 1).

METHODOLOGY

First of all, we need to work on three basic solid layers (cathode, solid electrolyte, and anode) for building complete FSSBs. For the cathode materials, we used the same cathode electrodes 8.

Table 8. Cathode composite composition: were used to produce different densities (varies from 70% to 90%).

SINTERING

Now, this pressed pellet was undergoing a sintering process at 600°C (2°C/min) for the next 11 h in the furnace. In fact, the sintering process is used to enhance the densification and reduce the porosity from the former pellet. The pellet was sintered with the low ramp of 2°C/min to avoid any kind of deformation or cracks. Although, sometimes pellets were containing some flat cracks that could happen due to the porosity or non-uniform density of the pellets. Therefore, we worked briefly to optimized the pressure and temperature applied to the pellet.

In figure 5 Another major factor is the amount of carbon in the cathode. As we know that, in graphite, only week bonds are holding the layers close to each other, for that reason the graphite layers are free to slide over each other. Therefore, the texture of graphite is slippery and soft that makes the pellet more fragile and the appearance of cracks more easily. However, graphite is necessary inside the electrode to ensure a correct electronic percolation.

ASSEMBLY

EC-cell were assembled in the glove box by using sintered half-cell pellet (cathode and solid electrolyte stacked on top of each other) and a small disk of pure lithium or sodium metal (surface area = 1 cm 2 , and thickness ≤ 1 mm) and placed on top of the stack to fully cover the solid electrolyte surface area. Thereafter, it was pressed gently by hand to reduce interface resistance or provide a good contact in between solid electrolyte and metal electrode to form a compact cell, figure 5-92 (c). Li metal was cut from high purity lithium sheets (Sigma-Aldrich), whereas Na metal was cut from high purity sodium rectangular rods (Sigma-Aldrich). EC-cell were closed tightly to avoid any contact with the atmosphere. We were also using Swagelok cells to build FSSBs, but we observed that metal electrodes were oxidizing within few days, affecting the electrochemical performance, as they are not fully airinsulated, as shown in figure 5-94 (a). Due to this reason, we tried the PTFE layer to protect against air contamination, but it was neither fully air packed, figure 5-94 (b). Furthermore, we wrapped our Swagelok cell with several layers of Para-film for better defense against the atmosphere, as can be seen in figure 5-94 (c). While EC-cell does not prone to inside oxidation as shown in figure 5-94 (d).

For better understanding, we can see overall comparison of oxidized or non-oxidized metal electrodes after testing the battery in the bottom of figure 5-94.

ELECTROCHEMICAL ANALYSIS

All full solid-state bulk-type batteries are composed of three layers, whereas cathode is a working or positive electrode, and solid electrolyte, and lithium or sodium metal anode is a counter or negative electrode. The electrochemical properties of FSSBs were investigated by using best setup (EC-cell shown in figure 5-94 (d)). For the battery testing, we used Biologic or EC-lab apparatus and impedance spectra were recorded from 10 kHz to 10 mHz (10 points per decade) with a perturbation of 10mV at room temperature. The temperature was controlled by using a laboratory air conditioner. We are showing some electrochemical analysis of FSSBs: Unfortunately, this cell could not carry out cycling measurements due to this high resistance.

However, we stopped working on cobalt-based active material and focused on more environmentally friendly active materials like NMO. 

NMO/SE/Na

An exactly similar process was used to complete the cathode electrode based on NMO active material. It was mixed with a little amount of graphite and solid electrolyte (HEOx Na32%). This result shows that the LMO-based FSSBs can perform charge and discharge cycles.

However, for better performance, we need a significant improvement in the FSSB by lowering the internal resistance. As a bullet point, it can be seen here that our preliminary stacks prototypes are relatively promising, since no major detrimental phenomenon is occuring during their cycle life. Only the internal resistance has to be lowered in order to be able to increase the cycling rate and gain power. 

SELF DISCHARGE OR ELECTRONIC CONDUCTIVITY

Open circuit voltage (OCV) was used to characterize self-discharge behavior due to eventual electronic conductivity in FSSBs, if any. In the case of lithium-based LMO active material, it can be seen that OCV is decreasing rather fast in the begining after removing the polarization at 4V but is then slowing down. More precisely, at first, the rapid OCV decreases from 4 V to 3.1 V can be explain by the ohmic drop due to the very large internal resistance evidenced (as previously discussed), but then the E-t curve seems to be very flat for longer storage times, as shown in figure 5-101 (a). After the cycling, we kept our FSSBs cell at room temperature for longer standby periods and noticed that the OCV remains relatively steady around 2.9 V. Moreover, we can see that the slope is horizontally flattening to the x-axis and the calculated value of the slope is small:

𝑑𝐸 𝑑𝑡 = 0.0033 (𝑉/ℎ)
With this small value of the slope, we can conclude two things;

1) The active material is containing some amount of lithium ions, therefore E-t curve is

showing relaxation potential according to this lithium amount inside the LMO cathode electrode.

2) The self-discharging is very less, almost negligible, which is again a proof of no electronic conductivity inside the cell (no current leakeage), specially coming from the HEOx solid electrolyte.

Similarly, the experiment was applied on FSSBs based on NMO active material. As we can see in figure 5-101 (b), which is also displaying a very small value of slope ~ 4 mV/h, no selfdischarge or electronic conductivity inside the cell is observed.

Table 9. Calculated c-axis lattice parameters of NCO before and after the charging process According to this property, and applied on our compound, it can be proven that sodium is effectively extracted from the initial structure during the charging process, highlighting the sodium mobility in the full stack.

6.2 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

XPS spectroscopy analyses were performed to evidence the changes in the surface composition and the materials of the half-cell (cathode and electrolyte side) and the stability of electrolyte with metal anodes after the cycling (charge/discharge). X-ray photoelectron spectroscopy was carried out on a Thermo Fisher Scientific Kα XPS instruments which in particular equipped with a monochromatic focalized Al-Kα X-ray source (1486.7 eV) utilizing beam diameter spot was around 600 µm, where for the take-off at 0° angle in the constant analyzer energy mode, a hemispherical analyzer was used to perform XPS.

For the XPS characterization, all samples were fixed on the support using adhesive conducting tape. XPS was conducted in ultrahigh vacuum (UHV) conditions, where the pressure in the analysis chamber was below or around the 10 -9 mbar range. Wide scan X-ray photoelectron spectroscopy spectra were produced using a wide binding energy range of 1350 eV to 0 eV and an energy step of 1 eV.

After that, the acquisition and interpretation of the produced wide range spectra was performed with the aid of Thermo Advantage software, with a Shirley background subtraction for the peak fitting routine and symmetrical peak shapes were 70%/30% mixed Gaussian Lorentzian.

Scofield sensitivity factors were used to obtain the atomic ratios from the following normalizations of the peak areas.

Half-cell samples were cleaned using Ar + ions at 200 eV and achieved with and without an electron flood gun. For uniformity, these samples were checked by measurement up to three to four different points. The binding energy calibration was implement relative to the C1s (C-C) peak situated at 284.8 eV. As shown in figure 5-106 (b), zinc seems to be a mixture of two components which most probably correspond to ZnO and Zn(OH)2.

In figure 5-106 (c), the copper (Cu) spectrum is presented with one peak at 932.8 eV. After seeing the existence of the satellite peaks, Cu seems to be a mixture of Cu 2+ and Cu + or CuO is not easy to distinguish as their binding energies are very close. The situation prevailing for sodium is shown in figure 5-106 (g), the main peaks assigned to Na1s positioned at 1070.5 eV and another small Auger peak of Na appearing at 536 eV, and their presence indicates that sodium is not binded with other elements.

