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Many Battery Management System (BMS) functions rely on a battery model which relates voltage and current measurements to internal cell states like the State of Charge (SoC). Traditional lithium-ion cell models are well suited for cells with a graphite anode, the most common lithium-ion anode material. However, with the commercial use of silicon-based materials and their potential hysteresis arises the need to update our cell electrical models. Nevertheless, the electrochemical characteristics of silicon and specially silicon suboxides SiO x (0 < x < 2) are not well understood.

The present doctoral work expands understanding of silicon-based materials by reviewing the relevant literature, and presenting the results of a experimental campaign performed on Si and SiO coin cells. This experiments investigate the properties of these materials Open Circuit Potential (OCP) behavior as well as that of different SiO-graphite blends. The results evidence how the Si and SiO OCP behavior is the same when cycled below 600 mV vs. Li/Li + . However, they also reveal that above this value the SiO, in contrast to Si, is still active, showing that the Li 4 SiO 4 in the lithiated SiO can be partially delithiated. Additionally, the experiments show that the Si hysteresis is rate dependent under C/200 rates, changing the expected shape of the SiO-graphite OCP.
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3.14 (Right) Si and SiO are lithiated at C/7 and then delithiated at different Capacity rates (C-rates). Although the Si has more capacity, at 15 C the same charge is be extracted from both and at 20C the SiO surpasses the Si. (Left) A similar experiment is performed but to estimate the materials charge capabilities. Both Si and SiO are delithiated at C/7 and then they are lithiated at different C-rates until 0 V vs. Li/Li + is reached. Both materials show less rate capabilities for this test. The SiO surpasses the Si at a 3 C current rate. Source: adapted from [START_REF] Pan | Systematic Electrochemical Characterizations of Si and SiO Anodes for High-Capacity Li-Ion Batteries[END_REF]. 3.15 SiO lithiation and delithiation potential curves at different C-rates.
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Introduction

The introduction of silicon-based materials to commercial lithium-ion cells brings many new challenges to battery management system developers. One of them is its electrical modeling, since silicon behaves radically different than the more traditional graphite. The purpose of this work is to elucidate the silicon and silicon suboxide electrochemical behavior and apply this knowledge to develop a cell electrical model for a cell which uses this material.

The present chapter explains the context in which this work was developed. This is done by showing the relation between this research and the social and environmental conditions around it, by presenting the reasons and history behind the introduction of silicon to the lithium-ion cell, and explaining how this affects our current battery management systems. Thus motivating this doctoral work. Finally, this chapter presents the main objectives, how the research was carried out and how the rest of the dissertation is structured.

Environmental context

Humanity's relationship with nature is changing. Little by little, people have realized the impact that human activity has had on our planet. On a small scale, humans were aware of our effect on the environment; consider for example the 1272 law that banned the burning of sea coal in London because of its impact on air quality [START_REF] Brimblecombe | Industrial Air Pollution in Thirteenth-Century Britain[END_REF]. But, for the most part, environmental considerations were secondary and "Progress" was paramount: Man was gifted with reason to tame nature and free himself from it, to take his rightful place above it. And so, the industrial revolution marched onward advancing technology dramatically and human activity reached a scale never seen before.

Introduction

Weather, temperature, sea currents and other global phenomena were long thought to be too big for us to affect. The laws that govern them were simply on a different scale. However, as our understanding of nature evolved, we came to realize that this was not the case. Advancements in geology showed how the earth's climate was not as stable as previously thought, how Europe was once a glacier and the Sahara a sea. Accurate measurements of the atmospheric composition showed it was changing and, these changes were shown to be anthropogenic in nature. This and much more evidence point to the importance of our large scale environmental impact.

During the 50's, the public at large started to realize our impact on the earth and the danger that it represents. This can be evidenced by the creation of the first environmental studies degree in 1956 [START_REF]About Environmental Studies[END_REF] and the environmentalist movements and protests of the 60's. Since then, countless organizations have been founded to protect and understand the environment. New laws against pollution have been created

and international treaties, such as the Kyoto protocol and the Paris agreements, have been established. One of the main objectives of such treatises is to reduce the emission of Green House Gases (GHG), in an effort to combat global warming. Given the important risks that global warming poses, governments around the world have set goals to cut GHG emissions in all sectors of their economies.

Introduction

As shown by figure 1.1, an important contributor to this type of pollution is the transport sector, which relies on fossil fuels for about 94% of its energy needs [START_REF]A European Strategy for Low-Emission Mobility[END_REF],

releasing tons of CO 2 into the atmosphere at a rate that exceeds the earth's capacity to recapture it. In the European Union alone, the transport sector is responsible for 32% of the total CO 2 emissions [START_REF] Hockenos | Road Freight Emissions in Germany[END_REF], and, specifically in Germany, the government has set the objective to reduce transport sector GHG emissions by 40% by 2050 [START_REF] Bmub | Climate Action Plan 2050 -Principles and Goals of the German Government's Climate Policy[END_REF].

To achieve this goal, Electric Vehicles (EVs), whether they are Battery Electric Vehicles (BEVs) or Fuel Cell Electric Vehicles (FCEVs), are a way to replace Internal Combustion Engine (ICE) vehicles, thus eliminating direct GHG emissions [START_REF]A European Strategy for Low-Emission Mobility[END_REF]. Although battery production adds to the CO 2 footprint of a BEV, it is still less than that of an ICE vehicle [START_REF] Hall | Effects of Battery Manufacturing on Electric Vehicle Life-Cycle Greenhouse Gas Emissions[END_REF]. As illustrated by figure 1.2, this is even more so when the electric supply of the country has an important percentage of renewable energies in the energy mix. Hybrid vehicles, i.e. vehicles with an ICE assisted by a small electric motor are also a step in the right direction to reduce overall CO 2 emissions.

Lithium battery

Fuel cycle

Other manufacturing However, it is important to understand why ICE powered vehicles still play a capital role in the transport sector. EVs have been there since the dawn of the automobile, with the first BEV prototype appearing in 1827. At the beginning, it was not clear which power train would be the best for the horseless carriages.

Many different proposals were tested, including cars powered by steam and hydrogen.

However, at the turn of the 20th century, the internal combustion engine had won the market thanks to its range, low fuel prices and, short refuel time. Characteristics that still hold true to this day. Additionally, with time a huge infrastructure was created around fossil fuels and the internal combustion engine. Streamlining its usage, reducing prices, and, as a side effect, making it more difficult for new technologies to compete. On the other hand, the infrastructure needed for a big scale EV usage is still under development, with Governments promoting its expansion and solving standardization issues [START_REF] Bakker | Standardization of EV Recharging Infrastructures[END_REF].

Additionally, several surveys [START_REF] Pasaoglu | Attitude of European Car Drivers towards Electric Vehicles: A Survey[END_REF] show that, when asked about why do people avoid BEVs, respondents from the European Union (EU) point to three main concerns: price, autonomy and recharge time. Even for the BEV's latest models, typical charging times are between 1 or 2 hours per 100 kilometers and maximum range stays between 80 and 400 km [START_REF]Electric Vehicles in Europe[END_REF]. Whereas a typical gasoline car can be refueled in minutes, and its range often exceeds 400 km. Given the influence the battery has on these aspects, it follows that improving battery technology can help to popularize the BEV. Because of this and many other reasons, researchers all over the world are putting tremendous effort to improve battery technology. Ameliorating crucial characteristics such as energy density, charge time, specific energy, and price. Thus helping the widespread adoption of the BEV.

