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The need for energy storage

Over the past century, many scientific inventions and technological innovations are seen in various fields like information technology, automobile industries and so on. These improvements make our life easier but at the same time, currently there are two main problems which are threatening our life in this modern world. The first is the energy demand which is continuously increasing day by day as a consequence of fast growing population and improved economic development [1]. According to the International Energy Agency (IEA) statistics, for the past four decades from 1973-2014, the global electricity generation has increased from 6,131 to 23,816 TWh which is almost four times higher in magnitude. This total electricity generation is done with the help of various renewable and nonrenewable energy sources present all over the world. Out of which, the major contribution of energy supply (around 80%) is from burning of fossil fuels such as coal, oil and natural gas and the remaining is being allocated to biomass, nuclear, hydropower and renewable energies (Figure 1.1) [2]. The two major drawbacks associated with these non-renewable sources are that they are limited in supply and not eco-friendly in nature. Non-renewable coal and oil resources are depleting continuously and according to Greenpeace and EREC's Energy (R)evolution scenario, it is estimated that around 2090, there will be no more coal and oil available on Earth [3]. Another environmental problem which we are facing now is the release of hazardous greenhouse gases such as CO2 that causes global warming as a consequence of burning of fossil fuels and it is estimated that the Earth's surface temperature will increase from 2 to 6 °C at the end of 21 st century, as shown in Figure 1.2 [4]. This urgent problem instigates researchers and environmentalists to search for alternative renewable energy sources such as solar, geo thermal and bio-mass leading to the mitigation of poisonous CO2 emissions and the decrease of greenhouse gas emission. However, the common unavoidable issue in these renewable systems is their intermittent supply. Nuclear energy is another alternative source to produce a large amount of energy but the safety concerns are taken into account to limit the usage of nuclear sources. In order to overcome the disadvantages of these energy sources, the energy storage and conversion technologies come in board to store the electrical energy and can be delivered whenever there is a need for energy [5].

Figure 1.2 Earth's surface temperature vs CO2 emissions rate [4] Fast growth rate of CO2 is modeled as a result of emission of greenhouse gases due to the burning of fossil fuels. This result estimates the earth's surface temperature will be increased from 2-6 °C in the year 2100.

In our modern society, the energy consumed is mainly in the form of electric power. Typically, it is produced in power stations and distributed to the end users through a network of suppliers. The objective of suppliers is to move towards smart grids capable of integrating and managing all types of energy production either continuous or intermittent [6]. Then, the energy will be supplied efficiently to all types of facilities such as factories, offices, cities, dwellings irrespective of time or seasons with a lower cost. In this type of organization, two categories of energy storage are available, either stationary or embedded. For wind and photovoltaic devices, energy generation is not constant as shown in Figure 1.3 and depending on the season or time of the day respectively. Others such as nuclear energy can operate continuously but cannot be started or stopped according to the request. In order to compensate all these variations in production and consumption, it is essential to store the produced energy in surplus amount and used it later when it is necessary. In this case, the stationary energy storage facilities are used in order to guarantee the stability of the network. The embedded energy storage facilities are used as portable devices in many applications such as transport, multimedia, household appliances and tools. So, finally one can come into a conclusion that the energy has to be stored in either small or large scale and energy storage technologies are essential for day to day activities. 

Battery

A battery is an electrochemical storage device. It converts chemical energy into electrical energy and vice versa. By design, a battery is a stack of many electrochemical cells connected in series or parallel depending upon the applications required. A single cell consists of a positive electrode (cathode), electrolyte and negative electrode (anode) as seen in Figure 1.4. The separator is a porous membrane filled with electrolyte placed between the electrodes that permits ionic conduction (Ex: Li + ions in the case of Li-ion batteries) between them and avoids the electrical connection leading to short circuit of the cell. During discharge, the positive ions migrate from the anode to the cathode and move in the opposite direction when the battery is charging. Simultaneously, electrons are moving in the external circuit, which generates electricity. The energy difference of the electrochemical potential of anode and cathode is the overall cell potential, also known as open circuit potential. Batteries also have the advantage of storing and restoring energy directly with a remarkable efficiency of between 75 and 95%. They can be flexibly manufactured by changing the following parameters:

• Size and design (from a few micrometers to storage benches)

• Specific power / specific energy ratio

• Short or long term usage

• Stationary or embedded usage.

Batteries are mainly classified into two types: primary and secondary batteries. Primary batteries are the one time dischargeable batteries whose lifetime and cycling capacity is very limited. The secondary batteries are the rechargeable batteries because the redox reactions, oxidation and reduction, are taking place reversibly during charge and discharge. This chapter is mainly about the state of the art of the rechargeable Li-ion batteries, their components and the main properties, leaving out the other battery types which are out of the scope of my thesis. The first primary battery was developed by Alessandro Volta in the early 19 th century and was based on copper and zinc electrodes with a separator made of cloth absorbed by the electrolyte. He piled a large number of cells, which made the Volta's pile very famous. This created a strong basement for the invention of other electrochemical processes such as water electrolysis. However, the major setback for this Volta's pile is that it cannot be recharged. However, this work motivated other researchers to develop the secondary batteries which can be recharged and usable for multiple times. After a few years, French physicist Gaston Plante developed the lead acid battery which was the first rechargeable battery ever developed in history. It involves an electrochemical reaction between the lead anode, the lead oxide cathode and the sulphuric acid electrolyte which becomes reversible by passing a reverse current through the battery, thus recharging it. This was considered as a low cost rechargeable battery for almost 150 years and is still one of the ongoing commercialized batteries used for automobile and standby applications. However, Lead is a heavy metal and toxic in nature. This reduces the energy density of lead acid batteries to a minimum extent and not suitable for portable or less weight applications. Later, researchers developed nickel cadmium and nickel metal hydride batteries with higher energy density. However, the aqueous electrolyte used in these systems limits its cell potential, thereby lowering the energy density. The continuous quest of researchers enabled to develop the high energy density lithium based batteries.

Lithium is the most reducing element of the periodic classification (-3.04 V vs. SHE) and also one of the lightest metal (M = 6.94 g / mol) making it an ideal anode material and allowing to design batteries with very high energy density [7]. Before entering the history of the Li-ion battery, the first lithium metal battery was introduced by S. Whittingham in 1973. It involves the rechargeable battery design with TiS2 as positive electrode and metallic lithium as negative electrode [7]. The word "intercalation" was first termed in his work and is now vastly used in almost all the literature related to Li-ion batteries. It means that the metal ion (Li + ) is inserted into a host matrix without affecting the structural integrity of the electrode material. Dr.Whittingham's work was later commercialized by Exxon. Later, TiS2 was replaced by MoS2 leading to the commercialization of first Li-based battery by Moli Energy® popularly called the Moli Cell. However, within a short period of its introduction, the cells experienced safety issues such as explosion after a few cycles, due to the high reactivity of metallic lithium. Then, it was realized that the dendrite formation on the surface of lithium penetrating through the separator caused short circuit and led to a hazardous activity. Later, a patent was published by Mizushuma et al.

replacing the lithium metal with graphite and LCO as cathode leading to the introduction of the Li-ion battery [8]. This work was first commercialized by SONY in 1991. Since its beginning, the energy density has been greatly improved from 100 to 240 Wh/kg and is believed to reach the energy density of 330 Wh/kg in the forthcoming years as shown in figure 1.5. A brief overview of Li ion battery technologies will be discussed in the next section.

. 5 Fast improvement in the energy density by Li-ion battery as seen over the years compared to other battery technologies and approaching towards 320 Wh/kg in near future [9].

Li-ion batteries and their components

Li-ion batteries have attracted enormous attention from the industry to the scientific community, due to their reliability, longer shelf life, good cyclability and high coulombic efficiency, especially the excellent gravimetric and volumetric storage energy density. Today, they are widely used as power source for portable electronic devices and electric vehicles [10], [11]. The mechanism of a Li-ion battery is shown in Figure 1.6: it involves the shuttling process of lithium ions back and forth taking place between the positive and negative electrodes during cell charging and discharging. In this example, the system uses graphite as the anode and layered Li-intercalated compound (Ex: LiCoO2) as the cathode. The negative electrode (anode) is a graphitic carbon and positive electrode (cathode) is a Li-intercalation compoundusually an oxide because of its higher potential. Both electrodes are able to reversibly insert and remove Li ions from their respective structures. The electrodes are separated by a non-aqueous electrolyte that transports Li ions between the electrodes. Reprinted from [6].

During the process of charge, lithium is extracted from the cathode, inducing the oxidation of transition metal Co 3+ which releases electrons to the external circuit through the current collector. The lithium will then migrate to the negative electrode where it is reduced to its metallic state. Upon discharge, opposite processes take place, consequently leading to the lithium back to the cathode, giving rise to the rechargeability of LIBs. The reactions involved during the discharge process can be written as the following equations and all three reactions will be reversed during the charge.

During Discharge:

Positive electrode: 𝐿𝑖 0.5 𝐶𝑜𝑂 2 + 0.5𝐿𝑖 + + 𝑒 -→ 𝐿𝑖𝐶𝑜𝑂 2 (1.1)

Negative electrode:

𝐿𝑖𝐶 6 → 𝐶 6 + 𝐿𝑖 + + 𝑒 - (1.2)
Overall cell reaction: 𝐿𝑖𝐶 6 + 𝐶𝑜𝑂 2 → 𝐶 6 + 𝐿𝑖𝐶𝑜𝑂 2 (1.3)

Positive electrodes

Since the introduction of the Li-ion battery technology, the researchers focused to identify many innovative cathode materials which have high theoretical capacity and voltage. The other criteria for a good cathode material are good electronic conductivity as well as chemical and structural stability during intercalation/de-intercalation. From the last decades, the major group of cathode materials are layered oxides (ex: LiCoO2), spinel type phases (ex: LiMn2O4) and polyanionic materials such as LiFePO4. In the case of LiCoO2, very high operating voltage between 3.5 and 4.2 vs lithium and low polarization led to the commercialization of Li-ion battery by SONY in 1991. However, high material cost and structural distortion at Li0.5CoO2 limit its usage and reversible capacity to one half of its theoretical capacity (275 mAh/g).

In parallel, relatively cheaper spinel compounds like LiMn2O4 were developed. LiMn2O4 shows 3 plateaus in total: in reduction at 3V and oxidation at 3.9 V and 4.1 V vs Li. However, its commercialization was heavily stopped due to the rapid capacity fading. This was improved by doping of metal atoms such as Al and F (LiMn2-xAlxO4Fy) and Ni by forming LiNi0.5Mn1.5O4 and replacing alternative electrolyte salts such as LiBOB instead of LiPF6 salt. Li(Ni1/3Co1/3Mn1/3)O2 is an alternative cathode material that offer longer calendar life for HEV application [12], [13].

Though layered oxides or spinels experienced a commercial success, some of the difficulties such as capacity fading, toxicity, sustainability and safety urged scientists to search for another class of cathode materials such as polyanion based materials (LiMXO4). A well-known example of this class is Phospho-olivine LiFePO4 material (AMPO4) which was first discovered by Padhi et al. [14]. Even though the theoretical capacity is lower than that of layered compounds due to the addition of many polyanionic groups (XO4), they are more thermally and structurally stable, cost effective, safe and also chemically stable to the electrolytes. Nowadays, LFP is one of the competitive candidates for the electric vehicles due to its high rate capability and increased safety. [15].

Some of the other polyanionic compounds such as pyrophosphates Li2MP2O7 [16], silicates Li2MSiO4, borates LiMBO3 [17], hydroxyl and fluorophosphates (LiFePO4OH) and sulfates (LiFeSO4OH) are available in the state of the art [18]. A comprehensive plot (Figure 1.7) was reprinted from the PhD thesis of Fabien Lalère, former PhD student of LRCS, Amiens [15] explaining the thermodynamical potential and theoretical gravimetric capacity of the different positive and negative electrodes of the Liion battery.

Negative Electrodes

Since its introduction in 1991 to till date, graphite is serving as a strong candidate for the negative electrode due to its high theoretical capacity of 372 mAh/g, its cheap cost, its high abundance and its possibility to achieve higher reversible capacity (450 mAh/g) than theoretical capacity because of its chemical processing methods and mechanical milling modifications. However, it also faces some of the safety issues by undergoing thermal runaways due to lithium plating at fast charge rate. To overcome these problems, carbon alternative materials such as lithium transition metal nitrides (Li3-xCoxN), silicon [19] and Tin-antimony alloys [20] are developed, which show higher reversible capacity. But, large volume expansion of the active material occurs during charge/discharge, leading to poor cyclability and less Coulombic efficiency. This hinders to make it as commercial anode material.

Another class of anode material is spinel Li4Ti5O12 which is used in stationary power supplies due to its high theoretical capacity (175 mAh/g). It involves almost zero volume expansion during charge/ discharge and high lifetime but relatively higher voltage (1.5 V) compared to other anode materials such as graphite, which leads to diminishing the overall cell potential and thereby to low energy density. Nevertheless, it is considered as an important material because of its better cycling performance such as high power rechargeability with ensured safety, easy fabrication and low cost precursors. For example, a safer Li-ion battery using LFP and LTO electrodes with conventional liquid electrolyte was demonstrated using a prototype for electric vehicle showing the charge-discharge curve obtained at C/24 rate (Fig 1.8). This can be charged/discharged within few minutes, passes the safety tests, and has a very long shelf life. It retains full capacity even after 20,000 cycles performed at high charge rate of 10C (6 min) and discharge rate of 5C (12 min) [21]. 

Electrolytes

Electrolytes are the ionic conducting medium between the composite electrodes responsible for their rate capability and energy efficiency. The main criteria for the electrolyte are large stability window at high potential, good ionic conductivity, low melting and high boiling point and low vapour pressures.

Most of the liquid based electrolytes are the dissolution of lithium based salt such as LiPF6, LiClO4, LiBOB in non-aqueous organic solvents such as ethylene carbonate, dimethyl carbonate, ethylene carbonate, ethyl methyl carbonate whose molecular structures are shown in figure 1.9. This is because water based electrolytes limit their usage at high potential and because of the high reactivity of lithium on water. The most common electrolyte mixture is composed of a lithium salt of 1M LiPF6 dissolved in 1:1 wt % of EC: DMC solvent. Ethylene carbonate has a high dielectric constant but high viscosity values due to the interaction between molecules which hinders the mass transport of solutes. For that reason, a mixture of organic solvents such as diethylene carbonate, propylene carbonate and ethyl methyl carbonate was added in a specific ratio [22], [23]. Methyl Carbonate [24].

Polymer gels are another class of electrolytes containing alkali metal salts dissolved within the polymer host such as polyethylene oxide (PEO), polyvinylindene fluoride (PVDF), polyacrylonitrile (PAN), polymethyl metha acrylate (PMMA). Though polymer electrolytes are considered as low ionic conductivity electrolytes, some of the polyacrylonitrile based polymer electrolytes use ternary solvents (EC-PC-BC-3-methyl-2-oxazolidione) to improve the ionic conductivity (2.98 *10 -3 S/cm @ 25 °C) close to liquid electrolytes (10 -3 to 10 -2 S/cm @RT) [26], [27]. The electrochemical performance of graphite/ LCO cells are assembled with another class of new ionic liquids as electrolyte made of such as N-methoxymethyl-N,N-dimethylethyl-ammonium bis(trifluoromethane-sulfonyl)imide (MMDMEA-TFSI)-containing electrolyte solutions with and without fluoroethylene carbonate (FEC) [27].

Nowadays, solid electrolytes are getting more attention because of their excellent safety characteristics and because they possess almost equal or even more ionic conductivity than liquid electrolytes [28]- [30]. The main important properties of any electrolyte are ionic conductivity, lithium ion diffusion coefficient, cation transference number and an additional parameter called thermodynamic coefficient which is a measure of how the thermodynamic driving force relates to concentration gradients of the electrolyte and the activity coefficient. So, the accurate determination of above mentioned transport properties are needed and various experimental and modeling studies are done to determine the properties and also to understand the influence of salt composition, type of solvents and electrolyte, temperature in the electrochemical performance [26]- [31].

Inactive components

Apart from the active materials which play a role in the intercalation/de-intercalation reaction, conductive carbon (e.g. carbon black, graphite) is added to improve the electrical conductivity of the composite electrodes. In general, some of the active materials possess low electrical conductivity such as LFP (<10 -9 S cm -1 ) [37], LTO (<10 -13 S cm -1 ) [38], etc. and thus carbon additives are coated on the surface of the particles or synthesized in nanosize particles to enhance the electrical conductivity of the system. Allotropes of carbon such as single walled and multiwalled carbon nanotubes [39], graphene sheets [40] and carbon free conducting agents such as RuO2 [41], conducting polymers [42] are coated to enhance the electronic conductivity of the active material. Moreover, insulating materials such as alumina (Al2O3) and Li3PO4 are coated on the surface of the composite electrode materials using Atomic Layer Deposition (ALD) to minimize the electronic contact resistance and improve the surface stability of the coated materials. It is proven that these oxide coatings done on the conventional positive electrodes like LiCoO2 lower the acidity of the non-aqueous electrolytes by scavenging water and hydrogen fluoride (HF) leading to a stable capacity retention [43].

Binders are another class of additives added to enhance the mechanical integrity of the composite electrode. They enable the interconnected network not to have any discontinuities by holding all the materials together as well as coating on the current collector. Generally, low cost polymers (e.g. polyvinylidene fluoride-PVDF) or water soluble binders (Carboxy methyl cellulose) are used.

Sometimes, conducting polymers are used so that they maintain the electronic conductivity and mechanical stability of the percolating network [40]- [44] . Though these additives are not contributing to the capacity, they are occupying from 5 to 25 wt % of the total weight of the electrode depending on the applications and electrolytes used as shown in table 1.1. Separators are the electrically insulating material for providing pathway for ionic conduction between the electrodes. Also, they prevent short circuiting between the two composite electrodes. Glass fiber and polymer such as polyethylene, polypropylene are the common separator materials used while assembling LIB. Current collectors are the electrically conducting material on top of which the electrode slurry is coated, which is used for the charge collection and to pass it to the external load.

However, it does not contribute to the electrochemical reaction but it should be electrochemially inert at the corresponding working voltages. Copper and aluminum foils are the common materials used for anode and cathode respectively. The composite (slurry) thicknesses can range from 75 to 200 μm on top of thin (12-20 μm) metal foil current collectors for typical commercial Li-ion batteries. After slurry coating on the curent collector, it is subjected to calendering (apply pressure by passing through big calender rolls) to maintain the uniform thickness and adjust the optimised porosity based on the active material type, composition and usage. From the battery level, separator, curent collector, tabs, welding connections, pouches and packaging container are the supplementary materials occupying around 50 wt% and more than 2/3 rd of total battery volume.

Important Properties and Parameters of Li ion batteries 1.4.1 Energy Density

Energy density is an important property that can be explained by how much energy one can store in the battery in a given weight or volume. From a thermodynamical perspective, theoretical energy density of any electrochemical system that can be obtained from Gibb's free energy (△ 𝑟 𝐺°) for any electrochemical reaction at standard conditions is given in equation 4. In this equation ( 4), n refers to the number of the charge transferred during the electrochemical reaction per mole reactant, E is the thermodynamic equilibrium voltage and F is the Faraday constant. Energy density can always be measured in terms of mass or volume of the total battery system and from equations (4-6), theoretical energy density can be expressed as a product of capacity and voltage or the integration of the thermodynamic voltage-capacity curve for capacity-balanced electrodes divided by the maximum weight or volume of the system reaches during cycling.

△ 𝑟 𝐺°= -𝑛𝐹 × 𝐸 (1.4) 
Ɛ 𝑀 = -△ 𝑟 𝐺°𝞢 𝑀 (or) Ɛ 𝑉 = -△ 𝑟 𝐺°𝞢 𝑽 (1.5) = 𝑛𝐹 𝞢𝑀 × 𝐸 (or) 𝑛𝐹 𝞢𝑉 × 𝐸 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑛𝐹 3.6𝑀 (mAh/g) 𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (Ɛ 𝑀 𝑜𝑟 Ɛ 𝑉 ) = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑋 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (1.6) ( 𝑊ℎ 𝐿 𝑜𝑟 𝑊ℎ 𝑘𝑔 ) = ( 𝐴ℎ 𝐿 𝑜𝑟 𝐴ℎ 𝑘𝑔 ) × 𝑉
As clearly seen from equation 1.6, two simple ways to increase the energy density of the electrochemical system is to discover new high potential (polyanionic materials) or high theoretical capacity materials (lithium rich layered compounds) and illustrated in figure 1.10a. Till now since its commercialization, the energy density of LIB has been increasing consistently from 240 to 700 Wh/L by employing cell engineering as shown in figure 1.10b [START_REF] Hasan | Energy Storage: Battery Materials and Architectures at the Nanoscale[END_REF]. The theoretical energy density of 1172 different electrochemical systems including Li, Na, Mg, Al, Zn based batteries was calculated based on the Gibb's free energy of the electrochemical reactions [START_REF] Zu | Thermodynamic analysis on energy densities of batteries[END_REF]. For anyone chosen material, the energy density of the Li-ion battery can be improved by the following strategies:

 Increasing the thickness of the composite electrodes leads to an increase in active material (AM) loading (i.e. amount of active material packed per unit area in mg/cm 2 )

[58]- [START_REF] Hasan | Energy Storage: Battery Materials and Architectures at the Nanoscale[END_REF].

 Decreasing/avoiding the electrochemically inactive materials like binder, conductive carbon and current collector. done in our laboratory and clearly show the increase in energy density can be obtained by rising the electrode thickness and simultaneous decreasing inactive materials. This strategy was also evidently supported by various modeling studies stating that increasing the thickness of electrodes leads to a relatively high energy density along with the reduction of cost [START_REF] Patry | Cost modeling of lithium-ion battery cells for automotive applications[END_REF], [START_REF]BatPaC -Battery Performance and Cost model -Home[END_REF]. Cell engineering is a concept adopting the changes in electrode formulation and architectural design leading to the improvement of gravimetric and volumetric energy density. Still, there is a big room for improvement to increase the practical energy density of Li-ion battery.

The binder is an additive added to increase the mechanical strength and binding nature of the active material along with the conductive agents in the slurry. However, the presence of binders in the electrodes decreases the accessible specific area of the active materials and/or increases the electrode tortuosity, and increases the electrochemical polarization of the electrodes. Higher weight % of binder also decreases the gravimetric energy density due to inactive mass increase of the battery. This motivated the researchers to develop binder free electrodes for many electrochemical devices such as Li-ion batteries [START_REF] Shen | Mesoporous NiCo2O4 Nanowire Arrays Grown on Carbon Textiles as Binder-Free Flexible Electrodes for Energy Storage[END_REF]- [START_REF] Ban | Nanostructured Fe3O4/SWNT Electrode: Binder-Free and High-Rate Li-Ion Anode[END_REF] and super capacitors [START_REF] Zuo | Ultra-light Hierarchical Graphene Electrode for Binder-Free Supercapacitors and Lithium-Ion Battery Anodes[END_REF]- [START_REF] Perera | Vanadium Oxide Nanowire-Carbon Nanotube Binder-Free Flexible Electrodes for Supercapacitors[END_REF]. In general, the binder free electrodes are prepared for flexible, light weight applications because high thickness electrode without binder will get easily cracked or peeled off when metal current collectors are bent. To avoid these problems, carbon based materials such as graphene thin films, carbon nanotubes electrodes are prepared to avoid binder/current collector, to target high power rate applications with the compromise of a low energy density. Strategies like foreign metal ion doping, reducing active material particle size and alternative processing such as electro deposition techniques were done to develop binder free electrodes for high power super capacitors [START_REF] Zuo | Ultra-light Hierarchical Graphene Electrode for Binder-Free Supercapacitors and Lithium-Ion Battery Anodes[END_REF]- [START_REF] Wang | N-Doped Graphene-SnO2 Sandwich Paper for High-Performance Lithium-Ion Batteries[END_REF]. For example, thin layers of nano silicon anodes with uniform particle size distribution were prepared using electrophoretic deposition method by applying current for short span of time (5-60 s) and experimental setup is shown in figure 1. 13. In this work, surface modified nano Si and Acetylene Black particles are bonded tightly together forming a 3D porous structured thin film electrode on copper substrate without the need of binder. Improved electrochemical performance such as rate capability is seen in figure 1.13c and explained due to the 3D porous structure of the electrode that alleviates volume expansion of silicon during the charge and discharge processes and facilitates faster transport kinetics of lithium ions [START_REF] Yang | Binder-Free Si Nanoparticle Electrode with 3D Porous Structure Prepared by Electrophoretic Deposition for Lithium-Ion Batteries[END_REF]. 

Power density

High charge and discharge rate is highly possible in Li-ion battery which makes it more useful for hybrid and plugin electric vehicles applications. Power density can be measured by applying short current pulse in a very short time, typically 10-20 seconds. Generally, the capacitors and electrochemical capacitors display more power than batteries because they undergo surface adsorption reactions of charged species of electrode material but achieve relatively very low energy density.

However, for the Li-ion battery one can obtain both high energy and power densities by storing charges in the bulk of the material and achieving ultra-high discharge rates. For example, in 2009, Ceder et al.

developed a conventional battery LiFePO4 material prepared by creating an ion conducting surface phase through controlled stoichiometry during synthesis, which obtains high capacity at ultra-high charge and discharge rates [START_REF] Kang | Battery materials for ultrafast charging and discharging[END_REF].

Porosity and pore size

The electrode porosity can be defined as the ratio of the pore volume to the entire electrode volume.

The porosity factor (Є) of the commercial electrode containing active material, conductive carbon and binder can be measured according to the equation 1.7, where V is volume, M is mass, P is mass fraction and ρ is density of the materials.

Є = 𝑉 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 -∑ 𝑉 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑉 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 𝑉 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 -𝑀 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 ( 𝑃 AM ρ AM + 𝑃 CB ρ CB + 𝑃 binder ρ binder ) 𝑉 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 (1.7)
Experimentally, the electrode porosity can be measured by gas adsorption methods such as Helium gas Pycnometer, Accelerated surface area Porosimetry (ASAP), Mercury porosimetry. Image analysis techniques including X-Ray Computed Tomography (XRCT) and Focused Beam coupled with Scanning Electron Microscopy (FIB-SEM) are used to quantify the electrode microstructural properties such as pore volume fraction, specific surface area, particle or pore size distribution and tortuosity [START_REF] Jiao | 3D structural properties study on compact LiFePO4s based on X-ray computed tomography technique[END_REF], [START_REF] Hutzenlaub | FIB/SEMbased calculation of tortuosity in a porous LiCoO2 cathode for a Li-ion battery[END_REF]. The relationship between the electrode architecture and its electrochemical performance was studied using 3D imaging techniques [START_REF] Ender | Three-dimensional reconstruction of a composite cathode for lithium-ion cells[END_REF]. In particular, XRCT is a non-destructive technique that allows probing the entire thickness of the electrodes and enables to measure the above mentioned geometric parameters. One disadvantage of this imaging technique is the difficulty of distinguishing the carbon and binder mixture from the porous volume due to their low X-ray attenuation difference. So, this technique is very well suited for the analysis of binder free electrodes. For example, X-ray computed tomography was done for LFP/C electrode and after the reconstruction of images; pore network can be clearly seen with the minimal amount of isolated pores compared to the large amount of connected pores shown in fig 1 .14c. 

Tortuosity

The influence of the porous microstructure on the macroscopic behavior is well explained by the property of network termed as tortuosity (𝜏). Tortuosity can be measured based on different ways. First, tortuosity can be explained as a measure of the elongation of the transport path due to the porous architecture due to porous separators or electrodes (Leff) with respect to the straight distance (L) as seen in equation 1.8 and the relation between the bulk and effective conductivity is shown in equation 1.9.