Figure 5-106. Representing the XPS spectra of (g) Na1s.

[XPS spectra of half-cell samples examined from both side face 1 (+/SE) and face 2 (+)]

Further information was obtained on the half-cell composition by analyzing the O1s, C1s. The oxygen and carbon peaks are present at 529.47 eV and 284.91 eV, respectively.

After XPS measurement, we can say that this solid state electrolyte (HEOx Na 32%) is stable with cathode material and maintain the mean oxidation state of each element even after the cycling. 

CONCLUSION

In conclusion, this work contributes to the full solid-state battery working principle and their functioning properties. Thanks to the high (Li)/fast (Na) ionic conductors and their stable behaviors, we succeeded to build functional lithium-, as well as sodium-based FSSBs. With the help of XRD, it was clear that during charging experiments alkali ions are moving towards anode through the solid electrolyte from cathode electrode, while XPS results are proving that none of the elements converting into metal after the cycling process (no side reaction between materials, no peculiar electrochemical reaction).

After the most favorable optimization so far, we have successfully accomplished 371 cycles for Li-FSSBs and 450 cycles for Na-FSSBs, without any self-discharge issues. All these FSSBs were cycled at low current (μA-nA) due to the high internal resistance (large ohmic drop).

However, the capacity retention is promising for now, whereas the theoretical energy density is around 500 Wh/Kg, but experimentally the stack has to be optimized. The high internal resistance has to be decreased as much as possible. Keeping the interface resistance as lower as possible in between the solid electrolyte and the active material electrode is crucial. Mainly, three types of interfaces should be noted, the interface between the alkali metal electrode and the solid electrolyte, the interface between the solid electrolyte and the cathode electrode, and the interface between the active material and the solid electrolyte in the composite electrode.

Large grain boundaries or poorly defined grain interfaces highly affects the overall ionic conductivity of the battery, by creating internal resistance.

Experimental studies (i.e. EIS curves) have obviously demonstrated that the interfacial behavior must be rigorously evaluated and understood in order to build ideal high power solid-state batteries. This is one of the major problems to solve since it highly depends on both the materials used in the electrode (hardness) and the technique used to fabricate the cell (hot/cold pressing).

However, our FSSBs were manually prepared, in the lab, without using any specific technique yet such as spark plasma sintering (SPS) process that is considered as very promising to fabricate the solid-state batteries. SPS technique can allow us to achieve very compact solid state batteries without any cracks or large interfaces. Also, thin-film micro batteries can help to fabricate a well stable, and defect-free fully functional full solid-state battery.

GENERAL CONCLUSION AND PERSPECTIVES

The solid-state battery domain is an intense research orientation for the next generation of energy storage systems, which are supposed to provide higher energy density, lower flammability, lighter weight, better electrochemical stability, longer cycle life, no thermal runaway, controllable dendrite formation (through interface engineering), and at last lower fabrication cost (if transferable with nowadays equipment). They are also more environmentally friendly with less impact than conventional batteries due to the use of fewer hazardous or critical materials.

However, there is still several challenges to overcome, such as to find better ionic conductors, to improve the interface between the solid electrolyte and the metal electrode, and also very important to optimize the ratio of different materials in the composite positive electrode for a better cycling and power density. Another major issue is the fabrication process of oxide-based full solid state batteries, as these materials are not easy to integrate in a stack due to their relatively important hardness, which is not the case for sulfide or polymer-type electrolytes. In addition, oxide-based electrolytes need high temperature (sintering) process for a good densification process, which is costly in energy, unless cold sintering processes could be improved in order to become adequate for the battery assembly, which in our case (HEOx) seems advantageously to be the way.

First task of my thesis was to synthesized lithium and sodium-based high entropy oxides (HEOx) to discover maximum ionic conductivity. It has been demonstrated that ion-doping or elemental substitution have a wide influence on the transport properties of the final high entropy oxide prepared, and affect:

-ionic conductivity and dielectric permittivity (lithium/sodium ion mobility, lithium/sodium ion distribution, ion diffusion pathway, oxygen vacancy, charge compensation mechanism, porosity…), -structure (microstructure, interface structure),

-stability (chemical stability, thermal stability, electrochemical stability and phase stability).

Hexacomponent-based HEOx electrolytes have been successfully obtained and characterized (Chapter 3) with a chemical (against oxygen and moisture), thermal and electrochemical stability that make them really interesting as solid electrolyte materials. Some HEOx materials are revealing high ionic conductivity with Li + (1.10 -3 S/cm with 30% Li doped), and Na + (1.10 -6 S/cm for the 32% Na doped), at a level never observed in oxide-based solid state electrolyte, at room temperature.

With the help of XPS, Raman, and thermogravimetry results, we noticed that the charge compensation mechanism is dependent on the ratios of Li + in the material. However, we have not been able to exactly describe how the charge compensation mechanism occurs in between x = 1/6 to 0.21. Further experiments are needed in order to shed more light on that phenomenon.

Solid-NMR is now undergoing in that way.

Second task of my thesis was to synthesized positive active materials (for the cathode electrode). Initially, it was difficult to focus on one type of active material for both sodium and lithium based full solid-state battery. Therefore, we have synthesized several different active materials and tested them in electrochemistry (in liquid electrolyte and solid electrolyte). After seeing the performance of each active material inside respective FSSBs, we have decided to select one manganese-based cathode electrode (LMO and NMO for FSSBs), as they were operative with our HEOx electrolytes and also more environment friendly (no use of toxic elements), which is important for that industry-oriented project. My major goal was also to focus on Na-based FSSBs, thanks to a better availability of sodium (which is interesting from an economical point of view), therefore we optimized the ratio of Active Material:Carbon:Solid Electrolyte for the cathode electrode formulation.

Once we found the best composition for the cathode electrode, our task was then to reduce the internal surface resistances, as lower as possible, in between cathode electrode/solid electrolyte, solid electrolyte/anode (alkali metal) electrode, and the interface between the active material in the composite electrode and the solid electrolyte by using cold or hot pressing for the sintering process. In chapter 5, it is shown that cold pressing was more efficient than hot pressing, especially in order to avoid the cracks, which is going in the good direction for reducing the energy consumption of the overall fabrication process. Probably, cold sintering with the help of a liquid-polymer phase could be interesting in order to reduce the grain boundaries resistance.

Whatever, further work is needed in many areas. However, we have successfully built FSSBs based on both lithium and sodium, in the lab, demonstrating the proof of concept of our 201 approach and the beneficial use of HEOx materials as solid electrolytes. Using spark plasma sintering or sputtering deposition methods, considered as promising techniques, will improve further our solid state batteries. These technologies will probably allow us to eliminate the internal surface resistance or any form of cracks. La première tâche de ma thèse était de synthétiser des oxydes à haute entropie (HEOx) à base de lithium ou de sodium pour obtenir la conductivité ionique maximale. Il a été démontré que le dopage ionique ou la substitution élémentaire ont une grande influence sur les propriétés de transport de l'oxyde haute entropie préparé, et affectent :
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 2 Figure 2-19. Showing LLTO crystal structure and the Li + ions in the middle of the O4 windows: a) orthorhombic space group (Cmmm) with layered structure La0.62Li0.16TiO3, b) rhombohedral space group (R3c) with a cubic unit cell of Li0.5La0.5TiO3, where La and Li sites are half and one-sixth occupied respectively.31 
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 2 Figure 2-20 (a) Representing the crystal structure of c-LLZO (cubic) and Wyckoff positions of LiO4 (24d) and LiO6 (48g/96h where 96h represents slightly off-center sites). (b) Showing two diffusion pathway of li-ions (A & B)where pathway B is more favorable in LLZO.36 