The present doctoral work takes place in this context. The utilization of silicon in the lithium-ion battery is a recent technological advancement which aims improve the cell energy density and specific energy. However, this new material also introduces new electrical behaviors, requiring the update of the current battery mathematical models.

Battery basics

In the simplest terms, a battery is a chemical reaction waiting to happen.

The reactants are separated and can only exchange electrons through an electrical 1 Introduction circuit. One of the reactants tends to give electrons and other tends to take them, thus creating an electrical potential. A single one of these reactions is called a cell.

A battery is most often composed of several cells connected in series.

Originally, the term battery was not meant for such devices. The word, in an electrical context, was first coined by Benjamin Franklin when in a letter to a member of the Royal Society in London describes how for a party:

"A turkey is to be killed for our dinners by the electrical shock; and roasted by the electrical jack, before a fire kindled by the electrified bottle;

when the healths of all the famous electricians in England, France and Germany, are to be drank in electrified bumpers, under the discharge of guns from the electrical battery." [START_REF] Franklin | Benjamin Franklin Letter to Peter Collinson[END_REF] Gibbs energy of the system decreases. This reaction occurs mostly because of a difference in lattice cohesive energies and ionization free energies between reactants and products [START_REF] Schmidt-Rohr | How Batteries Store and Release Energy: Explaining Basic Electrochemistry[END_REF][START_REF] Liu | Understanding Electrochemical Potentials of Cathode Materials in Rechargeable Batteries[END_REF]. Although different battery technologies are suited for different applications, the last decades have witnessed an especially successful battery design, the lithiumion battery. Before its introduction, lithium had already been used in single use non rechargeable batteries (primary batteries) [START_REF] Scrosati | History of Lithium Batteries[END_REF], and the possibility to use it in rechargeable batteries (secondary batteries) had been explored. However, these early attempts were unreliable, sometimes catching fire during usage and degrading relatively fast. Lithium, with its high standard electrical potential was a great candidate for achieving higher energy densities. Nonetheless its extreme reactivity made it difficult to use, and potentially dangerous. One notable problem of the lithium-ion battery predecessors was the formation of lithium dendrites, tree like structures that can form at the anode and grow towards the cathode. If the dendrites reach the latter a short circuit will ensue. This will, at best, render the cell useless and, at worst, provoke a dangerous thermal runaway.

Electrolyte

It was in the late 70s and early 80s that two big steps towards the realization of the lithium-ion battery were made: the disclosure of the LiCoO 2 as cathode material by John Goodenough [START_REF] Mizushima | Li x CoO 2 (0 x 1): A New Cathode Material for Batteries of High Energy Density[END_REF] and the introduction of graphite as an anode material by several scientists [START_REF] Besenhard | High Energy Density Lithium Cells: Part I. Electrolytes and Anodes[END_REF][START_REF] Yazami | A Reversible Graphite-Lithium Negative Electrode for Electrochemical Generators[END_REF][START_REF] Basu | Synthesis and Properties of Lithium-Graphite Intercalation Compounds[END_REF]. Thus, a reliable lithium secondary battery could be manufactured and eleven years later Sony introduced the first lithiumion battery into the market. Using LiCoO 2 in the cathode and graphite in the anode, the Japanese company created a high energy battery that could withstand many charge and discharge cycles, while also being considerably safer than its predecessors [START_REF] Deng | Li-Ion Batteries: Basics, Progress, and Challenges[END_REF]. The product immediately found commercial success, especially in the portable electronics sector. Today, as figure 1.5 demonstrates, lithium-ion is usually the technology of choice when both high specific energy and power are needed. 

The lithium-ion battery

The reactivity of lithium was an important roadblock for its commercial application. For this reason, the lithium-ion battery does not use pure lithium in either anode or cathode. Instead, inside a lithium-ion cell the electrodes act as host materials for the lithium atoms [START_REF] Nowak | Elemental Analysis of Lithium Ion Batteries[END_REF], as figure 1.6 shows. During its operation, the Li atoms transfer from one electrode to the other, from cathode to anode during charge and the reverse during discharge. In a way, the lithium atoms 'rock' between the electrodes. This is why this type of battery is also called a 'rocking chair' battery.

An important characteristic of the electrodes is their structure. Both graphite and LiCoO 2 are layered materials and when reacting with Li, the latter takes up the empty spaces in between the layers. Consequently, there is minimal change to the electrode crystalline structure during Li insertion, meaning less degradation and making an excellent secondary battery. Additionally, the lithium-ion battery is less prone to develop Li dendrites during its operation. Finally, another major advantage is that both graphite and LiCoO 2 are stable in air, which made the cell safer than previous Li-based batteries and also simplified the manufacture process [START_REF] Deng | Li-Ion Batteries: Basics, Progress, and Challenges[END_REF]. These advantages made the lithium-ion battery successful and, although its design has changed little since its inception almost thirty years ago, many different cathodes, anodes and electrolytes have been tested over the years. The electrolyte for most lithium-ion batteries is a solution of lithium salts in an organic solvent.

Anode

Ideally, the electrolyte in the lithium-ion battery should be inert, acting solely as a medium through which the Li ions diffuse. However, this is often difficult given the high potential difference between the electrodes and the high reactivity of the lithium. The electrolyte is be carefully chosen in order to minimize its decomposition and degradation in such an aggressive environment. In recent years, new proposals have arisen to replace this liquid electrolyte with a variety of alternatives, e.g gel, polymer and ceramic [START_REF] Li | Research Progress Regarding Si-Based Anode Materials towards Practical Application in High Energy Density Li-Ion Batteries[END_REF]. However, for commercial applications, organic solvents still are the preferred solution.

The cathode has received special research interest and many materials different from LiCoO 2 have been implemented with success, many of them transition metal oxides. These cathode materials can be divided in three broad categories based on their crystalline structure: layered -i.e. the atoms form a stack of 2D plane 1 Introduction structures and the Lithium inserts in between these planes-olivine -i.e. the vacant spaces in the crystal are aligned, this means that the lithium inserts in a line, or in a 1D fashion-and spinel -i.e. the vacancies are distributed in a 3D fashion. As figure 1.8 shows, when comparing different anode material theoretical volumetric and gravimetric capacities, the graphite falls behind [START_REF] Obrovac | Alloy Negative Electrodes for Li-Ion Batteries[END_REF]. Additionally, manufacturing techniques have been perfected to the point that the practical graphite capacity is not far from the theoretical. This has launched a race to find new commercially viable anode materials. One of the possible anode candidates is silicon, in general silicon-based materials. This staple of the electronic industry sports over ten times the theoretical gravimetric capacity of the graphite. Moreover, it is the second most abundant material on the earth's crust and, like the graphite, is non-toxic to humans. Right now, silicon-graphite blend are being used in commercial applications in a variety of contexts, including the automobile industry [START_REF] Oberhaus | Welcome to the Era of Supercharged Lithium-Silicon Batteries[END_REF]. For many BEV applications, it is necessary to have a precise mathematical model of the battery and, as previously stated, the addition of silicon needs to be accounted for. In other words, the cell electrical model plays a vital role inside the BEV battery management system.