𝜏 = 𝐿 𝑒𝑓𝑓 𝐿

(1.8)

𝜎 𝑒𝑓𝑓 = 𝜎 𝜖 𝜏 2 (1.9)
The accuracy of physical models is related to the transport throughout the continuous solid and liquid phase and also greatly dependent of critical parameters such as electrode tortuosity. Tortuosity of the porous media such as battery electrodes, separators and support membranes for fuel cells can be determined in several ways such as experimental methods like electrical impedance spectroscopy and geometric, diffusion methods [START_REF] Qin | MnOx/SWCNT macro-films as flexible binder-free anodes for high-performance Li-ion batteries[END_REF]- [START_REF] Ban | Nanostructured Fe3O4/SWNT Electrode: Binder-Free and High-Rate Li-Ion Anode[END_REF]. Recently, Gasteiger et al. [START_REF] Landesfeind | Tortuosity Determination of Battery Electrodes and Separators by Impedance Spectroscopy[END_REF] measured the tortuosity of commercially battery separators and electrodes such as graphite and LiFePO4 electrodes using electrical impedance technique. In this interesting work, they used a symmetric cell setup by following the blocking electrode configuration to eliminate the charge transfer reaction. They carried out EIS experiments by using non-intercalating electrolyte in order to avoid the lithium intercalation reaction between the electrodes. Using transmission line model, effective ionic resistivity of the electrode is well fitted with the impedance measurements and found the average tortuosity values are 4.3 ± 0.6 for graphite electrodes having 43% porosity, which is three times higher than the value of τ = 1.5 which would be predicted by the Bruggeman equation for spherical particles with α = 0.5. In effective pore models, mostly Bruggeman relation was used as a baseline to relate the pore volume and tortuosity for spherical shaped particles as shown in equation 1. 10 [84], [START_REF] Newman | Optimization of porosity and thickness of a battery electrode by means of a reaction-zone model[END_REF].

𝜏 = 𝜖 -0.5 (1.10)
Geometrically, tortuosity is defined as the ratio of the average shortest path length through the porous microstructure divided by the electrode thickness 'D' as shown in equation 1.11. However, geometrical tortuosity values are overestimated because these are highly dependent on the sampling volume size, voxel neighboring definition and distance propagation direction. To avoid the single mean tortuosity value along each axis, tortuosity spatial distribution maps and histogram are studied for each orthogonal direction of LiCoO2 electrode [START_REF] Chen-Wiegart | Tortuosity characterization of 3D microstructure at nano-scale for energy storage and conversion materials[END_REF], [START_REF] Cooper | Image based modelling of microstructural heterogeneity in LiFePO 4 electrodes for Li-ion batteries[END_REF] (Figure 1.15).

𝜏 = 𝑚𝑖𝑛 < 𝐿 > 𝐷

(1.11)

(𝜎 𝑏𝑢𝑙𝑘 . ∇∅) = 0 (1.12)
Electrode tortuosity can be determined from solving the diffusion equation written in equation 1.12.

The solution of this diffusion equation gives the potential distribution within the microstructure and leads to the determination of current density [START_REF] Epstein | On tortuosity and the tortuosity factor in flow and diffusion through porous media[END_REF]. Several imaging techniques such as FIB/SEM, X-ray nano computed tomography and their 3D reconstruction of the electrode images were done to deduce the corresponding microstructural parameters such as volume fractions, volume-specific surface areas.

Also, tortuosity of the three individual electrode phases such as active material, pore and carbon black tortuosity can be obtained [START_REF] Ender | Three-dimensional reconstruction of a composite cathode for lithium-ion cells[END_REF], [START_REF] Chen-Wiegart | Tortuosity characterization of 3D microstructure at nano-scale for energy storage and conversion materials[END_REF], [START_REF] Cooper | Image based modelling of microstructural heterogeneity in LiFePO 4 electrodes for Li-ion batteries[END_REF]. 

Possibilities to increase high energy density of LIB 1.5.1 Thick Electrodes

In general, thick electrodes are fabricated with sufficient pore volume present in the electrodes to reduce the mass transfer limitations. For example, in battery chemistries such as Ni-Cd and Ni-MH batteries, the electrodes are possessing 80%-85% porosity and aqueous electrolytes are used because of higher ionic conductivity. However, larger porosity or using more amount of electrolyte is leading to the reduction of active material content of less than 50% by volume and resulting in low overall volumetric energy density. First, increasing the electrode thickness or active material loading per unit surface area of electrodes (in mg/cm 2 ) can improve the energy density because of increased volume ratio of the active materials as shown in figure 1.17a. Secondly, thick electrodes can minimize the inactive material content such as current collector, separator, and binder thereby reducing material cost [START_REF] Gallagher | Optimizing areal capacities through understanding the limitations of lithium-ion electrodes[END_REF]. This was proven by various cost modeling studies such as Batpac model and other studies [START_REF] Patry | Cost modeling of lithium-ion battery cells for automotive applications[END_REF], [START_REF]BatPaC -Battery Performance and Cost model -Home[END_REF] with the assumption of increasing the electrode thickness and also changing the electrode processing methods like aqueous processing instead of using hazardous solvents like N-Méthyl-2pyrrolidone (NMP), reduction of the anode electrolyte wetting and SEI-layer formation time will also lead to overall battery cost reduction [START_REF]BatPaC -Battery Performance and Cost model -Home[END_REF]. Reprinted from [START_REF] Patry | Cost modeling of lithium-ion battery cells for automotive applications[END_REF], [START_REF] Gallagher | Optimizing areal capacities through understanding the limitations of lithium-ion electrodes[END_REF].

In general, thick electrodes are designed for high energy density and thin electrodes for high power density applications. This is due to the fact that thicker electrodes undergo high cell polarization and lithium-ion transport limitations across the bulk electrode at high C-rates. This phenomena was proved [START_REF] Zheng | A comprehensive understanding of electrode thickness effects on the electrochemical performances of Li-ion battery cathodes[END_REF]. Linear increase energy density as thickness and decrease in power density which is due to increase in Ohmic drop and diffusion limitations for the thicker electrodes.

A similar work done by Yu et al. reported the discharge capacity for conventional LiFePO4/ Graphite electrodes with varied range of cathode thickness (15-120 μm) [START_REF] Yu | Investigation of design parameter effects on high current performance of lithium-ion cells with LiFePO4/graphite electrodes[END_REF] and reported the increase in cell polarization and the lithium ion diffusion limitations in the liquid phase as the two crucial problems need to be addressed for the thick electrodes. Overall, it is very evident that fabricating thick electrodes can hugely increase the energy density and thus we aim at fabricating thick electrodes to increase the energy density. The available fabrication methods for thick electrodes in the state of art are discussed in the next section.

Methods to prepare thick electrodes

In Li-ion batteries, several groups have attempted to make textile electrodes [START_REF] Hu | Lithium-Ion Textile Batteries with Large Areal Mass Loading[END_REF], sinter the active material without current collector and 3D metal current collectors as supports to increase the active material loading for lithium storage alloys [START_REF] Song | Electrochemical hydrogen storage performance of AB5-CoB composites synthesized by a simple mixing method[END_REF], [START_REF] Trahey | High-Capacity, Microporous Cu6Sn5 -Sn Anodes for Li-Ion Batteries[END_REF]. These strategies can help to improve the electrical performances only to a certain extent but will not improve the active materials utilization completely. Another important aspect for the thick electrodes is the large degree of inhomogeneities of phase separation, state of charge, ion transport and concentration gradient of electrolytes at high discharge rates and crystallinity breakdown during cell operation are seen. In order to visualize and map these non-homogeneous behaviors, several in-situ and operando techniques are available such as synchrotron X-ray micro diffraction [START_REF] Liu | Visualization of Charge Distribution in a Lithium Battery Electrode[END_REF], X-ray absorption spectroscopy (XAFS) [START_REF] Katayama | X-ray absorption fine structure imaging of inhomogeneous electrode reaction in LiFePO4 lithium-ion battery cathode[END_REF], X-ray diffraction with reflection geometry [START_REF] Roberts | Direct Observation of Active Material Concentration Gradients and Crystallinity Breakdown in LiFePO 4 Electrodes During Charge/Discharge Cycling of Lithium Batteries[END_REF], X-ray absorption spectroscopy (XAS) [START_REF] Ouvrard | Heterogeneous behaviour of the lithium battery composite electrode LiFePO4[END_REF] and neutron indepth profiling [START_REF] Bianchini | A new null matrix electrochemical cell for Rietveld refinements of in-situ or operando neutron powder diffraction data[END_REF]. At the same time, higher active material loading of electrodes will suffer from manufacturing limitations such as electrode delamination, flaking and cracking of electrodes. These problems can be overcome by using variety of cell architectures such as embroidered metal foams as current collectors [START_REF] Li | Ultra-thick graphene bulk supercapacitor electrodes for compact energy storage[END_REF], [START_REF] Zhang | Binder-free graphene foams for O2 electrodes of Li-O2 batteries[END_REF] and sintered electrodes [START_REF] Qin | Hierarchically porous and conductive LiFePO4 bulk electrode: binder-free and ultrahigh volumetric capacity Li-ion cathode[END_REF], [START_REF] Lai | Ultrahigh-Energy-Density Microbatteries Enabled by New Electrode Architecture and Micropackaging Design[END_REF] as shown in table 1.2. Out of these methods, sintering is one of the promising techniques used to fabricate thicker electrodes.

For example, Qin et al. [START_REF] Qin | Hierarchically porous and conductive LiFePO4 bulk electrode: binder-free and ultrahigh volumetric capacity Li-ion cathode[END_REF] prepared 1 mm thick sintered LFP electrodes using citric acid as a pore forming agent resulting in a pore size equivalent to the particle size of the citric acid as shown in the figure 1.19. The volumetric energy density was calculated showing 500 Wh/L with respect to the volume of a single electrode. But the value is still lower than the commercially available Li ion batteries (700 Wh/L). So, a better technology is needed to improve the sintering capability of the battery materials and make the system more efficient and faster. fabricated the LiFePO4 [START_REF] Prosini | A New Synthetic Route for Preparing LiFePO[sub 4] with Enhanced Electrochemical Performance[END_REF], [START_REF] Takeuchi | Preparation of dense LiFePO4/C composite positive electrodes using sparkplasma-sintering process[END_REF], LiNi0.8Co0.15Al0.05O2 [START_REF] Takeuchi | Improvement of rate capability in rechargeable lithium-ion batteries using oxide-based active materials-carbon composite cathodes[END_REF] and Li2S/C [START_REF] Takeuchi | Preparation of Li 2 S-FePS 3 composite positive electrode materials and their electrochemical properties[END_REF], [START_REF] Takeuchi | All-Solid-State Lithium Secondary Battery with Li[sub 2S-C Composite Positive Electrode Prepared by Spark-Plasma-Sintering Process[END_REF] electrodes using SPS, which shows their widespread use for different systems and highlighted the very good electrical contact between the particles. This leads to the reduction of interfacial resistance and better electrochemical performance of pellets was acheived than the conventionally blended powders. Arachi et al. [START_REF] Arachi | Synthesis and electrical property of Li2-xFeSi1-xPxO4 as positive electrodes by spark-plasma-sintering process[END_REF] reported the dense and phase pure Li2-xFeSi1-xPxO4 based electrodes, with minimum carbon content (<3 wt. %), possessing improved ionic and electronic conductivities. Apart from Li-ion battery, activated carbon-PVDF composite electrodes are also prepared for super-capacitor applications using SPS, showing higher capacitance values and very high power density [START_REF] Daffos | Spark plasma sintered carbon electrodes for electrical double layer capacitor applications[END_REF], [START_REF] Li | Transport properties of hot-pressed bulk carbon nanotubes compacted by spark plasma sintering[END_REF]. Nano particle synthesis of cathode material was done using SPS technique. For example, the fluorophosphate material Li2CoPO4F was prepared during SPS by Botto et al. [START_REF] Dumont-Botto | Synthesis by Spark Plasma Sintering: A new way to obtain electrode materials for lithium ion batteries[END_REF]. As shown in On the other hand, SPS technique was adopted for the preparation of solid electrolytes, mainly ceramic materials having very high ionic conductivity. Solid electrolytes are seeking a greater attention nowadays due to their safety characteristics and their ionic conductivity comparable to that of liquid electrolytes [START_REF] Takahara | All-Solid-State Lithium Secondary Battery Using Oxysulfide Glass[END_REF]- [START_REF] Ahmad | RETRACTED ARTICLE: Polymer electrolytes: characteristics and peculiarities[END_REF]. In general, there are two classes of solid electrolytes for lithium-ion batteries:

Organic polymers and inorganic ceramics. The main difference between these two is their mechanical properties. Polymers are mostly used for flexible devices due to their low elastic moduli and limited by high temperature processing because of the low thermal stabilty. However, ceramic electrolytes are possessing high elastic moduli suitable for high temperature processing methods such as SPS and rigid battery designs are possible in thin film devices [START_REF] Hu | Synthesis of Hierarchically Porous Carbon Monoliths with Highly Ordered Microstructure and Their Application in Rechargeable Lithium Batteries with High-Rate Capability[END_REF]- [START_REF] Ren | A solid with a hierarchical tetramodal micro-meso-macro pore size distribution[END_REF]. Solid electrolytes such as LIthium Super-Ionic CONductor (LISICON) and NAtrium Super-Ionic CONductor (NASICON) materials are having less interfacial resistances to improve the ionic conductivity [START_REF] Arachi | Synthesis and electrical property of Li2-xFeSi1-xPxO4 as positive electrodes by spark-plasma-sintering process[END_REF]. Ceramic electrolytes are composed of sulfides, oxides or phosphates [28], [START_REF] Duluard | Lithium conducting solid electrolyte Li1.3Al0.3Ti1.7(PO4)3 obtained via solution chemistry[END_REF]. SPS involves the preparation of ceramic electrolytes preferentially rather than polymer electrolytes by showing good adhesion, avoiding segregation of secondary phases with reduced crystallite size, high grain-grain boundary and comparable ionic conductivity to liquid electrolytes [25], [START_REF] Kotobuki | Improvement of Li ion conductivity of Li 5 La 3 Ta 2 O 12 solid electrolyte by substitution of Ge for Ta[END_REF], [START_REF] Perez-Estébanez | SPS driven lithium differential diffusion in NASICON-like structures[END_REF], [START_REF] Yamada | Sintering Mechanisms of High-Performance Garnet-type Solid Electrolyte Densified by Spark Plasma Sintering[END_REF].

Table 1. 4 Comparison of SPS and conventional sintering (CS) for solid state electrolytes [START_REF] Pérez-Estébanez | Spark plasma versus conventional sintering in the electrical properties of Nasicon-type materials[END_REF]. Higher density and ionic conductivity was observed using SPS compared to Conventional sintering (CS).

Cold pressing is a mechanical pressing method without applying temperature which is employed to prepare the all solid state battery (ASSB) but the applied pressure influences the compactness and ionic conductivity of the solid electrolyte layer. The corresponding SEM images (figure 1.21c) of the three layered battery show good interfaces with high grain-grain bonding and defined thickness. The charge-discharge curve (figure 1.21d) shows that there is a less polarization and almost 90% of theoretical capacity is achieved at low C-rate. 

Porous electrodes of Li ion batteries and preparation methods

Electrodes of Li-ion batteries are generally porous in nature. These pores are intentionally created in the electrodes to improve their electrochemical performance. Some of the benefits of porous electrode are listed below.

 Pores will enable the liquid electrolyte to pass through the electrode surface especially for the thick and dense electrodes.

 Charge transfer in electrode/electrolyte interface is greatly improved because of the large surface area created by the pores.

 The pores are surrounded by their walls and this reduces the path length for diffusion based on different pore sizes and complete utilization of active material will be achieved thereby increasing the specific capacity at high C-rates.

 Though the large porosity decreases the volumetric capacity, optimum value is needed and performance of porous electrodes is always higher when compared to non-porous electrodes.

 Porous electrodes can also stabilize or reduce the volume expansion during intercalation/deintercalation of the composite electrodes.

Different methods such as electrospinning [START_REF] Lee | 3D Cross-Linked Nanoweb Architecture of Binder-Free TiO2 Electrodes for Lithium Ion Batteries[END_REF], aerogel techniques [START_REF] Antonietti | Carbon Aerogels and Monoliths: Control of Porosity and Nanoarchitecture via Sol-Gel routes[END_REF], chemical vapour deposition [START_REF] Chandra Kishore | Direct synthesis of solid and hollow carbon nanospheres over NaCl crystals using acetylene by chemical vapour deposition[END_REF], gas purging, templating, and non templating methods are adopted to create porous architectures for active materials or current collectors. Surfactant agents are added with the precursors of the active material to increase the surface area by the pore formation inside the active material surface. For example, thermally degradable surfactants such as poly (ethylene-co-butylene)-block poly (ethylene oxide) diblock copolymer are added with active material precursors to fabricate hierarchically ordered pores in the active material (Ex: Li4Ti5O12) anode electrodes for Li-ion batteries [START_REF] Wang | Synthesis and Li-Ion Insertion Properties of Highly Crystalline Mesoporous Rutile TiO 2[END_REF], [START_REF] Haetge | Ordered Large-Pore Mesoporous Li 4 Ti 5 O 12 Spinel Thin Film Electrodes with Nanocrystalline Framework for High Rate Rechargeable Lithium Batteries: Relationships among Charge Storage, Electrical Conductivity, and Nanoscale Structure[END_REF]. Out of different methods, the templating method is chosen due to its simplicity and the description and motivation of templating method in our thesis will be discussed in detail below.

Templating is the powerful cost efficient method adopted to fabricate porous electrodes for many electrochemical systems such as batteries, fuel cells and super capacitors. Templates are the sacrificial agents added along with the active material and later they are either dissolved or carbonized after the heat treatment forming a well interconnected pore network with uniform pore size distribution. The selection of the templating agents is very important and for example, the final pore size of the electrodes are mainly dependent on many microstructural properties such as particles size, shape and type of templating agents. According to the electrode pore size, they are classified as micropores (less than 2 μm), mesoporous (2-50 μm) and macropores (above 50 μm). The effects of pore size were also studied in other energy storage devices like supercapacitors and fuel cells [START_REF] Kondrat | Effect of pore size and its dispersity on the energy storage in nanoporous supercapacitors[END_REF]- [START_REF] Britton | The Control and Effect of Pore Size Distribution in AEMFC Catalyst Layers[END_REF]. Also, it can be related to the texture of the electrode but also on the residual pores present on the active material, ordered or disordered based on their arrangement. Anisotropic materials with varied shapes and sizes [START_REF] Sajanlal | Anisotropic nanomaterials: structure, growth, assembly, and functions[END_REF] are synthesized and used as a pore forming/ structure directing agent to create regular porous structures. Though different methods are available in the literature, salt templating is a simplified, cost efficient method to achieve controllable porosity and pore size in the electrodes, which will be discussed in the next section.

Based on the thermal stability, pore creating templates are divided into two categories: soft and hard templates. Soft templates are mostly thermally decomposable polymers at lower temperature, including polyurethane (PU), polystyrene (PS), polymethyl methacrylate (PMMA) and amphiphilic block polymers. Polymers offer the advantage of avoiding the extra etching step but at the same time, larger shrinkage is observed that leads to 20-40% smaller final pores spacing than the repeat distance between the templating spheres. Hard templates are thermally stable inorganic solids such as sodium chloride [START_REF] Szabó | Wash and go': sodium chloride as an easily removable catalyst support for the synthesis of carbon nanotubes[END_REF], silica gel [START_REF] Kim | Three-Dimensional Porous Silicon Particles for Use in High-Performance Lithium Secondary Batteries[END_REF], silica nanoparticles [START_REF] Hu | Synthesis of Hierarchically Porous Carbon Monoliths with Highly Ordered Microstructure and Their Application in Rechargeable Lithium Batteries with High-Rate Capability[END_REF], Na2CO3 and Ni(OH)2 in which templates were removed by hazardous chemical etching or dissolving with solvents. The methods such as colloidal crystal templating [START_REF] Doherty | Colloidal Crystal Templating to Produce Hierarchically Porous LiFePO 4 Electrode Materials for High Power Lithium Ion Batteries[END_REF] and nano casting [START_REF] Lim | Synthesis of Nanowire and Hollow LiFePO 4 Cathodes for High-Performance Lithium Batteries[END_REF] are available in literature to create hierarchically porous structures for Li-ion batteries. The schematic shown in fig 1 .22 illustrates the different architectures of silica electrodes such as tubular, spherical pores obtained according to the initial shape of the templates. Though the templating method can be done by different strategies such as chemical, magnetic and electrochemical methods, a relatively simple method is missing. For example, Endres et al. [START_REF] Gasparotto | Electrochemical synthesis of macroporous aluminium films and their behavior towards lithium deposition/stripping[END_REF] reported the template assisted electrochemical method for preparing macroporous Al films by electrodepositing chloraluminate ionic liquid within a polystyrene template on a copper support. In this method, the metal particle grows on top of the substrate with the effective filling of pores by the metallic product. However, the complex synthesis makes it impractical for conventional electrode fabrication. Another interesting work by Y.M.Chang et al. reported the fabrication of 220 μm thick templated LCO porous electrodes by co-extrusion of carbon black-binder mixture as a feed rod and/or template and sintered along with the active material. As shown in figure 1.23a, repeated extrusion up to 3 times and sintering was done by creating vertically aligned cylindrical pores with less pore spacing for lithium ion diffusion during the cell operation [START_REF] Bae | Design of Battery Electrodes with Dual-Scale Porosity to Minimize Tortuosity and Maximize Performance[END_REF]. Also, the same group reported a similar strategy of using magnetic templates by means of colloidal suspensions mixed with LCO particles. An external magnetic field is applied to align the magnetic particles and later removed to create aligned vertical channels inside the LCO electrodes which are designed to show better electrochemical properties than homogenous distribution of pores. Though this method is considered strenuous, they reported very high areal capacity value of around 7 mAh/cm 2 vs lithium at 2C rate, higher than conventional battery electrodes [START_REF] Sander | High-performance battery electrodes via magnetic templating[END_REF]. Recently, templating materials are fabricated with varied pore size ranging from nano-to micrometer and increased performance is obtained due to their high mechanical and thermal stabilities. The main criteria for the pore forming agents should be 1) Chemically inert to the host material, 2) Stable at high temperature during heat treatment and 3) Cost effective and environmentally friendly. In most cases, silica is used as template because of meeting all the above mentioned criteria. High temperature resistant silica (SBA-15 and KIT-6) [START_REF] Ren | A solid with a hierarchical tetramodal micro-meso-macro pore size distribution[END_REF] or the periodic mesoporous carbon materials (CMK-3 and CMK-8) [START_REF] Kleitz | Cubic Ia3d large mesoporous silica: synthesis and replication to platinum nanowires, carbon nanorods and carbon nanotubes[END_REF] were used as the pore forming agent in the literature. For example, porous LFP nanowires are prepared using silica template (SBA-15) with a thickness of 7 nm and specific surface area of 105 m 2 /g (BET) and pores of 5.9 nm (BJH analysis of nitrogen sorption at 77 K) with high gravimetric capacity of 137 mAh/g at 15 C [START_REF] Lim | Synthesis of Nanowire and Hollow LiFePO4 Cathodes for High-Performance Lithium Batteries[END_REF]. However, recycling of silica uses the HF or NaOH etching which is not good for the environment and carbon templates require elevated temperature for the thermal decomposition [START_REF] Zuo | Self-Templating Construction of 3D Hierarchical Macro-/Mesoporous Silicon from 0D Silica Nanoparticles[END_REF]. This incomplete removal of silica particles will have a direct influence on the electrochemical behavior. So, the usage of environmentally benign and thermally stable template was needed and it should be easily adopted for large scale fabrication. These requirements are fulfilled by simply prepared and easily washable salts like NaCl due to its high solubility in water (as high as 26.5 g in 100 g of water at 20C) and thermal stability [START_REF] Pinho | Solubility of NaCl, NaBr, and KCl in Water, Methanol, Ethanol, and Their Mixed Solvents[END_REF]. Also, NaCl remains as an environmental friendly and cost effective template to fabricate porous electrodes for lithium batteries [START_REF] Fan | Green synthesis of nanoporous Si/C anode using NaCl template with improved cycle life[END_REF]. NaCl is rich in abundance, cubic in particle shape, environmentally benign, cheap and also used in our day to day life applications such as cooking, medical and pharmaceutical industries. Gao Li et al fabricated porous Si-based anode material using NaCl and they claim that the electrochemical performance is highly improved due to the pores created by the salt that enable the material to reduce the volume expansion occurred during the operation [START_REF] Zhao | A Convenient and Versatile Method To Control the Electrode Microstructure toward High-Energy Lithium-Ion Batteries[END_REF]- [START_REF] Zuo | Self-Templating Construction of 3D Hierarchical Macro-/Mesoporous Silicon from 0D Silica Nanoparticles[END_REF]. The macroporous networks created by the salt particles promote the diffusion of electrolyte into the inner area of the electrodes and thus the rapid lithium transport can be achieved with the short lithium diffusion distance.

Li et al. has reported the growth of graphene paper using NaCl as a sacrificial template using microwave plasma-enhanced chemical vapor deposition method [START_REF] Li | Free-Standing and Transparent Graphene Membrane of Polyhedron Box-Shaped Basic Building Units Directly Grown Using a NaCl Template for Flexible Transparent and Stretchable Solid-State Supercapacitors[END_REF]. Zhao et al. has prepared hierarchical porous carbon monoliths using Iron catalyst with coated NaCl template by CVD as shown in figure 1.24 [START_REF] Zhao | Hierarchical porous carbon with graphitic structure synthesized by a water soluble template method[END_REF]. It is worth to mention that the NaCl was used extensively as a template for the growth of 1D and 2D carbon nanostructures such as Carbon nanotubes (CNTs), spongy CNT paper, and carbon nano fiber (CNF) with different catalyst nanoparticles [START_REF] Szabó | Wash and go': sodium chloride as an easily removable catalyst support for the synthesis of carbon nanotubes[END_REF], [START_REF] Davoodi | Facile synthesis of carbon nanotube/nanofiber paper on a water-soluble support in one-step by chemical vapor deposition[END_REF], [START_REF] Geng | Production of Carbon Nanofibers in High Yields Using a Sodium Chloride Support[END_REF]. Reprinted from [START_REF] Liu | 3D Porous Sponge-Inspired Electrode for Stretchable Lithium-Ion Batteries[END_REF].

Other than NaCl, other salts such as potassium chloride and zinc chloride or their mixture can be used as a pore creating agent and help to rise the operating temperature to 1000 °C to create vertically aligned carbon nanosheets [START_REF] Zhu | A General Salt-Templating Method To Fabricate Vertically Aligned Graphitic Carbon Nanosheets and Their Metal Carbide Hybrids for Superior Lithium Ion Batteries and Water Splitting[END_REF]. Various polymers such as polyvinyl chloride (PVC), poly methyl methacrylate (PMMA) and polyethylene oxide (PEO) are also used as pore forming agents to create hierarchically porous piezo ceramic materials by sintering at very high temperature (1200 °C) [START_REF] Kumar | Study on pore-forming agents in processing of porous piezoceramics[END_REF].

Recently, sugar was used as a pore forming agent to create 3D porous sponge-inspired electrode for stretchable lithium-ion batteries as shown in figure 1.25 [START_REF] Liu | 3D Porous Sponge-Inspired Electrode for Stretchable Lithium-Ion Batteries[END_REF]. In summary, out of varied methods available in literature, templating methods are very efficient scalable methods applicable for preparing porous electrodes with well controlled and interconnected microstructures useful for several battery systems.

Aim of the Thesis

The main goal of the thesis was to fabricate thick binder free electrodes for Li-ion batteries using Spark Plasma Sintering (SPS) and templating approach and to obtain high areal capacity for Li-ion batteries to improve energy density. In my thesis, thick electrodes are fabricated using SPS installed in Laboratoire de Réactivité et Chimie des Solides (LRCS, Amiens, France). The PhD thesis is composed of four working chapters. The first chapter is about a broad overview of batteries and a bibliographic review of strategies of achieving high energy density for Li-ion batteries and methods to fabricate thick electrodes. It is very clear that since its commercialization, the energy density of Li-ion batteries was constantly improving with the help of a varied range of advanced techniques and strategies to prepare the active material in first place up to the final battery production. So, in our thesis by combining the SPS technique and templating approach, thick and binder free electrodes are fabricated to achieve the high energy density of Li-ion batteries and the overall schematic is shown in figure 1.26. The second chapter focuses on principle, motivation of combining SPS and templating approach supported by the experimental results of prominent battery materials such as LiFePO4 (LFP) and Li4Ti5O12 (LTO). This ensures the possibility of making thick electrodes and investigating their electrochemical properties such as areal capacity, which is an essential parameter to increase energy The second chapter describes first the basic principles and concepts of Spark Plasma Sintering (SPS)

technique. Then, the motivation of using SPS to fabricate thick electrodes for lithium ion battery and to couple with templating approach is discussed.