  -22, there are three different Li-sites available, marked as Li(1), Li(2), and Li(3) sites. Li(1) site is almost fully occupied, whereas Li(2) and Li(3) sites are partially occupied by Li.28 Partially replacing some of the Ti 4+ or Ge 4+ with smaller Al 3+ ions, impacts the dimensions of the unit cell. It actually decreases, which leads to a densifying effect and lifts the ionic conductivity (Li + ). The higher Li + content (additional Li + ions are inserted to balance the charge), helps to fill more the M3 sites while creating more vacant M1 sites.29 
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 2 Figure 2-22. NASICON based solid electrolytes crystal structure of (a) LATP and (b) LAGP indicating the Wyckoff positions Li atoms. 30
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 2 Figure 2-23. a) A 3D framework structure of Li10GeP2S12. 58 b) Framework structure with the tetrahedron, (Ge0.5P0.5)S4, PS4, LiS4 and octahedra LiS6 sites. c) Showing the BCC crystal structure of Li10GeP2S12, where green, green-white, yellow, purple, and blue colored represents Li, partially occupied Li, S, and PS4 and partially occupied GeS4, respectively. d) BCC sub-lattice showing Li + diffusion pathways, where green and yellow colored standsfor Li + and S 2-, respectively.62 
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 2 Figure 2-24. a) Representing a curve of SPE's ionic conductivity vs temperature including several DVB%, whereas b) showing the linear sweep voltammetry with the scan rate of 10 mV/s of SPE's (Lithium metal as a
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 225 Figure 2-25. Illustrative diagram of classified QSSEs types electrolytes and mentioned few examples of their solid state electrolytes

  new promising solid electrolyte, reveling fast ionic conductivity (Li + /Na + ) at room temperature, has been obtained by mixing several different compositions of five to six binary oxides. It yielded, after heat treatment at a high temperature above 850°C, followed by quenching in low-oxygen pressure environment, to a rock salt structure, as shown in figure 2-26, with a random occupation of the cations in a face-centered cubic lattice. Actually, once, the bulk amorphous powdered mixture reaches the required heat treatment temperature the entropy of configuration becomes the essential part of the total Gibbs energy ∆rG = ∆rH -T ∆rS and reforms a solid solution rather than forming a mixture of different phases. This solid solution can be quenched and becomes (meta)stable at room temperature, because of the small diffusion coefficients of the transition elements. It can be written for the HEOx-Li and HEOx-Na correspondingly as (Mg, Co, Ni, Cu, Zn)1-xLixO and (Mg, Co, Ni, Cu, Zn)1-xNaxO. Pioneering work are ascribed, in 2015, to Rost et al., who reported the first canonical
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 226227 Figure 2-26. Schematic illustration of a rock salt structure high entropy oxide (Heox-0) compound at the atomic scale. In here, oxygen sub lattice represented by grey spheres while other colored sphere stands for specific metal cations. 65 Image credit: Jon Paul Maria

Figure 3 - 28 .

 328 Figure 3-28. Schematic diagram of high entropy oxides synthesis process
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 3 Figure 3-29, represents the scattering of X-rays passing by two parallel planes of atoms in a crystal with different path lengths. It is clear, in this example, that wave 2 is traveling more additional distance (δ=CBD) than wave 1.
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 3 Figure 3-29. Diagram of geometry applied to derive Bragg's equation 1

  Fig. 3-30 (a), XRD graph for the compound doped with 17.5% Na, sintered at 700°C, confirms that it is only a mixture of the initial binary oxides, in which the solidstate reaction did not occur. Fig. 3-30 (b), corresponds to an entropydriven single phase transition rock salt structure, obtained after the heat treatment or calcination of the mixed oxide powders at 850°C for 12 h, and after quenching, from 850°C on the metallic plate kept in the vacuum immediately within few seconds.

Figure 3 -

 3 Figure 3-30. Heat-treated XRD pattern of HEOx doped with 17.5% Na densified from MO (mixed oxide) powdered, while a) heated at 700°C for 12hr and, b) at 850°C for 12hr
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 3 Figure 3-31. Xrd pattern of 17.5%Na doped Heox obtained after the heat treatment at 850°C for 12 hrs under argon gas flow
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 3 Figure 3-32. Representing an un-doped high entropy oxides stability at different conditions via x-ray diffraction analysis
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 3 Figure 3-33. Representing a 15% Na-doped high entropy oxides stability at different conditions via x-ray diffraction analysis
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 3 Figure 3-34. Showing a 17.5% Na-doped high entropy oxides stability at high temperature via x-ray diffraction analysis
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 3 Figure 3-35. Representing x-ray diffraction analysis of sodium doped high entropy oxides
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 3 Figure 3-36. Showing x-ray diffraction analysis of Na32% doped Heox with excess amount of cobalt
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 3 Figure 3-37. Showing the XPS spectra of Co-2p core level for the particular compositions from the series of (MgCoNiCuZn)1-xLixO (x = 0-0.3)
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 3 Figure 3-38. Showing the XPS spectra of Ni-2p core level for the particular compositions from the series of (MgCoNiCuZn)1-xLixO (x = 0-0.3)
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 3 Figure 3-39. SEM micorgraph of the Heox powder with particle sizes from nano to micrometer range, where inset image showing the sphere shape particle
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 3 Figure 3-40. SEM micrograph of the heat treated reference pellet (a) Li 25%, and (b) Na 32% with particle sizes from nano to micrometer range, where inset image shows grain boundaries and the voids. The scale bars are shown in (a), (b), and the inset signify respectively to 100 µm and 10 µm.
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 3 Figure 3-41. Morphology of four Heox pellets doped with Li 25% and Na 32% treated differently a) the corresponding pellet were heat treated at 100°C under the pressure 3 ton, b) the corresponding pellet were heat treated at 100°C under the pressure 5 ton, c) the corresponding pellet were heat treated at 230°C under the pressure 5 ton, d) the corresponding pellet were heat treated at 230°C under the pressure 10 ton. The scalebars shown in (a), (c), and (d) are 10 µm, where (b) is in 20 µm.

Figure 3 - 42 .Figure 3 - 43 .

 342343 Figure 3-42. Raman spectra of (Mg,Co,Ni,Cu,Zn)O-based Heox
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 344 Figure 3-44. Evolution of the LO and TO wavenumbers and unit cell parameters in Li-doped (Mg,Co,Ni,Cu,Zn)O high entropy oxides

  the calculated force constants, effective mass and average M-O bond lengths for the HEOx series. The evolution of the average M-O bond force constant in (Mg,Co,Ni,Cu,Zn)O-based high entropy oxides is shown in figure 3-45.
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 345 Figure 3-45. Evolution of the average M-O bond force constant in (Mg,Co,Ni,Cu,Zn)O-based high entropy oxides

30 (

 30 ii) Above 10% Li and 15% Na doping, the evolution of the average M-O force constant shows a reverse trend, suggesting a softening of the lattice, particularly marked in case of Li doping.