Graphite

Battery management systems

The BMS is an embedded system purposely made to ensure the following functions [START_REF] Plett | Equivalent-Circuit Methods[END_REF]:

-Protect the safety of the battery operator. The BMS detects unsafe operating conditions and responds, for example, by disconnecting the battery from the load or giving a warning to the operator.

-Protect the battery from damage in abuse and failure cases. This may involve an intervention by the BMS, or specialized electronics that can detect failures and isolate failing components.
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-Prolong the life of the battery under normal operating cases. This may be achieved by coordinating with the load controller and controlling the power that is either dunked or sourced from the battery, assuring that the pack is not overcharged or overdischarged. This may also include the thermal management of the battery system.

-Maintain the battery in a state in which it can fulfill its functional design requirement. For example by keeping the battery far from a discharged stated from which it cannot supply power to the load, or from a highly charged state into which no more energy can be stored in the battery. This is specially relevant in HEV applications. This is a non-exhaustive list of functions of a BMS. Different applications require different functions and of course, the more sophisticated the BMS, the more costly it is. For this reason, in most situations a BMS is utilized with an expensive battery system, where the benefits of the BMS outweigh its cost. Figure 1.9 is an example of a BMS embedded system made by the Bosch company. However, monitoring a battery is a difficult task. Only few parameters are regularly measured directly, namely the voltage at the terminals, the electrical current and surface temperature from a couple of cells. Based only on these measurements, On a last note, it is worth pointing out that computing power in a BMS is often limited and therefore the battery model should be kept as compact as possible,

i.e. it must be able to run in real time with the available hardware and must be easy to parametrize.

Aim and structure of the dissertation

The main objectives of the present research work are:

1. Understand and describe the electrochemical behavior of silicon and silicon suboxides (SiO x with 0 < x ≤ 2) when used as anode material in the lithium-ion battery.

2. Create BMS-oriented mathematical model that describes the voltage behavior of a lithium-ion cell with a blended silicon-graphite anode against a current input.

In order to achieve the proposed objectives, the doctorate work was divided into four broad steps as shown by figure 1.10. These steps are now described.

Knowledge build-up: First, a review of the relevant literature was made. Several knowledge gaps were identified, most prominently, relating to lack of information on the Si/SiO x electrochemical behavior. Additionally, little attention has been given to SiO x and graphite mixtures, both from a modeling and electrochemical perspective. This is puzzling given their prominence in commercial applications.

Therefore, to complement the information found in the literature, a series of experiments on cells with silicon were carried out.

Model construction:

Based on the information gathered on the first step, it was concluded that anode and cathode should be modeled separately and that graphite and silicon must be considered independently. Moreover, in contrast to other lithium-ion batteries, the potential hysteresis cannot be ignored. However, because it is intended for a car BMS, the mathematical modeling must have a good balance between complexity and precision. For these reasons, several models of different complexity were constructed with a varying number of free parameters. This way the model best suited for the application can be determined.

Parameter extraction: An important concern for a BMS model is that it should be easy to parametrize. With this in mind, several strategies were developed to extract the necessary parameters from full-cell electrical measurements. Then, following these strategies, several parametrization cell tests were carried out.

Validation: Finally, various experiments were made to validate the both resulting strategies and models.

Thesis structure

In order to present the research work and expose the results in a clear manner, the present memoir is structured around the stated objectives. The document is divided in two parts: 

Introduction to lithium-ion battery technology

The purpose of this chapter is, firstly, to explains the workings of a lithium-ion cell in detail, explaining its different components and their role. This includes elements beyond the active electrode materials, elements like the additives, separator and current collectors. Here we also consider practical battery design and manufacture constraints that have an influence in the cell composition and structure. This knowledge helps in understanding the physical modeling of the battery and provides some intuition about the cell behavior.

Then the chapter gives an overview of the most important battery terminology and concepts. This is important not only for introducing the basic concepts that are used throughout this work, but also to precisely define terms that often have different meanings in the battery domain. To define a clear common vocabulary is important to avoid confusion. It is common that different disciplines in the battery domain use the same term with slightly different meanings. When appropriate, a small explanation of similar words or usages is given.

Lithium-ion cell structure

To understand the mathematical models of a lithium-ion cell, especially the physical models, it is useful to know the interior of the cell. This means understanding the structure of a typical lithium-ion cell, the role that each of its components play.

These factors have an effect on the electrical behavior and the physical phenomena that occur in the cell. Cathode active material: As was explained in the introduction, the cathode is the positive electrode of the cell and reduces during the discharge of the cell. Either electrode is not only composed of the material responsible for the driving electrochemical reaction. However, when we speak of the cathode material or cathode active material, we refer to this one. In general, the most common lithium-ion cathode materials are layered materials. Others structures are reserved for specialized applications. Olivine materials, for example, are used for applications that require special safety considerations as well as a longer battery life [START_REF] Mauger | Olivine Positive Electrodes for Li-Ion Batteries: Status and Perspectives[END_REF]. Most layered cathode material are a 3d transition metal oxide (M) [START_REF] Manthiram | A Reflection on Lithium-Ion Battery Cathode Chemistry[END_REF]. The redox reaction for a layered cathode material is as follows.

During discharge, Li + from the electrolyte enters the active material and joins an electron that comes through the external circuit. This is presented by the following equation:

Li y-x MO 2 + x Li + + x e -discharge ----------- charge Li y MO 2 (2.1)
Then, the Li atoms start to diffuse to the interior of the particle. The faster this process can occur the higher the power the battery can deliver. Hence, it is desirable for the active material to have a high surface area in contact with the electrolyte, so that the reaction has more space to take place. Moreover, the distance the Li atom inside the particle must traverse should also be minimized.

Both these properties are achieved by aiming for a small particle size-a typical size being 10 µm. However, a smaller particle size can result in a more compact cathode, i.e. a reduced porosity. This hinders the Li + diffusion in the electrolyte and complicates the wetting process, i.e. the penetration of the electrolyte in the electrode.

Although, theoretically one would expect y and x in equation (2.1) to be close to one, in order to maximize the quantity of cyclable charge. In practice, this is nor possible nor desirable. During the battery manufacturing process, all the lithium that will eventually rock between the electrodes is stored in the cathode (i.e. y ≈ 1). On the other hand, initially, the anode has no Li, and during the first charge, some of the Li atoms must be consumed to form the SEI. Consequently, some of the initial lithium content is lost and the cathode cannot be fully lithiated again (y < 1). Different prelithiation techniques have been developed to address this problem. However, their commercial use is not yet widespread [START_REF] Holtstiege | Pre-Lithiation Strategies for Rechargeable Energy Storage Technologies: Concepts, Promises and Challenges[END_REF].

On the other hand, the cathode becomes unstable and degrades rapidly when it is delithiated in excess. This is the case in common cathode materials such as Lithium-Nickel-Manganese-Cobalt-Oxide (NMC) type materials and Li y -x CoO 2 . The latter starts to decompose when y -x < 0.5 [START_REF] Nölle | A Reality Check and Tutorial on Electrochemical Characterization of Battery Cell Materials: How to Choose the Appropriate Cell Setup[END_REF]. This effect lowers its specific capacity from a theoretical 274 mAh/g, counting all the Li in the Li y -x CoO 2 , to 130 mAh/g, counting only the Li which can be extracted without compromising the material.