The sodium chloride crystals are used as templating agents added along with the active materials and after SPS densification, the salt particles in the thick pellet are dissolved to create pores inside the thick electrodes for lithium ion diffusion during cell operation. The fabrication procedure and characterization LTO electrodes is reported. For the first time, the areal capacity of LFP and LTO electrodes at slow Crates are delivering four times higher than the conventionally prepared electrodes of lithium ion batteries.

Principle and motivation of Spark Plasma Sintering

Principle of SPS

Spark Plasma Sintering (SPS), also called Pulsed Electric Current Sintering (PECS) or Field Assisted

Sintering Technique (FAST), is an advanced sintering technique to form high dense and compact materials from powder materials [1]- [3]. Materials such as ceramics, composites, metals, alloys can be prepared using SPS technique [4]. Contrary to the conventional sintering technique, in which an external heating source is used, in the SPS technique the heating rate is obtained by the DC current that provides higher uniform heating leading to a more efficient sintering. Indeed, SPS works on the principle of applying pulsed direct current that provides high heating rates (upto 600 °C/min) by Joule's heating effect.

The SPS unit consists of an uniaxial pressure device (with water cooled), evacuated reaction chamber, pulsed DC current generator and regulating systems for pressure, temperature and position as shown in figure 2.1a. The use of high pulse power source leads to the generation of high current (5000 A) and high heating rates. Temperature measurement controls are done using either pyrometers or thermocouples.

Thermocouples are inserted on the die hole (1-2 mm) on the exterior of the die.

The weighed amount of powder was placed in the die made of electrically conducting materials such as graphite, WC (tungsten/carbon) or other refractory alloys. The graphite dies are fragile after a certain value of pressure around 100 Mpa due to their low mechanical properties at lower temperature. Thus, stronger WC dies are used to withstand higher pressure up to 1000 MPa. The rapid sintering of the electrode material was done inside the vacuum chamber in the glove box and the graphite die will be hosting the powder attached with the pistons closed on either side as shown in figure 2.1a. Graphite papers are also used to prevent direct contact between graphite die parts and to easily remove obtained pellets, as well as maintain electric contacts between the pistons and powder materials.

The densification process is carried out by the simultaneous application of high temperature and high pressure to the powder materials in a very short reaction time of few minutes [1], [3], [5], [6]. In the case of conductive powders, DC current (from 0.1 to 1.0 kA) is applied directly on the surface to induce the sintering as shown in figure 2.1b. In the case of insulating powders, the efficient heat transfer occurs through the Joule heated dies and plungers, thereby efficient sintering takes place. The consolidation of powders using SPS undergoes mainly three sequences:

(1) The first step of the sintering process by SPS undergoes formation of grain connection called the bridge or neck of matter. This is done by applying a pulsed DC current (from 0.6 to 1 kA) in a short duration between 1 and 300 ms leading to the initial activation of powders as shown in figure 2.1b [3].

(2) The subsequent heating and the densification of the powder eliminate the residual cavities or pores leading to a high compactness of 90-95%. The application of mechanical pressure enhances the diffusion kinetics removing the residual pores and enhances densification by plastic yielding or diffusion creep [8].

(3) Third sequence leads to the nearly complete elimination of pores by forming a fully dense material with suppressed grain growth. The total duration of the SPS sintering densification process is accomplished in less than 20 minutes.

Why use the SPS technique to make thick electrodes?

In the fabrication of conventional electrodes, non-active electrochemical materials such as carbon and binders are blended along with the insulating active materials and hazardous solvents to disperse the composite material homogeneously. The obtained viscous slurry is casted on the current collector and then the slurry coated electrode is dried by passing into a temperature-controlled oven. Calendaring is the next step after the electrode casting and drying steps. Indeed, calendaring is a physical method of pressing the slurry coated electrode under big rolls with varying gaps to achieve the desired thickness.

This also helps to improve the particle to particle contact within the electrode and enhances the adhesion between the electrode and current collector.

As already seen in chapter 1, for high energy density Li-ion batteries, the well-controlled fabrication of thick electrodes is crucial [9]. Conventional sintering can be used so as to fabricate thick electrodes but the active materials are sintered with a slow kinetics of heating at a rate of 5 °C/min. As shown in figure 2.2c, SPS densification process undergoes rapid sintering with much reduced time and at lower temperature compared to the conventional sintering method.

The SPS technique is a real solution to overcome particle coarsening issue because the active materials are sintered with the carbon additives at faster reaction kinetics (100 °C/min). The interfacial resistance between different materials is greatly reduced when sintered using SPS treatment than conventionally blended powders [10]. Another main advantage is the minimization of the side reactions such as oxidation of carbon based materials because the SPS unit is installed in Argon filled glove box as shown in figure 2.2a,b. In the conventional method of Li-ion battery production, the inactive mass such as current collector, separator, binder and conductive carbon occupy more than 50% of total weight, which is at the origin of the reduction of Li-ion battery energy density. In our approach, the fabrication of thick electrodes can ultimately reduce the amount of inactive materials especially current collector, separator so that the final gravimetric energy density can be improved. From the state of art, SPS technique was already proposed to achieve high electrode compactness [6], [11], all solid state battery [12] [13], multilayered materials such as anode/solid electrolyte/cathode with well-defined interfaces [14]. Indeed, thanks to the lower sintering temperature and shorter sintering time compared to conventional sintering as shown in figure 2.2c, it is possible to achieve good grain-grain attachment and reduced side reactions such as decomposition of initial materials or reactivity between different components. SPS being a relatively new technology, only very few Li-ion battery electrodes have been fabricated so far using SPS and many commonly used electrode materials are need to be explored with the optimization of sintering and electrode parameters [19]- [23].

Why combine SPS technique and templating approach?

The compacity of the electrode prepared by SPS is usually from 90 to 99%, which is due to the strong grain-grain bonding. This property can raise the electronic conductivity but the ionic conductivity becomes limited due to the porosity reduction. Therefore, in order to increase the ionic conductivity of thick electrodes, pores are required so that the liquid electrolyte can flow inside the sintered electrodes.

Templating approach is a well-known method to prepare porous electrodes for Li-ion batteries as discussed in the first chapter. However, in the literature, some problems are faced by research groups in removing the silica templates leading to the side reaction with the active materials and liquid electrolyte.

This can be clearly observed by the loss of the initial shape of the template agent after its removal [24].

Recently, Y.M. Chang et al. [25] reported the LCO sintered electrodes with 70-87 % relative densities done by conventional sintering. Nylon-binder rods are used as templating agents to create vertically aligned porous structures, which is helpful to achieve higher areal capacity.

In our study, a similar approach has been used instead of a conventional sintering; we used powerful SPS technique to make thick porous electrodes. First, a LiFePO 4 pellet was prepared without any templating agent. 450 mg of the commercial carbon coated LFP powder was taken in graphite die and the SPS reaction was carried out by simultaneously heating at 650 °C and pressing at 10 kN with a dwelling time From these first electrochemical results, it clearly turns out that pores are needed for the thick electrode so that lithium ions can diffuse easily into the inner volume to achieve full battery utilization.

The electrochemical performances of the porous electrode are controlled by two main parameters: porosity and tortuosity. High electrode porosity reduces the amount of active material in the composite electrode, thereby lowering the volumetric and gravimetric energy density. High electrode tortuosity is a sign of disorder of the particle arrangement which is dependent on the particle morphology and the tortuosity value is expected to increase during the calendaring step (i.e.) uniaxial pressing of electrodes.

For any porous electrode, the lithium ion diffusion in the liquid phase is rate limiting and this can be characterized by the characteristic time (Eqn. 2.1) of the lithium ion diffusion inside the pores of the electrode which is an extended form of Fick's law of diffusion. The characteristic time is dependent on the electrode thickness and diffusion coefficient of lithium in the liquid phase according to the relation (Eqn. 2.1),

𝑇 𝑐 ~𝐿2 𝐷 𝐿 (2.1)
where L is the electrode thickness and D L is the diffusion coefficient of lithium ion in the liquid phase.

The characteristic time for lithium ion diffusion in the liquid phase will be increased when there is an increase of electrode thickness effectively due to the squared term in the relation. Thus, the salt templating method was adopted by using sodium chloride crystals as pore forming agents. NaCl crystals are chosen due to their high temperature stability (800 °C) and chemical inertness with the active material. Hence, the pore forming agents are mixed and sintered along with the active materials and conductive carbon and later pore forming agents are dissolved after the densification process using SPS.

Preparation of sodium chloride crystals

In the state of art, several methods include spray drying, aerosol synthesis, chemical methods [18]- [21],

ultra-sonication, precipitation and anti-solvent crystallization method are available to prepare the NaCl crystals in varied ranges of particle sizes. Aerosol techniques are used to nucleate the NaCl crystals with a low diameter capillary tube at high pressure and using citric acid as a precipitating agent [30]. Chemical synthesis of using sodium acetate and benzoyl or phenacyl chloride in an appropriate composition are mixed well to form NaCl particles [27]- [29]. In the literature, chemical agents such as L-Leucine are added along with a precursor during preparation so that these nano-sized agents will act as a coating agent to minimize the agglomeration of nano-sized NaCl particles due to the Ostwald ripening that increases the size of the crystals [34].

In my thesis, NaCl crystals are prepared by chemical (evaporative crystallization and solution method) and physical methods (crushing of NaCl crystals for 20 minutes). In this chapter, we discuss about the salt prepared by the evaporative crystallization only. In this method, the final particle size of NaCl crystals are greatly dependent on the synthesis reaction conditions such as temperature, stirring time, concentration of initial solution and solvent used. In our case, tetraethylene glycol was used as a structure inhibiting agent to control the size/growth of crystals. The lesser molecular weight based solvents such as ethylene glycol results in larger particle size of around 50 μm (not reported here).

A small amount (4 g) of sodium chloride crystals obtained from Sigma Aldrich was dissolved in 10 ml of water and then 40 ml of Tetra ethylene glycol was added to the salt solution. The mixture is well stirred and heated at 80° C and after 3 hours, the crystals with cubic shape are formed as shown in figure 2.4b. Finally, the solution is centrifuged with ethanol and dried at 120 °C in oven to avoid any moisture.

X-ray diffraction (XRD) analysis of as prepared and commercial NaCl crystals was performed using a laboratory D8 Advance Bruker diffractometer (Cu K α radiation, λ= 1.5418 A°) and the 2θ values are recorded from 20-70°. XRD profiles of as prepared sodium chloride crystals show the narrow crystalline peaks similar to the commercial salt shown for comparison (Figure 2.4a). The high crystallinity of NaCl (JCPDS no.88-2300) is confirmed and the same lattice constant (a= 5.6413Å) was found as reported in the literature [35]. A slight displacement in diffraction peaks of the as prepared NaCl occurs due to the mis-alignment of salt particles (i.e. not flat) in the sample holder. High resolution Scanning Electron Microscopy (SEM) analysis of the as-prepared salt particles was performed on a FEI Quanta 200F field emission scanning electron microscope equipped with an energydispersive X-ray (EDX) spectrometer and operated at 20 kV under high vacuum. SEM is an essential technique to study the surface morphology of NaCl crystal and porous electrodes. From figure 2.4b, the as prepared salt particles are observed with cubic shape and average particle size of 13.7 ± 6.8 m determined using FIJI software. The particle size distribution of the as prepared salt particles is reported in chapter 3.

Thermo Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) analysis of sodium chloride crystals were done before SPS reaction in order to determine the thermal stability of the salt particles present in the LFP-NaCl-C composite. The DSC profile shows an exothermic peak at 800°C corresponding to the melting point of NaCl as shown in figure 2.5. The sudden weight loss (6.89 %) after 850°C can be ascribed to the decomposition of the NaCl crystal after reaching its melting point. composite are prepared to make thick dense electrodes for lithium ion batteries using SPS and discussed in the next section.

Fabrication of 1-mm thick LiFePO 4 electrodes using SPS technique and templating approach 2.2.1 Preparation of LiFePO 4 -NaCl-C composite

The chemical composition in the electrode formulation is one of the main parameters to optimize the best electrochemical performance and plenty of works about the role of carbon additives and binder are reported in the literature. As the intrinsic electronic conductivity of LFP is very low (σ = 10 -11 S/m) at room temperature, various strategies are proposed to improve the electrochemical performance. One strategy consists in coating conducting materials on the surface of the active materials such as graphene sheets [36], [37], conducting polymer [38] and other carbon based additives [39]. Another strategy is to minimize the particle size of the micro-sized active material to the nano-sized structures such as nanoplatelets [40], nanosheets [41] to decrease the lithium diffusion distance thereby increasing the rate performance of the lithium ion battery. Instead of crushing the large micro-sized active material to nanoparticles, alternative strategies are available such as foreign atoms doping [42] and by making the surface of the active materials porous so that active surface area of the particles is maximized. Sol-gel method was also used to coat the carbon material over the wall of the pores of LFP leading to the percolated nano architecture [43]. For instance, the citric acid is mixed with LFP particles and then during the heat treatment, the evolution of gases from the mixture creates a pore network and at the same time, the solid particles are coated with the carbon particles [44], [45].

The active material for the present study is the carbon coated LiFePO 4 obtained commercially from Alyees. The average particle size of the LFP is 200 nm and the particle shape of the LFP powder is spherical, as determined from the SEM image shown in figure 2.6a. Sodium chloride crystal with average particle size of 13.7 ± 6.8 micron was used as a pore forming agent and super P carbon is used as the conducting agent to increase the electrical conductivity of the electrode. The active material (AM), as 450 mg of LFP-NaCl-C composite are packed in the center of the graphite die and closed by the graphite pistons on both top and bottom sides of the graphite die. Graphite paper was cut with a diameter of 10 mm and placed on either sides of the composite to maintain the electrical contact between the pistons and the powder during SPS treatment. The graphite papers also help to remove the pellet easily from the pistons after the SPS reaction. Then, the graphite die containing the composite powder is pressed at 4 tons using a cold pressing machine in ambient atmosphere before SPS densification. This helps to ensure a physical contact between the components of the composite. Finally, the cold pressed die was then moved to an argon filled glove box which is attached to the SPS machine.

Densification of LiFePO 4 -NaCl-C by SPS technique

The as prepared LFP-NaCl-C composite was densified using the SPS device with the optimized temperature, pressure and reaction time. The SPS program was set at 650 °C, pressure of 10 kN with holding time of 5 minutes. Higher pressure above 10 kN leads to the breakage of graphite die during SPS process. The graphite die was placed inside the SPS chamber which is attached with the glove box with an initial applied pressure of 2 kN. Then, the thermocouple was attached to the exterior of the center of the die for which the set temperature of the die can be controlled and continuously followed.

The SPS reaction consists of 6 steps which were pre-saved in the SPS computer and the total duration of the SPS reaction is 22 minutes:

(1) The initial step is the evacuation of SPS chamber containing graphite die hosting the powder for 2 minutes.

(2) The second step includes the uniaxial pressing of the graphite die at 4 kN for 2 minutes without applying temperature. A minor variation of displacement in the second step can be observed as shown in figure 2.7.

(3) The third step was further increase of temperature from 25 °C to 600 °C in 5 minutes while keeping a pressure of 4 kN. (5) The maximum temperature was reached at 650 °C and holding time was maintained for 5 minutes at 650 °C and 10 kN. The temperature was well controlled at 650 °C and effective sintering of particles was done in this step and also elimination of gaps was performed, leading to high compactness.

(6) The final step, the rapid cooling step from 650 °C to 30°C and simultaneous release of the pressure from 10 kN to 2 kN in 5 minutes was done by using a cold water circulation unit attached to the SPS machine. The corresponding displacement of pistons (green) is shown in the figure 2.7 explaining the complete release of graphite pistons at a speed of 9 mm/min.

After the completion of the SPS program, since the LFP and LTO pellets are not sensitive to air and moisture, the graphite die was taken out of the glove box (this is not applicable for air sensitive materials like sulphides) and processed in the ambient conditions. The graphite pistons are removed using cold press by slowly pushing downwards and the cylindrical LFP-NaCl-C pellet was recovered. The pellet surface was covered by the graphite papers on the top and bottom surfaces and this was subjected to polishing using sand paper and to achieve the desired thickness and a diameter of 10 mm. The digital photo of the 1-mm thick LFP pellet electrode is shown in figure 2.9 illustrating the diameter of the LFP pellet corresponds to the inner diameter of the graphite dye used for the SPS densification.

Pellet compactness is determined based on the weight of pellet and powder and defined as the ratio of the pellet density to the powder density. The initial mass of the pellet after SPS was noted as well as its geometrical dimensions, as shown in equation 2.2 where W is mass (g), is density of materials where 𝑑 𝑥

x is LFP/ LTO, NaCl and sp-Carbon (g/cc). After the sintering by SPS, the geometrical dimensions such as pellet thickness t (cm) and the surface area of the pellet SA (cm 2 ) were measured using Vernier caliper and IpWin software, respectively. The surface area measurement is based on the measurement of pixels of the pellet surface and the pre-determined area and the detailed procedure of the determination of pellet 

( ε = 1 -( 𝜌 𝑎 𝜌 𝑝 ))
values determined from the various methods such as weight loss, pycnometry and micro computed tomography (µCT) data are compared in the table 2.1. Alternative methods like Mercury intrusion porosimetry are available in the literature to measure the average pore size of porous materials, composite electrode and separator containing macro-pores (higher than 50 nm) of lithium ion batteries [46], [47]. 

Chemical characterization of 1-mm thick LFP electrode

The 1-mm thick LFP-NaCl-C pellet was subjected to the dissolution of salt particles in water to create pores inside the thick electrode. The washing step was carried out by injecting the water using a syringe into a evacuated vial containing the thick pellet electrode. In this case, water is forced to the pellet so that salt particles are dissolved rapidly and completely. The porous electrodes are washed 3 times with running distilled water to make sure no salt particle is still present inside the pellet. After thorough washing with water and ethanol, the LFP (or LTO)-C electrodes are dried in the vacuum oven at 120 °C overnight. Ethanol is used to wash, which helps promote fast drying of electrodes in the vacuum oven. (2.3)

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑃𝑦𝑐 (%) = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑒𝑙𝑙𝑒𝑡 -𝑃𝑦𝑐𝑛𝑜𝑚𝑒𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑒𝑙𝑙𝑒𝑡 * 100 (2.4)
The difference in mass of the pellet before and after NaCl dissolution was estimated using equation 2.
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where m is mass of electrode (before and after NaCl dissolution) (g), d is density (g/cc), A is electrode area (cm 2 ), t is thickness of electrode (cm). The electrode porosity is found to be 44% based on the weight loss method. The total LFP electrode porosity is due to the dissolution of NaCl as well as the residual closed pores formed after SPS process because of the compactness of the LFP-NaCl-C pellet after the SPS reaction is 95%. The final LFP-C electrode composition after NaCl dissolution is 90-10 weight %.

Apparent density (in g/cc) is the ratio of the electrode mass to the product of surface area and the thickness, and found to be 1.8 g/cc. The porosity of the LFP electrode can be compared with the weight loss method and Pycnometer measurements using the equations 2.3 and 2.4 and the values are tabulated in table 2.1.

Figure 2.11 Nitrogen adsorption/desorption isotherms of the 1-mm thick porous LFP electrode at 77 K.A small hysteresis is

showing at P/P 0 =0.9 due to the porous nature of the LFP electrode.

The BET surface area of the 1-mm thick LFP electrodes was measured by ASAP ® 2420 porosimetry analyzer. This system works on the principle of the adsorption-desorption mechanism of nitrogen gas passing inside the pores of the electrode as shown in figure 2.11. According to the N 2 adsorption/desorption isotherms for LFP-C electrode, an obvious hysteresis loop was obtained between 0.8 and 1 of relative pressure (P/Po) and the surface area is found to be 7 m 2 /g. These nano-sized pores present in the LFP particles surface can greatly promote the migration of Li + ion during the cell operation.

BET surface area of LFP and sp-carbon powder was also measured for comparison and measured as 17 m 2 /g and 60 m 2 /g respectively. The surface areas of LFP and sp-carbon powders are relatively higher compared to the LFP thick electrode and this difference can be due to the sintering of the particles in the bulk electrodes during SPS operation.

Nevertheless, the electrode porosity value cannot be obtained from N 2 adsorption/desorption analysis because this technique is accurate for analyzing materials having pore size less than 100 nm and is not suitable for measuring the volume of macroscopic pores in the thick electrode [48].

The 1-mm thick LFP pellet electrodes are characterized by Energy Dispersive X-ray (EDX) analysis using SEM to confirm the absence of sodium chloride after dissolution. EDX is a chemical characterization technique that helps to quantify the elements present in the specimen and the mapping of individual elements of the electrodes can be done in the selected area of acquisition. FEI Quanta SEM FEG equipped with an EDX Oxford detector (X-Max, SDD) was used. Cross section of LFP-C electrode was placed in the SEM chamber (high vacuum) and the acceleration voltage was set at 20 kV (working distance at 10 mm). Mapping of the individual elements in the acquisition area are presented in figure 2.12 showing that the carbon atoms are uniformly coated on the surface of the LFP particles. The quantification analyses of the porous LFP electrode gave the Fe/Cl/Na atomic ratios of 96:0:4. This clearly shows that no chlorine atom and a negligible amount of sodium (may be due to formation of sodium hydroxide) were present in electrode, proving that there are no salt particles still remaining in the electrode after the dissolution. 

Electrochemical properties characterizations

The electrochemical reaction of LiFePO 4 is described as a two phase redox reaction occurring with a plateau at 3.45 vs Li. The maximum exchange of 1 mol of Li per formula unit corresponds to the theoretical capacity of 170 mAh/g. The corresponding electrochemical reaction during charge is shown in equation 2.5 and cell reaction is reversed during discharge.

𝐿𝑖𝐹𝑒𝑃𝑂 4 ↔𝐿𝑖 1 -𝑥 𝐹𝑒𝑃𝑂 4 + 𝑥𝐿𝑖 + + 𝑥𝑒 - (2.5)
Before the cell assembly, the thick binder free sintered electrodes are subjected to the filling of pores by the liquid electrolyte using the vacuum impregnation method. This was done by evacuating the pellet in a rubber cork closed vial using a vacuum pump. Then, the liquid electrolyte is injected into the porous electrode using a syringe inside the glove box and this allows the liquid electrolyte to fill the pores completely at a faster rate. Then, the pellet electrode is assembled against lithium separated by 2 layers of glass fiber separators. Conventional liquid electrolyte composed of 1M LiPF 6 dissolved in 1:1 wt.% of ethylene carbonate and di-ethylene carbonate (LP30) was used (200 L). After the Swagelok cell assembly, the cells were tested at a constant temperature of 25°C. It is worth noticing that coin cell designs are not applicable to cycle our thick electrodes because the overall thickness of the standard coin cell (2025) is not enough to host our 1-mm thick pellet and would also lead to the breakage of pellet electrodes. Full theoretical capacity of LFP (170 mAh/g) was not achieved and the initial LFP powder vs lithium delivers the practical capacity of 140 mAh/g. This is due to the presence of some impurities and the large macro LFP particles (200-400 nm) and can be improved by minimizing the initial particle size of LFP.

Nevertheless, our thick electrodes exhibit remarkable high values of areal capacity, which are equal to 20 mAh/cm 2 , which has been never obtained before at the best of our knowledge. These areal capacity values of 1-mm thick LFP electrodes are 4-5 times higher than those of the conventional Li-ion batteries.

In order to determine the lithium ion diffusion limitations in the liquid phase of thick LFP electrode, Charge-discharge tests at different C-rates were performed and shown in figure 2.14a. One can observe an increase in polarization (over potential) and decrease in specific capacity at higher C-rates from C/20 to 2C. The decrease in capacity at high rates is associated with Li ion diffusion resistance within the bulk electrode which is more pronounced especially for the thick electrodes.

Effect of additional carbon

In our work, the commercial LFP powder (c-LFP) is already carbon coated by synthetic methods. To confirm the importance of the additional carbon content used with the sintered electrodes, an electrode formulation without adding additional carbon was prepared with a composition of LFP-NaCl-Csp 60-40-0 vol.%. 450 mg of the mentioned composite is sintered with the same conditions: 650 °C with 10 kN and 5 minutes holding time. After the SPS reaction, the compacity of the pellet is 98%, which is comparable to the one densified with additional carbon. After water immersion all the NaCl particles are dissolved. The thick electrodes are then dried in a vacuum oven at 120 °C. The physical properties of the LFP electrodes with and without carbon are compared in Table 2.2. At the same time, higher discharge capacity (140 mAh/g) with less cell polarization was obtained for 

Effect of inhomogeneity of pores: Full pellet vs broken piece

Based on SEM investigations, a great level of inhomogeneity of pores can be observed after dissolution of the salt between the edges and the center of the electrode. This pore inhomogeneity was created due to the blocking of pores by polishing of pellet in the edges after the SPS operation and due to the "migration" of the NaCl crystals during the sintering process. As a consequence, the electrochemical performances of the porous electrode will be different depending if a full pellet is considered, or only a piece from the middle or from the edge of the pristine pellet. The porosity of the LFP-C (90-10 wt.%) electrode, irrespective of the pellet surface, is 44%. The reason for the improved rate performances can be explained based on the pore morphology observed in cross sectional SEM image (Figure 2.18b) for the center of the electrode. In this case, pores are distributed homogeneously over the entire cross section with a good inter-connectivity. This allows good diffusion of the liquid electrolyte inside the thick electrode so that better accessibility of all the active materials was achieved. However, on the pellet edge where less pores are present as shown in figure 2.18a, a huge part of the active material cannot have access to the liquid electrolyte and, therefore, can be considered as dead material. This means that considering a piece of electrode cut in the middle, it will be possible to obtain "optimized" performances compared to a full pellet whose electrochemical performances will finally be an average result between the porous center and the non-porous edges.

In the cross section of the full LFP pellet, the incomplete dissolution of NaCl particles is observed after overnight as shown in figure 2.18a. This can be explained by the difficulty of water to penetrate through the NaCl particles from top to bottom sides of the full pellet electrode. However, this incomplete dissolution effect is not observed for the broken piece of the electrode because the exposed salt particles in broken LFP pellet are directly in contact with water and hence easy dissolution in all directions was achieved. Due to this problem, and in the aim to be the more reproducible, all the electrochemical tests presented in the manuscript where performed on 1-mm thick slices cut in the middle of the sintered electrode. 

Electrochemical Characterization of 1-mm thick LTO electrode

The charge-discharge curve for the LTO electrode is characterized by a flat and extended voltage plateau around 1.55 V which represents the phase transition between a lithium rich phase to lithium poor phase.

During lithium insertion, three Ti 4+ ions are reduced to three Ti 3+ structure (Q theo =175 mAh/g). Good capacity retention (94%) was observed over 10 cycles with 99 % Coulombic efficiency. Hence, the unstable capacity retention seen after 15 cycles could be due to a poor ability to sinter compared with LFP/ less mechanical stability and not due to the intercalation process.

During the SPS operation, the sintering capacity of non-carbon coated LTO seems to be poorer compared with LFP particles because the pulsed DC current was unable to pass equally to all the insulating particles during the SPS operation. This can lead to a poor grain-grain bonding between particles. Thus, one can expect that the electrochemical performances can be increased by using carbon coated LTO powders. 

Full cell assembly of 1-mm thick LFP vs LTO electrodes

The excellent electrochemical performance of LFP and LTO electrodes against lithium encouraged us to The areal capacity of LFP/Li and LFP/LTO electrodes at higher C-rates is displayed in figure 2.23c and the values are found to be 4-5 times higher than the conventional electrodes at lower C-rate. The cathode thicknesses of our system and conventional battery systems are shown in the legend of figure 2.23c for comparison. Thanks to the good interconnection of pores obtained by the templating approach and also Thanks to SPS it was possible to achieve very high loading of active materials of the electrodes (165 mg/cm 2 ) thereby achieving higher areal capacity. The 1-mm electrode thickness obtained by SPS is 6-8 times higher than conventional electrodes (100 microns). The uniaxial pressing and thermal activation of particles during the SPS process enables the well bonded grains to achieve high electrical conductivity and the pores created by the templating method help to achieve good ionic flow throughout the entire volume. The areal capacity values of LFP and LTO electrodes along with the literature are written in table 2.3 in annexe.