  -44) as well as the lattice strengthening observed upon the first stage of Li + and Na + substitution (figure3-45) strongly support a self-compensation mechanism through the change in the metal valence state, i.e. the formation of shorter Co 3+ -O (or Ni 3+ -O) bonds. Then, beyond 10-15% doping, the appearance of a reverse trend indicates that a different mechanism occurs, possibly related to the formation of oxygen vacancies.
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 3 Figure 3-46. A schematic diagram of a double layer capacitor formed by blocking electrodes
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 3 Figure 3-47. The diagram is showing a complex plane impedance plot which is representing the bulk and grain boundary response with two semi-circles stands for the blocking electrodes and ionic diffusion Warburg behavior

4. 2

 2 figure 3-49, which corresponds to Li/HEOx/Li. Now, alkali ions are exchanged through the non-blocking electrode, as well. The former equivalent electrical circuit, using a terminal capacitor to take into consideration the polarization due to the accumulation of the ions at the interfaces when platinum is used as a blocking electrode, has to be changed when the alkali metal is used, with the use of a terminal R//C circuit.
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 349 Figure 3-49. Nyquist plot for Li/HEOX/Li sample measured at 20°C where inset shows the curves for 16.6% Li and 30% Li

  Figures 3-56 to 3-59, are displaying the ionic conductivity and permittivity behavior when HEOx is doped with larger cations, in order to challenge the ionic mobility and shed more light on the conduction mechanism (see §6).
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 3351354355357359 Figure 3-50. Plotted graph Li 2% for ionic conductivity and permittivity
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 360 Figure 3-60. An illustrative diagram is representing ionic conductivity behavior at two different temperature 20°C, 80°C with several compositions of doped Heox with Li & Na
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 361 Figure 3-61. An illustrative diagram is representing ionic conductivity behavior at 20°C of doped Heox with large cations such as Ga, K

- 62 ,

 62 we can see the lattice parameters of the series (MgCoNiCuZn)1-xLixO that is appearing with two clear distinct regions, exhibiting a linear decreasing behavior as the concentration of alkali (Li + ) increases. It can be predicted that two distinct charge compensation mechanisms occur below or above the composition x = 0.20. Charge compensation is the main phenomenon below x = 0.20 and oxygen vacancies formation is taking place above 0.20.
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 362 Figure 3-62. Representing two different linear behavior plotted for the lattice parameter of the series (MgCoNiCuZn)1-xLixO (x = 0-0.3). The straight lines correspond to linear fits performed either below or above x = 0.20
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 363 Figure 3-63. Representing the lattice parameter of the series (MgCoNiCuZn)1-xNaxO (x = 0-0.3).
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 364 Figure 3-64. Representing graph is showing the direct effect on conductivity by removing any element 100% at a time

Table 4 .

 4 Representing three cathode materials (NCO, NMO, NFP) with their specifications for Na-based batteries 2.1 NaxCoO2 (obtained by Solid-State Reaction) 2.1.1 INTRODUCTION Sodium cobalt oxide compounds NaxCoO2 got our attention due to their diverse reported physical properties like magnetically ordered states 1 , metal-insulator transition 2 , and superconductivity 3 . The layered structure NaxMO2 or NaxM(1)M(2)...O2 (M = transition metal)
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 44 Figure 4-65. A schematic diagram of NaCoO2 synthesis process
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 468 Figure 4-68. Electrochemical performance of the C-Na0.71CoO2 cathode: Cyclic voltammogram examined between 2.0 V to 4.0 V vs Na + /Na

(

  Pmnm) structure with the following lattice parameters: a = 2.835 Å, b = 5.23 Å, and c = 11.21 Å, as seen in the figure 4-69 (b).
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 4 Figure 4-69. A schematic illustrative of (a) α-NaMnO2, and (b) β-NaMnO2 crystal structure.31 
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 4 Figure 4-70. A schematic diagram of α-Na0.7MnO2 synthesis process
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 471 shows the XRD patterns of layered α-NaxMnO2 heat-treated under the air atmosphere. It is revealing that the main peak at 2θ = 15.8° could be ascribed to reference Na0.7MnO2 (JCPDS #27-0571)18 , figure 4-71(b). As shown in figure4-71 (a), the (002) diffraction peak at 2θ = 15.8 is well defined, while all remained peaks are much broader and weaker. The sol-gel synthesis lead to a preferred orientation.
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 4 Figure 4-71. XRD pattern of a) as-synthesized α-Na0.7MnO2, and b) α-Na0.7MnO2 database reference 18
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 4 Figure 4-72. SEM images of α-Na0.7MnO2/C particles
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 475 Figure 4-75. Showing crystal structure of (a) olivine-NaFePO4, and (b) maricite-NaFePO4. 13 Each unit cell involves four formula units respectively; 4 Na, 4 Fe, 4 P, and 16 O atoms.
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 4 Figure 4-77. XRD pattern of a) as-synthesized NaFePO4, and b) database reference 17
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 479 Figure 4-79. Electrochemical performance of the NaFePO4/C cathode: Cyclic voltammogram examined between 2.0 V to 4.0 V vs Na + /Na
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 480 Figure 4-80: Showing the crystal structure of most favorable lithium based cathode materials for batteries: (a) LiCoO2, (b) LiFePO4, and (c) LiMn2O4. Li, Co, Fe, and Mn corresponds to green, blue, purple, and pink color, respectively, whereas 2D transition metals are polyhedral organized by oxygen atoms representing by red color. 10

3. 1

 1 .2 CHARACTERIZATIONS a) X-RAY DIFFRACTION As-received LCO powder (Sigma Aldrich) XRD pattern is shown in figure 4-82 (a), which is ascribed to the JCPDS: 00-016-0427 (figure 4-82 (b)). 42 For LCO, the crystalline parameters of rhombohedral lattice are; a = b = 2.8166 Å, & c = 14.0450 Å, respectively; and the space group is R-3m. b) SCANNING ELECTRON MICROSCOPY The SEM images of as-received LCO powder are shown in figure 4-83. SEM images of the asreceived LCO morphology indicates that particles are little bit agglomerate to each other, and existing in different size and shape as like as-synthesized NCO, where the particle size of LCO is varying in between the range of 2 to 15μm (in diameter).

Figure 4 - 81 .

 481 Figure 4-81. LiCoO2 layered structure and representingLi + ions diffusion pathways32 

Figure 4 - 42 Figure 4 -Figure 4 -

 44244 Figure 4-82. X-ray powder diffraction of a) as-received LCO, and b) reference database pattern 42

Figure 4 - 84 .

 484 Figure 4-84. Showing the CV curves of the LCO/C electrodes in the potential range of 3 to 4.3 V (vs Li/Li + ) at scan rates of 1 mV s -1

Figure 4 -

 4 Figure 4-85. Representing the crystalline structure of a) spinel LiMn2O4 and b) showing diffusion pathways for the li ions 32

Figure 4 -

 4 Figure 4-86. X-ray powder diffraction of (a) as-received LMO, and (b) reference database pattern 1

Figure 4 -Figure 4 -

 44 Figure 4-87. SEM images of spinel LMO 47

Figure 4 - 88 . 1 155 3 . 3

 488133 Figure 4-88. Showing the CV curves of the LMO/C electrodes in the potential range of 3 to 4.5 V (vs Li/Li + ) at scan rates of 0.1 mV s -1

Figure 4 -Figure 4 -

 44 Figure 4-89. Crystalline structure of Olivine LiFePO4

Figure 4 -Figure 4 -

 44 Figure 4-90. X-ray powder diffraction of (a) as-received LFP, and (b) reference database pattern 43

Figure 5 -

 5 Figure 5-88, the diagram is clearly showing the reduction in volume and mass by replacing the graphite with metal anode and enhancing the specific energy and energy density of the cell.