Anode active material:

Most of what was stated for the cathode material holds true for the anode. However, what occurs in the cathode during charge happens in the anode during discharge and vice versa. A notable difference being the role of the SEI during cycling. This passivating layer is much more relevant in the anode than in the cathode [START_REF] An | The State of Understanding of the Lithium-Ion-Battery Graphite Solid Electrolyte Interphase (SEI) and Its Relationship to Formation Cycling[END_REF][START_REF] Liu | Characterization of the Cathode Electrolyte Interface in Lithium Ion Batteries by Desorption Electrospray Ionization Mass Spectrometry[END_REF]. Another interesting difference is that, although many cathode materials have found commercial applications, graphite is by far the most popular anode material [START_REF] Asenbauer | The Success Story of Graphite as a Lithium-Ion Anode Material -Fundamentals, Remaining Challenges, and Recent Developments Including Silicon (Oxide) Composites[END_REF]. Let us consider the reaction in a graphite anode

C 6 + x Li + + x e -charge ----------- discharge Li x C 6 (2.2)
With 0 < x ≤ 1. However, in a lithium-ion cell, when x approaches 1 the risk of lithium-plating becomes important. To avoid dendrite formation, the anode is fabricated with more capacity than the cathode [START_REF] Kim | Effects of Capacity Ratios between Anode and Cathode on Electrochemical Properties for Lithium Polymer Batteries[END_REF]. This means that when the cell is completely charged, the anode is not to fully lithiated.

The theoretical gravimetric capacity of the graphite is 372 mAh/g, higher than the average cathode materials. Nonetheless, practical capacities of 360 mAh/g in commercial graphite anodes have been achieved [START_REF] Chae | Integration of Graphite and Silicon Anodes for the Commercialization of High-Energy Lithium-Ion Batteries[END_REF]. Meaning that if the cell energy density is to be improved, new materials must be explored [START_REF] Deng | Li-Ion Batteries: Basics, Progress, and Challenges[END_REF].

Silicon, thanks to its high gravimetric capacity of over 3000 mAh/g is a good candidate anode material and blended SiO x -graphite anodes being implemented in commercial cells.

Binder: During cycling, the electrode particles suffer mechanical deformations and stress. Over time this can make sections of the electrode to separate and lose electrical contact with the current collectors. The result is a loss of capacity, since the now isolated material cannot partake in the electrochemical reaction that makes the battery. The Binder is there to maintain the structural integrity of the electrodes. It holds the active material particles together and assures contact is maintained between each particle and the current collector.

Binders are usually electrochemically inactive polymers such as Polyvinylidene difluoride (PVdF) [START_REF] Li | Breaking Symmetry toward Nonspherical Janus Particles Based on Polyhedral Oligomeric Silsesquioxanes: Molecular Design, "Click" Synthesis, and Hierarchical Structure[END_REF] and must ideally possess the following characteristics [START_REF] Nirmale | A Review on Cellulose and Lignin Based Binders and Electrodes: Small Steps towards a Sustainable Lithium Ion Battery[END_REF]:

-it must support the dimensional changes in the active material experiences, -it must be electrochemically stable, -only a small amount should be required.

However, most binders are derived from petroleum and present several safety and environmental drawbacks, being for example highly flammable. Hence alternative binder materials are being investigated [START_REF] Nirmale | A Review on Cellulose and Lignin Based Binders and Electrodes: Small Steps towards a Sustainable Lithium Ion Battery[END_REF]. Because of its important volume expansion during lithiation, he inclusion of silicon in the electrode has created many new challenges for and pushed for more binder research.

Separator:

The cell separator is a physical barrier, usually a microporous polymer membrane, that impedes direct contact between the electrodes, while being permeable to the Li + ions. The characteristics that define a good separator are in principle similar to those of a good binder; chemical/electrochemical stability, mechanical strength, dimensional stability and, of course, cost. Furthermore, it must be porous enough to allow Li + diffusion, but its pore size must be smaller than the electrode material particles. It must also be as thin as possible in order to save space, but thick enough to assure safety [START_REF] Zhang | A Review on the Separators of Liquid Electrolyte Li-Ion Batteries[END_REF]. Finally, it is important that if the battery overheats the separator must melt, putting a stop to the battery operation and avoiding a thermal runaway scenario [41][42].

To achieve this, some separators are composed of three stacked membranes, Current collectors: This element has two main purposes, first to act as a substrate

for the electrode material and, secondly, to act as the electrical bridge between the active material and the external circuit. The most common materials used for this application are by far copper for the anode and aluminum for the cathode. These materials are chosen for their respective electrochemical stability within the potential windows of each electrode. Copper, having a oxidation potential vs. Li/Li + of 2.7 V, is able to withstand the conditions in the anode, whose potential is lower than this value. Aluminum, in the other hand, oxidizes at 4.7 V vs. Li/Li + , a sufficiently high value to be used with the cathode. Another advantage of these materials is their cost, availability and the ability of the Al to develop a passivating layer that further protects it from oxidation [START_REF] Theivaprakasam | Passivation Behaviour of Aluminium Current Collector in Ionic Liquid Alkyl Carbonate (Hybrid) Electrolytes[END_REF].

Additives: It is abroad category of elements that may, or may not, be added to the battery. Their purpose is to enhance specific properties of the cell such as ion conductivity, SEI stability, wetting quality, and the suppression of side reactions [START_REF] Qian | How Electrolyte Additives Work in Li-Ion Batteries[END_REF]. In figure 2.1, a common additive is depicted, i.e. conductive nano-particles that improve the electrical characteristics of the electrodes.

Electrolyte: Its function is to allow the exchange of ions between the electrodes while impeding the exchange of electrons. In a lithium-ion battery, this means a Li + rich medium with good ion diffusivity. Like the other elements in the cell, the electrolyte must be stable under the rough electrochemical conditions.

Given that the electrolyte is in contact with both anode and cathode, it must have a big stability window. In fact, electrolyte decomposition is one of the things that currently limits development of high voltage lithium-ion cells [START_REF] Choi | Recent Advances in the Electrolytes for Interfacial Stability of High-Voltage Cathodes in Lithium-Ion Batteries[END_REF][START_REF] Yang | Electrolyte Reactions with the Surface of High Voltage LiNi 0.5 Mn 1.5 O 4 Cathodes for Lithium-Ion Batteries[END_REF]. Another important design parameter is the compatibility between the electrolyte and the electrode materials. They must be chosen so that a stable sei layer is formed.

The most widely used lithium-ion electrolytes are liquid electrolytes, a concentrated solution of lithium salts (e.g. LiPF 6 , LiClO 4 , LiBF 4 ) dissolved in an organic solvent. During the cell operation, the electrolyte provides the ions that fuel the reaction on one electrode while accepting the ions coming from the other one. This might create zones where there is a local Li + scarcity and others where there is local excess. This limits the cell performance under high power demands. For this reason, the ion diffusion coefficient (as well as electrode thickness and porosity) is a very important parameter of the electrolyte.

Some drawbacks of the liquid electrolytes are that they offer no inherent protection against dendrite formation, that they are highly flammable, their toxicity and general environmental unfriendliness. This has pushed a many researchers towards developing alternatives. Solid-state electrolytes, for example, have received considerable attention [START_REF] Li | Research Progress Regarding Si-Based Anode Materials towards Practical Application in High Energy Density Li-Ion Batteries[END_REF].

Solid Electrolyte Interface (SEI):

It is very difficult for the electrolyte to remain electrochemically stable in the harsh redox conditions of the lithium-ion cell.