Conclusion

The templating approach is a powerful method for preparing porous electrodes with interconnected, wellcontrolled pore sizes and pore morphologies. The first experiments of the 1-mm thick LFP electrodes were done by SPS without any templating agent showing the poor electrochemical performance at higher C-rates. This explains the need of porosity in the thick electrode so that the liquid electrolyte can diffuse into the pores and thus the incorporation of the templating strategy in our work was reasoned. The advantages of SPS, templating and the need for the combined SPS/templating methodological approach are explained. The fabrication procedure of 1-mm thick, binder free porous LFP and LTO electrodes using SPS and templating approach was shown with the first results. The SPS reaction conditions for LFP and LTO electrodes were determined. The chemical reactivity of the individual particles (LFP/LTO, NaCl, C) after SPS reaction was studied using X-ray Diffraction. It is very clear that the remarkable chemical stability was observed between the three components such as LFP(/LTO), sodium chloride crystals and sp-Carbon up to 650 °C and no decomposition of initial components was reporeted. The washing step of salt particles using de-ionized water helps to dissolve the salt particles completely due to higher solubility of NaCl crystals in water thereby increasing the contact surface area of the electrode so that the electrolyte can reach the surface of the active material.

After the NaCl dissolution, the dried electrodes present a large porosity (44%). No traces of water or NaCl are detected in the EDX analysis. The electrochemical performance of the LFP (20 mAh/cm 2 ) at C/20 and LTO (25 mAh/cm 2 ) at C/60 against lithium was achieved for the first time, which is 4-5 times higher than that of the conventional lithium ion batteries. The full battery (LFP vs LTO) delivered an areal capacity of 20 mAh/cm 2 at C/20 rate with stable capacity retention up to 20 cycles. The combined SPS and templating approach was employed to create high active material loading (165 mg/cm 2 ), low tortuosity electrodes which are helpful to achieve very high C-rate electrochemical performance. These results show a proof of concept of increasing the areal capacity by successfully increasing the electrode thickness with the simultaneous reduction of inactive material like the binder. These results also demonstrate that the coupling between the salt templating method and the SPS technique is a promising way to reach the ultimate goal of achieving high energy density. Next, chapter 3 will focus on the experimental study towards the optimization of the pore size, porosity and thickness of LFP electrodes and their influence on the electrochemical properties will be discussed.

Annexes

Measurement of geometric surface area of electrode

The geometric surface area of an irregular shape of the pellet electrode was measured using Ipwin Pro Plus® software. The electrode was placed on a known area (6.76 cm 2 ) of white space and the digital photo was taken using a camera as shown in figure 2.24. The number of pixels of the pellet is counted as The electrochemical performances of our thick sintered LFP and LTO electrodes are compared with the literature as shown in table 2.3. 

The overall Li-ion battery performance is dependent on many factors such as active materials, cell design, pack design, temperature and type of charging methodologies [1]- [6]. Out of which, the optimization of the electrode microstructural parameters is one of the essential requirements to achieve superior battery performance. The cell engineering is equally important, as is finding new materials with high potential or high specific capacity to increase the energy density. In Li-ion batteries, the electrodes are made up of porous microstructures in which the mass transport is mainly controlled by the microstructural characteristics such as electrode porosity, pore size and tortuosity. Electrolyte intrinsic properties such as ionic conductivity, salt diffusion coefficient, transference number are measured with the assumption of simplified cell design [3], [7], [8] which is helpful to increase the accuracy of the models. Various modeling works have been done to predict the power limitations of an actual electrode design such as Newman's model that relies on the porous electrode theory [9]. The porous electrode is considered as a superposition of liquid and solid phases that are defined by their respective volume fraction and interfacial surface area. Over the past 20 years, Newman and his co-workers simulated the battery performance by updating the effects of several parameters such as temperature, electrolyte properties and studying the macroscopic electrochemical behavior of porous electrodes [10], [11].

In this chapter, the influence of critical LFP electrode parameters such as average pore size, pore size distribution, porosity, electrode thickness on the electrochemical performance were studied and the overall summary is shown in figure 3.1 for a better clarity. First, in our approach, the effects of pore size in 1-mm thick LFP electrodes are studied by using different sizes of salt particles as templating agent.

The pore volume fraction is kept constant at 44% for the three LFP electrodes. The rate capability of the electrodes was tested for the three LFP electrodes and the impact of ionic resistance due to varied pore size distribution is measured using electrical impedance spectroscopy with a symmetrical cell approach.

µCT-TXM analysis was also performed for three pore sized LFP electrodes to determine 3D morphological parameters, especially the tortuosity values, which are compared with EIS-SC approach.

Tomography analysis also includes the determination of porosity and tortuosity distribution inside the specified volume of thick electrodes. Tomography analysis using Tau factor software helps to identify the heterogeneities present in the thick electrodes due to difference in pore size distribution created by templating method. In general, the electrode porosity for commercial Li-ion batteries is around 30-40 %.

However, this porosity range may be varied according to the electrical and ionic properties of the active materials. Higher porosity values above this range will lead to a massive decrease in volumetric energy density due to the decrease of the volume of active materials and increase in electrical resistivity of active materials due to low active material content. At the same time, lower porosity values will lead to higher ionic resistance causing poor liquid electrolyte diffusion to the bulk electrodes. For the conventional film based Li-ion batteries, the electrode porosity are adjusted by varying the calendaring pressure applied on the film coated electrodes. This will control the thickness and density of the electrodes. As discussed in the chapter 1, the overall energy density of the batteries can be improved to a greater extent by increasing the thickness of the electrode. But, effectiveness of thick electrodes is feasible only when there is good pore interconnectivity and appropriate amount of pores for lithium to diffuse. It is well known that charge and ionic transport are limited by the current rate especially for thick electrodes. So, the mass transport limitations are studied by preparing three 1-mm thick LFP electrodes with same pore size but three different porosity values obtained by the templating method. Finally, a systematic study of the effect of electrode thickness or active material loading was done for LFP electrodes to understand the effect of active material loading and corresponding mass transport limitations of the thick LFP sintered electrodes. 

Effect of electrode pore size for 40% porous LFP electrodes

The influence of mean pore size and pore size distribution was studied for many electrochemical systems such as super capacitors, Li-ion and lithium air batteries to optimize the electrochemical performance [12]- [14]. In Li-ion batteries, the electrode topology control such as ordered macro-porous structures with defined pore size and hierarchical pore size distributions is more important to achieve high rate capability [15]. The uniform particle size distribution of pore forming agents is crucial to maintain homogeneity in the pore size distribution of the porous electrodes for Li-ion batteries. In this chapter, three different particle sizes of NaCl cubic crystals are used as templating agents. To understand the effect of pore size distribution, the composition of LFP particles, NaCl and sp-Carbon (50-40-10 vol.%) in the composite are kept constant. The electrode thickness is maintained at 1-mm with an electrode porosity of 44%. The slight increase in porosity compared to the initial volume fraction of templating agent is due to the closed pores obtained after the SPS densification.

Synthesis of NaCl crystals

Three different average particle sized salt crystals are prepared with three different preparation methods.

First of all, the chemical synthesis of NaCl crystals was done using acetyl chloride and sodium acetate as reactants, as prepared in the literature [16]. Initially, the 2 g of sodium acetate are taken with 10 ml of ethanol in a round bottomed flask. Later, 20 ml of acetyl chloride are added drop-wise with the simultaneous stirring of the solution. Acetyl chloride acts as a strong donor of chlorine which reacts with sodium acetate forming sodium chloride crystals with the evolution of HCl gas. After a few minutes, NaCl particles are well formed with a slight increase in temperature of the solution and absolute ethanol (99.9% pure) is added to cool down the mixture. Finally, the solution is centrifuged at 6000 rpm for three times with subsequent washing with ethanol and the final product was dried in oven at 70 °C for overnight. SEM images of as prepared sodium chloride crystals (Figure 3.2a) show well defined cubic shape and the average particle size of 2 ± 0.6 μm was determined using FIJI software. From the SEM images of thick LFP electrodes as shown in figure 3.3, the cubic pore shape and pore size due to the dissolution of pore forming agents are clearly observed in the surface and cross section view.

The average pore spacing is reduced for 12 μm than 20 μm and 23 μm pore sized LFP electrodes as clearly observed in figure 3.3a-c. The cross section of the thick electrodes (Fig. 3.3 e-g) shows an elongation of cylindrical pores in z-direction which is due to the uniaxial pressing of the electrodes. This 

Tomography analysis of the 1-mm thick LFP electrodes using μCT-FFTXM

Micro-computed tomography (µCT) analysis is an advanced characterization method for studying the morphology and transport phenomena of 3D structures such as battery and fuel cells [17], [18].

Tomography imaging analysis can provide qualitative as well as quantitative information of threedimensional structures like electrodes of Li-ion battery electrodes in which SEM images could not provide 3D view. In our work, µCT tomography measurements of thick binder free LFP electrodes are carried out at the synchrotron source at Advanced Photon Source (APS) in Argonne National Laboratory (ANL, USA) in the beamline 32ID with the Full Field Transmission X-ray Microscopy setup. The experimental setup of the X-ray computed tomography mainly consists of TXM optical X-ray line with condenser, pinhole, zone plate, rotary stage, scintillator and CCD camera. Transmission images are collected by rotating the electrode sample at discrete angular steps from 0° to 180° at a beam time of 5 minutes. The 1-mm thick electrode is characterized with nearly 1200 images generated at an angular step of 0.15°. In the µCT mode, the field of view is 1-mm with a spatial resolution of 1.3 µm. The detailed description and experimental setup is reported in annexe and in this literature [19]. The tomography data set acquired as a function of the rotation angle is reconstructed into a XYZ dataset using a back projection method based on Radon transformation. The reconstruction of the tomogram was done using APS python library in Tomopy. The segmentation was done using FIJI ® software. The TXM and binary images after thresholding step of the three LFP electrodes in z direction are seen in figure 3.4d-f. In our work, the 3D reconstructed images of the LFP electrodes are illustrated by AMIRA software [20] as shown in figure 3.7a-c. This clearly distinguishes the solid matter and the pores (yellow in fig. 3.7a-c) and found that the pores are well distributed throughout the entire volume of the electrodes. The pore tortuosity in the porous electrodes is one of the important properties leading to high macroscopic ohmic resistance thereby affecting the energy and power density of Li-ion batteries. Tortuosity is a measure of elongation of the transport path due to the convoluted porous structure with respect to the straight distance as shown in figure 3.5. Geometrically, tortuosity can be defined as the ratio

( 𝓣 = L 𝑝 L 𝑐𝑣 )
of the average ion diffusion length to the electrode thickness where l is average ion diffusion

( 𝓣 = 𝐥 𝑳 )
length across the electrode and L is the electrode thickness (L). The schematic representation of tortuosity in a composite electrode is shown in figure 3.5. This significant parameter is highly dependent on the microstructural properties such as pore size, porosity and particle size distribution of the active materials present in the composite electrode. The determination of accurate values of tortuosity is so helpful to model the porous medium in a macroscopic way to assess the electrode performance. In the early 70s, the tortuosity of the porous electrodes was expressed with the classical Bruggeman relation ( ) where is the tortuosity,

𝓣 = Є 1 -𝛽 𝓣 Є
is the electrode porosity and is the Bruggeman coefficient [22]. For the spherical particles, the relation 𝛽 turned to ( ) as = 0.5. However, the accuracy of this relation was missing, confirmed by 𝓣 = Є -0.5 𝛽 various experimental methods for anisotropic particles based electrodes such as graphite [23]. Another method to measure tortuosity of electrode is by performing steady state diffusion simulations in the reconstructed image stack obtained from tomography such as FIB/SEM and synchrotron transmission X-ray microscopy (TXM) [17], [25].

The pore network from the tomography data is extracted by fitting with spheres and cylinders by Blunt et al. [26], [27] as shown in figure 3.6b. First, the pore is assigned to every void voxel of the tomography data and expanded until the solid voxel is reached. Then, an iterative process is carried out to identify the cluster of overlapping pores called as pore families as shown in figure 3.6a. After the identification of two different pore families (i and j) connected by the bottleneck pores, effective pore are determined for each pore family. The total volume of each pore family is equal to the volume of the effective pore. The detailed description of the pore network model is reported in this literature [28]. The effective pore radii, cylinder radius and length of the overall electrode sample are extracted for the three LFP electrodes and the distribution of the pore dimensions are shown in figure 3.7d-f. Comparing the spherical pore radius (Figure 3.7d) between three different LFP electrodes, the narrow pore radius distribution is observed for 12 µm pore sized electrodes than other two electrodes with average pore sizes of 20 µm and 23 µm. In terms of cylinder length and radius also (Figure 3.7e-f), relatively narrow distribution is shown in figure 3.7e-f and well in-line with spherical pore radius distribution. The ratio of volume of spheres to cylinders for 12, 20 and 23 μm pore sized LFP electrodes are 1: 2.7, 1: 2.9 and 1: 2.4 respectively. The microstructural properties such as open and closed porosity, pore size distribution, specific surface area of the three different LFP electrodes are determined using the pore network model as reported in the literature [28] and the values are written in table 3.2. The three LFP electrodes irrespective of pore size are showing less than 0.1% of closed pores (pore area surrounded only by solid region) out of total porosity proving that the templating approach is the most simple and effective method to achieve interconnected pore network in the sintered electrodes. No significant difference in specific surface area from 23 μm to 12 μm is determined from the tomography analysis as shown in the table 3.2. To compare these results, the theoretical calculations of the specific surface area (in m 2 /g) for the 1-mm thick LFP electrode with 48% porosity and 12 μm pore size are shown in annexe and the specific surface area is found as 0.126 m 2 /g which is one order higher than that deducted by tomography analysis (0.035 m 2 /g). This underestimation of the specific surface area by the tomography method is due to the low spatial resolution of 1.3 μm in μ-CT mode. The pores less than 1.3 μm are taken into account for the specific surface area calculations. 

Estimation of pore uniformity in an electrode volume:

The pore uniformity and interconnectivity in the entire volume of the thick electrode is very important in order to achieve high rate capability. The tomography analysis is widely used to quantify the porosity and solid matter throughout the thick electrode with high precision. The geometrical method is used to determine the porous and solid region of the electrode from the thresholded image of the tomography data. In our work, the total volume of the image stack of each electrode is composed of 400 x 400 x 400 pixels. The pixel size (smallest unit of resolution) is 1.3 μm and the entire volume of the studied electrode is equivalent to 520 x 520 x 520 μm 3 . Geometrically, the images at regular intervals (every 50 images) are selected for measuring the porosity from the image stack. For example, the threshold images from the image stack of 20 μm pore sized electrode is illustrated in figure 3.8a and the same study was done for the other two pore sized LFP electrodes. From figure 3.8 (b,c), a very small deviation of localized porosity values from the mean value was observed for 12 μm and 20 μm pore sized LFP electrodes as shown in figure 3.8 (b,c), whereas there is a higher deviation of porosity for the 24 μm pore sized LFP electrodes as a function of voxels (thickness), which shows poor interconnectivity of pores that can be correlated to the poor diffusion of lithium ions during cell operation. 

Estimation of pore tortuosity in an electrode volume:

An important parameter called pore tortuosity of thick electrodes is determined in three orthogonal directions using Tau factor, a MATLAB application® developed by 

𝐹 𝑐𝑣 = -𝐴 𝑐𝑣 𝐷 ( ∆𝐶 𝐿 𝑐𝑣 ) (3.2) 
𝐷 𝑒𝑓𝑓 = 𝐷 ( 𝜀 𝒯 2) (3.3)
where D eff is the effective diffusivity through a porous volume where one phase is conducting and the other phase is insulating, D is the intrinsic diffusivity of the conductive phase, is the volume fraction Clearly, Tau factor analysis allows carrying out fast and simple calculation of the tortuosity directly from the microstructural data. In addition, tau factor also provides microstructural parameters such as volume fraction, specific surface area and directional percolation fraction. The tau factor results reproduce the same results generated by the GEODICT software which works on the same principle of steady state diffusion simulations. These tortuosity analysis are helpful to compare the values obtained from different methods such as EIS, pore centroid and random walk method.

Next, tortuosity analysis of our thick electrodes was carried out by incrementing the sub-volume at regular intervals up to a total studied volume as shown in figure 3 was obtained according to the equation 3.5 which is a degree of cylindrical pores aligned in z-direction and perpendicular to the primary lithium diffusion direction in the electrode. Anisotropy factor was lower (0.12) for 12 μm pore sized electrodes rather than for the other two pore sized electrodes for 20 μm and 23 μm pores sized LFP electrodes (0.54 and 0.24) respectively.

Ơ = (𝓣 𝐦𝐚𝐱 -𝓣 𝐦𝐢𝐧 ) 𝓣 𝐂 (3.5)
The z-axis tortuosity has been greatly minimized for the lesser pore size (12 μm) LFP electrode compared to x and y directions which are due to its uniform pore size distribution. The lowest value of tortuosity explains that this electrode is made up of relatively straight channels for lithium ion diffusion in the liquid phase compared to the other two electrodes. The tortuosity values of three LFP electrodes are tabulated in 3.3. The 𝒯 z value is higher than the other two tortuosity values (𝒯 X and 𝒯 y ) irrespective of the pore size.

But, this pore anisotropy effect is much reduced for the 12 μm pore sized LFP electrode which can be explained by the reduction of pore size and by the narrow pore size distribution present throughout the volume of the electrode. This important property is correlated to the electrochemical results which will be discussed later. In the literature, the correlation of particle anisotropy, tortuosity and rate capability is well studied by Wood et al. [30] for the different commercial electrodes of lithium ion battery. For example, the ellipsoidal graphite particles show increased particle anisotropy which leads to a high tortuosity in z-axis determined by the tomography analysis. The graphite particles are aligned parallel to the current collector and this arrangement reduces the lithium ion diffusion efficiency at higher rates. This phenomenon is less pronounced for the spherical shaped particles such as LCO in composite electrode. Overall, the tomography analysis was carried out for the 1-mm thick LFP sintered electrodes to understand the electrode architecture, inhomogeneity analysis and determine useful parameters like tortuosity which has a direct influence on the rate capability. At the 24 th hour of solvent impregnation, the relative mass increase of the thick electrodes is considered as a saturation point where no more penetration of solvents was achieved. The relative mass increase values are 91%, 88% and 87% for 12 μm, 20 μm and 23 μm pore sized LFP electrodes respectively. The electrode pores are not 100% filled by the solvent irrespective of the pore size which can be due to the isolated closed pores formed during the SPS reaction. So, these results shows that the solvent filling is much more improved for the uniform pore sized LFP electrode and can be correlated with the electrode tortuosity.

Electrical Impedance Spectroscopy using symmetrical cells

The rate capability of Li-ion batteries is largely determined by the ionic resistivity of a porous electrode filled with the liquid electrolyte. In the EIS-Symmetrical cell approach, the ionic resistance of the porous electrode can be measured without the interference of the counter electrode and lithium insertion reaction mechanisms. The electrode tortuosity can be extracted from EIS-SC technique by fitting with Transmission Line Model [23], [31] and Newman equation (Eqn. 3.3) as reported in the literature [32].

In general, the tortuosity of any porous media for the electrochemical systems is measured to quantify the resistance of a microstructure towards a flux.

From the state of art, electrical impedance and diffusion cells are used to measure the diffusion resistance of the lithium of the porous electrodes in the liquid phase. For instance, Ogihara et al. [31], [33] measured the ionic resistance of the porous electrodes at 0% and 100 % SOC using EIS-symmetrical cells technique and the experimental results are validated using the transmission line model. In their work, the blocking condition is achieved by assembling LiNi 0.75 Co 0.15 Al 0.05 Mg 0.05 O 2 electrodes taken at 0% state of charge.

Liquid electrolyte (1M LiPF 6 in EC: DMC: EMC mixture) and polypropylene separator was used in their symmetrical cell experiments. At 0% or 100% SOC, intercalation/deintercalation reaction is suppressed and hence the ionic resistance of lithium present in the liquid phase was measured. However, this blocking condition is not valid anymore when they use the electrodes assembled at 50% SOC as it was characterized with a semicircle due to the charge-transfer resistance arising due to the lithium intercalation. Later, the contribution of lithium intercalation can be avoided by replacing the LP30 electrolyte by a non-intercalating electrolyte (Gasteiger et al. [32]). The same approach of symmetric cells was used by Liu et al. [34] to measure the effective ionic conductivity of mud-crack formed electrodes and correlated with the rate capability which is helpful for electric vehicle applications.

In our work, we used the electrical impedance spectroscopy-symmetrical cell approach for the measurement of diffusion resistance inside the pores of 1-mm thick LFP electrodes. A pair of 1-mm thick LFP electrodes with similar microstructural features (porosity, pore size and thickness) was used for the impedance measurements. In this experiment, n-tetra butyl ammonium perchlorate (n-TBAClO 4 ) was used as salt dissolved in ethylene carbonate and di-methylene carbonate in a weight ratio of 1:1 (EC: DMC) meaning that there is no charge transfer across the solid/liquid interface or the surface is ideally polarizable. The intrinsic ionic conductivity of the as prepared electrolyte was measured from the intercept of real impedance axis measured by a conductivity cell. The EIS spectrum obtained for two different concentrations (10 mM and 1M TBAClO 4 in EC: DMC (1:1)) weight % using conductivity cell was shown in figure 3.14. The intrinsic ionic conductivity of the electrolyte (10 mM TBAClO 4 in EC:

DMC (1:1)) is found to be 0.062 mS/cm at 20 °C which is close to the one reported in literature [32]. where A is geometric surface area (cm 2 ), is bulk conductivity of the used electrolyte (S/cm), is к 𝜺 electrode porosity (%), d is the thickness of the electrode (cm). The care was taken that the two LFP electrodes having same thickness and geometric surface area used for impedance measurements. It is important to mention that the tortuosity values obtained by diffusion simulations using Tau factor are self-consistent compared with our EIS-SC measurements. A similar comparative study was done by Wood et al. [36] by analyzing the PE16A separator pore network and the corresponding tortuosity values were compared by three methods such as diffusion simulations, fractal analysis-Random walk and EIS methods. In their work, tortuosity obtained by the EIS (5.47) is in close agreement with the fractal analysis-random walk method (5.77) and found two times higher than the diffusion simulations (2.76) which show a similar trend as our work. Skeleton analysis of pore network was also carried out in their work and found that 7.5% of the total pore network length is composed of dead end pore and this will not contribute to the ionic diffusion of the main pore network leading to the under-estimation of tortuosity value in the pore network by the steady state diffusion simulations. EIS-SC experimental results fitted with the TLM model (Figure 3.16) show two times higher tortuosity values than Tau factor diffusion simulations of micro-tomography data. One reason for this underestimation of tortuosity using the tomography analysis is the non-accountability of the dead end pores (pores not connected to the main pore network) and this contributes significantly to the transport of lithium ions through the structure. So, clearly quantification of dead end pores should be done using skeleton analysis of the tomography data using AVIZO software and this will be done in the future. The tau factor simulations can be updated in the future with the inclusion of dead end pores. Another limitation of the tomography method is the low spatial resolution used, i.e. the pixel size is 1.3 μm. This explains that in the μCT mode pores less than 1.3 μm are not captured and the tortuosity contribution from those smaller pores is neglected here. So, the results should be compared by using nano-CT mode in the future to understand the effect of spatial resolution during tomography measurements. However, the EIS-SC technique is a macroscopic measurement of the overall lithium motion and tortuosity of the full pore network of the thick electrode which includes the effect of dead end and closed pore. EIS-SC is an average measurement technique in which local inhomogeneities cannot be probed. In the TLM model fitting of EIS-SC approach, electrical conductivity of the LFP electrodes is assumed as infinity but this assumption is not completely true because the electrical conductivity of the LFP particles is very low leading to the large statistical error bars obtained from the repetitive experiments. 

Effect of electrode pore size for 20% porous LFP electrodes

The effect of electrode pore size in the electrochemical properties was also studied for 20% 

Effect of porosity of 1-mm thick LFP electrodes

The optimization of electrode porosity is important to design the electrode for superior electrochemical performance. Various experimental and modeling works are done in the literature to optimize the porosity according to the integrated material chemistry to yield high rate capability for Li-ion batteries [38]- [41].

The larger electrode porosity leads to electrical conductivity limitations due to the relatively lesser amount of active materials and also leading to lower volumetric energy density and loss in mechanical properties. The importance of porosity effect and its influence on the electrochemical performance was well quantified by many experimental works in the literature. For example, M. Singh et al. reported the effect of porosity for NMC-Graphite full cells in terms of galvanostatic cycling by measuring discharge capacity and volumetric density of the full cells [41]. In their work, discharge current pulse for 20 seconds was applied at 3.9 V for the NMC-G full cells and the corresponding voltage profiles are recorded. The low porous electrodes (cathode side-38%) show a smaller voltage drop (56 mV) than the higher porous cells (C44%) of showing high voltage drop of 205 mV. This lesser voltage drop for the lower porous electrodes is providing evidence to achieve the complete utilization of the active materials.

Various modeling studies were focused on the optimization of electrochemical performance using the porous electrode theory [9], [11], [35]. The average particles size of the NaCl crystals used is the same at 2 μm for making three different As shown in figure 3.22a, the 21% porous LFP electrodes are show high cell polarization and deliver the lowest discharge capacity of 61 mAh/g and areal capacity of 15.1 mAh/cm 2 which is still higher compared to the conventional lithium ion batteries [42]. Though relatively more active materials are present in the solid phase of 21% porous than 44% porous LFP electrode, the lower specific capacity is due to the mass transfer limitation or poor accessibility of electrolyte inside the pores of the electrode and higher tortuosity compared to 44% porous LFP electrodes.

Effect of electrode thickness

Electrode thickness is the one of important design parameters affecting the energy and power capability of the cell. The effect of active material loading was reported in the literature to improve the energy density [30]- [32]. For example, Zheng et al. reported that the increase in positive electrode thickness of commercial lithium ion batteries from 10-102 μm electrodes can improve the energy density but at the same time, the power density trend goes inverse as you increase the thickness of the electrodes [42] due to the mass transport limitations. There is always a tradeoff made between energy and power densities when the battery manufacturer designs the thickness of the electrodes. The strategies to improve both As displayed in the figure 3.24, an increase in active material loading per geometric surface area of the electrode was observed when increasing the electrode thickness. The slope of the line (LFP loading/thickness) is 1.6 g/cc corresponding to the geometric density of ~1.8 g/cc. This clearly shows that the same densification was achieved for the whole set of thick LFP electrodes fabricated by SPS. Later, the various thick LFP half cells were cycled at different C-rates from C/20 to 2C rate and the results are shown in figure 3.26. The significant deterioration of gravimetric discharge capacities at higher C-rates is due to the lithium ion diffusion limitations as shown in figure 3.26b. One main aspect for this capacity fade at higher C-rates is due to the longer diffusion and migration paths for lithium ions to enter or leave an electrode. This contributes to ohmic and mass transport losses, and to the increase in overpotential in the electrode as seen in figure 3.25a. On the contrary, the corresponding areal capacities are increasing from 11.8 to 37.5 mAh/cm 2 as shown in figure 3.26a due to the high loading of LFP material in the thick electrodes. The rate performance of the electrodes can be explained by considering the two continuous phases: The porous solid matrix and liquid electrolyte within the pores. The resistance of lithium ions inside the pores is linearly increasing with thickness due to the increase in the diffusion length of lithium in the liquid phase. As shown in figure 3.27, the Ragone plot is showing the decrease of capacity values at higher C-rates for six different LFP half cells. The poor rate capability of the thick electrodes can be explained by the increase in internal resistances of the porous electrodes, mainly the charge transfer resistance at the electrode/ electrolyte interface (R ct ) and ionic resistance of lithium in the electrode pores (R ion ). Ogihara et al. determined these two resistances (R ion and R ct ) using Electrical impedance spectroscopysymmetrical cell (EIS-SC) approach by assembling a pair of same electrodes at a state of charge of 0%

and 50% respectively at different temperatures and electrode thicknesses [31], [33]. It is determined that the ionic resistance of pores increases linearly with the thickness and is found more dominant than the R ct for the thick electrodes. EIS-SC studies will be done in the future to determine the ionic resistance of pores in a thick electrode, which is the dominant contribution for the rate capability of the thick LFP electrodes. The areal capacity values of the biphasic LFP thick electrode half cells are exceeding the presently reported literature work of thick electrodes [45]- [50]. As a proof of concept, the areal capacity is linearly increasing as a function of electrode thickness and we believe that this significant improvement will play a vital role in fabricating thick electrodes for low C-rate applications such as portable electronics in the future.