Figure 5 -

 5 Figure 5-88. A schematic diagram of LIBs vs SSBs (Li) corresponds to the volume and mass reduction

  LCO, LMO, LFP to prepare lithium-based and NCO, NMO, NFP (briefly discussed in chapter 3) to prepare sodium-based FSSBS. A certain amount of carbon was used to coat these cathode materials to enhance the overall conductivity and protect the active surface, especially in the case of LMO/NMO that are less stable than other cathodes. As a solid electrolyte, we used high entropy oxide material doped with 25% lithium for the full solid-state lithium battery (FSSLBs) or 32% sodium for the full solid-state sodium battery (FSSSBs). Whereas, lithium or sodium metal was implemented as an anode electrode, to complete the full cell.The process sequence steps involved in the FSSBs fabrication is as follows: 2.1 CATHODE ELECTRODE In this process, the active material is mixed with graphite (electronic conductor) and solid-state electrolyte (ionic conductor) to form the cathode electrode, a schematic illustrative diagram can be seen in figure 5-89. The mixing operation was done manually (by hand) inside the glove box in the presence of an inert atmosphere (argon) to prevent any kind of contact with the moisture or humidity present in the atmosphere. Several possible compositions of cathode electrodes were optimized for the FSSBs, whereas the used ratio can be seen in table

Figure 5 -

 5 Figure 5-89. A diagram of the process sequence for the half-cell fabrication

Figure 5 -

 5 Figure 5-90. Illustration of half-cell (cathode material and solid electrolyte electrode) process under cold press

Figure 5 -

 5 Figure 5-92. Showing a schematic illustration of FSSBs fabrication process stepwise; a) compressed cathode material, b) compact layer of solid electrolyte powder covering the top surface area of cathode material and c) deposit safely a thin piece of the metal electrode after the sintering process over the solid electrolyte layer

  -93, we can see different kinds of cracks (figure 5-93 (a)), non-uniform layer of SEs (figure 5-93 (b)), and a successfully fabricated uniform pellet (figure 5-93 (c)). In our case, we found that low pressure between 3 to 5 tons without heating gives the best results in terms of electrochemical performance. It is very important to find a perfect range of pressure and temperature to build a pellet without any cracks or large grain boundaries. It is possible to obtain a highly dense pellet by applying high pressure (~ 25 tons) but it may affect the SEs layer as shown in figure 5-93 (b).

Figure 5 -

 5 Figure 5-93. Showing all possible deformations on as prepared half cell (cathode and SE), whereas a) displaying flat cracks, b) non-uniform solid electrolyte layer over cathode electrode due to very high pressure applied, c) unveiling fully optimized half-cell without any cracks or non-uniform solid electrolyte layer

Figure 5 -

 5 Figure 5-94. Showing the oxidation effect on the lithium or sodium metal electrode in the following different conditions; a) Swagelok cell, b) Swagelok cell sealed with PTFE, c) Swagelok cell packed by Para-film, and d) EC-cell

3. 1

 1 figure5-95 (d). The NCO-based FSSBs is showing a very high internal resistance, approx.1.5 MΩ, blocking the fast charge transfer and ion transportation.

Figure 5 -

 5 Figure 5-95. (a) Galvanostatic plot (E vs t) representing fluctuations during charge due to high resistance, (b) Showing the stable galvanostatic curve without any fluctuations, (c) Potentiostatic plot ( I vs t) dispalying stable current flow (5 μA) while voltage was fixed (4 V), and (d) Nyquist plot of the FSSB (NCO/SE/Na-metal) at room temperature.

Figure 5 -

 5 Figure 5-97. Showing NMO based cathode material FSSBs cycling (charge and discharge) performance where the potential difference stands in between 2.7 V to 1.5 V at 1C rate at room temperature

Figure 5 -Figure 5 -

 55 Figure 5-98 (a) Potentiostatic plot ( I vs t) displaying stable current flow (5 μA) while voltage was fixed (4 V), and (b) Nyquist plot of the FSSB (LMO/SE/Li-metal) at room temperature

Figure 5 -

 5 Figure 5-99. Showing LMO based cathode material FSSBs cycling (charge and discharge) performance where the potential difference stands in between 4 V to 1.5 V at 1C rate at room temperature

Figure 5 -

 5 Figure 5-100. Representing the relationship between the capacity fade and cycle numbers (a) LMO/SE/Li, and (b) NMO/SE/Na

Figure 5 -

 5 Figure 5-101. Open circuit voltage as a function of storage time, where a) representing the lithium-based full solid-state battery OCV curve with a small value of slope approx. 3 mV/hr and b) stands for sodium based full solid-state battery OCV curve also exhibits a small value of the slope approx. 4 mV/hr

Figure 5 - 7 Figure 5 -

 575 Figure 5-103 is showing the measured c-axis lattice parameters that corresponds to the amount of sodium in NaxCoO2. As we can see that the lattice parameters c = 10.50 Å, 10.88 Å, and 10.90 Å is standing for Na1.0CoO2, Na0.65CoO2, and Na0.63CoO2. While the a-axis parameters are varying 20 pm all over the entire doping scale that means a-axis lattice parameters do not depend on the sodium amount, whereas it highly affects the c-axis lattice parameters. Adding more sodium content in the compound (NCO), increases the positive charge in the middle of CoO2 layers, and as a consequence, it diminishes the c-axis values. As we can see the c-axis lattice parameters are decreasing linearly, which is a practical parameter to follow to determine the sodium amount in NaxCoO2.7

Figure 5 -Figure 5 -

 55 Figure 5-104. Plotted graph showing XPS survey spectrum of the half-cell samples applied on face 1 (a) +/SE side, and face 2 (b) (+) side

Figure 5 -

 5 Figure 5-106. Following the plotted graph corresponds to the (a) Mg1s, (b) Zn2p3/2, and (c) Cu2p3/2 and showing strong Cu 2+ satellite peaks. [XPS spectra of half-cell samples examined from both side face 1 (+/SSE) and face 2 (+)]

Figure 5 -

 5 Figure 5-106. Following the plotted graph corresponds to the (d) face 1 (+/SE) Ni2p3/2 and showing satellite peaks where face 2 (+) displaying multiple split peaks of Ni2p3/2, (e) Co2p3/2, and (f) Mn2p3/2. [XPS spectra of half-cell samples examined from both side face 1 (+/SE) and face 2 (+)]

Figure 5 -

 5 Figure 5-106. Following the plotted graph corresponds to the (h) O1s, (i) Mg Auger, and (j) C1s and revealing some weak peaks of potassium (K) as well. [XPS spectra of half-cell samples examined from both side face 1 (+/SE) and face 2 (+)]

Figure 5 -

 5 Figure 5-107. Plotting the heat treatment process
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  new knowledge and lead to commercial inventions. For developing the new breakthrough technologies, depictive research efforts are needed, where Europe can lead with the assistance of research and development communities and well-established energy industry for developing the next generation of batteries of the future.

term, with transformational research starting at fundamental technology with alacrity levels, which can bring
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  This battery does not form spontaneous passivation layer (SEI) upon cycling and thus exhibits very low self-Most importantly, solid electrolytes can be possibly stable with lithium (or sodium) metal anodes. The use of Li/Na metal anodes becomes then possible (again), since solid electrolytes can theoretically eradicate dendrite growth if lithium (or sodium) ions are the only charge carrier and the solid electrolyte has a high Young modulus.

	discharge rates or capacity fading, allowing multi-year energy storage capability with the
	slightest loss. It is supposed to perform 50 to 100 times longer than conventional batteries. For
	a better understanding, a brief comparison is shown in figure 2-16.

over best known Solid Electrolyte Materials

  

	Solid-state electrolytes are firstly classified into two main different categories, i.e all-solid-state
	electrolytes and quasi solid-state electrolytes, as shown in figure 2-17. All-solid-state
	electrolytes are then divided into inorganic solid electrolytes, solid polymer electrolytes and
	composite polymer electrolytes, while quasi solid-state electrolytes are actually a wide class of
	different hybrid-composite electrolytes including also embedded liquid electrolyte that works
	as ionic percolating pathway in solid matrix.