The anode low potential makes the electrolyte react with the active material irreversibly. This reaction consumes solvent, salts, impurities, lithium-ions in the electrolyte, and active material. If left uncontrolled, this process would eventually render the battery useless. However, the reaction occurs mainly during the firsts charge and discharge cycles of the battery, during the formation stage. This is because the reaction creates a passivating layer around the active material particles that impedes further electrolyte consumption. This layer is known as the SEI.

A good SEI should have a high electrical resistance and high lithium selectivity and permeability. Typical SEIs have a thickness close of a few Å, high strength, tolerance to expansion and contraction stresses (the SEI layer must accommodate expanding and contracting sub-surfaces during charging and discharging, respectively), insolubility in the electrolyte, and stability at a wide range of operating temperatures and potentials [START_REF] An | The State of Understanding of the Lithium-Ion-Battery Graphite Solid Electrolyte Interphase (SEI) and Its Relationship to Formation Cycling[END_REF]. However, the actual formation mechanisms of the SEI are still not well understood [START_REF] An | The State of Understanding of the Lithium-Ion-Battery Graphite Solid Electrolyte Interphase (SEI) and Its Relationship to Formation Cycling[END_REF][START_REF] Späth | Understanding the SEI Formation at Pristine Li-Ion Cathodes: Chemisorption and Reaction of DEC on LiCoO 2 Surfaces Studied by a Combined SXPS/HREELS Approach[END_REF] and thus cannot be effectively controlled. This fact makes the above-mentioned characteristics difficult to obtain. In practice, the reaction that forms the SEI continues at a much smaller rate through the battery life and plays an important role in the battery degradation. Nevertheless, in the case of silicon-based materials, this reaction continues at an important rate. The silicon extreme expansion cracks the SEI exposing more material to the electrolyte and generating more SEI.

The creation of a stable SEI is one of the challenges that the implementation of silicon presents.

Battery terminology

Like any other discipline, the battery domain has developed its own jargon in order to ease and optimize communication. However, for many variables and concepts, there is no agreed upon definition nor nomenclature. In the literature, it is common that different, albeit similar, words are used to refer to the same idea or variable. This section introduces the terminology and the definitions that will be used in this dissertation.

Cell:

The elemental electrochemical unit. It is composed of one cathode and one anode that when connected generate electrical energy from a chemical reaction.

Module: When several cells are connected either in series or in parallel, they form a module. Modules are often manufactured as a single unit, i.e. the cells are packaged together. It is common to refer to this element simply as pack.

Battery: As stated in the introduction, in common parlance the term battery is used for any of the things described above, i.e. cell, module or pack. In the context of this work, the word battery will be a generic term to design either a cell or a module. Figure 2.3 depicts the difference between a cell, a module and a pack from the Bosch company.

Nominal or rated voltage (U nom ):

It is a reference voltage determined by the battery manufacturer. This value indicates the compatibility between the battery and other electrical components made for the same nominal voltage. It is usually close to the battery average voltage. This is not to be confused with the actual terminal voltage of the battery, which may be higher or lower.

Terminal voltage (U t ):

This is the voltage difference between the cell terminals when a load is applied. Terminal voltage varies during the cell operation and depends of a variety of factors such as temperature, state of charge (SoC) and input current. The terminal voltage is one of the few parameters that can be directly measured during the battery operation, together with the input current.

Cut-off voltages (U max , U min ):

The cut-off voltages are the specified maximum operation limits for the cell. There is both a high cut-off voltage (U max ) and a low cut-off voltage (U min ). The cell manufacturer carefully chooses this voltage range to maximize the energy available for the system, while minimizing cell degradation and assuring the safety of the user. Surpassing these values (overcharge and overdischarge) can seriously compromise the integrity of the battery [START_REF] Ouyang | Overcharge-Induced Capacity Fading Analysis for Large Format Lithium-Ion Batteries with Li y Ni 1/3 Co 1/3 Mn 1/3 O 2 + Li y Mn 2 O 4 Composite Cathode[END_REF][START_REF] Guo | Mechanism of the Entire Overdischarge Process and Overdischarge-Induced Internal Short Circuit in Lithium-Ion Batteries[END_REF].

Usually, the cell is charged until U max is reached, then the potential is held at U max until the current reaches a sufficiently low value. This value is called the cut-off current. At this point the cell is defined as fully charged. On the other hand, when during the cell operation U t crosses either U max or U min , the battery is disconnected, hence the name cut-off voltage.

Electrode charge (Q k ): It refers to the amount of charge available in the cathode

(Q ca ), anode (Q an ), or specific active material (Q gr , Q SiO ).
Lithiation degree (θ k ): It is a normalized measure of the total quantity of Li inside an electrode. Let c k be the Li concentration (mAh/g) inside the electrode active material k and c theo,k its maximum theoretical concentration. Then the lithiation degree θ k is defined as

θ k = c k c theo,k . (2.3)
Although related to the electrode charge, this value refers to the total amount of Li atoms in the material, not just the ones that can be accessed during the cell operation.

C-rate:

The C-rate, is a normalized measure of electrical current with respect to the battery capacity. It is defined as:

C-rate = i Q max (2.4)
with the cell capacity Q max expressed in Ah and current i in A. Thus, the C-rate unit is h -1 . A way to understand the C-rate intuitively is to think of 1 C as the current needed to discharge the cell in 1 hour, 2 C in half an hour.

C-rate values lower than one are often expressed as their reciprocals (0.5 C = C/2).

Capacity: Capacity is the charge the cell can deliver when discharged to U min after being charged to U max until the cut-off current is reached. It is typically expressed in Ah. Although at first glance it appears as a straightforward quantity, the amount of charge that can be extracted from a cell depends on a variety of factors and it degrades through the lifetime of the battery. This work distinguishes between four different capacities as now explained.

Discharge capacity (Q T

[rate] ): It is the capacity of the cell when discharged at a specific C-rate and temperature. For example Q 15 °C 1 C is the total amount of charge a cell gives when discharged at 1 C and 15 °C. If temperature is not specified it is assumed to be room temperature.

Charge capacity (Q charge ):

It is the equivalent of of the discharge capacity for the charge cycle, i.e. the charge needed to bring the cell voltage to U max , after having discharged the cell to U min . The charge capacity is greater than the discharge capacity.

Nominal capacity (Q nom ): is a reference initial discharge capacity defined by the manufacturer. It is intended to be a representative value of the cell series, since the actual capacity of two cells is never equal. The exact definition of the nominal capacity varies between manufacturers and so does the name, using terms like rated capacity, standard capacity or simply capacity. Sometimes more than one value is listed, e.g. giving the discharge capacities of Q 1 C and Q 10 C in high power lithium-ion cells.

The procedure used by the manufacturer to determine Q nom is usually described in the cell or battery datasheet. This is evidenced in Table 2.1, which shows the nominal capacity of a Samsung INR18650-35E lithium-ion cell and the procedure to obtain the value as described in its datasheet [START_REF] Samsung | Specification of Product for Lithium-Ion Rechargeable Cell Model Name[END_REF]. 

Item Specification

Nominal capacity Min 3,350mAh

-Charge : 0.5C(1,700mA), 4.2V, 0.02C(68mA) cut-off @RT -Discharge : 0.2C(680mA), 2.65V cut-off @RT *1C=3,400mA

Maximum or total capacity (Q max ): We define this term in order to distinguish between the nominal capacity specified by the manufacturer and the experimentally determined capacity value. It refers to the cell discharge capacity at room temperature and at a C/20 C-rate.