Conclusion

In this chapter, thick binder free LFP electrodes were fabricated with a varied range of parameters such as pore size, porosity and thickness, and their influence in the electrochemical performances are reported.

Initially, the as-prepared cubic salt particles and their particle size distributions were determined from their microscopic images using FIJI software. Complete NaCl dissolution is confirmed by the weight loss measurements due to its good pore interconnectivity. SEM images of the 1-mm thick LFP electrodes with different pore sizes clearly show the pore sizes corresponding to the initial particle size of the NaCl crystals and cross section images illustrate the pore anisotropy in the z-direction due to the application of pressure during SPS treatment.

The 1-mm thick LFP electrode with three different pore sizes (12 µm, 20 µm and 23 µm) is characterized by the µCT TXM tomography. This highly advanced method is not so common and helps to visualize the interior of the thick electrodes in 3D structure and helps to identify the pore inhomogeneity leading to poor electrochemical performance. The 3D reconstructed images are used to distinguish the pore and solid matter and also to determine the microstructural properties such as closed and open porosity, pore size distribution, anisotropy factor, specific surface area using tomography analysis. The influence of the pore anisotropy in the rate capability was confirmed with the electrochemical performance was reported using galvanostatic cycling and rate capability tests. The diffusion resistances of three different pore sized LFP electrodes and corresponding tortuosities were determined using electrical impedance spectroscopy and their rate capability performance was correlated. The rate of filling of the electrolyte was studied by the impregnation tests to understand the electrode architecture and correlated with the microstructural properties of the electrodes such as tortuosity and pore size distribution. Three different porous 1-mm thick LFP electrodes are reported by varying the initial amount of templating agents with same pore size and confirmed by the SEM images. The electrochemical charge-discharge curve of 44% porosity electrode is showing less cell polarization and high discharge capacity. The poor electrolyte accessibility to the active material limitations are realized for 21% porous 1-mm thick LFP electrode compared to the 44% porous LFP electrodes leading to the incomplete utilization of active materials.

LFP sintered electrodes with 0.5 mm to 3 mm thickness are reported for the first time with excellent mechanical properties. The compacity of LFP electrodes shows very high relative density values of above 95 % for all the thick electrodes which is very difficult to obtain by using the conventional sintering or solid state preparation process. To the best of our knowledge, very high active material loading of 3-mm thick LFP electrodes (444 mg/cm 2 ) was not reported so far in the literature. The benefits of the SPS process for the electrode fabrication were greatly enjoyed by achieving high mechanical strength thereby increasing electrical conductivity and also avoiding the formation of any cracks or delamination for the sintered electrodes unlike conventional electrodes. The galvanostatic cycling of LFP half cells from 0.5mm to 3 mm cathode thickness at C/20 rate shows that the increase in areal capacity, and the effect of increase in diffusion length was studied. The mass transfer limitations were studied for different thick LFP electrodes against lithium at different C-rates. The good pore interconnectivity was observed in these thick electrodes up to 3-mm thickness proving that this templating method is easily adaptable and is working, with excellent microstructural properties. The highest areal capacity values of thick LFP electrodes up to 37.5 mAh/cm 2 are obtained for the first time which will greatly improve in the application point of view such as portable applications.

Annexes

TXM experimental setup:

The TXM images have been acquired on the beamline 32-ID of the APS synchrotron at Argonne National 

Specific surface area calculation:

The theoretical calculation of specific surface area of the 1-mm thick LFP electrode is shown below.

The pore shape is considered as a sphere, porosity is 48% and pore radius as 12 μm. 

Effect of thickness in electrochemical properties:

The gravimetric and areal capacities of different thick LFP half cells at C/20 rate are tabulated in 3.6. 

Atomic Layer Deposition Al 2 O 3 coating of 1-mm thick LFP electrodes

Surface coating of the active material/composite electrode was studied from the literature to provide the protective passivation film on the surface of the electrodes and to improve the interfacial reaction of the active material with the electrolyte [1]. The advantages of surface coatings are multi-fold and explained based on the type of coating materials, cycling conditions and type of coating methods.

First, surface coating of insulating materials (Ex. metal oxides) such as alumina is helpful in the inhibition of volume expansion of active materials when the electrodes undergo repeated charge/discharge cycling. For example, Xiao et al. [2] reported that Al 2 O 3 coated Si thin films by ALD technique show better coulombic efficiency and capacity retention than the bare Si thin film, which is due to the suppression of volume change confirmed by the reduction of the formation of cracks. This improved colulombic efficiency was attributed to the fewer cracks generated on the Si film during cycling because the fractured surface would create a new unstable SEI layer. They also claimed that the formation of Al 2 O 3 / AlF 3 and LiAlO 2 on the Si surface during cycling was confirmed by X-ray photoelectron spectroscopy (XPS) studies and this layer is going through a formation process and became ionically conductive and thereby providing a better Li + -ion conductivity and enhance the charge transfer kinetics.

Second, the conductive materials such as carbon nanotubes and conductive polymer binder are coated on the active material surface such as silica anodes [3]. This helps to improve the electron transfer through the interface of cathode material particles and provide extra electron conducting pathways among the cathode materials and current collector.

Another problem faced by the LiPF 6 based electrolyte systems in conventional lithium ion batteries is the decomposition of liquid electrolyte when the electrodes are cycled at extremely low or high potentials and at high current rates. The formation of HF occurs when it reacts with moisture, leading to the dissolution of transition metals and surface corrosion of cathode materials. In the literature to solve the problem, coating of nanosized ZnO particles is done to reduce the local acidity of electrolyte near the material surface [4]. The surface coating can also act as a physical protection barrier to suppress the chemical reaction on the surface of the active materials and liquid electrolyte such as oxidation of solvents and evolution of oxygen at high potential [5]. To avoid such problems, transition metal oxides are coated such as ZrO 2 [6], SiO 2 [7], ZnO [8], Al 2 O 3 [9], Al(OH) 3 [10], CeO 2 [11], AlPO 4 [12] and AlF 3 [13]. All these inorganic oxides have a common nature that all the metal atoms have one stable valence state. One disadvantage of these materials is their low lithium ion conductivity and inactivity to lithium ion. So, excessive coating above the limiting range thickness leads to the loss of rate capability when coated after the limiting thickness of these insulating layers [14].

The coating method plays a vital role in achieving the uniform morphology of coating layer, which is important to achieve the better electrochemical properties. Though several methods such as rough coating [15] or core shell coating [16] strategy are available in the literature, Atomic layer deposition (ALD) is a prominent technique used to coat the conducting/insulating layer with uniform and controllable nanometer thickness on the surface of the complex substrates [7], [14], [17], [18]. The deposition of thin, pin-hole free conformal layers on the substrate helps to increase the mechanical and electrical properties of the electrodes. Alumina is an insulting material used to improve the mechanical stability of the particles by suppressing the volume expansion of lithiated transition metal oxides.

Recently Jung et al. reported 2-6 atomic layers of alumina coated on the surface of LiCoO 2 that significantly increased the capacity retention of the electrode materials due to the suppression of LCO dissolution [19]. But, thick coating increases the interfacial impedance and electrochemical performance of LCO is deteriorated. Also, ALD process coupled with nanoindentation and nanoscratch techniques of the nano MoO 3 electrode enhances the mechanical properties thereby improving the cycling stability especially at high C-rates [20].

In Energy Dispersive X-ray mapping was done at the cross section of alumina coated LFP electrodes as acquisition area. A relatively uniform dispersion of aluminium along with other atoms was identified (Fig. 4.2) and proving that the coating was done uniformly over the surface of the cross section of LFP electrode. The atomic ratio of Al is increasing linearly as shown in the quantification table 4.1 confirming that there is an increase of alumina thickness. The capacity retention tests were done for the alumina coated and non-coated 1-mm thick LFP electrodes against lithium at C/20 rate. As shown in figure 4.3a, the cell polarization is increased with the increase of insulating alumina layer in the LFP electrodes. At the end of 20 th cycle, the discharge capacities of 0 nm, 1 nm, 3 nm and 5 nm are 45, 102 and 118 and 18 mAh/g and the corresponding capacity retention values are 32%, 77%, 89.7% and 13%. The increased capacity retention due to the alumina coating can be explained by the inhibition of volume expansion of LFP particles after repeated cycling. The limiting thickness (5nm) of alumina was identified due to its low capacity retention and poor rate capability as shown in figure 4.4b and 4.5. The poor performance of 5nm thick alumina coated LFP electrode can be linked to the increased charge transfer resistance of thick insulating layer which blocks the diffusion of lithium ions between the active material and electrolyte interface. The columbic efficiency (ratio of discharge to charge capacity) of all the four LFP electrodes with alumina thickness (0 nm, 1 nm, 3 nm and 5 nm) are 88%, 94%, 97% and 69% respectively. To sum up, the possibility of fine coating of foreign (either conducting or insulating) materials on the thick LFP electrodes can be performed using ALD technique. The alumina coating can also be done for the alloy based anodes such as large strain materials like silica or SnSb so that the volume expansion of active materials during lithium insertion and extraction can be greatly suppressed. Also, the mechanical strength of the relatively weak LTO sintered electrodes can be increased by the alumina coating to enhance the cycling retention. In the future, the ALD coating technique will be applied to extreme low/ high potential materials such as SnSb and NVPF thick electrodes to avoid electrolyte decomposition thereby stable SEI formation can be achieved to increase the coloumbic efficiency. The mechanical properties must be checked in the future for the alumina coated LFP electrodes thanks to indentation studies in order to know if the ALD technique is really a necessity at least from a mechanical point of V and 4.1 V, which corresponds to the oxidation of V 2+ to V 4+ and is found well in agreement with the literature [34], [35]. The sodiation/desodiation reactions are written in equations ( 4 The first discharge capacity of first cycle of NVPF/Na cell is 113 mAh/g and equivalent to the areal capacity of 19.6 mAh/cm 2 . The columbic efficiency of the first cycle is 92%. However, after the 2 nd cycle, the cell was stopped due to the short-circuiting and the same problem occurred for the two repetitive cells tested with the same conditions. The dendrite formation in the sodium metal anode is a reason for the short circuiting which is observed after the post mortem analysis of the cell. The first results of the NVPF thick electrode are promising and the study will be continued in the future for further optimization.

Sn-Sb alloy anodes using SPS

Alloy based materials such as Si, Sn or Sb are possess higher theoretical capacities of 4200, 993, 660 mAh/g respectively than commonly used graphite material (372 mAh/g) as anode and lower working voltage compared to LTO electrode (1.5 V) [36]- [38]. The main problem of alloy based anode materials is the large volume expansion which occurs during the alloying/de-alloying reaction [39], [40]. For example, Li x Sn alloy undergoes ~257% of volume expansion after the charge-discharge which is leading to the unstable SEI formation, in turn leading to poor capacity and columbic efficiency [41]. Therefore, several approaches such as carbon coating matrix element with active/inactive materials and improved synthesis strategies like electrostatic spray deposition, ink-jet printing, radio-frequency sputtering to reduce the capacity fading in Sn based anodes [42]- [44].

In our work, the thick porous Sn-Sb anode was prepared by the combined approach of SPS and salt templating. SnSb material was chosen due to its relatively higher thermal stability (Melting point of SnSb: 420 °C) compared to the pristine Sn metal (Melting point: 246 °C). This facilitates to adopt the SPS process for making thick SnSb electrode where the NaCl crystals are also stable at this temperature during SPS densification. Before electrode fabrication, Sn-Sb alloy material was first synthesized by ball milling of nanosized tin and antimony powders (1:1 molar ratio) as per the literature [45]. The two batches of 1 g and 8 g (total amount) were ball milled for 1 hour using high-speed planetary ball milling.

The powder:ball ratio taken was 1:30 and milled in Argon atmosphere. The obtained two batches of Sn-Sb alloy materials were characterized by X-ray diffraction to analyze the crystalline nature and confirmed the alloy formation of the Sn-Sb material. The lattice parameters of the pure SnSb material (green) (a=b=4.3255 A, c=5.3465 A) were obtained with a rhombohedral crystal structure (R-3m) which is inline with literature [45] and showed no other impurities .

As shown in the XRD diffraction pattern (Figure 4.9), the crystalline peaks of Sn-Sb alloy (8g batch)

were obtained with the presence of unreacted Sn impurity peak at 28°. The impurities were observed due to the incomplete reaction occurred due to large amount of precursors taken in the ball milling jar. The as-prepared Sn-Sb materials were mortared with NaCl and sp-carbon in 50:40:10 vol%. The carbon particles mixed to the surface of Sn-Sb alloy ensure a percolated electronic network to increase the electrical conductivity of the thick electrode. 

3𝐿𝑖 + + 𝑆𝑛𝑆𝑏 + 3𝑒 -↔𝐿𝑖 3 𝑆𝑏 + 𝑆𝑛 (4.
3)

The second region from D3 to D7 corresponds to lithium alloying with tin as shown in the equation 4.4.

This lithium-tin alloying is taking place with 3 plateaus at D4, D5 and D6 between the voltage range of 0.7-0.01 V vs lithium. The theoretical capacity of the Sn-Sb alloy is calculated according to equation 4.5.

𝑥𝐿𝑖 + + 𝑆𝑛 + 𝑥𝑒 -↔𝐿𝑖 𝑥 𝑆𝑛 (0 < 𝑥 < 4.4) (4.4) 
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑆𝑛𝑆𝑏 = 26.8 * [ (0.5 * 3) + (0.5 * 4.4) (0.5 * 𝑀𝑊 𝑆𝑛 ) + (0.5 * 𝑀𝑊 𝑆𝑏 ) ] = 825 mAh/g (4.5)

The discharge capacity of the first cycle at C/20 was calculated as 714 mAh/g which is two times higher than the theoretical capacity of the graphite anode (372 mAh/g). The corresponding areal capacity of SnSb/Li is 46.2 mAh/cm 2 , which is due to the high loading of Sn-Sb electrode (228 mg/cm 2 ). The irreversible nature of the SnSb electrode was observed in the second cycle and this same problem was observed repetitively for two cells. The performance of the SnSb electrode is strongly affected by the formation of an unstable SEI layer which takes place due to the discharge at low potential close to zero.

Large volume expansion during the de-alloying of SnSb was taking place and the electrode cracking was observed from the SEM images as reported in the literature [46]. The SnSb electrode will start degrading at 0.68 V leading to the unstable SEI formation. To avoid these problems, SnSb/Li cell can be limited up to 0.7 V because the cell is already delivering a discharge capacity of 300 mAh/g up to this region which is two times higher than LTO electrode (175 mAh/g). The assembly of full cell (LFP/SnSb) system can be done in the future to prevent the bad effects of lithium metal. The LFP/SnSb full cell will operate at a cell potential of 3 V which is higher than that of LFP/LTO cell (1.9 V) and hence the energy density of the lithium ion batteries can be increased. Spark Plasma Sintering (SPS) has been recently used for fabricating all solid state batteries (ASSB) [47], [48]. One main reason for the ASSB fabrication using SPS is the enhanced interfacial properties achieved in a short time when sintering the electrode and solid electrolyte layers. The SPS technique helps to achieve the structural stability of the electrode-electrolyte interfaces with reduced grain boundary resistances in the ASSB probed by impedance spectroscopy [49]. Also, good charge transfer and mechanical integrity upon cycling were obtained leading to the development of all solid state batteries using SPS [50]- [52]. Since this approach is easily applicable, it is decided to make a multilayered single The obtained mass loss is found to be 37% of the total salt particles present in the three layered pellet. 

Porous configurations of LFP electrode

Templating is a simple and efficient method to create controllable porosity and pore size in the battery electrodes. This helps to optimize the lithium ion diffusion during cell operation. In our SPS/ templating approach, there is an extra benefit of preparing thick electrodes with graded porosity or pore size in it. 

Conclusion

In this chapter, the thin, pinhole free and uniform layer of alumina (1, 3 and 5 nm thick) are 3D coated on the surface of 1-mm thick binder free electrodes using ALD technique. The presence and well dispersion of aluminium atoms over the surface of LFP particles are confirmed by EDX-mapping analysis on the cross section of thick LFP electrode. An increase of Al atomic ratios was observed, which confirms the increase of alumina layer thickness. The pores of the thick LFP electrodes were coated by alumina so that the surface of the active materials is protected by the physical layer helpful in suppressing the volume expansion of LFP particles due to the repeated cycling. Compared to the bare LFP electrode, an Al 2 O 3 coated LFP electrode shows better capacity retention which is due to the suppression of volume expansion of LFP particles. No significant difference was observed in rate capability. This ALD coating approach is applicable for less mechanically stable negative electrodes to enhance the indentation properties, prevent HF formation at low and high potentials and avoid dendrite formation at high C-rates for the metal based lithium ion batteries.

The thick electrode fabrication was done for the NVPF and SnSb material using SPS/templating. First, the 1-mm thick NVPF electrode with around 40% porosity was fabricated. The well-connected 3D diffusion pathways for the liquid electrolyte inside the NVPF electrode was achieved using templating strategy and helpful for ionic conduction. The pore morphology was studied by the SEM confirming the uniform arrangement of pores distributed throughout the entire electrode volume. No trace of salt particles is present in the thick NVPF electrode after NaCl dissolution based on the weight loss as well as clear galvanostatic curve. The galvanostatic cycling of 1-mm thick NVPF/Na has revealed higher areal capacity (~20 mAh/cm 2 ) due to the high loading of the active materials.

Secondly, SnSb alloy material was synthesized using the ball milling technique and the well crystalline nature of the SnSb alloy was detected by XRD diffraction pattern. TGA and DSC analysis of SnSb-NaCl-C were done to determine the thermal stability of these materials and optimize the SPS reaction parameters. The fabrication of 0.65 mm thick SnSb electrode was done using SPS and templating approach. SEM images of SnSb thick electrodes show the pore distribution was distributed ver the entire electrode and helpful for the lithium ion diffusion. The first electrochemical testing of thick SnSb/Li at C/20 revealed the lithium alloying/ de-alloying reactions with the characteristic plateaus at their respective potentials. This clearly shows that thick electrode fabrication using SPS/templating approach can be successfully applied to other active materials to obtain higher areal capacity.

The third subsection of the chapter reported the preparation of new electrode designs such as the fabrication of a single step (LFP-LCZP-LTO) full battery using SPS and templating approach. For the first time, the electrode and electrolyte layer are sandwiched along the templating agents and sintered using SPS. No decomposition of active materials or solid electrolyte was observed after the SPS reaction.

SEM images of the full battery show good interfacial properties between different layers and within the solid grains in the electrodes. The first electrochemical cycling curve at C/200 at room temperature shows a flat plateau at 1.9 V and delivering an initial discharge capacity of 88 mAh/g. This clearly shows that the full battery (LFP-LCZP-LTO) was able to cycle lithium ion between positive and negative electrode by using liquid electrolyte. The optimization of the SPS reaction conditions, formulation of electrode layers, ceramic layer thickness and cycling temperature are need to be improved in the future and this work will be continued by a new PhD student who will start in this academic year. Overall, several possibilities to fabricate thick electrodes and a full battery using SPS and templating approach are discussed and this clearly shows that our approach is not only easily adaptable to understand the fundamental concepts behind the thick electrodes but also considered worthwhile to manufacture high energy batteries to power the small scale devices.

The ultimate goal of this research work was to fabricate and study thick binder-free electrodes to improve the areal capacity and energy density of Li-ion batteries. To achieve this objective, the advanced sintering process called Spark Plasma Sintering (SPS) was used to make thick electrodes for Li-ion batteries in a short span of time with excellent mechanical integrity. The templating strategy was adopted to prepare porous sintered electrodes which are suitable for liquid electrolyte to flow through the pores to reach the full active material utilization. The main results and discussion of the manuscript were presented below.

o Design of new functional thick electrodes using SPS and templating for Li-

ion batteries

In the work presented herein, 1-mm thick LFP and LTO electrodes were fabricated using SPS and templating. Our experimental studies revealed that these thick binder free electrodes possess very high relative density (95%). After SPS treatment, using X-ray diffraction pattern, we determined that there is no chemical reactivity between the initial components and no structural decomposition of initial materials occurred. Importantly, complete dissolution of templating agents is determined by the weight loss method and further confirmed by Energy Dispersive X-ray diffraction and electrochemical curves. Using o High areal capacity obtained for 1-mm thick LFP and LTO half cells and full battery:

The 1-mm thick LFP half-cell delivered around 20 mAh/cm 2 at C/20 with capacity retention (75%) and Coulombic efficiency of 98% for 20 cycles. Similarly, the LTO half cells also delivered very high areal capacity of 25 mAh/cm 2 at C/60 rate. The full battery was assembled by using 1-mm thick LFP and LTO electrodes are working at cell potential of 1.9 V which is close to the thermodynamic potential of the LFP/LTO couple and higher areal capacity (20 mAh/cm 2 ) with good Coulombic efficiency is obtained. Thanks to SPS it was possible to achieve higher active material loading (165 mg/cm 2 ) for 1-mm thick LFP electrodes and with the templating approach, good pore interconnectivity in the thick electrodes. As a proof of concept, the electrochemical results presented here are some clear evidence for the ability of 1-mm thick LFP and LTO thick sintered electrodes to achieve four to five times higher areal capacity compared to conventional Li-ion batteries.

o

High geometric density LFP electrodes

The three different geometric densities of the thick LFP electrodes are prepared by varying the amount of templating agents in the composition of LFP-NaCl-C composite or studying the effect of porosity. Same electrode pore size (12 μm) but three different porosities (21 %, 36% and 44%) were tested using the salt templating approach. This study shows that the micro structural parameters such as porosity, pore size are adaptably controlled in thick electrode using the templating approach. The difference in spreading of pores in the three porous LFP electrodes was clearly illustrated by the cross sectional SEM images. The corresponding apparent densities of the 1-mm thick LFP electrodes is 2.55 g/cc, 2.05 g/cc and o 3D morphological study of thick LFP electrodes using TXM µCT

The effect of pore size in the 1-mm thick LFP electrodes is studied by varying the particle size of salt particles (2 µm, 13 µm and ~14 µm). The cross sectional SEM images reveal that the distribution of pores is observed in the entire area of the thick electrodes. 3D morphological studies by TXM-µCT were carried out for the three different pore sized LFP electrodes. Following the pore network extraction model using modified Blunt algorithm, the average pore size, porosity and specific surface area were compared. The uniform sphere pore size distribution was observed for the 12 µm compared to 20 µm and 23 µm average pore size. The slight increase is observed in the final pore size after the SPS treatment compared to the initial particle size of salt particles. The tortuosity measurements for the three LFP electrodes were determined in three orthogonal directions and found that pore anisotropy is observed in z-direction which is due to the uni-directional pressing of the electrodes during SPS densification process. The characteristic tortuosities (1.52, 1.76 and 1.8) are determined using tomography analysis which is close to Bruggeman relation.

o

Impedance with symmetric cell and comparison of crucial tortuosity with tomography

The lithium ion mobility in the liquid phase of the three different pore sized thick LFP electrodes (12 m, 20 m and 23 m) are studied using the EIS-SC approach. The lithium intercalation/de-intercalation effect is neglected by using a blocking condition of using LFP symmetrical cells with a non-intercalation electrolyte. The tortuosities were extracted from the impedance spectrum (3.8±0.7, 4.6±0.9 and 5.6±0.9) for the three different pore size LFP electrodes (12 m, 20 m and 23 m) respectively. The higher ionic conductivity of pores (Rion) was obtained for the lower mean pore sized electrode (12 m) using impedance spectrum and the decreasing trend of ionic conductivity in pores was found with the increase of electrode pore size. shows the cycling of lithium ions between the positive and negative layer. The expected plateau for the full cell was observed at 1.9 V and delivered a discharge capacity of 80 mAh/g in the first cycle. Further improvements in optimizing the thickness of each electrode layer and cycling conditions need to be done to improve the cycling retention issue.

o Bi-layered LFP electrode with two different pore sizes

A two layered LFP electrode for Li ion batteries was fabricated using SPS and templating approach. Two different sized macroporus morphologies were placed in discrete layers within the electrode to achieve good rate capability. The carefully controlled mass fraction of active materials was reported. This approach helps to assemble large pore sized layer farthest from the separator where lithium concentrations are more limited and smaller pore sized electrode can be located near to the separator where lithium ion concentrations are relatively high. The same concept can be done by preparing two dense layers by optimizing the pore volume fraction in each discrete layer. This methodology is used to improve the volumetric capacity and rate capability which was unachievable by an electrode layer of its own. The local lithium ion concentrations through the positive electrode can be measured directly by X-ray photoelectron spectroscopy (XPS) depth profiling and the improvements of lithium ion diffusion in the layered electrode structure can be assessed.

o

Thick electrode using NVPF and SnSb materials

The combined approach of SPS and salt templating was successfully applied for other active materials such as NVPF and SnSb materials which are used for sodium and lithium ion batteries. First, the NVPF electrodes with 0.85 mm thickness are made with the uniform pore size distribution confirmed by the SEM images. A higher areal capacity of nearly 20 mAh/cm 2 was achieved for the NVPF/Na cell at first cycle of C/20. From the first results, to our knowledge, this higher areal capacity has not ever reported in the literature and further optimization will be done in the future. We believe that this improved performance of sodium based electrodes at lower C-rates are helpful for powering safe, small scale devices such as stopwatches and ipad.

Another anode material, pure Sn-Sb alloy material was prepared using ball milling approach.

Then, as prepared pure SnSb material was mixed with NaCl and conductive carbon composite and later densified using SPS. No side reaction of NaCl crystal with the active materials and complete dissolution of NaCl crystals was confirmed by XRD studies. The first electrochemical curve of 0.65 mm thick Sn-Sb/Li at C/20 rate shows the characteristic plateaus at the respective oxidation and reduction potentials in agreement with the literature. High gravimetric capacity of 714 mAh/g was reached in the first cycle. However, due to the volume expansion of the alloy based materials, the cell stops after the first cycle but this can be improved by minimizing the discharge potentials to 1V and avoiding the side reactions such as electrolyte decomposition at lower potentials closer to zero. From the first presented results, we believe that this SPS and templating strategy will be adopted to fabricate thick electrodes using other battery materials and make possibly the next generation of high-energy-density lithium-ion batteries.

Collaborations developed during the thesis

This thesis would not have been possible without the support from different collaborations at different institutions and they are listed below.

• Collaboration with Vincent De Andrade in Argonne Photon Source, Argonne National Laboratory, USA was done for characterization of the thick LFP electrodes using TXM-µCT technique.

• The microstructural analysis and pore network extraction of the thick LFP electrodes using modified Blunt algorithm was done in collaboration with Amangeldi Torayaev, PhD student in LRCS, Amiens-University of Cambridge, UK.

• The collaboration work with Christophe Lethien in L'Institut d'électronique, de microélectronique et de nanotechnologie (IEMN), Lille, France has been done for the promising results of alumina coating using Atomic Layer Deposition technique.

Perspectives

The thick porous electrodes manufactured by SPS and templating approach can be improved in terms of SPS conditions, size of templating agents and rate capability. It is necessary to direct the search to various directions mentioned below:

In-terms of templating agents:

• Synthesize and optimize the nano-sized NaCl or KCl or CaCl templating agents at sub-zero temperatures (Ex: -200 °C) and electrochemical performance of the thick electrodes can be studied. These nano-sized crystals can also improve the compactness of the thick electrodes even at relatively lower temperature of around 400 °C than the present investigating temperature (650 °C).

• Use thermally stable silica as templating agents for graphite sintered electrodes to improve the energy density of lithium ion batteries by working at high full cell potential.

• Prepare conducting polymers and added along with active materials and burnt out during SPS operation. These materials can also act simultaneously as a conductive agent to improve the electrochemical performance. Though the SPS temperature and pressure are limiting for polymer based electrode materials, the durability, flexibility of the thick electrodes can be enhanced to mitigate the volume expansion of LFP particles after repeated cycling. These approaches can be tested to a wider choice of electrode materials such as LiCoO2 with good electronic conductivity and low expansion coefficient after cycling.

In terms of full battery fabrication:

• Metallic current collector can be directly coupled with active material when packed with the graphite dye before the SPS operation. The interfacial resistance between the electrode and current collector can be greatly minimized to improve the electrochemical properties.

• Another perspective can be electrolyte impregnation inside the thick positive and negative electrodes by incorporating soft ionogel into the pores of the thick electrodes. This can improve the safety aspects by neglecting the combustible liquid electrolytes.