Figure 2-17. Illustrative chart of Solid State

Electrolytes Classifications 2.1 ALL SOLID-STATE ELECTROLYTES

  

	ISE are either prepared in the crystalline or glassy form, that will regulate ion motion through
	the lattice. They have a high ionic conductivity (in the order of few mS/cm 2 at room
	temperature), high modulus (in the order of GPa) and higher ion transfer numbers (almost equal
	to 1) compared to other types of electrolytes. These electrolytes are mostly based on oxides,
	sulfides, or phosphates. The crystalline structures include garnets (LLZO), perovskites (LLTO),
	LISICON (LGPS, LiSiPS, LiPS), argyrodite like (Li6PS5X, X=Cl, Br, I) and NASICON (LTP,
	LATP, LAGP). As mentioned, ISE can also be found as glasses, as well, such as LiPON and
	lithium thiophosphates (Li2S-P2S5). In that case, the compound is in an amorphous state instead
	of a regular crystalline structure. 6
	CLASSIFIED INORGANIC SOLID ELECTROLYTE
	a) OXIDE BASED
	i. Lithium lanthanum titanium oxide (LLTO)
	LLTO, known as the best solid electrolyte (with perovskites ABO3 types crystal structure
	displayed in figure 2-18) among the crystalline inorganic lithium-ion conducting compound,
	has a general formula of Li3xLa (2/3)-x (M (1/3)-2x) TiO3 (0<x<0.16), where M = Mg, Al, Mn, Cu,
	Ru, W, etc.
	2.1.1 Inorganic Solid Electrolyte (ISE)

  Mg,Co,Ni,Cu,Zn)O, (Mg,Co,Ni,Cu,Zn)1-xLixO, (Mg,Co,Ni,Cu,Zn)1-xNaxO, (Mg,Co,Ni,Cu,Zn)1-2xLixGaxO, and (Mg,Co,Ni,Cu,Zn)1-xKxO, and all samples were obtained by using identical procedure, peculiarly all cations are taken based on their oxidation states.

	Pristine powders, from the precursors, were mixed in equimolar ratios of all metallic cations
	Mg, Co, Ni, Cu and Zn with a total mass of 4 g, added in a 20 mL capacity agate mortar or
	bowls, followed by ball milling (using a Planetary Micro Mill Fritsch Pulverisette 7 Premium
	Line with 5 agate grinding balls of 1 cm diameter) for a 1 hour duration at 350 rpm with a
	1minute pause after each five-minute grinding cycle.
	All high entropy SSE samples have been prepared from binary oxides, i.e. magnesium (II) oxide
	(MgO -Alfa Aesar 99.95%), copper (II) oxide (CuO -Alfa Aesar 99.7%), nickel (III) oxide
	(Ni2O3), zinc (II) oxide (ZnO -Alfa Aesar 4N), cobalt (II, III) oxide (Co3O4 -Alfa Aesar
	99.7%), gallium (III) oxide (Ga2O3), and from alkali carbonates, i.e. lithium carbonate (Li2CO3

-Alfa Aesar 99.998%), sodium carbonate (Na2CO3), and potassium carbonate (K2CO3). In fact, the various samples have been analyzed and were prepared to reach these general formulae accordingly; (

  For substitution rate below Li-10% and Na-15%, the average M-O force constant is seen to increase with the amount of doping element. It is noteworthy Li substitution shows a

	peculiar behavior, showing a strongest bond strengthening effect than Na. Raman
	spectroscopy provides a quantitative measurement of this hardening effect through the
	shortening of the average M-O bond (from 2.38 Å in the reference undoped sample to

2.30 Å for Na-15% and 2.28 Å for Li-10%, see table

2

).

Table 2 .

 2 To mode frequency, effective mass, force constants and average M-O bond lengths for the Heox samples

					Bond
	Composition		µ	Force	length
		(cm -1 )	(10 -26 kg)	constant	(Å)
				(N cm -1 )	from
					Raman
	MgCoNiCuZnO	417	2.050	1.265	2.377
	(MgCoNiCuZnO)0.98Li0.02	435	1.951	1.310	2.350
	(MgCoNiCuZnO)0.94Li0.06	454	1.929	1.420	2.292
	(MgCoNiCuZnO)0.92Li0.08	459	1.919	1.430	2.279
	(MgCoNiCuZnO)0.90Li0.10	461	1.907	1.439	2.278
	(MgCoNiCuZnO)0.84Li0.16	458	1.871	1.393	2.302
	(MgCoNiCuZnO)0.75Li0.25	457	1.809	1.341	2.332
	(MgCoNiCuZnO)0.70Li0.30	458	1.769	1.317	2.346
	(MgCoNiCuZnO)0.85Na0.15	456	1.883	1.390	2.304
	(MgCoNiCuZnO)0.68Na0.32	467	1.769	1.370	2.315
	(MgCoNiCuZnO)0.95(LiGa)0.025	434	1.937	1.290	2.359
	(MgCoNiCuZnO)0.95K0.05	423	1.938	1.310	2.356
	To further understand these results, one must consider previous studies that have suggested
	the existence of two compensation mechanisms in the Li-HEOx series, depending on the Li

fraction in the material. Such mechanisms were reported to occur either through a change in the valence state with the formation of most probably Co 3+ (or Ni 3+ even if not seen with XPS) or through the formation of oxygen vacancies.

Table 3 .

 3 Demonstrating few HEOx compounds ionic conductivity at two different temperatures and the calculated activation energy

	HEOx, nominal	HEOx, exp σi (S/cm), 20°C σi (S/cm), 80°C	Ea (eV)
	0% (Un-doped)		3.10 -8	1.5.10 -7	0.24
	A = Li-doped				
	x = 0.02	0.02 (1)	3.10 -8	8.10 -7	0.49
	x = 0.08		1.5.10 -7	6.10 -7	0.21
	x = 0.10	0.09 (1)	2.10 -7	2.10 -6	0.34
	x = 0.16		8.10 -6	1.10 -5	0.10
	x = 0.20		3.10 -4	7.10 -4	0.12
	x = 0.25	0.23 (2)	3.10 -4	1.10 -3	0.18
	x = 0.33	0.29 (3)	1.10 -3	4.10 -3	0.20

Table 5 .

 5 The possible compositions of NaxCoO2 and their following structures with solid state synthesis at different temperatures All these phases are varying in the stacking sequence of the close-packed oxygen layers that are perpendicular to the c-axis.4 Among these four phases, the most notable is γ-phase (P2 type) which allows Na ions insertion within the composition range of 0.5< x <0.75. It can be obtained at higher temperature (650°C to 900°C), while other three-layered structures O3 (0.92 < x <1),

	O'3 (0.75 < x <0.83) and P'3 (0.60 < x <0.67) can be obtained at lower temperature (500°C to
	550°C). Summary of earlier results on the synthesis of NaxCoO2 at different temperatures is
	represented in table 5., where x stands for the sodium composition. It was determined
	differently as an initial precursor ratio (ref 11, 10, 13, and 15), or by using inductively coupled
	plasma (ICP) quantifications (ref 2, 8, 9, and 14), x value was determined according to c-
	parameters from DFT calculations 16 or single crystal measurement data. 17 In the table 5, two
	inter-slab values for the single composition are standing for the two different phases that were
	evidenced by the authors.
	2.1.3 SYNTHESIS
	NaxCoO2 (sodium cobaltites) were here prepared by a solid-state reaction, with amounts of
	sodium carbonate (Na2CO3, ≥ 99.0% Sigma-Aldrich) and cobalt (II, III) oxide (Co3O4,
	nanopowder, < 50 nm particle size, 99.5% Aldrich) in a sodium/cobalt ratio of 1.2/1.0, where
	an excess of Na2CO3 is added to compensate the loss of sodium during the heat treatment
	(volatilization). 5

Table 6 .