Q max = Q C/20 . (2.5)
Through this text, when using the term capacity alone it is the maximum capacity the one being referenced.

Electrode capacity (Q max,k ): Similar to the cell maximum capacity, it refers to the amount of lithium atoms that can be inserted/extracted from the electrode material reversibly.

Coulombic efficiency (η):

It refers to the cell charge efficiency, i.e. is the ratio between the maximum discharge and charge capacities

η = Q max Q charge, C/20 . (2.6)
The more efficient the battery is, the closer its Coulombic Efficiency (CE) is to one. Typical lithium-ion batteries have CE values over 99.5% although this fluctuates with factors such as temperature and age. The CE is a good indicator of the battery degradation rate [START_REF] Yang | A Study of the Relationship between Coulombic Efficiency and Capacity Degradation of Commercial Lithium-Ion Batteries[END_REF][START_REF] Dahn | Importance of Coulombic Efficiency Measurements in R&D Efforts to Obtain Long-Lived Li-Ion Batteries[END_REF] and sudden CE decrease might be indicative of a defective cell.

State of Charge (SoC):

It is a normalized indicator of the present available charge in the cell with respect to the cell capacity. Its precise formulation depends on two factors, the definition of Q max and the determination of a fixed SoC to use as a reference point. These definitions vary between battery researchers, hence the SoC can be a source of confusion. As for the reference SoC, we define that when the cell is fully charged (see cut-off voltages) the SoC is equal to 100 %. Now, the SoC at a time t can be expressed as:

SoC(t) = SoC(0) - 1 Q max t 0 η i(τ )dτ.
(2.7)

With η being the coulombic efficiency and τ a dummy variable. Open circuit potential (φ k ): Similar to the OCV, the OCP is the equilibrium potential of the electrode material. The OCV is the difference between the cathodic and anodic OCPs

Open circuit voltage (U

U OCV = φ ca -φ an . (2.8)
However, since absolute potential is difficult to determine, the OCP is measured with a reference electrode that provides a stable reference potential. Standard electrode potential is determined against a standard hydrogen electrode. But in the context of lithium-ion batteries, this reference electrode is normally made of metallic Li [START_REF] Nölle | A Reality Check and Tutorial on Electrochemical Characterization of Battery Cell Materials: How to Choose the Appropriate Cell Setup[END_REF][START_REF] Burrows | The Li/Li + Reference Electrode in Propylene Carbonate[END_REF]. The OCP curve is an intrinsic property of each electrode material. Figure 2.5 illustrates a typical OCP curve, which is the electrode potential plotted against some normalized charge value. Since 1994 [START_REF] Asenbauer | The Success Story of Graphite as a Lithium-Ion Anode Material -Fundamentals, Remaining Challenges, and Recent Developments Including Silicon (Oxide) Composites[END_REF], graphite has been ubiquitous in lithium-ion cells. Cheap, clean, abundant and stable are characteristics that made graphite a successful anode material. Through the years, production techniques, electrolytes and additives improved constantly, achieving practical capacities close to the 372 mAh/g theoretical limit for the material. For this reason new anode materials are being considered [START_REF] Nitta | Li-Ion Battery Materials: Present and Future[END_REF].

Lithiation Delithiation

On one hand, technologies like solid electrolyte lithium-ion batteries and lithium-air cells, among others, are radical changes to the traditional lithium-ion architectures.

On the other, new anodic materials are being investigated, and not necessarily intercalation materials like graphite. Active materials that react with Li through alloying mechanisms augur a way to achieve higher battery energy densities. Among them, silicon is one of the most promising, not only for its theoretical capacity over 4000 mAh/g [START_REF] Obrovac | Alloy Negative Electrodes for Li-Ion Batteries[END_REF][START_REF] Choi | Promise and Reality of Post-Lithium-Ion Batteries with High Energy Densities[END_REF][START_REF] Mcdowell | 25th Anniversary Article: Understanding the Lithiation of Silicon and Other Alloying Anodes for Lithium-Ion Batteries[END_REF] but for its availability, being the most abundant element on the earth's crust after oxygen.

This chapter presents the most important characteristics of the Si as anode material and an overview on the current research efforts to make it a commercially viable anode material. Special attention is devoted to the use of silicon oxide and suboxides, given their prominence in current commercial applications. Then, the lithiation and degradation mechanisms of the silicon are explored. Afterwards, a section presents the electrochemical behavior of the Si-based materials. Looking into, for example, the electrical impedance, the effect of mechanical stress and the electrical potential hysteresis that characterizes the Si-based materials.

Silicon principal characteristics

Although alloying materials generally present higher gravimetric and volumetric capacity than graphite, see figure 3.1, the cyclability of such materials is much lower [START_REF] Obrovac | Alloy Negative Electrodes for Li-Ion Batteries[END_REF]. This is mainly due to the extreme volume expansion they undergo during lithiation. As lithium enters the active material particle, it does not occupy a "free space" in the crystalline structure as in intercalation materials. Instead, the new atoms increase the particle volume, causing great mechanical stress in the particle, destroying the SEI, provoking cracks and straining the binder [START_REF] Zhang | Electrochemomechanical Degradation of High-Capacity Battery Electrode Materials[END_REF]. Figure 3.2

summarizes the silicon main aging mechanisms. The failure of the SEI means that new material is constantly exposed to the electrolyte, thus creating more SEI and consuming more and more active material and Li. The mechanical failure of the particles also leads to more active surface exposed to the electrolyte and consequently a direct loss of active material. Finally, the changing volume also leads to loss of electrical contact between particles and between the particles and the current collector. These, are the challenges that alloying materials pose.

Silicon, the material with the highest capacity, also suffers from the greatest volume change. Lithiated Si has over 300% more volume compared to unlithiated Si [START_REF] Mcdowell | 25th Anniversary Article: Understanding the Lithiation of Silicon and Other Alloying Anodes for Lithium-Ion Batteries[END_REF]. Since 1990 [START_REF] Zuo | Silicon Based Lithium-Ion Battery Anodes: A Chronicle Perspective Review[END_REF], most of the research around Si has centered around finding ways to accommodate this expansion (or, in some cases, to take advantage of it to design an actuator [START_REF] Lang | Cycling of a Lithium-Ion Battery with a Silicon Anode Drives Large Mechanical Actuation[END_REF]). The abundance of research done up until now is attested by the many reviews that have been made on Si and Si-based anodes [START_REF] Li | Research Progress Regarding Si-Based Anode Materials towards Practical Application in High Energy Density Li-Ion Batteries[END_REF][START_REF] Chae | Integration of Graphite and Silicon Anodes for the Commercialization of High-Energy Lithium-Ion Batteries[END_REF][START_REF] Mcdowell | 25th Anniversary Article: Understanding the Lithiation of Silicon and Other Alloying Anodes for Lithium-Ion Batteries[END_REF], and evaluating proposed strategies to make the Si a viable anode material. These strategies can be divided into two main families [START_REF] Zuo | Silicon Based Lithium-Ion Battery Anodes: A Chronicle Perspective Review[END_REF], as now described.