In terms of electrode architecture:

• Though the insulating alumina layer was coated on the surface of LFP electrodes to improve the mechanical properties, ion conductive materials can be coated to improve the lithium ion diffusion through the thin layer when subjected to high C-rates. Hence, lithium ion conducting Li3PO4 layers are coated using ALD technique with five different thicknesses on the 1-mm thick LFP electrodes. The electrochemical performance of the coated and uncoated LFP electrodes will be tested in the future. The major advantages of this approach are 1) improvement of rate capability by enhancing lithium ion conductivity at higher Crates; 2) improving the electrode/ electrolyte interface to achieve better physical contact, higher stability and reduced polarization. This approach will be done for the lesser mechanically stable LTO electrodes to further enhance the electrochemical properties.

In terms of crystallography studies:

• Collaboration with Tatiana Renzi, Laurence Croguennec and Christian Masquelier in ILL-ICMCB -LRCS are done for the quality neutron diffraction measurements on the thick LFP electrode prepared using SPS and templating approach. The indexing of diffraction peaks will be done during cycling and this assures that neutron diffraction is a good way to observe the evolution in the structural materials present in a massive battery and investigate the influence of crystal parameters in the electrochemical performance.

This thesis highlights the influence of microstructural and geometric properties of the thick electrodes on the electrochemical performance of the lithium ion batteries. The powerful multi techniques such as X-ray diffraction, Scanning Electron Microscopy, Transmission X-ray microscopy, EIS, Galvansotatic cycling has been applied to obtain information concerning the textural and electrochemical properties of the thick electrodes fabricated using SPS and templating approach.

Overall, a broad knowledge was gained during the studies of thick electrodes fabricated by SPS and templating approach. These insights are of great importance in developing new innovative strategies for optimizing the electrochemical performance to fulfill the energy demand. This thesis is a first step in introducing the thick electrode fabrication and assessing the performance fabricated by the SPS and templating approach and further improvements will be done. The project will be taken forward by a new PhD student starting in October 2019 with collaboration between LRCS, Amiens and University of Toulouse. The same approach can be applicable with different electrode couples in the future possessing higher overall cell potential thereby high energy density of lithium ion batteries. From an industrial point of view, we believe that the combined approach of SPS/templating is of great interest to a broad audience for the micro batteries manufactures and engineers. We hope that our work will encourage them to further delve the exploration of new portable electronics devices such as mobile phones and laptops. 

Effet d'épaisseur:

Une étude systématique des électrodes LFP a été réalisée avec des épaisseurs variées de 0,5 mm à 3 mm en utilisant l'approche SPS / sel. Une densité relative élevée d'environ 95% a été obtenue pour l'ensemble des électrodes. Les particules de sel sont complètement dissoutes, confirmées par la perte de poids des particules de sel après le processus de dissolution. La bonne interconnectivité des pores a été obtenue pour les électrodes épaisses en cyclant à différents taux de C en utilisant un électrolyte liquide. La distribution uniforme de la taille des pores avec une taille de pore moyenne moyenne de 12 µm et une porosité de 44% a été obtenue pour toutes les électrodes épaisses. À un taux de C/20, une augmentation linéaire de la capacité de surface de 11,8 à 37,5 mAh/cm 2 a été observée sur des demi-cellules LFP d'une épaisseur de 0,5 à 3 mm, comme le montre la figure 1.7. 
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Figure 1 . 1

 11 Figure 1.1 Various types of energy sources contributed for world electricity generation from 1971 to 2014 [2]. Continuous increase in energy demand is supplied by different energy sources due to increased population and fast economic development.

Figure 1 . 3

 13 Figure 1.3 (a) Amount of electricity generated by a) Wind and b) solar power sources. Drastic fluctuations in the supply of energy are observed in both wind and solar power making it less efficient for electrical energy generation facilities.

Figure 1 . 4

 14 Figure 1.4 Schematic of a generic electrochemical cell. Electron exchange is occurring at a given potential in each electrode, normally paired with an ion exchange through the electrolyte filled separator.

Figure 1 . 6

 16 Figure 1.6 Schematic of mechanism of Li-ion battery. The negative electrode (anode) is a graphitic carbon and positive electrode (cathode) is a Li-intercalation compoundusually an oxide because of its higher potential. Both electrodes are able to reversibly insert and remove Li ions from their respective structures. The electrodes are separated by a non-aqueous electrolyte that transports Li ions between the electrodes. Reprinted from[6].

Figure 1 . 7

 17 Figure 1.7 Potential vs theoretical capacity and energy density of various electrode materials of lithium and sodium ion batteries[15].

Figure 1 .

 1 Figure 1.8 a) Voltage-capacity cycle showing the charge-discharge plateau with much less polarization for LFP/Li, LTO/Li and LFP/LTO equipped with liquid electrolyte (1M LiPF6-EC-DEC). b) Electric cars equipped with C-LFP/LTO battery demonstrated the 5 minutes charging time with 500 V, 125 A charging station.

Figure 1 . 9

 19 Figure 1.9 Molecular structures of commonly used electrolyte salt and organic solvents in LIBs. (a) LiPF6 salt, (b) Ethylene Carbonate, (c) Propylene Carbonate, (d) Di Methyl Carbonate, (e) Di Ethylene Carbonate, (f) Ethyl Methyl Carbonate [24].

Figure 1 .

 1 Figure 1.10 a) Ways to improve energy density (b) Progress in volumetric energy density of LIB since its commercialization [60].

Figure 1 .

 1 Figure 1.11 Various Li-ion battery configurations available in the market. a) Cylindrical b) coin c) prismatic and d) thin and flat. About 50% in battery mass and more than 2/3rd of battery volume is occupied by inactive materials irrespective of different configurations. Reprinted from [62].

Figure 1 . 12

 112 Figure 1.12 Comparison of energy density values obtained as a function of electrode thickness.

Figure 1 .

 1 Figure 1.12 shows the energy density of Li-ion batteries having an electrode of 100 micron thickness are yielding energy density of 230 Wh/kg. However, the increase of electrode thickness from 100 to 1000 µm results in 60% of gravimetric energy density gain, up to 295 Wh/kg. These calculations were

Figure 1 . 13

 113 Figure 1.13 Electrodeposition of nano silicon and its electrochemical performance. a) Application of short current pulse accelerates the uniform coating of nano silicon present in the electrochemical bath. b) SEM image clearlyshows the nano size of silicon coated with acetylene black. c) Superior performance of ED silica is observed from the rate capability tests compared to the conventional method. Reprinted from[START_REF] Yang | Binder-Free Si Nanoparticle Electrode with 3D Porous Structure Prepared by Electrophoretic Deposition for Lithium-Ion Batteries[END_REF].

Figure 1 .

 1 Figure 1.14 X-ray computed tomography (XCT) 3D image reconstruction of cropped cube of LFP/C electrode (15 μm×15 μm×15 μm) after the segmentation (a) in a single slice, (b) LFP/C cube (green-LFP/C and red-pores) with 28.68% porosity and (c) Interconnected pore network with few closed pores are observed. Image reconstruction was done by Avizo and ImageJ software [82].

Figure 1 . 15

 115 Figure 1.15 Tortuosity measured for 3 electrodes a) NMC, b) LCO and c) Graphite using numerical differential effective medium (DEM) approximation method. Large degree of anisotropy was observed for graphite compared to other two electrodes that can be explained by high tortuosity values and big deviation from the classical Bruggeman relation.

Figure 1 . 16

 116 Figure 1.16 Variation of tortuosity values of four porous support samples of partially-stabilized zirconia samples calculated by geometric, simulation and diffusion cell-based tortuosity values.

Figure 1 . 17

 117 Figure 1.17 Effect of cathode thickness in the LIB energy density: a) Increase in cathode thickness/ active material loading leads to increase in volumetric energy density. b) Similar trend is observed for four different cathodes showing reduction in cell cost and increase in areal capacity. Reprinted from[START_REF] Patry | Cost modeling of lithium-ion battery cells for automotive applications[END_REF],[START_REF] Gallagher | Optimizing areal capacities through understanding the limitations of lithium-ion electrodes[END_REF].

by

  Zheng et al. by reporting the electrochemical performance of different NMC and LFP commercial electrodes versus graphite with different thicknesses [97]. As clearly shown in figure 1.18, the increase in cathode thickness from 25 to 108 µm increases the specific energy from 550 to 700 Wh/L for LFP/G cells and a similar increasing trend is reported for NMC electrodes in the same work.

Figure 1 . 18

 118 Figure 1.18 Ragone plot of LFP/G cell with different cathode thicknesses[START_REF] Zheng | A comprehensive understanding of electrode thickness effects on the electrochemical performances of Li-ion battery cathodes[END_REF]. Linear increase energy density as thickness and decrease in power density which is due to increase in Ohmic drop and diffusion limitations for the thicker electrodes.

Figure 1 . 19 :

 119 Figure 1.19: Fabrication of thick carbon coated LFP electrode using conventional sintering [109]. a) Digital photograph of different sizes of sintered electrode prepared at 700 °C for 7 hours b) Carbon coated LFP electrode with 90 nm-3 μm pore size equivalent to the size of citric acid as porogen. c) Charge-discharge curve at different C-rates. d) Poor performance at 0.2 C and 0.5 C rates are co-related to the smaller pore size due to poor Li diffusion.Spark Plasma Sintering (SPS) is a recent technique used to fabricate thick electrodes and solid electrolytes for lithium and sodium ion batteries. The principle, operation and motivation of SPS will be discussed in detail in the next chapter. Two years before, a comprehensive literature review was published by Kali et al. about the state of art of lithium based electrodes and electrolytes done by SPS[START_REF] Kali | Spark plasma sintered/synthesized dense and nanostructured materials for solid-state Li-ion batteries: Overview and perspective[END_REF]. It is explained that the number of papers about the electrodes and electrolytes using SPS are rapidly increasing and thus the significance of this new technique is clearly explained. Some of the recent works done for the commercial electrode materials are discussed. For example, Takeuchi et al.

figure 1 . 20 ,

 120 figure 1.20, SEM images of LCPF are displaying its nano-size and the electrochemical performance is better than the conventional tape casted electrodes as shown in figure 1.20.

Figure 1 . 20

 120 Figure 1.20 LiCoPO4 electrode fabricated using SPS [126].

Figure 1 . 21

 121 Figure 1.21 All solid state sodium ion battery fabricated using SPS technique. a) and b) Digital photograph and corresponding schematic of the three layered Na3V2(PO4)3 -Na3Zr2Si2PO12 -Na3V2(PO4)3 battery, c) SEM image of NVP-NZSP-NVP battery clearly shows the well-defined interface between the layers obtained in a single step SPS technique. d) Good electrochemical performance of NVP-NZSP-NVP all solid state sodium ion battery was achieved at very high temperature of 200 °C.

Figure 1 . 22

 122 Figure 1.22 Schematic of templating methods to create porous electrodes[START_REF] Vu | Porous Electrode Materials for Lithium-Ion Batteries -How to Prepare Them and What Makes Them Special[END_REF]. KIT-6 and SBA-15 are the silica material used as hard templates creating micro/meso pores in the electrode material obtained by chemical etching.

Figure 1 .

 1 Figure 1.23 Co-extrusion/sintering of LCO electrodes and its electrochemistry[110]. a) Initial feed rod of carbon/binder mixture surrounded by LCO active material was extruded multiple times to obtain periodic array and then sintered feed rod turns to porous channels. b) SEM images show the macro-pore channels where controlled channel spacings are observed. c) Higher areal capacity at 1C and 2C rate is compared to conventional electrodes.

Figure 1 . 24

 124 Figure1.24 Schematic of carbon nanosphere obtained using salt templating[START_REF] Chandra Kishore | Direct synthesis of solid and hollow carbon nanospheres over NaCl crystals using acetylene by chemical vapour deposition[END_REF].

Figure 1 .

 1 Figure 1.25 3D porous sponge inspired LFP and LTO electrodes by sugar templating. a) Stretchable LFP/LTO electrode and corresponding SEM images of the porous LFP or LTO electrode with pore size equivalent to the initial sugar particles size. Scale bar: 500 μm. b) Schematic of conventional and stretching electrode fabrication method. c) and d) Charge-discharge profiles showing enhanced performance of stretchable electrodes vs lithium.Reprinted from[START_REF] Liu | 3D Porous Sponge-Inspired Electrode for Stretchable Lithium-Ion Batteries[END_REF].

Figure 1 . 26

 126 Figure 1.26 Combined approach of fabricating thick binder free templated electrodes using SPS.
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 1 mm thick LiFePO 4 and Li 4 Ti 5 O 12 electrodes with 44 % porosity were reported. Thanks to SPS, it was possible to achieve higher active material loading per unit surface area without any mechanical failure such as cracking or particle flaking. X-ray Diffraction (XRD) studies are used to confirm the chemical inactivity of the templating agent with the active material after the sintering process of LFP/LTO-NaCl-C pellets. Then, the morphology of the individual components as well as the sintered electrodes was characterized by Scanning Electron Microscopy (SEM) and Energy X-ray Diffraction (EDX) analysis. The total electrode porosity of the 1-mm thick LFP is measured by three techniques such as Pycnometer, weight loss method based on NaCl dissolution and tomography analysis. The BET surface area measurement of the LFP-C electrode was done by ASAP porosimetry measurements for the 1-mm thick porous electrode. The electrochemical performance of the 1-mm thick binder free LFP and

Figure 2 .

 2 Figure 2.1 a) Schematic of SPS process showing application of temperature and pressure simultaneously to the graphite die holding the powder in order to prepare thick pellet [7], b) Pathway of direct current passing to the powders forming sinter necks with strong grain-grain bonding and well-connected atomic interfaces [3].

Figure 2 . 2

 22 Figure 2.2 Advantages of SPS technique: a) Digital photograph of SPS technique attached to the glove box installed in LRCS, Amiens, b) Graphite die packed with electrode powder placed in the SPS chamber, c) Comparison of SPS and conventional sintering parameters.
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 5 min. The 1-mm thick LFP pellet was prepared after the SPS densification process. The relative density of LFP pellet obtained is 99%.The electrochemical properties of 1mm thick LFP pellet and carbon coated LFP powder are compared by cycling against metallic lithium individually and LP30 (1M LiPF 6 in ethylene carbonate and dimethyl carbonate in 1:1 weight %) was used as a liquid electrolyte. As shown in the figure 2.3, relatively higher capacities were observed for the LFP powder compared to the LFP pellet. The main reason was the better wettability achieved for the LFP powder promoting the better lithium ion diffusion during cycling than 1mm thick LFP pellet as shown in figure2.3b.

Figure 2 . 3

 23 Figure 2.3 Comparison of charge-discharge performance of a) LFP-C powder/ Li, b) LFP-C pellet/ Li. Ragone plot was given in inset.

Figure 2 . 4

 24 Figure 2.4 XRD pattern of NaCl template prepared by evaporative crystallization, b) SEM image of cubic shaped salt showing the average particle size is 10 µm.

Figure 2 . 5

 25 Figure 2.5 TGA-DSC curve of NaCl showing the melting point of NaCl at 800 °C and decrease in mass after the melting point of crystal.

prepared

  NaCl and conductive carbon are taken in a volume ratio of 50:40:10 vol.% which corresponds to 62.4-30.8-5.9 weight % (calculated based on their density and volume fraction percentage) and grounded using mortar for 20 minutes to obtain a homogeneous mixture of LFP-NaCl-C composite (Figure 2.6b). This mechanical grinding helps to achieve good contact between the carbon and active materials. As shown in figure 2.6b, the backscattered SEM image of the LFP-NaCl-C composite shows the clear difference between the spherical shaped LFP and cubic shaped NaCl particles.

Figure 2 .

 2 Figure 2.6 a) SEM image of commercial carbon coated LFP powder, b) LFP-NaCl-C composite prepared after grinding of 30 minutes showing the salt particle is surrounded by LFP powder and sp-Carbon.

( 4 )Figure 2 . 7

 427 Figure 2.7 SPS protocol of preparing LFP-NaCl-C pellet at 650 ° C and 10 kN for 5 minutes holding time, placed in 10 mm diameter graphite matrix.

Figure 2 . 8

 28 Figure 2.8 Density measurement of initial powders of NaCl, sp-C, LFP-NaCl-C and 1-mm thick LFP electrode using Helium gas Pycnometer.

Figure 2 .

 2 Figure 2.9 a-b) Digital photo of the LFP-C pellet obtained after SPS treatment, c) XRD pattern of sintered LFP-NaCl-C pellet, d,e) SEM image of cross section of LFP-NaCl-C pellet showing the embedded NaCl particles along with LFP and Carbon.

Figure 2 .

 2 Figure 2.10 SEM images of 1-mm thick LFP-C porous electrodes a) Top surface view, b) Cross section of the fractured surface of LFP electrode showing the uniformly arranged pores perpendicular to the z direction, c) Low magnification SEM image showing the uniformity of pores in the edge of pellet, d) Stacked SEM images in 3D view showing orthogonal directions.

Figure 2 .

 2 Figure 2.12 EDX mapping analysis of LFP-C electrode showing the atoms are present uniformly over the surface of the particles with spectrum showing Fe, P and O atoms in LFP with no chlorine atoms after NaCl dissolution present in LFP electrode.

Figure 2 . 13

 213 Figure 2.13 Electrochemical characterization of LFP electrodes vs Li. a) Charge-discharge profile at C/20 rate, b) Capacity retention curve of LFP vs Li at C/20 rate.

Figure 2 .

 2 Figure 2.14 a) Charge-discharge profile of LFP-C electrode at different C-rates such as C/20, C/10, C/5, C/2, 1C and 2C rate, b) Rate capability of 1-mm thick LFP-C/Li.
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 1 mm thick LFP-C/Li system (100-0 wt.%) at C/20 rate (Figure 2.15a), a sloppy discharge curve with large cell polarization (~0.4 V) and lesser capacity (100 mAh/g) was obtained. This is due to the charge kinetics limitations or low electronic percolation due to the insufficient carbon content present in the electrode with LFP-C (100-0 wt.%) composition.

Figure 2 . 15

 215 Figure 2.15 Comparison of electrochemical performance of LFP-C pellet having two different compositions of 90-10 and 100-0 wt.% (a) Charge-discharge profile at C/20 rate and (b) capacity retention curve at C/20 rate of 1-mm thick LFP electrodes with and without extra carbon added.

Figure 2 .

 2 16-b shows clearly the numerous and homogenous repartition of the pores in the cross section of center of a full pellet in comparison to the SEM picture of the edge of a full pellet where no porosity can be detected (Figure 2.16a).

Figure 2 . 16

 216 Figure 2.16 Comparison of SEM images of cross section in the full pellet and fractured surface in the middle of the 1-mm thick binder free LFP electrodes. Pore non-uniformities are present in the edges of the full pellet than the middle of the pellet.

  Figure 2.17a compares the galvanostatic curve of a full porous electrode (full pellet 10 mm diameter and 1-mm thickness to a piece of electrode cut in the middle). First of all, the cell polarization is much more important (~2 times) for the full pellet with respect to the piece of electrode. Secondly, the initial discharge capacity for the full LFP pellet electrode is 100 mAh/g at C/20 rate whereas for the broken piece of LFP/Li cell, the discharge capacity is 130 mAh/g. Similar results are obtained at different Crates (Fig 2.17b) and the increase of the cycling rate raises the difference between these two samples.

Figure 2 . 17

 217 Figure 2.17 Effect of pore inhomogeneity observed in the LFP-C electrode: (a) Charge-Discharge curve of 2 nd cycle of full LFP-C pellet and broken piece of LFP-C pellet showing big difference in polarization, (b) Comparison of rate capability curve of LFP-C electrodes with full pellet and a broken piece taken from the center.

Figure 2 .

 2 Figure 2.18 (a) Digital photo showing 1-mm thickness of LFP electrode, (b) SEM image of 1-mm thick LFP pellet after dissolution of salt particles. Incomplete dissolution of salt particles was observed in the middle (white) of the cross section of the full LFP-C pellet. The water penetrates to dissolve salt particles from the either sides of the pellet and shows the salt crystals (in bright) due to incomplete NaCl dissolution.

Figure 2 .

 2 Figure 2.19 (a) SEM image of pristine LTO particles, (b) XRD pattern of LTO-NaCl-C pellet after SPS reaction.

Figure 2 .

 2 Figure 2.20 a) SEM images of LTO electrode: (a) Cross section of LTO electrode showing 1-mm thickness, (b) Uniform distribution of pores is seen in cross section and (c) top surface view of LTO electrodes.

Figure 2 .

 2 Figure 2.21 (a) Charge-Discharge profile of LTO-C electrodes, (b) Capacity retention curve of 1-mm thick LTO electrode delivering at C/60 rate,

Figure 2 .

 2 Figure 2.22 (a) Charge-Discharge profile of 1-mm thick LTO/Li at C/60, C/15 and C/6 rates, (b) Rate capability of LTO vs Li showing the decrease in specific capacity due to mass transport limitations in the liquid phase.

  assemble a full cell (LFP vs LTO) in the voltage range between 1.0 and 2.5 V. Equal mass of LFP and LTO electrodes are taken for cycling since the practical capacity of both electrodes (LFP-140 mAh/g and LTO-150 mAh/g) vs Li are almost equal at C/20 rate. As expected, a clear plateau was obtained around 1.9 V (E cell =3.5-1.6=1.9 V) with a stable capacity of 20 mAh/cm 2 equivalent to 124 mAh/g and good capacity retention up to 20 cycles was achieved as shown in figure2.23b. The capacity limitation of LFP/LTO full cell was not observed at C/20 rate unlike LTO half-cell. The lithium metal in the LTO half-cell is mainly limited and thus the effect of lithium metal is avoided in the full cell. The areal or gravimetric capacity is obtained by dividing the capacity by the geometric surface area or weight of the LFP electrode respectively.

Figure 2 .

 2 Figure 2.23 (a) Charge-Discharge profile of 1mm thick LFP/LTO full cell at C/20 rate, (b) Capacity retention curve of the LFP/LTO at C/20 rate. LP30 was used as an electrolyte for the electrochemical cycling. (c) Ragone plot of LFP/Li and LFP/LTO battery systems compared with conventional battery systems.

S 1 .

 1 The pixels of the outside of the reference box are not counted. Then, a photo of the blank square reference area (without pellet) was taken and the corresponding pixels are measured using the software and noted as as S 2 . Knowing the area of the reference, A ref is 2.6 x 2.6 = 6.76 cm 2 , the surface area of the pellet can be measured as A pellet = A ref x S 1 /S 2 = 6.76 x 13903/291229 = 0.322 cm 2 .

Figure 2 .

 2 Figure 2.24 (a) Digital photo of the pellet placed in the reference area, (b) counting of pixels in the sample, c) counting of pixels in the reference area.

Figure 3 . 1

 31 Figure 3.1 Schematic of optimization of electrode parameters for the thick binder free LFP electrodes obtained using SPS and templating approach.
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 32 Figure 3.2 (a-c) SEM images of NaCl particles prepared by three methods. (d-f) Corresponding particle size distribution obtained for the three NaCl crystals using FIJI software and fitted with log-normal distribution.

  anisotropy was clearly displayed in 20 μm and 23 μm pore sized LFP electrodes due to the bigger salt particles used as pore forming agent. As shown in figure3.3a-c, the average pore spacing or the midpoint of the two individual pores are greatly minimized for 12 μm sized pores leading to better connectivity of pores compared to 20 μm and 23 μm average pore sized LFP electrodes. Thus, we can expect the closer arrangement of uniform pores in 12 μm pore sized LFP electrodes will lead to the faster Li-ion diffusivity in the liquid phase thereby better rate capability.

Figure 3 . 3

 33 Figure 3.3 SEM images of porous LFP electrodes containing the pores created by the NaCl dissolution. (a, b, c) top surface view of the electrodes showing the cubic shape of the crystals with corresponding sizes of the crystals used, (e,f,g) Cross section of thick LFP electrodes showing the pore shape aligned perpendicular to the z-direction due to the uniaxial pressing of SPS operation.

Figure 3 . 4 .

 34 Figure 3.4.a-c) 2D-TXM images of 12 µm, 20 µm and 23 µm average pore sized LFP electrode, d-f) corresponding thresholded image of the electrodes showing pores in white and solid as black.

Figure 3 .

 3 Figure 3.5 a-b Geometrical tortuosity representation in the composite electrode showing the effective path length Lp and edge length of the control volume, L cv ( = L p /L cv )[21].𝓣

First,

  Thorat et al. combined the polarization interrupt methods along with a numerical model to measure directly the tortuosity of LFP based active material films[24] by preparing different compositions and porosities. An empirical relation ( ) was obtained by fitting the tortuosity-porosity plot. 𝓣 = 1.8Є -0.53

Figure 3 .

 3 Figure 3.6.a) Two pore families connected by the pore throat (b) Effective pores and throat obtained after assigning effective pore radii and throat lengths. b) Schematic showing the spheres and cylinders forming the interconnected pore network [26].

Figure 3 . 7

 37 Figure 3.7 3D reconstructed images of three 1-mm thick LFP electrodes using AMIRA software. d-e) The individual pore size distribution obtained by fitting as spheres and cylinders using Blunt algorithm.

Figure 3 . 8

 38 Figure 3.8 Quantification of porosity values in the entire volume of the LFP electrode for three different LFP electrodes using geometrical method.

𝜀

  of conductive phase. The tortuosity in z-direction for 23 μm pore sized electrode was obtained using tau factor simulations software. The thresholded image stack is given as input for the tau factor application software. The report figure generated by the Tau factor is shown in Fig. 3.9. The three slices (Fig. 3.9a, b, c) represent the binary image of the sample (LFP electrode with 20 μm in z-direction) and the corresponding initial and steady state diffusion simulations performed in a local volume of the electrode. The distribution of concentration and flux in a slice of the volume is illustrated. Fig. 3.9d shows a graph of the effective diffusivity calculated at the top and bottom faces against iteration number. Convergence of the system was established by analyzing both the rate of change of top and base effective diffusivity values. The tortuosity of the as studied electrode in z-direction is 2.56 with phase volume fraction (ε) of 44.4% and effective diffusivity (D eff ) is 0.0678 m 2 /s.

Figure 3 . 9

 39 Figure 3.9 Report figure of Tau factor software in MATLAB for 20 μm pore sized 1-mm thick LFP electrode: a) Thresholded image of LFP electrode (<P s >=20 μm) showing pores (white) are elongated perpendicular to z-direction, b, c) Slice of initial and steady state diffusion simulations applied on the tomography data, d) Convergence of effective diffusion coefficient obtained in top and base of tomography image. e) The vertical flux is showing the deviation from the straight line from top to base.

Figure 3 . 10

 310 Figure 3.10 Scale effect of the three 1-mm thick LFP electrode showing the tortuosity values determined from each sub section. Tortuosity stabilization was obtained after 150 voxels for 23 μm pore sized LFP electrode in 3.8d.

Figure 3 . 11

 311 Figure 3.11 Tortuosity distribution of the orthogonal directions of the three different pore sized LFP electrode with three different pore size distributions.

Figure 3 . 12

 312 Figure 3.12 Comparison of LFP electrode tortuosity values obtained by micro computed tomography analysis

  absolute mass increase due to the uptake of solvent was noted after the excess solvent present on the surface of the electrode was removed. The solvents are conveniently chosen on purpose because the experiments can be done in ambient atmosphere. With the electrode porosity (44%) and density of the solvent (1.123 g/cc) used, the relative mass increase (%) was calculated, which is the ratio of the increased electrode mass to the theoretical mass increase after solvent uptake and the values are plotted in figure3.13. At the first hour impregnation, the relative mass increases of 12 μm, 20 μm and 23 μm pore sized LFP electrodes are 84%, 62% and 59% respectively. This clearly shows that 12 μm pore sized LFP electrode has good interconnectivity of pores due to narrow pore size distribution so that fast filling of solvent was obtained.

Figure 3 . 13

 313 Figure 3.13 Impregnation test result showing the behavior of rate of filling of solvent as a function of time. The rapid increase in electrode mass was obtained for the 12 μm pore sized electrodes.