 6 Representing three cathode materials (LCO, LMO, LFP) with their specifications for

LIBs

3.1 LAYERED OXIDE LiCoO2

with ω the pulsation (ω = 2πf), and f the applied frequency When HEOx samples are substituted with Li, Na, or K, the MIM (metal insulator metal)

response is assumed to be related to the effect of the displacement of free alkali ionic charges (A+) in a static insulator host matrix that induces an electrical resistance to the motion of the A+ species. Afterward, the formation of a charge gradient gives rise to a capacitive phenomenon at the same time (polarization). The appearance of both mechanisms simultaneously allow us to model a resistance in parallel to the capacitance. Ultimately, the accumulation of charges at the blocking interfaces (HEOx/Pt) give rise to a pure capacitance behavior that can be generally observed in the very low-frequency domain. Cathode Materials, Synthesis, and Characterzations

Furthermore, a carbon precursor, (C6H10O5)n (5%wt), was added to the powders to coat final NCO particles, in order to improve electronic conductivity of the sodium cobaltite.

In the beginning, the precursors were mixed and grinded manually to give homogeneity. After, they are ball-milled, in an agate mortar, by using Retsch S1 Planeten Kogelmolen with 3 agate grinding balls of 3 cm diameter, for 12-hour duration, at 100 rpm with a 1-minute pause after each five-minute grinding cycle. The resulting mixture was pressed, by using hydraulic pressure at 1 ton, to form round pellets with 10mm diameter and 2 mm thickness in dimensions. Then, the pellets are heated at 900°C for 9 h under air atmosphere furnace (Omron) to obtained C-NaxCoO2 (carbon coated sodium cobaltite), as shown in figure 4-65.

CHARACTERIZATIONS a) X-RAY DIFFRACTION

The phase composition is analyzed for the as-synthesized C-Na0.71Co0.96O2 samples, as well as the crystal structure, through XRD measurement. The XRD patterns of C-NaxCoO2 powder are shown in figure 4-66 (a). The main peaks could be ascribed to reference NaxCoO2 (JCPDS # 00-030-1182) 10 , as it can be seen in figure 4-66 (b). The Rietveld refinement performed on these spectra leads to a hexagonal structure in the R-3m space group with a = b = 2.8330 Å, and c = 10.8800 Å. A small peak, at 2θ = 31°, could be assigned to graphitic carbon (coming from the decomposition of starch). According to the literature, this c parameter allows to conclude that our as-synthesized NCO material is exhibiting a Na content x = 0.71. 

SYNTHESIS

A sol-gel method was used to synthesize layered α-NaxMnO2 samples. The synthesis route involved mixing sodium permanganate monohydrate (NaMnO4, ≥99.0%, Honeywell-Fluka) into 250 mL deionized water and mixed until (approx. 5 minutes) complete dissolution. Thus, added calculated amount of mild reducing organic acid, such as fumaric acid (C4H4O4, ≥ 99.0%, Sigma-Aldrich) for the reduction process, to obtain monolithic gels, in few minutes, of stable MnO2, as it can be seen in figure 4-70.

Reduction of alkaline permanganate with fumaric acid follows this equation (1):

HO2C-CH =CH-CO2H + 2MnO4 -+ 8H3O + ↔ 2CO2 + HO2C-COH + 2Mn 3+ + 13 H2O ...

(glyoxylic acid or oxoacetic acid)

Under certain conditions of the aqueous medium (pH > 7), the carbon-carbon bond cannot be broken but the aldehyde function can be oxidized and leads to the formation of oxalic acid, as shown in the equation (2) below:

HO2C-COH + 2 Mn 3+ + 3 H2O ↔ HO2C-CO2H + 2 Mn 2+ + 2 H3O + … (2) (oxalic acid) Under these conditions, the Mn (II) is not stable enough, therefore it can be oxidized by an excess of MnO4 to give MnO2. To obtain MnO2, synthesis process should thus be performed with a ratio MnO4-/C4H4O4 = 3:1 and reduction peaks, where redox reactions occur (oxidation of Mn 2+ to Mn 3+ and mobility of Na ion). It explains the reversibility of Na-ions. The redox reactions, during the charge and discharge processes, can be described as follow;

Positive electrode: α-Na0.7MnO2 ↔ Na0. 

NaFePO4

INTRODUCTION

Over the past years, lithium iron phosphate (LiFePO4) caught the attention and has been used on large scale as a cathode material in lithium-ion batteries. 1 The analog sodium iron phosphate (NaFePO4) has been also developed and evaluated as a cathode material for sodium-ion batteries. Until now, NaFePO4 do not well perform with sodium-based batteries, while some authors even claimed that it is not appropriate or suitable as a cathode material. 2 Ellis et al. 3 worked on a system with sodium/lithium iron phosphate (NaFePO4F/LiFePO4F) that could be used as a cathode material for the Na/Li-ion batteries, even so, they mentioned drawbacks for the NaFePO4, reason being the easy formation of the closed maricite (NaFe2 + PO4) structure that has two metal cations connected to a phosphate tetrahedron, which results in entrapment of sodium ions and irreversible redox behavior. Moreau et al. 4 synthesized olivine structure

NaFePO4 by electrochemical sodiation of the FePO4 in NaClO4 by using a potentiodynamic mode and compared the maricite structure with olivine structure and found that the structure of the two minerals are very close as they both carry PO4 in their atomic makeup. In 2006, Shiratsuchi et al. 5 have studied amorphous and crystalline FePO4 and proposed them as good candidates using the redox reaction (Fe(III)/Fe(II)) not only for lithium but for sodium-ion batteries, as well. In 2010, Trad et al. 6 demonstrated the intercalation/de-intercalation process of Na + ions in Na3Fe3(PO4)4 with promising reversible cycling without affecting the structural framework.

STRUCTURE

NaFePO4 has two close structures, that are, olivine type -NaFePO4 and maricite type -NaFePO4. In both cases the materials crystallize in the orthorhombic system and belong to the space group Pnma. 14 Moreover, Ong et al., explained, in 2011, the maricite and olivine structure's difference:

whereas, in maricite, the M1 site holds the transition metal and the M2 site hold the alkali metal, it is just reverse in the case of olivine structure (M1 = alkali metal, M2 = transition metal). 15 Both structures contain slightly distorted FeO6 octahedra and PO4 tetrahedra. As we can see in figure 4-74, the difference between these structures is the edge and corner-sharing FeO6 octahedra chains for maricite and olivine structure, respectively. 7 1D (one dimensional) diffusion tunnel mechanism in the metastable olivine structure can give a high theoretical capacity of 155 mAh/g and showing an operating potential of 2.9 V (vs Na+/Na) thanks to the single-electron reaction of Fe 3+ /Fe 2+ couple. This diffusion tunnel effect can be seen along the b-axis in figure 4-75 (a). 13 Unfortunately, this olivine structure type NaFePO4 is less thermodynamically stable than maricite. Moreau et al. 9 studied that olivine structure NaFePO4 shows an irreversible phase transformation from olivine to maricite at 480°C that causes the volume shrinkage. Due to this reason, olivine structure type NaFePO4 cannot be directly synthesized by using solid-state reaction at high temperatures. In general, olivine type NaFePO4 compound is preparing by an ion-exchange process from LiFePO4 in an aqueous or organic solution. [10][11][12] In contrast, the maricite structure exhibits blocked cationic channels for the Na + diffusions with high activation barrier, and, is thus generally considered as electrochemically inactive, figure 4-75 (b). 13 However, Kim et al. 8 observed that, by reducing dimensions to nano-sized, maricite NaFePO4 behaves as an electrochemically active material that shows quite admirable electrochemical performance (initial capacity of 142 mAh/g at 0.2 C and 60 mAh/g at 50C) within a voltage window of 1.5 V to 4.5 V. After XRD analysis, it was found that maricite

SYNTHESIS

The C-NaFePO4 composite material was synthesized by the two following synthesis processes;

wet chemistry and solid state reaction, as it can be seen in figure 4-76.