Graphite

Structure features: this comprises the efforts to improve the Si properties through the modification of its macro-structure. I.e., instead of using the regular microparticles obtained through ball milling, a nano-structured Si is utilized. The material is molded into nano-particles [START_REF] Xu | Nanosized Core/Shell Silicon@carbon Anode Material for Lithium Ion Batteries with Polyvinylidene Fluoride as Carbon Source[END_REF], -wires [START_REF] Prosini | Electrochemical Characterization of Silicon Nanowires as an Anode for Lithium Batteries[END_REF][START_REF] Wang | Exotic Reaction Front Migration and Stage Structure in Lithiated Silicon Nanowires[END_REF][START_REF] Peng | Silicon Nanowires for Rechargeable Lithium-Ion Battery Anodes[END_REF], -tubes [START_REF] Yoo | Scalable Fabrication of Silicon Nanotubes and Their Application to Energy Storage[END_REF][START_REF] Park | Silicon Nanotube Battery Anodes[END_REF][START_REF] Wang | Tuning the Outward to Inward Swelling in Lithiated Silicon Nanotubes via Surface Oxide Coating[END_REF](see figure 3.3), -films [START_REF] Jung | Amorphous Silicon Thin-Film Negative Electrode Prepared by Low Pressure Chemical Vapor Deposition for Lithium-Ion Batteries[END_REF], -pores [START_REF] Sakabe | Porous Amorphous Silicon Film Anodes for High-Capacity and Stable All-Solid-State Lithium Batteries[END_REF], and more in order to improve its stability as it has been shown that particle size has an important role in preventing crack formation [START_REF] Wang | Exotic Reaction Front Migration and Stage Structure in Lithiated Silicon Nanowires[END_REF][START_REF] Sarkar | Fracture Modeling of Lithium-Silicon Battery Based on Variable Elastic Moduli[END_REF][START_REF] Jia | Intrinsic Stress Mitigation via Elastic Softening during Two-Step Electrochemical Lithiation of Amorphous Silicon[END_REF]. Although many of these approaches have shown exceptional capacity and cyclability, their more complex production processes have hindered their utilization in commercial lithium-ion cells.

Modification strategies These include hierarchical structure construction and the use of Si composites and rather than pure Si. Hierarchical structures include approaches like the creation core-shell [START_REF] Ng | Highly Reversible Lithium Storage in Spheroidal Carbon-Coated Silicon Nanocomposites as Anodes for Lithium-Ion Batteries[END_REF] and Yolk-shell [START_REF] Liu | A Yolk-Shell Design for Stabilized and Scalable Li-Ion Battery Alloy Anodes[END_REF] composites (depicted in figure 3.3), or the embedding of Si in a carbon matrix [START_REF] Yue | Designing Si/Porous-C Composite with Buffering Voids as High Capacity Anode for Lithium-Ion Batteries[END_REF]. These strategies, like the ones in the previous category, have demonstrated to be stable and capable of achieving very high energy densities. However, they share the same weakness, i.e. a more complex production process. It is worth noting that the use of these strategies is not restricted to research but there are several companies that have introduced these strategies to the market, i.e. structure features and hierarchical structures. For example, the company Enwires produces silicon nano-wire anodes and another company, Nanospan, specializes in silicon-graphene composites. On the other hand, well established players in the battery market have favored the use of Si composites, which can be incorporated with more conventional manufacturing processes [START_REF] Nagai | Development of Highly Reliable High-Capacity Batteries for Mobile Devices and Small-to Medium-Sized Batteries for Industrial Applications[END_REF]. In general, these composites present lower energy densities than pure Si but a much greater stability.

Although announcements have been made that some companies plan to use pure Si in the near future, today [START_REF] Loveday | Tesla To Revolutionize Use Of Silicon In Batteries: Slash Costs, Increases Range[END_REF], SiO x in combination with graphite is used in the industry as a compromise between higher energy densities and cyclability [START_REF] Oberhaus | Welcome to the Era of Supercharged Lithium-Silicon Batteries[END_REF][START_REF] Liu | Silicon Oxides: A Promising Family of Anode Materials for Lithium-Ion Batteries[END_REF][START_REF] Nagai | Development of Highly Reliable High-Capacity Batteries for Mobile Devices and Small-to Medium-Sized Batteries for Industrial Applications[END_REF][START_REF] Oberhaus | Where Was the Battery at Tesla's Battery Day?[END_REF]. Hence the present thesis work focuses in this material, since it is which plays a role in current BMS applications. However, most of the work here developed can also be applied to Si anodes in general, for reasons that will be explained later in this chapter. Additionally, since we are concerned with the modeling of the material electrochemical behavior, it is important to know the physical processes that occur as the Li ions enter and join the Si particles.

Silicon lithiation mechanisms

In order to comprehend Si behavior and be able to design better Si anodes, studies [START_REF] Chan | First Principles Simulations of the Electrochemical Lithiation and Delithiation of Faceted Crystalline Silicon[END_REF][START_REF] Chan | First-Principles Studies of the Lithiation and Delithiation Paths in Si Anodes in Li-Ion Batteries[END_REF][START_REF] Chevrier | First Principles Model of Amorphous Silicon Lithiation[END_REF][START_REF] Zhao | Lithium-Assisted Plastic Deformation of Silicon Electrodes in Lithium-Ion Batteries: A First-Principles Theoretical Study[END_REF][START_REF] Gwak | Multi-Scale Analysis of an Electrochemical Model Including Coupled Diffusion, Stress, and Nonideal Solution in a Silicon Thin Film Anode[END_REF] and many different electrochemical models that will be presented in the second part of this dissertation. Based on this information, it is clear that to understand the Si lithiation it is important to distinguish between the first charge and discharge cycle and subsequent cycling. These concepts are now described.

many
First lithiation: For the first cycle, there is a great difference between amorphous Si 115] thus causing a considerable amount of cracking [START_REF] Mcdowell | 25th Anniversary Article: Understanding the Lithiation of Silicon and Other Alloying Anodes for Lithium-Ion Batteries[END_REF][START_REF] Rhodes | Understanding the Degradation of Silicon Electrodes for Lithium-Ion Batteries Using Acoustic Emission[END_REF]. Eventually, as the Si gets fully lithiated and there is no more c-Si left, the material reaches the Li 15 Si 4 phase and crystallizes [START_REF] Chevrier | First Principles Model of Amorphous Silicon Lithiation[END_REF][START_REF] Obrovac | Structural Changes in Silicon Anodes during Lithium Insertion/Extraction[END_REF]. This occurs around 50 mV vs. Li/Li + .

Although equilibrium coulometric titration at 415 °C has shown Li 22 Si 5 to be the highest lithiation degree for Si, from which the theoretical capacity of 4200 mAh/g is derived, this is not reached through electrochemical lithiation at room temperature, excepting some specific experiments [START_REF] Mcdowell | 25th Anniversary Article: Understanding the Lithiation of Silicon and Other Alloying Anodes for Lithium-Ion Batteries[END_REF].