Figure 3 . 14

 314 Figure 3.14 Electrical impedance spectrum obtained from the conductivity measurements using tetra-n-butyl ammonium perchlorate dissolved in EC: DMC solvent mixture. The intercept in the real axis represent the electrolyte resistance thereby electrolyte bulk ionic conductivity can be measured.
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 36337 Chapter III-Optimization of thick LFP electrode parameters prepared by SPS & templating approach 131 EIS-SC impedance spectra mainly consist of three domains: 1) High frequency intercept corresponds to the electrolyte resistance in the separator and other ohmic contacts due to the induction cables and connection wires; 2) Middle frequency region consists of a Warburg line close to 45° which is more crucial for the determination of ionic resistance through the pores of the electrode. The elongation of this line is due to higher ionic resistance arise due to the increase in pore length and radius, decrease in electrode porosity and increase in thickness. This region represents the mobility of ions inside the porous electrode and large deviation from 45 ° corresponds to the pore shape and non-uniform pore size distribution present inside the porous electrode. The ionic resistance of the electrodes (R ion ) can be extracted via the extrapolation of the low frequency branch to the real impedance axis which is equal to the sum of high frequency resistance and one third of ionic resistance inside the pores as shown in equation 3.7. 3). The low frequency region consists of a straight line theoretically to 90° corresponding to the capacitive behavior of the electrical double layer formed in the electrode-electrolyte interface. The non-uniformities in the pore network and side reactions cause the non-uniform current distribution leading to the non-vertical line. 𝜏 = 𝑅 𝑖𝑜𝑛 . 𝐴. к. 𝜀 2𝑑 𝑍 𝐸𝑙 (ω low →∞ ) = 𝑅 𝐻𝐹𝑅 + 𝑅 𝑖𝑜𝑛 The tortuosity values are extracted from the impedance spectra based on the equation (3.6 and 3.7) where A is geometric surface area of thick LFP electrode, is the bulk ionic conductivity of the к electrolyte used, is the electrode porosity, d is thickness of one electrode. The impedance spectra of the 𝜀 thick electrode were fitted by the equivalent circuit model referred to as Transmission line model (TLM) and the modeling results were obtained with the collaboration of Dr. Charles Delacourt, CR-CNRS researcher at LRCS, Amiens. The TLM model is based on the equations used in Newman's model adopted by the porous electrode theory [35]. The tortuosity values are also extracted from the fitted TLM model similar to the recent work of thick graphite electrodes as reported in the literature [23]. As shown in figure 3.15a, the first region is the high frequency intercept which is same for all the three LFP electrodes because of the same electrolyte used in the measurements. The second region is the Warburg impedance close to 45° line obtained for the 12 μm pore sized electrodes and this region is elongated with the increase in pore size of the LFP electrodes. In the third capacitive behavior region, relatively less deviation from the straight line was seen for 12 μm pores sized LFP electrodes (blue) which is due to the uniform distribution of pores present in the electrodes as confirmed by micro tomography-Tau factor analysis. However, the EIS spectrum of the symmetrical sintered LFP electrodes is not very well fitted with the TLM model especially the low frequency part (not shown here). From TLM model fitting, the tortuosity values obtained for the three different pore sized LFP electrodes (12, 20 and 23 μm) are 3.8± 0.7, 4.6± 0.9 and 5.6± 0.9 which are comparable to the tortuosity values obtained from the equation 3.6. Lower tortuosity value of 12 μm pore sized LFP electrode is well in agreement with the better rate capability performance as shown in figure 3.15b.

Figure 3 .

 3 Figure 3.15 a) Impedance spectrum of LFP-C electrodes obtained from the EIS-symmetric cell experiments. The ionic pore resistances are measured as an effect of pore size by fitting the experimental curve with the transmission line model. b) Rate capability performance in-line with the EIS experiments.

Figure 3 . 16

 316 Figure 3.16 Tortuosity compared between the EIS and micro tomography methods for the three different pore sized LFP electrodes (12,20 and 23µm). Average pore size values are written for comparison.
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 13415 Chapter III-Optimization of thick LFP electrode parameters prepared by SPS & templating approach Electrochemical characterization of 1-mm thick LFP electrodes Rate capability tests were done for the three different pore sized LFP electrodes (12, 20 and 23 μm) with the same loading (165 mg/cm 2 ) against metallic lithium. Charge-discharge cycling curve of the three different pore sized LFP electrodes/Li at C/20 and C/5 rate are shown in figure 3.17a. Higher capacity values at any C-rate were obtained for 12 μm pore sized electrodes as shown in figure 3.17b. This can be correlated with the lowest tortuosity value determined by the tomography and EIS methods. The smaller average pore sized electrodes (12 μm) are possessed with uniform pore size distribution with less pore spacing. This phenomenon leads to higher interconnectivity of pores and higher rate capability compared to the larger pore sized electrodes (20 and 23 μm).

Figure 3 .

 3 Figure 3.17 (a) Charge-discharge profile of 1-mm thick LFP-C electrodes against lithium at C/5 rate with three different pore sizes. (b) Rate capability curve showing highest capacity for smallest pore sized LFP electrode.
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 1 mm thick LFP electrodes. The composite preparation, thick electrode fabrication steps remained the same as mentioned before. The volume composition of initial LFP-NaCl-C composite is 70:20:10. Two different salt particles (2.0 ± 0.6 μm and 13.7 ± 6.8 μm) were used as templating agents. After the SPS densification, the initial compacity of the LFP-NaCl-C pellets were calculated as 98-100%. It can be noticed that reduction of volume % of salt particles in the LFP-NaCl-C composite allows increasing the compacity of the LFP electrodes after the SPS treatment. After the removal of salt particles, the final electrode porosity obtained for the electrodes irrespective of the pore size was 21%. The surface and cross sectional views of SEM images of three LFP electrodes with average pore sizes (12 μm and 23 μm) are displayed in figure 3.18. Similar to the 40% porous electrodes, pores are oriented perpendicular to the z-direction as observed in the cross sectional images of the thick electrode (Figure 3.18c-d).

Figure 3 .

 3 Figure 3.18 SEM images of 1-mm thick LFP electrodes prepared with 21% porosity: a, b) Top surface view showing the pore shape and size corresponding to the initial crystal size of 12 and 20 μm ; c, d) Cross sectional images of the porous electrodes showing the distribution of cylindrical pores.

  For example, Taleghani et al. reported the discharge capacity and energy density of LiMn 2 O 4 /Graphite cell based on the effect of cathode porosity using the pseudo 2D model[38]. The model is based on the porous electrode theory and the cell voltage as a function of capacity was obtained during the discharge process for different porosities. The discharge capacity of LMO/G with cathode porosities from 20 to 65 % are simulated and the highest discharge capacity (in terms of mAh/g of active material) was attained for 50% cathode porosity, which is due to the presence of a sufficient amount of pore volume for the electrolyte to flow inside the electrodes, reaching the full battery utilization. However, the highest porosity of 65% electrode is delivering less capacity, which is due to the kinetics limitation of charges due to the low active material content. The low porous electrode (20 %) is delivering lesser gravimetric capacity due to not enough lithium ions being present in solution phase to reach the reaction zone. The decrease in porosity of the electrodes is leading to the change in electrode-electrolyte interface area thereby in the increase in transport resistances. One direct impact can be seen in the capacity loss when the electrodes are discharged at high C-rates. In our work, the effect of porosity was studied by preparing the LFP-NaCl-C composite with three different compositions such as 70:20:10, 60:30:10 and 50:40:10 vol.%. The electrode fabrication and NaCl leaching steps are same as reported in chapter 2. The three (LFP-C) electrodes with different porosities (21%, 36%, 44%) are obtained by the templating approach. Cross sectional SEM images with three different porosities are shown in figure 3.20 and a clear difference in pore volume fraction was seen between different porous electrodes. The physical properties of the porous LFP electrodes are written in table 3.5.

Figure 3 . 20

 320 Figure 3.20 Cross section SEM images of 1-mm thick LFP electrodes with three different porosities(21, 36 and 44%).

  electrode porosity. For example, at 44% porous electrodes (b,d), the pores are closely arranged with lesser amount of active material but in 20% porous LFP electrodes, the pores are scarcely distributed. The active material loading is determined as 235, 195 and 165 mg/cm 2 respectively, determined based on the mass and geometrical dimensions. The apparent density values are 2.55, 2.07 and 1.83 g/cm 3 for the 21 %, 36% and 44% porous 1-mm thick LFP electrodes and the values are plotted as a function of porosity in figure 3.21. The extrapolation of the porosity-density line reachesclose to the density of the 1-mm thick LFP electrode (3.2 g/cc) corresponding to the 92% compacity. No trace of remaining NaCl was observed when 20 vol.% of NaCl are used and confirmed by the electrochemistry curves.

Figure 3 . 21

 321 Figure 3.21 Apparent density vs electrode porosity showing the linear increase of density when porosity is decreased and the intercept of the line corresponds to the 1-mm thick LFP electrode (99% compacity).

Figure 3 .

 3 Figure 3.22 a) Charge-discharge cycling curve of the 1-mm thick LFP electrodes with three different porosities at C/20 rate, b) Ragonne plot showing the improved C-rate performance for 44 % porous LFP electrodes.

  energy and power density are critical. In our work, as a motivation to increase the areal capacity of the LFP electrodes, a systematic study was carried out by fabricating LFP electrodes using SPS of different thicknesses of 0.5 mm, 0.75 mm, 1.0 mm, 1.5 mm, 2.0 mm and 3.0 mm. The electrode thickness is controlled by varying the amount of composite powder taken in the graphite dye and further modified by the polishing step after the SPS densification. Complete NaCl dissolution was achieved from 0.5 mm upto 3.0 mm thick electrodes which are mainly due to the good pore interconnectivity and uniform pore size distribution. The electrode porosity (44%) and average pore size (12 µm) are taken same for all thick LFP electrodes. The digital photo of three different thick LFP electrodes is shown in figure 3.23.

Figure 3 . 23

 323 Figure 3.23 Digital photo of various thick LFP electrodes at different thickness.

Figure 3 .

 3 Figure 3.24 LFP loading vs electrode thickness showing linear increase in LFP loading from 0.5 mm to 3mm.

Figure 3 . 25

 325 Figure 3.25 Electrochemical performance as a function of electrode thickness at C/20 rate: a) Charge-Discharge profile of second cycle for six different thicknesses of LFP electrodes, b) Practical vs theoretical capacity showing less active material utilization for 3mm thick LFP electrode.

Figure 3 . 26

 326 Figure 3.26 Comparison of a) gravimetric capacity and b) areal capacity as function of electrode thickness at different C-rates. Increase in areal capacity was observed due to high active material loading and corresponding decrease of gravimetric capacity is seen due to the mass transport limitations.

Figure 3 . 27

 327 Figure 3.27 Ragonne plot showing the areal capacity as a function of electrode thickness at different C-rates.

Figure 3 .

 3 Figure 3.28 a) Charge-discharge profile for of 2mm thick LFP/Li at different C-rates such as C/100, C/50, C/20, C/10, C/5, C/2, 1C rate. Very low polarization at C/100 rate and increase in polarization as C-rate was increased. b) Ragone plot showing the discharge capacities plotted at different C-rates. A sudden decrease of capacity was seen after C/20 rate due to the mass transport limitations.

Figure 3 . 29

 329 Figure 3.29 Ragone plot comparing areal capacity versus current density of the thick electrodes prepared with SPS/templating and reported literature values. [Note: Thickness and battery systems are given in brackets] [45]-[50].

Laboratory and the experimental setup is shown in figure 3 . 30 .

 330 Measurements were performed in phase contrast at 25 keV, without any optic in between the sample and the U18 undulator. The first harmonic of this undulator providing X-ray with a bandwidth equivalent to a pink beam (dE/E=10 -2 ), eliminating the need to use a monochromator, was used. It makes a clean and intense beam. Propagation distance=distance sample to charge coupled device (CCD)= 30 cm. The sample was at 70 m from the source. Detector: Point Gray, GS3-U3-23S6M-C, 1920 x 1200 pixels, Objective lens=long working distance. Mitutoyo High Resolution with a NA of 0.21, providing an optical resolution of 1.30 µm.Objective lens=long working distance Mitutoyo with a NA of 0.14, providing an optical resolution of 1.96 µm. Reconstruction was done by TomoPy[51],[52] using the algorithm from the ASTRA toolbox[53].

Figure 3 .

 3 Figure 3.30 a) Experimental setup of TXM. X-ray with a beamline 32-ID of the APS -ANL is focused on to the sample with a condenser where the field of view is increased. Pinhole removes the unfocused beam and the sample is rotated from 0 to 180 in 5 minutes. The detector system with scintillator screen converts X-rays to visible light and recorded by CCD camera on
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  our work, alumina (Al 2 O 3 ) was coated on the entire cross volume of 1-mm thick LFP sintered electrodes using Atomic layer deposition (ALD) technique. This work was done in collaboration with Dr. Christophe Lethien, Institut d'électronique, de microélectronique et de nanotechnologie (IEMN), University of Lille, France. The main motivation of this work is to improve the mechanical properties of the thick pellet electrodes. Using ALD technique, the enhancement of the AM/electrolyte interface is achieved by the alumina coating of individual LFP particles in the entire volume of the full thick electrode. The entire electrode is uniformly coated with a pinhole free layer of alumina with different thickness done by the increase of ALD cycles. For a clear comparison, the three different thicknesses (1, 3 and 5 nm) of alumina layers were mentioned in the rest of this chapter. The chosen alumina coated LFP electrodes possess a porosity of 44% with 12 μm average pore size. The cross section SEM image (Figure 4.1a) is shows the electrode thickness of 1-mm and the uniform pore size distribution was observed in the electrode morphology (Figure 4.1b). The thickness of alumina layer cannot be measured by SEM due to its lower thickness in nanometer range.

Figure 4 . 1

 41 Figure 4.1 (a) Cross sectional SEM image of the alumina coated 1-mm thick LFP electrode by ALD technique showing the 1-mm electrode thickness (b) higher magnification shows the uniform arrangement of pores present in the LFP electrode.

Figure 4 . 2

 42 Figure 4.2 EDX mapping of LFP electrode coated with 3nm thick Al 2 O 3 using ALD technique. Crosss section of LFP electrode is shown in top left. The presence of Aluminium atoms confirm the alumina layer coating done on the surface of the LFP particles.

Figure 4 .

 4 Figure 4.3 a-b) Charge-discharge curve of 1-mm thick LFP electrodes with and without alumina coated by ALD vs lithium at C/20 rate:1 st & 20 th cycle.

Figure 4 .

 4 Figure 4.4 a-b Capacity retention and Coulombic efficiency of alumina coated LFP electrodes using Atomic Layer Deposition (ALD).

Figure 4 . 5

 45 Figure 4.5 Ragone plot showing the areal capacity of the alumina coated LFP electrodes at different C-rates.

  view. electrode are shown in figure 4.8, which illustrates the electrode morphology with uniform pores and thickness of 0.75 mm. The electrochemical performance of the thick NVPF electrode with a mean pore size (5-10 μm) is cycled against sodium metal. The electrolyte used was 1M NaPF 6 in 1:1 EC: DMC with 3% Fluoroethylene carbonate (FEC) dissolved in the electrolyte and 2 layers of glass fiber separators were used. Recently, Dugas et al. reported that the addition of Flouro-ethylene carbonate (FEC) can minimize the irreversible capacity of NVPF/Na cells and increase the conductivity of the electrolyte [34].

Figure 4 .

 4 Figure 4.7 a) Cross sectional SEM images of the 1-mm thick NVPF electrodes, b) Higher magnification.

Figure 4 . 8

 48 Figure 4.8 Charge-discharge profile of 1-mm thick NVPF/Na at C/20 rate. Two composition plateaus are observed at 3.7V and 4.2 V due to de-intercalation of two sodium ions during charging.

Figure 4 . 9

 49 Figure 4.9 XRD pattern of as prepared SnSb alloy powders and SnSb-NaCl-C powder composite fabricated by SPS.

Figure 4 .

 4 Figure 4.10 DSC curve of Sn-Sb-NaCl-C composite confirming the melting point of Sn-Sb alloy at 423.9 C and Sn impurities at 225 C present during the alloy preparation.

Figure 4 .

 4 Figure 4.11 DSC curve of Sn-Sb-NaCl-C composite confirming the melting point of Sn-Sb alloy and Sn impurites present during te alloy prepapration.

Figure 4 .

 4 Figure 4.12 SEM images of SnSb electrode showing the 0.65 mm thickness and electrode morphology with uniform distribution of pores created by the NaCl dissolution.

Figure 4 .

 4 Figure 4.13 a) EDX mapping of 1-mm thick SnSb electrode fabricated using SPS and templating strategy showing the tin and antimony are homogeneously distributed in the Sn-Sb surface, b) Quantification of individual components present in the SnSb alloy electrode.

Figure 4 .

 4 Figure 4.14 Charge-discharge profile of 0.65 mm thick SnSb/ Li showing the plateaus representing the alloying/ de-alloying reaction of Sn and Sb with lithium.

  step battery made up of LiFePO 4 -Li 1.2 Zn 1.9 Ca 0.1 (PO 4 ) 3 -Li 4 Ti 5 O 12 (LFP-LCZP-LTO). For the positive and negative layers, the powder composites were prepared by mortaring three different components (LFP/ LTO, NaCl and sp-Carbon) for each layer in a composition of 50:40:10 vol.%. The corresponding weight composition of each layer (LFP-LCZP-LTO) is 1:1.25:1. The weighed composite was taken in the graphite dye for the SPS operation and each layer was cold pressed at 4kN. The SPS conditions were 650 °C at 8 kN pressure. The solid electrolyte, Li 1.2 Zn 1.9 Ca 0.1 (PO 4 ) 3 (LCZP) was synthesized by the sol gel method according to the literature[53]. The middle ceramic layer is acting as an electronic insulating medium between positive and negative electrode layer and the conventional liquid electrolyte was used as an ionic conducting medium. The solid electrolyte layer possesses a relatively lower compacity than the electrode layer sintered at 650 °C and this porosity enables the liquid electrolyte to flow through the porous ceramic layer during cell operation. The thickness of the as prepared three layered battery (LFP-LCZP-LTO) is 2.3 mm and with a diameter of 10 mm. The SEM image of the full battery is shown in inset of fig.4.15a. Later, the thick pellet was subjected to NaCl dissolution to create pores in the electrode layers.

Figure 4 .

 4 Figure 4.15 a) SEM image of Cross section of LFP:LCZP:LTO battery system showing 2.3 mm overall thickness, b)LFP-LCZP interface showing strong interface obtained with grain-grain bonding.

  Cross sectional SEM image (Figure 4.15) shows the clear interface obtained between each layer and cracks are obtained in the ceramic layer due to less compacity. In the closer view of the full battery as shown in figure 4.15b, the electrode-electrolyte interface is obtained with a good grain-grain contact within the LFP particles as well as between the active materials and the solid electrolyte. SEM images (Figure 4.16) of the surface of the LFP and LTO individual layer show the pores created after the NaCl dissolution with cubic shape.

Figure 4 . 16

 416 Figure 4.16 The surface view of LFP and LTO layer present in the LFP-LCZP-LTO battery system showing the pores created in the thick electrode due to the NaCl dissolution

Figure 4 .

 4 Figure 4.17 Charge-discharge profile of LFP/LCZP/LTO full battery at C/200 rate showing the charge plateau close to 1.9 V due to the LFP/LTO full cell.

  Two layers of different sized pores in the same electrode are created to enhance the diffusion process of liquid electrolyte. The two LFP-NaCl-C composites are stacked, having two template particle sizes (14 and 2 μm) present in the composite and the composition remained same (50:40:10 vol.%). The graphite dye containing the LFP-NaCl-C composite is cold pressed at 4 tons before the sintering operation. Using SPS, the composite is densified and the compacity of the LFP-NaCl-C pellet is determined as 95%. SEM image of the as prepared LFP electrode is showing the overall thickness of 1.2 mm (Figure 4.18a). After SPS sintering, the LFP electrode is subjected to NaCl dissolution by water and the two layers of porous regions (20 and 2 µm) are observed. The obtained LFP electrodes are obtained with 44% of total porosity measured by the weight loss method.

Figure 4 .

 4 Figure 4.18 (a) The thick LFP electrode with two layers of different pore sizes obtained by using two different particeles sized templates. (b-c) Higher magnification of LFP electrodes in each layer showing the larger and smaller pores.

From figure 4 .

 4 18b,c the left side layer of LFP electrode is made up of relatively bigger pores(20 μm) obtained by dissolving the mortared bigger salt particles and the right side layer is obtained by dissolving smaller particle sized NaCl crystals (2 μm). The concept of making thick LFP electrode with graded pore size is helpful for promoting the electrolyte transport depending on the separator-electrode interface and current collector side-electrode interface. The electrochemical testing was not done for this graded pore sized LFP electrode. This concept shows the possibility of preparing such electrodes for the complex battery systems such as Li-air or Li-sulphur battery systems because the pores in the electrode are blocked by the super-oxides or sulphides that prevent lithium ion diffusion leading to poor electrochemical performance.

  SEM images, the cross section and surface view show the pores are well distributed in the overall volume of the thick electrodes. The porosity of the thick LFP electrodes is quantified by pycnometry, tomography techniques and weight loss calculations and are found comparable to each other. The specific surface area of 44% porous 1-mm thick LFP electrodes is calculated theoretically (~0.12 m 2 /g) and the values are compared with the experimental ASAP porosimetry (7 m 2 /g) and tomography measurements (0.03 m 2 /g). The underestimation of specific surface area by the tomography measurements is due to the low spatial resolution and over estimation of ASAP porosimetry technique is due to the nonaccountability of macropores used in the specific surface area calculation. The thick binder free LFP electrodes show good mechanical integrity and no cracking was observed after cycling, confirmed by visual analysis.

1. 83 g

 83 /cc. The increased geometric density of 21% LFP electrode reached up to 2.55 g/cc which helps to increase the volumetric and gravimetric energy density of Li-ion batteries. The 21 % porosity LFP electrodes show the relatively lower capacity of 61 mAh/g or 15 mAh/cm 2 when cycled against lithium at C/20 rate. Though the practical capacity is fully reached, the obtained value is still higher than the areal capacity obtained by the conventional Li-ion batteries. These experimental results proved that the ion transport in the electrolyte phase is clearly limiting in the dense electrode. This is confirmed by the voltage drop at the end of discharge, which was suddenly reaching the cut off voltage before achieving the full active material utilization. The effect of pore accessibility by the electrolyte to the active materials and mass transfer limitations in the liquid phase are studied in the three different porous LFP electrodes by cycling against lithium at different C-rates.
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  One step full battery using SPS/templating approachNew cell designs are proposed by sintering multilayered battery materials such as LiFePO4 (LFP), Li1.2Zn1.9Ca0.1(PO4)3 (LCZP) and Li4Ti5O12 (LTO) in a single step using SPS. A full battery (LFP-LCZP-LTO) was sintered along with the templating agents with appropriate proportions in each layer. After the dissolution of the templating agents, the first electrochemical test of the full battery using liquid electrolyte at C/200 in room temperature

  de désinsérer de manière réversible des ions Li de leurs structures respectives. Les électrodes sont séparées par un électrolyte non aqueux qui transporte les ions Li entre les électrodes. L'électrolyte est un mélange de sel de lithium (par exemple, LiPF 6 ) dissous dans un solvant mixte organique (par exemple, carbonate d'éthylène-diméthylcarbonate, EC-DMC). Les batteries Li-ion actuellement sur le marché ont ce type de configuration. Le mécanisme de la batterie Li-ion est illustré à la figure 1.2.

Figure 1 . 2

 12 Figure 1.2 Schéma du mécanisme de la batterie lithium-ion. Reproduit de [2].

Figure 1 . 3 Li 4

 134 Figure 1.3 Tracé de la cellule LFP/ G avec une épaisseur de cathode différente [3].

Figure 1 . 4

 14 Figure 1.4 Caractérisation électrochimique d'électrodes LFP de 1 mm d'épaisseur vs Li. a) Profil de charge-décharge, b) Courbe de rétention de la capacité de la LFP par rapport au Li au taux C/20.

Figure 1 . 5

 15 Figure 1.5 Courbe cyclique de décharge-charge des électrodes LFP de 1 mm d'épaisseur avec trois porosités différentes (44%, 36% et 21%) à un taux de C / 20 .

Figure 1 . 6

 16 Figure 1.6 Images MEB d'électrodes poreuses LFP contenant les pores créés par la dissolution du NaCl. (a, b, c) vue de la surface supérieure des électrodes montrant la forme cubique des cristaux avec les tailles correspondantes des cristaux utilisés, (e, f, g) Coupe transversale des électrodes LFP épaisses montrant la forme des pores alignés perpendiculairement au z -direction en raison de la pression uni-axiale du fonctionnement de SPS.

Figure 1 . 7

 17 Figure 1.7 Les valeurs de tortuosité déterminées à l'aide des méthodes EIS et microtomographie pour les trois différentes électrodes LFP de taille moyenne des pores (12, 20 et 23 µm).

Figure 1 . 8

 18 Figure 1.8 Performances électrochimiques en fonction de l'épaisseur de l'électrode au taux C/20: a) Profil de décharge-charge du second cycle pour six épaisseurs différentes d'électrodes LFP vs Li, b) Capacité théorique vs théorique montrant une utilisation de matériau moins active pour une électrode LFP de 3mm d'épaisseur.

Figure 1 .

 1 Figure 1.9 a-b Rétention de la capacité des électrodes LFP revêtues d'alumine à l'aide du dépôt par couche atomique (ALD) avec différentes épaisseurs de revêtement.

Figure 1 .

 1 Figure 1.10 a) Image MEB de la section transversale de LFP: LFP: système de batterie LTO montrant une épaisseur de batterie de 2,3 mm avec des interfaces bien formées.

Figure 1 .

 1 Figure 1.11 Profil de décharge de charge de 1 mm d'épaisseur de NVPF / Na au taux C / 20. Deux plateaux de composition dans la première charge sont observés à 3,7 V et 4,2 V en raison de la désintercalation de deux ions sodium pendant la charge.

  

  

  

  

  

  

  

Table 1 . 1

 11 Formulation of positive electrodes fabricated for Li ion batteries[49]. Inactive mass contributed by binder and carbon black ranges from 5-30 wt% in the electrode level enabling the decrease in energy density of LIB.