Wet chemistry synthesis: as precursors, sodium hydroxide (NaOH) was added in deionized water and stirred by using magnet until it dissolved. Then, ammonia hydrogenophosphate (NH4)2HPO4 was slowly added into the solution, drop wise, and continuing stirring for next 10 (NH4)2HPO4 + NaOH → 2NH4 + + Na + + PO4 3-+ H2O = Solution A … (4)

For extracting wet powder from the solution, we used centrifugal method by filtering and washed with deionized water and kept collected wet powder under the vacuum for drying at 60°C until next 24 hours.

Solid state reaction: Subsequently, we mixed obtained dry powder with tri-sodium phosphate Na3PO4 and 5% cellulose, whereas cellulose was added to deposit a thin layer of carbon on the particles and to enhance electrochemical performance by improving the conductivity of C-NaFePO4 and afterwards efficiency of the electronic transfer.

The mixture of powder was ball milled in a planetary mill (Retsch S 1000) with agate vessels by using three agate balls at 80 rpm for 12 hours. The resulting product was heat treated directly at 550°C under nitrogen, just for 15 minutes (thanks to the previous mechanical activation). This sample was successfully synthesized without any sign of impurity phase in hybrid C-NaFePO4, whereas hybrid C-NaFePO4 samples include carbon, probably in the matrix in between the particles or coating onto the surfaces of the NaFePO4 particles. Therefore, the major difference that only appears in between our hybrid C-NaFePO4 and pure NaFePO4 XRD patterns is the carbon graphite peak at 2θ ~ 26, as shown in figure 4-77 (a). At that stage, it is not obvious to distinguish between olivine-or maricite-type NFP.

Moreover, the nanoparticles are not easy to differentiate in the hybrid C-NaFePO4 due to the presence of graphite. Chapter 4 PART 2

LITHIUM BASED CATHODE MATERIALS

For the rechargeable lithium batteries, several cathode electrode materials has been discovered in the few past decades to obtained maximum capacity and high power density. Twodimensional (2D) materials are composed of the two-dimensional atomic sheet-like structure that contains a wide range of applications in the field of catalysis, nanotechnology, batteries, and gas separation. (4)(5)(6)(7)(8) These 2D materials are considered to enhance the rate capability of the electrode materials as they contain very high specific surface area which makes easier ultrashort lithium-ion diffusion pathways. Till now, several 2D materials have been used as an anode electrode in the Li ions batteries such as graphene, SnO2, Co3O4, and TiS2, whereas very few cathodes materials have been introduced as 2D materials.

Most favorable lithium-based cathodes have been developed through several different combinations such as lithium manganese oxide (LMO, spinel), lithium cobalt oxide (LCO, layered), and lithium iron phosphate (LFP, poly-anionic) promising a wide range of voltages, energy densities, and costs. The crystal structure of these three most demanding intercalation cathode materials can be seen in figure 4-80. Each cathode materials has been put forward gradually and each of them owns specific structural features and electrochemical properties. 

CONCLUSION

For the lithium-ion batteries, very few cathode materials have been commercialized, because of specific power, recharge ability, life span, safety, performance at high temperature, and cost.

As we explained, LCO, LMO, and LFP families are only considered for commercial applications. Among these three cathode materials, LCO is losing favor to LMO or LFP due to To highlight the most favorable composition in between active material, graphite, and solid electrolyte, we had tried many different composition ratios to bring out the best functioning one such as 60:5:35. According to figure 5-96 (a), we can say that this cell was charging slowly with the constant current (~ 0.2 μA) flow, while voltage was fixed at 4 V (potentiostatic mode).

Whereas, the Nyquist plot, displayed in figure 5-96 (b), is showing a very high resistance of 2.4 MΩ. For a same global thickness of the stack, this NMO/SE/Na battery is exhibiting a higher resistance than the NCO/SE/Na battery, which is consistent with the lower current passing in the FSSB. 

CHARACTERIZATIONS AFTER TESTING

X-RAY DIFFRACTION (XRD) ANALYSIS

Initially, we worked with NCO-based active material, so we have performed X-ray diffraction on the NCO cathode material mixed with graphite and solid electrolyte after partial charge of the solid-state battery. In fact, we were investigating if the sodium ions were really moving out through the cathode material or not. Figure 5-102 is displaying the displacement of the peak position before (as-synthesized) and after the charging process, respectively. Moreover, we have calculated the lattice parameters of as-synthesized NCO before and after the charging process in the FSSBs by using the Unit Cell Software. Table 9 is indicating the lattice parameter values of the as-synthesized NCO before and after the charging process.

The c-axis lattice parameters of as-synthesized NCO is changing from 10.50 Å to 10.88 Å (cell 1) or 10.90 Å (cell 2) after the partial charging process.

face 1, called multiple-split peaks which are corresponding to the Ni2P3/2.

In the case of cobalt peak located at 779.96 eV, it is most likely linked to Co 3+ . A mixture of Co 2+ and Co 3+ could not be excluded as the signal is quite weak as shown in figure 5-106 (e), and the satellite peaks are not visible enough and corresponding to Co2P3/2.

For the manganese, one peak is positioned at 642 eV ascribed for Mn2p and appears to be Mn 2+ , shown in figure 5-106 (f).

Last but not least, these FSSBs were functioning at room temperature (25°C), and that is what makes them sui generis. Thanks to the very small capacity fade observed, we can predict that these batteries could be ideal candidates for the upcoming next-generation of batteries. Upcoming future, with constant electrification of many devices (from the connected watch to the electric car) and their parallel need for longer energy autonomy, requires the development of high capacity batteries (˃400 Wh/kg). In this field, all-solid-state technology has many advantages over conventional commercial cells. In common commerical batteries, current flows through either liquids or polymers, but in solid state batteries it flows through a solid electrolyte.
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However, the main challenge to build efficient solid-state batteries remains the discovery of an electrolyte material with all the right properties (cheap, secure, stable, highly conductive…). Our recent discovery of a new class of superionic oxide conductors based on lithium or sodium pushed us towards the development of high energy solid state batteries.

In particular, a rock salt structure was observed for entropy stabilization (Mg, Cu, Ni, Co, Zn)O with random occupation of the cation sites. We showed that these cations can be substituted by alkali ions (with an intrinsic charge compensation mechanism), or combinations of +1 and +3 elements (with a selfcharge compensation between the substituents), while keeping the rock salt structure. As such, the number of phases that can be synthesized in this system is impressive. Interestingly, the charge compensation mechanism that occurs in the case of substitution by +1 elements could involve oxygen vaccancies, thus providing diffusion pathways for lithium or sodium.

Following this pioneering study, we have thus shown that Li and Na substituted materials exhibit very large values of ionic conductivity, which makes them among the best oxide-based conductors and we have then also demonstrated their efficient implementation in both lithium and sodium-based all solid state batteries.