	Active material	AM	Binder	Carbon black	References
		(wt. %)	(wt. %)	(wt. %)	
	LiMn2O4	85	5	10	[50]
	NMC	88	6	6	[51]
	Li1.04Mn1.96O4	75	5	20	[52]
	NMC	86	7	7	[53]
	LiCoO2	92	4	4	[54]
	LiMn2O4	92	6	2	[55]
	LiCoO2	90	5	5	[56]
	NMC	84	8	8	[57]
	LCO	75	5	20	[58]
	LiMn2O4	70	5	25	[59]

Table 1 . 2

 12 Thick electrodes available in literature with different cell designs.

	Material	Method	Cathode thickness	Authors References
			(m)		
	LiCoO2	Sintering/Co-extrusion	220	Bae et al.	[111]
	LiCoO2	Sintering/ Magnetic templating	310	Sander et al.	[112]
	LiFePO4	Sintering	1000	Qin et al.	[109]
	Li(Ni0.33Mn0.33Co0.33)O2, LiFePO4	Tape casting	24-104	Zheng et al.	[113]
	Li(Ni0.33Mn0.33Co0.33)O2, Graphite	Tape casting	50-250	Singh et al.	[63]
	Li(Ni0.33Mn0.33Co0.33)O2, Graphite	Metal foam	600-1200	Wang et al.	[114]
	Li(Ni0.33Mn0.33Co0.33)O2, Graphite	Tape casting	70-320	Singh et al.	[115]
	NiCrAl alloy	Metal foam	300-600	Yang et al.	[116]

Table 1 .3

 1 Electrode fabrication using Spark Plasma sintering.

	Electrodes	Temperature	Pressure	Time	References
		(K)	(mpa)	(min)	
	LiFePO4	873	-	-	[119]
	Li2CoPO4F	773-973	25	4	[126]
	Li2-xFeSi1-xPxO4	873-1073	-	5-30	[123]
	LiNi0.8Co0.15Al0.05O2	523	500	1	[127]
	Li1.05Mn1.95O4	573	30	60	[128]
	Li2S	673-1273	20	-	[122]
	Sn-Sb alloys	673	7	5	[129]
	Activated carbon	1273	25	1	[124]
	ZrO2	1573	30	2	[130]

Fabrication of 1-mm thick LiFePO 4 and Li 4 Ti 5 O 12 electrodes using Spark Plasma Sintering and templating approach .............................................................................................................................63 2.1 Principle and motivation of Spark Plasma Sintering .................................................................68

  Preparation of sodium chloride crystals ................................................................................

	density. Several characterization techniques such as XRD, SEM-EDX, ASAP porosimetry have been Chapter 4 deals with the improvement towards the surface mechanism of thick LFP electrodes by
	used to study the morphological and microstructural characteristics of the LFP and LTO thick alumina coating using Atomic Layer Deposition (ALD) and its influence in the electrochemical
	electrodes fabricated by the SPS/ templating approach. The influence of additional carbon used in the properties are compared. This chapter also reports the preparation and fabrication of thick electrodes
	LFP electrode composition was compared with the bare LFP electrode. The effect of pore using other active materials such as Na3V2(PO4)3F and Sn-Sb alloy electrodes are done using SPS and
	inhomogeneity of LFP thick electrode on edges and center of the electrode was studied by their salt templating strategy. The structural and morphological properties such as porosity, pore size 2.1.1 Principle of SPS .....................................................................................................................68
	respective cross section SEM images and the influence in rate capability was reported. The capacity distribution are characterized using XRD, SEM and EDX for the thick electrodes. The synthesis 2.1.2 Why use the SPS technique to make thick electrodes? .........................................................70
	retention and rate capability tests of LFP and LTO half cells were carried out. Also, a full battery was procedure of pure SnSb material and thick electrode fabrication is reported. Structural and 2.1.3 Why combine SPS technique and templating approach? ......................................................72
	assembled using the 1 mm thick LFP and LTO sintered electrodes at C/20 rate and the capacity electrochemical characterization was discussed. The different configurations of LFP electrodes such as 2.1.4
	retention performance are discussed. Finally, the areal capacity of the thick binder free sintered single step multilayered full battery composed of LFP-LCZP-LTO and multilayer of pores are reported
	electrodes is compared with the literature works to assess the electrochemical properties. with their first electrochemical results.
	The optimization of critical parameters such as porosity, pore size and thickness of LFP electrodes
	fabricated by SPS/templating approach is investigated in chapter 3. The electrochemical performance
	of Li-ion batteries is largely dependent on the electrode parameters. First, the effect of pores size in the
	1 mm thick LFP electrode was done and involves the synthesis of templating agents with different
	particles size distribution. The 3D view of thick LFP electrodes are analyzed by the micro computed
	tomography and key parameters such as tortuosity, porosity, pore size distribution and specific surface
	area are determined for the thick electrodes. Synchrotron X-ray Transmission microscopy was done in
	collaboration with Argonne National laboratory for the analysis of 3D LFP and LTO electrodes with
	different pore sizes. Detailed imaging analysis using Tau factor software was done for the thick
	electrodes to determine useful parameters such as porosity, pore size distribution, electrode tortuosity
	in 3 directions, anisotropy factor and specific surface area of thick electrodes and is discussed in
	Chapter 3. A comparative study of the tortuosity determination of thick electrodes using different
	methods like Electrical impedance spectroscopy, transmission line model (in collaboration with Dr.
	Charles Delacourt in LRCS) and tomography techniques of LFP electrodes was done. This helps to
	identify the reliable method of measuring electrode tortuosity and understand its influence on the
	electrochemical behavior. The electrochemical characterization such as galvanostatic cycling and
	electrical impedance spectroscopy of thick LFP electrodes is correlated with the tomography data
	analysis. A systematic study by fabricating LFP electrodes with various thicknesses from 0.5 mm to 3
	mm was done using the SPS/templating approach. The electrochemical performances are reported in
	chapter 3 to assess the mass transport limitations of the thick LFP electrodes.
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  surface area is shown in annexe. The compactness value is determined as being 95% for both LFP/LTO-NaCl-C pellets according to the relation below. The apparent density of LFP-C pellet after NaCl dissolution is 1.8 g/cc and plotted in the figure 2.8.

	( 𝑊 𝑏𝑒𝑓𝑜𝑟𝑒 𝑁𝑎𝐶𝑙 𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑆𝐴 𝑝𝑒𝑙𝑙𝑒𝑡 * 𝑡 𝑝𝑒𝑙𝑙𝑒𝑡 )	
	𝑃𝑒𝑙𝑙𝑒𝑡 𝐶𝑜𝑚𝑝𝑎𝑐𝑖𝑡𝑦 % =			
					8
	g/cc) as shown in figure 2.8. From the apparent	(𝜌 𝑎 )	and Pycnometer density values	, the porosity (𝜌 𝑝 )
	of the 1-mm thick LFP electrode is calculated using the relation	as 42%. The porosity

(𝑑 𝐿𝐹𝑃 * 𝑣𝑜𝑙.%) + (𝑑 𝑁𝑎𝐶𝑙 * 𝑣𝑜𝑙.%) + (𝑑 𝐶 * 𝑣𝑜𝑙.%)) * 100 (2.2) Density measurements were done using Helium gas Pycnometer for the powders such as LFP, NaCl, carbon and LFP-NaCl-C (50:40:10 vol.%) composite and 1-mm thick LFP-pellet with 44% porosity are shown in figure 2.8. The density of the LFP and LTO is 3.5 g/cc, NaCl is 2.15 g/cc and sp-Carbon is 1.7 g/cc are measured using Helium gas Pycnometer and the results are shown in figure 2.8. This measurement involves the measurement of density by flushing helium gas over the powder and pellet placed in a specified volume container (3.5 cc). The slight difference in density of sp-carbon compared to the theoretical density was observed due to its amorphous nature. The Pycnometer density of 1-mm thick LFP-C electrode is 3.1 g/cc which is almost two times higher than the apparent density value (1.

Table 2 . 1

 21 Porosity values of 1-mm thick LFP determined by various methods.

	Method	Weight loss method Pycnometer Micro-Tomography
	1-mm thick LFP electrode porosity (%)	44.0	42.0	43.7

Table 2 .

 2 2 Physical of the thick binder free LFP electrodes obtained using SPS and templating approach having two electrode LFP-C compositions (100-0 wt.% and 90-10 wt.%).The two 1-mm thick LFP-C electrodes are tested in a galvanostatic mode using Swagelok cells. The conventional liquid electrolyte made of 1M LiPF 6 in 1:1 EC: DMC (wt.%) was used, and kept being used for all the electrochemical measurements unless it is described specifically. From the galvanostatic curve

	LFP-C (wt.%)

  ] and the CE value is above 97% for both LFP-C electrodes. After observing the better cycling performance, 10 wt.% of carbon are added for all the LFP electrodes reported hereafter.

1mm thick LFP-C (90-10 wt.%) electrode as shown in figure 2.15b. Coulombic Efficiency (CE) was measured for the electrodes with two different compositions and CE is the ratio of discharge to charge capacity [58

  𝑇𝑖 5 𝑂 12 (𝐿𝑖 7 𝑇𝑖 5 𝑂 12 ) in equation 2.6 for the discharge and will be reversed during charge. 𝐿𝑖 4 𝑇𝑖 5 𝑂 12 + 3𝐿𝑖 + + 3𝑒 -𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 → 𝐿𝑖 7 𝑇𝑖 5 𝑂 12 (2.6) The electrochemical performance of the 1-mm thick LTO-C (90-10 wt.%) electrodes was assessed using conventional Swagelok cells. The 1-mm thick, porous carbon coated LTO is cycled against lithium between 1 and 2.5 V at very slow C-rate (C/60) (Fig. 2.21). A flat plateau was obtained at 1.5 V during discharge corresponding to the thermodynamic potential of LTO (1.55 V) and delivers 95 % of the theoretical capacity of 167 mAh/g of LTO equivalent to the exchange of 2.86 lithium ion to the Li 4 Ti 5 O 12

				ions during the two phase transition
	from spinel LTO (	𝐿𝑖 4	) to rock salt LTO	and the electrochemical reaction is shown

Table 2 .

 2 3 Areal capacity values obtained for LFP/Li and LFP/LTO full cell compared with literature.

	Battery systems Thickness	C-rate	Areal Capacity
		(mm)		(mAh/cm 2 )
			0.1	2.5
			0.2	2.4
	LFP/G [51]	0.108	0.5	2.3
			1	2.2
			2	2.0
			0.1	3.6
	References		0.2	3.4
	NMC/G [51]	0.104	0.5	3.3
			1	3.2
			2	2.6
	LCO/Si [52]	0.070	0.1	1.9
	Si/Li [52]	0.006	0.1	4.0
	LFP/G [53]	0.124	0.1	2.1
			0.05	20.3
			0.1	12.08
	LFP/Li		0.2	6.94
		1.0	0.5	1.67
			1	0.0003
	Our work		0.016	25.45
			0.033	21.2
	LTO/Li	1.0	0.06	12.7
			0.16	2.82
			0.33	0.8
	LFP/LTO	1.0	0.05	20

Optimization of thick LiFePO 4 electrode parameters prepared using SPS and templating approach 3.1 Effect of electrode pore size for 40% porous LFP electrodes
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Table 3 .

 3 1 Physical properties of three different pore sized LFP electrodes fabricated using SPS.

	Average NaCl particle size used (μm)	2.0 ± 0.6 13.2 ± 3.7	13.7 ± 6.8
	Average electrode pore size (μm)	12 ± 2.0	20 ± 8.0	23 ± 9.0
	Compacity (%)	93.0	93.8	94.0
	Porosity (%)	45.2	43.7	44.0
	Thickness (mm)	1.01	1.01	0.99
	Active material loading (mg/cm 2 )	165	165	165

Table 3 . 2 :

 32 Porosity, pore size and specific surface area values of 1-mm thick LFP electrodes are determined using pore network extraction model by Blunt et al.[26].

	Electrode average pore size <P s >	12 μm	20 μm	23 μm
	Total porosity (%)	47.91	45.02	43.70
	Open porosity (%)	47.9	44.92	43.6
	Closed Porosity (%)	0.01	0.10	0.107
	Geo. density (g/cc)	1.83	1.80	1.80
	Sp. surface Area (m -1 )	64 156	58 288	47 868
	Sp. surface area (m 2 /g)-Tomo	0.035	0.032	0.027
	Sp. surface area (m 2 /g)-Theo.	0.126	0.068	0.042

  Cooper et al., Imperial 

	College of London,UK. This works was based on the Fick's law of diffusion [29] which states that the
	flux (J) is directly proportional to the concentration gradient (dC/dx). It involves the calculation of the
	reduction in diffusive transport due to convoluted electrode geometry of heterogeneous media based on
	microstructural image data. The solid state diffusion of lithium ion is eliminated. In other words, the
	tortuosity is determined by the ratio of steady state diffusive flow through a porous volume network to
	the fully dense control volume of electrode as shown in equation 3.3, where and 𝐹 𝑝	𝐹 𝑐𝑣	are flux through

pore network and control volume, A cv is cross sectional area, L cv is length, D is diffusivity.

𝐹 𝑝 = -𝐴 𝑐𝑣 𝐷 𝑒𝑓𝑓 ( ∆𝐶 𝐿 𝑐𝑣 ) (3.1)

Table 3 . 3

 33 Comparison of LFP electrode tortuosity values obtained by μCT-TXM by-Tau factor analysis.

	Pore size of LFP electrode

3 Solvent impregnation test of LFP electrodes

  Impregnation tests are done for the three different pores sized LFP electrodes (12, 20 and 23 μm) with

	same porosity (44%). A mixture of dimethyl carbonate: propylene carbonate (1:1 vol.%) was taken in a
	beaker and the LFP electrodes are submerged in the solvent mixture. At a regular interval of time, the

Table 3 . 4

 34 Comparison of specific capacities of 1mm thick LFP electrodes with two different porosities.

	Electrode

pore size (12 μm ) LFP thick electrode porosity Areal capacity @ C/20 rate-3 rd cycle (mAh/cm 2 ) Gravimetric capacity @ C/20 rate-3 rd cycle (mAh/g)

  

	21%	15.1	61.2
	44%	21.8	132

Table 3 . 5

 35 Physical properties of the thick binder free LFP electrodes obtained using SPS and templating approach having three different porosities (21%, 36% and 44%).

	LFP-NaCl-C (vol.%)	70:20:10 60:30:10 50:40:10
	Compacity (%)	99	94	93
	Porosity (%)	21	36	44
	AM loading (mg/cm 2 )	235	195	165
	Apparent density (g/cm 3 )	1.83	2.07	2.55

Table 3 .

 3 6 Gravimetric and areal capacity values of LFP electrodes with different thickness at C/20 rate.The specific capacities in terms of active material and surface area for the 2mm thick LFP electrodes against Li are shown in table3.7. 

			Discharge capacity @ C/20 rate
	Thickness (mm)	LFP loading (mg/cm 2 )	Electrode pore size (12 μm)
			Gr. Cap. (mAh/g) Ar. cap. (mAh/cm 2 )
	0.5	82	145	11.8
	0.75	131	142	17.5
	1.0	165	132	21.47
	1.5	257	125	30.7
	2.0	350	106	34.7
	3.0	444	84	37.5

Table 3 .

 3 7 Gravimetric and areal capacities of 2mm thick LFP electrodes at different C-rates.

C-

rate Gravimetric capacity (mAh/g) Areal capacity (mAh/cm 2 )

  

	0.01	124	40.5
	0.02	115	39.2
	0.05	106	34. 7
	0.1	75.7	21.1
	0.2	45.5	12.7
	0.5	06	1.2

Table 4 .

 4 1 EDX quantification results of the alumina coated LFP electrode showing the increase in aluminium content with the increase in layer thickness.

	Element	Al 2 O 3 thickness in LFP electrodes (atomic %)
		0 nm	1 nm	3 nm	5 nm
	C	44.15	40.16	33.47	35.39
	O	40.59	46.08	51.94	41.72
	P	6.6	7.08	6.99	9.29
	Fe	8.58	6.19	5.63	11.28
	Al	0	0.24	1.37	2.32

  .1 and 4.2).

	De-sodiation:	𝑁𝑎 3 𝑉 2 (𝑃𝑂 4 ) 2 𝐹 3 ↔𝑁𝑎𝑉 2 (𝑃𝑂 4 ) 2 𝐹 3 + 2𝑁𝑎 + + 2𝑒 -	(4.1)
	Sodiation:	𝑁𝑎𝑉 2 (𝑃𝑂 4 ) 2 𝐹 3 + 2𝑁𝑎 + + 2𝑒 -↔𝑁𝑎 3 𝑉 2 (𝑃𝑂 4 ) 2 𝐹 3	(4.2)

  The crucial parameter called tortuosity was a main reason for the rate capability of the Li-ion batteries. The tortuosity values are extracted by TLM model and compared with tomography analysis and it is found that the tortuosity values by the EIS-SC approach are two times higher than the tomography studies. The difference is due to the low spatial resolution of micro-tomography used (1.3 m) and non-slower cycling of C/100 and C/50 rates, the 2mm thick LFP half cells delivered an areal capacity of 40.5 and 39.2 mAh/cm 2 respectively which is almost 8 times higher than the conventional thin film electrodes. pinhole-free insulating layer of alumina with three different nanometer thicknesses was coated on the surface of the LFP electrode using the well sophisticated ALD technique. A strong chemical bond was created between the coating layer and the LFP electrode by Atomic Layer Deposition (ALD) technique. The presence and linear increase of alumina content were characterized by EDX technique. The main motivation of this work is to enhance the mechanical properties of the thick binder free electrodes after cycling for a long term. Thus the alumina can form a uniform passivation layer on thick LFP electrodes and further indentation studies will be carried out in the future. A stable capacity retention was observed for the 1-nm and 3-nm thick alumina coated LFP electrodes (77% and 90%)

	o Al2O3 ALD coating of 1-mm thick LFP electrodes

A compared to the uncoated 1-mm thick LFP electrode (32%) after 20 cycles. The 5-nm thick alumina coating on LFP electrode shows poor capacity retention (13%) which is due to the dramatic increase in interfacial impedance between alumina and carbon coated LFP particles surface in the thick electrode. No significant difference in terms of rate capability was observed between the alumina coated and non-coated 1-mm thick LFP electrodes.

From the first results of improved chemical stability and the increased mechanical properties achieved by ALD technique, alumina is expected to be a promising candidate to improve the capacity retention and mechanical properties. A future avenue to improve the mechanical properties will be done for 1-mm thick LTO electrode using SPS, which are found less stable compared to LFP thick electrodes.

General Conclusion
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Optimization of thick LiFePO 4 electrode parameters prepared using SPS and templating approach [START_REF] Ahmad | RETRACTED ARTICLE: Polymer electrolytes: characteristics and peculiarities[END_REF] Galvanostatic cycling curves at C/20 are shown in figure 3.19a for 12 μm and 20 μm pore sized LFP electrodes against lithium metal. Increased cell polarization was obtained for 20 μm pore sized LFP electrode and elongated charge and discharge capacity curves are obtained for 12 μm pore sized electrode. This clearly shows that good accessibility of liquid electrolyte was obtained for 12 μm pores sized electrode due to the relatively uniform pore size distribution compared with the 20 μm pores sized electrodes. Rate capability tests were done for the 21% porous LFP electrodes with 1-mm thickness against lithium metal. Higher discharge capacities at faster C-rates for 12 μm pore sized LFP electrode were obtained as shown in figure 3.19b which can be due to the low tortuosity due to good uniformity of pore size distribution and better pore connectivity. The areal capacity obtained is 3-4 times higher than the conventional Li-ion batteries. The higher active material loading (235 mg/cm 2 ) was achieved by reducing the electrode porosity and the areal capacity increased due to the 1-mm thickness. The gravimetric discharge capacity of 21% porous LFP electrodes for 12 μm and 20 μm pore size are 61.2 and 42 mAh/g. Comparing with the full practical capacity of 145 mAh/g, these capacity values correspond to 42% and 29% of the total practical capacity. This clearly shows the incomplete active material utilization for the 21% porous LFP half cells which is due to the poor accessibility of liquid electrolyte to the surface of active materials in the dense electrodes. The comparison of specific capacities of 21 % and 44 % porous electrode with same average pore size (12 μm) is shown in table 3.4. This chapter discusses the improvements in surface mechanism and the first results of the fabrication of thick binder free electrodes using other active materials for Li-ion batteries. The chapter was mainly divided into three sub sections as following: (1) Towards the improvement in surface mechanism of 1mm thick LFP electrode using Atomic Layer Deposition (ALD), (2) Thick electrode fabrication of other active materials and (3) New electrode designs using SPS/Templating approach.

The first sub-section is about the experimental results of nano-coating of alumina (Al 2 O 3 ) layer on the surface of thick LFP electrodes. The discharge capacity at high C-rates was compared between the noncoated and alumina coated 1-mm thick LFP electrodes. Secondly, sodium vanadium phosphate as cathode material for the sodium ion batteries and tin-antimony alloy as anode material were sintered for the fabrication of thick electrodes using the SPS/templating approach. The morphological and textural properties of the porous electrode were investigated and the first results of the electrochemical performance are reported against metallic sodium or lithium counterpart. The third sub-section includes the new possible cell designs of thick sintered electrodes using the SPS/Templating approach. Here we reporta three multi-layered single step battery consisting of LiFePO 4 -Li 1.2 Zn 1.9 Ca 0.1 (PO 4 ) 3 -Li 4 Ti 5 O 12 layers and the first cycling performance of the full battery using a liquid electrolyte was investigated.

The SPS/templating combined approach was also adopted for preparing new porous configurations with two layers of different pore sizes in the same electrode to promote better lithium ion diffusion inside the electrode.

Thick electrode fabrication of other active materials

Na 3 V 2 (PO 4 ) 2 F 3 thick electrodes for Sodium ion batteries

Sodium ion batteries (SIB) are considered as a potential alternative for Li-ion batteries due of their lower cost and the abundant nature of elemental sodium [22]. Sodium is the second lightest metal after lithium and the smallest alkali metal. The redox couple of Na + /Na has a standard electrochemical potential of -2.71 V vs Standard Hydrogen Electrode (SHE), slightly higher than -3.04 V. Recently, it was estimated that the global market of sodium ion batteries will triple in value by 2022 [23]. The steady development of Na-ion batteries in terms of discovery of high voltage materials and high capacities are leading to the increase the energy density of SIB [24]. Steven et al. first reported the hard carbon as anode for sodium ion battery delivering high reversible capacity of 300 mAh/g which is comparable to the graphite anodes for lithium ion batteries [25]. Another major discovery is reported by Okada and coworkers that NaFeO 2 is electrochemically active in Na cells based on the Fe 3+/ Fe 4+ redox couple [26] and this is the first positive electrode material commercialized for sodium ion battery. Recently, research interest for sodium ions was greatly improved and focused on the exploration of positive electrode materials for Na-ion batteries. The exploration of new sodium based materials with high capacity and high potential are aimed to fulfill the worldwide energy demand for electric vehicles and manufacture large scale batteries.

The polyanionic material NaV 2 (PO 4 ) 2 F 3 is serving as a promising cathode material for sodium ion batteries [27], [28]. NVPF is first proposed by Barker et al. as a positive electrode for Li ion batteries by assembling NVPF/Li + electrolyte/Graphite [29]. In this work, NVPF are reported as single-phase material with a tetragonal structure with space group of P4 2 /mnm. The unit cell parameters (a= 9.0304 (5) Å, c = 10.6891(9) Å) are determined from the least squares refinement procedure. In the first charge of an electrochemical reaction against metal sodium, the sodium ions are extracted from the flourophosphate material and at the same time, lithium ion intercalation takes place at the graphite counter electrode. After subsequent cycling, the mixed Li/Na insertion mechanism occurs and at the same time, the highly lithiated graphite is found to be electrochemically stable in the presence of Na + in the electrolyte phase. It can reversibly intercalate two moles of sodium ions in the crystal structure. The operating potential of NVPF vs Na is 3.95 V and the theoretical capacity of NVPF/Na is 128 mAh/g. The extraction of 2 Na + ions was observed by following the two main voltages -composition plateaus at about Chapter IV-Towards the improvement in surface mechanism and fabrication of thick electrodes using other active materials 167 3.7 V and 4.2 V vs sodium and delivering a theoretical energy density of 507 Wh/kg (128 Ah/kg at an average potential of 3.95 V) [29], [30]. This value is comparable to the commercial positive electrodes LiFePO 4 (580 Wh/kg) and LiMn 2 O 4 (480 Wh/kg). NVPF material is well known for the excellent rate capability against metallic sodium reported in the literature [31]. Being a potential cathode material for sodium ion batteries, NVPF is chosen and 1-mm thick NVPF electrodes for sodium ion batteries were fabricated using SPS and templating approach.

Carbon coated NVPF material was obtained from the LRCS platform and was synthesized by the sol-gel method [32], [33]. First, commercial NaCl crystals with average particle size of 20 μm were used as a pore forming agent and mixed with the active material and sp-carbon with the composition of 50:40:10 vol. % (NVPF-NaCl-C). The experimental procedures such as composite preparation, SPS processing and NaCl dissolution process were followed in the same manner as for LFP electrode. After the SPS densification, the compacity of the NVPF-NaCl-C pellet is measured as 81%, which is very low compared to the LFP electrode. Cross sectional SEM images of NVPF electrodes (Fig. Using the same experimental procedure, the NVPF electrode is fabricated with lesser pore size (5-10 μm) and porosity of 43% by reducing the initial particle size of NaCl crystals. SEM images of thick NVPF accountability of dead end pores present in the actual LFP thick electrodes. The quantification of dead end pore network will be done in the future using skeleton analysis of the tomography data.

o Rate capability of three LFP electrodes with different pore size

The ionic resistance in the liquid phase is one of the main reasons for the rate capability performance. The same amount of electrode porosity (44%) with different pore sizes are prepared for the LFP sintered electrodes. The LFP electrode with lesser average pore size (12 m) with narrow pore size distribution shows a higher rate capability than the other two electrodes (20 and 23 m). One reason for the enhanced lithium ion transport is due to the good pore interconnectivity confirmed by the impregnation test and relatively lesser tortuosity determined by EIS and tomography measurements. This leads to the reduction of lithium ion migration distances for the 12 μm pore sized LFP electrodes compared to other pore sized LFP electrodes. The same enhanced performance was seen for 12 m pore sized LFP electrodes with 21% porosity with relatively higher areal capacity of 15 mAh/cm 2 at C/20 rate compared to the 20 m pore sized LFP electrode.

o Influence of LFP electrode thickness up to 3 mm on electrochemical properties

A systematic study of LFP electrodes was done with varied thickness from 0.5 mm to 3mm using the SPS/ salt templating approach. High relative density of around 95% was obtained for the whole set of electrodes. The salt particles are completely dissolved confirmed by the weight loss of salt particles after the dissolution process. The good interconnectivity of the pores was achieved for the thick electrodes by cycling at different Crates using liquid electrolyte. The uniform pore size distribution with an average mean pore size of 12 µm and 44% porosity was obtained for all the thick electrodes.

In terms of slow cycling C-rate (C/20), a linear increase in areal capacity from 11.8 to 37.5 mAh/cm 2 was observed from 0.5 to 3mm thick LFP electrodes. As a proof of concept, this result clearly is explained by the higher active material loading. At the same time, the simultaneous increase in diffusion length or electrode thickness greatly reduces the gravimetric capacity at high C-rates due to the mass transport limitations. For the lowest thick LFP electrode tested (0.5 mm), the practical capacity of 145 mAh/g and surface capacity of 11.8 mAh/cm 2 was obtained at C/20 rate due to the full active material utilization. However, the 3mm thick LFP/Li cell delivered 84 mAh/g at C/20 rate. At

Résumé développé de la thèse en français Introduction:

L'augmentation continue de la demande énergétique due à l'augmentation de la population et au développement économique rapide est principalement due à la combustion de combustibles fossiles au cours des quatre dernières décennies, comme le montre la figure 1 

Summary

The achievement of energy storage and return of energy supply is crucial for several applications (EVs, cellphones, laptops). Thick electrodes with minimized inactive materials in the overall battery can improve the energy density of lithium ion batteries. Spark Plasma Sintering is an advanced densification technique has been used to prepare thick electrodes in minutes. The templating approach is adopted for preparing porous electrodes with interconnected well-controlled pore sizes and morphologies. Herein, sodium chloride micro-sized particles are used as a templating agent to create pores inside the thick electrodes. These sintered binder-free electrodes are self-supported that helps to increase the energy density of lithium ion batteries. The electrochemical performances of half and full batteries reveal a remarkable specific areal capacity (20 mA h cm -2 ), which is 4 times higher than those of 100 μm thick electrodes present in conventional tape-casted Li-ion batteries (5 mA h cm -2 ). The 3D morphological study is carried out by micro computed tomography to obtain tortuosity values and pore size distributions leading to a strong correlation with their electrochemical properties. These results demonstrate that the coupling between the salt templating method and the spark plasma sintering is also applied for thick electrodes fabrication using other active materials and also different cell configurations are proposed. Key-words: Thick electrode, binder free, Spark Plasma Sintering, templating, lithium.

Résumé

La réalisation du stockage d'énergie et le retour de l'approvisionnement en énergie est crucial pour plusieurs applications (VE, téléphones portables, ordinateurs portables). Des électrodes épaisses avec des matériaux inactifs minimisés dans la batterie globale peuvent améliorer la densité d'énergie des batteries lithium-ion. Le frittage flash ou « Spark Plasma Sintering » est une technique de densification avancée qui a été utilisée pour préparer des électrodes épaisses en quelques minutes. Une approche dite de « templating » est adoptée pour préparer des électrodes poreuses avec des tailles de pores et des morphologies interconnectées bien contrôlées. Ici, des particules micrométriques de chlorure de sodium sont utilisées comme agent prorogène pour créer la porosité à l'intérieur des électrodes épaisses. Ces électrodes frittées sans liant sont autosupportées, ce qui contribue à augmenter la densité énergétique des batteries lithium-ion. Les performances électrochimiques des batteries révèlent une capacité surfacique remarquable (20 mA h cm -2 ), ce qui est 4 fois supérieur à celle des électrodes conventionnelles de 100 μm présentes dans les batteries Li-ion classiques (5 mAh cm -2 ). L'étude morphologique 3D des électrodes poreuses est réalisée par tomographie X afin de remonter aux valeurs de tortuosité et de distributions de tailles de pores, afin de corréler propriétés électrochimiques et structure d'électrode.

Mots-clés:

Électrode épaisse, sans liant, frittage flash, templating, lithium.