In the case of a-Si, the multiplicity of diffusion ways makes for a homogeneous volume expansion. However, the exact reaction mechanism for the first cycle is not clear. Some authors have reported, through simulation [START_REF] Meca | Sharp-Interface Formation during Lithium Intercalation into Silicon[END_REF] and experimentation [START_REF] Hüger | Permeation, Solubility, Diffusion and Segregation of Lithium in Amorphous Silicon Layers[END_REF][START_REF] Mcdowell | In Situ TEM of Two-Phase Lithiation of Amorphous Silicon Nanospheres[END_REF], a two-phase reaction similar to the one c-Si. Others report a single phase mechanism [START_REF] Moon | Ab Initio and Kinetic Monte Carlo Simulation Study of Lithiation in Crystalline and Amorphous Silicon[END_REF]. And finally there are reports that a-Si lithiation occurs in two steps. First, the particle gets homogeneously lithiated to around 10% of its maximum capacity through a two-phase reaction and the a second two-phase lithiation occurs for the rest of the charge [START_REF] Uxa | On the Lithiation Mechanism of Amorphous Silicon Electrodes in Li-Ion Batteries[END_REF]. This might indicate that a-Si lithiation in not only dependent on the material but on factors such as the synthesis of the material. Independent of the precise reaction mechanism, all sources agree that Li diffuses more easily through a-Si and shows better mechanical stability than c-Si [START_REF] Ozanam | Silicon as Anode Material for Li-Ion Batteries[END_REF][START_REF] Jia | Intrinsic Stress Mitigation via Elastic Softening during Two-Step Electrochemical Lithiation of Amorphous Silicon[END_REF][START_REF] Zhao | Lithium-Assisted Plastic Deformation of Silicon Electrodes in Lithium-Ion Batteries: A First-Principles Theoretical Study[END_REF][START_REF] Kim | Vacancies in Si Can Improve the Concentration-Dependent Lithiation Rate: Molecular Dynamics Studies of Lithiation Dynamics of Si Electrodes[END_REF]. Furthermore, it is widely attested that the amorphous Li-rich phase, Li x Si, has a higher Li diffusivity than pure Si [START_REF] Jia | Intrinsic Stress Mitigation via Elastic Softening during Two-Step Electrochemical Lithiation of Amorphous Silicon[END_REF][START_REF] Strauß | Lithium Tracer Diffusion in Amorphous Li x Si for Low Li Concentrations[END_REF][START_REF] Moon | Ab Initio and Kinetic Monte Carlo Simulation Study of Lithiation in Crystalline and Amorphous Silicon[END_REF][START_REF] Kim | Vacancies in Si Can Improve the Concentration-Dependent Lithiation Rate: Molecular Dynamics Studies of Lithiation Dynamics of Si Electrodes[END_REF][START_REF] Wang | Study of Lithium Diffusivity in Amorphous Silicon via Finite Element Analysis[END_REF] and shows better mechanical characteristics [START_REF] Wang | High Damage Tolerance of Electrochemically Lithiated Silicon[END_REF].

First delithiation: Similar to the first lithiation, two cases must be distinguished, i.e. if the Li 15 Si 4 crystalline phase formed or not. If that is the case, then the Si experiences a phase transition from crystalline to amorphous which manifests as a potential plateau on the Si OCP [START_REF] Obrovac | Structural Changes in Silicon Anodes during Lithium Insertion/Extraction[END_REF]. it does not reach its initial size. This is because, at the end of the delithiation, Li-atoms remain trapped in the Si structure and, additionally, nano-pores form in the material [START_REF] Kim | Atomistic Simulation Derived Insight on the Irreversible Structural Changes of Si Electrode during Fast and Slow Delithiation[END_REF]. After this first cycle, independently if the cell started with c-Si and a-Si, the delithiated Si remains amorphous.

Subsequent cycling:

For the rest of the Si life, lithiation and delithiation are follow a similar pattern. The disrupted a-Si structure left after the first lithiation can take up Li more readily and no sharp reaction front is seen [START_REF] Mcdowell | In Situ TEM of Two-Phase Lithiation of Amorphous Silicon Nanospheres[END_REF][START_REF] Cao | The Atomic Scale Electrochemical Lithiation and Delithiation Process of Silicon[END_REF]. Volume expansion, on the other hand, does not start until the newly formed pores are filled [START_REF] Decaluwe | Pore Collapse and Regrowth in Silicon Electrodes for Rechargeable Batteries[END_REF]. Thereafter the Si particles expand linearly with the lithiation degree.

Finally, the Li 15 Si 4 phase is observed when the material is taken to a potential vs. Li/Li + under 50 mV. If crystallization occurs, delithiation proceeds as was already described. This is only considering the lithiation of a single particle. The phenomena here described also have an impact when one considers a porous electrode [START_REF] Otero | Design-Considerations Regarding Silicon/Graphite and Tin/Graphite Composite Electrodes for Lithium-Ion Batteries[END_REF]. But, as mentioned previously in this work, there is another important characteristic of the Si electrochemical behavior, i.e. the significant hysteresis observed in its OCP curve, figure 3.6 being a good example of this potential hysteresis.

Silicon Potential Hysteresis

The OCP is supposed to be a measurement of the material potential in thermodynamic equilibrium. However, the hysteretic nature of the Si OCP shows that the material at rest is far from any equilibrium state. As figure 3.8 shows, the stepped potential curve measured through coulometric titration does not resemble the galvanostatic potential curve. This is true even at extremely low C-rates (< C/100) [START_REF] Baker | An Approach to Characterize and Clarify Hysteresis Phenomena of Lithium-Silicon Electrodes[END_REF]. But, although this is an important part of the Si behavior, not much is known about its causes. Little direct research has been done with the express purpose of answering this question and many different phenomena can cause such potential difference. It is also likely that the hysteresis is the result of a combination of processes and no single cause can be determined.

Regardless of the uncertainty, most researchers point to either mechanical stress [START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF] or kinetic limitations [START_REF] Kim | Vacancies in Si Can Improve the Concentration-Dependent Lithiation Rate: Molecular Dynamics Studies of Lithiation Dynamics of Si Electrodes[END_REF][START_REF] Afshar | Hysteresis in PDE Model of a Li-Ion Battery[END_REF] as the main causes. Several studies have shown that tensile stresses facilitate diffusion and Li insertion whereas compressive stresses have the opposite effect [START_REF] Li | Asymmetric Rate Behavior of Si Anodes for Lithium-Ion Batteries: Ultrafast De-Lithiation versus Sluggish Lithiation at High Current Densities[END_REF][START_REF] Yang | Strong Kinetics-Stress Coupling in Lithiation of Si and Ge Anodes[END_REF][START_REF] Bucci | Measurement and Modeling of the Mechanical and Electrochemical Response of Amorphous Si Thin Film Electrodes during Cyclic Lithiation[END_REF][START_REF] Wang | A Multiphysics Microstructure-Resolved Model for Silicon Anode Lithium-Ion Batteries[END_REF][START_REF] Bower | A Finite Strain Model of Stress, Diffusion, Plastic Flow, and Electrochemical Reactions in a Lithium-Ion Half-Cell[END_REF][START_REF] Mai | A Reformulation of the Pseudo2D Battery Model Coupling Large Electrochemical-Mechanical Deformations at Particle and Electrode Levels[END_REF]. In other words, stress can either lower or increase the reaction energy barrier, and thus has an effect in the measured electrochemical potential. During lithiation, as the Si particle expands, its surface experiences compressive stresses (not necessarily in a two-phase reaction [START_REF] Mcdowell | 25th Anniversary Article: Understanding the Lithiation of Silicon and Other Alloying Anodes for Lithium-Ion Batteries[END_REF]) making the measured potential is lower than the actual equilibrium potential. During delithiation the contrary is true, tensile stresses form at the surface while the lithiated Si particle shrinks. This interpretation can also explain other observed characteristics of the Si such as its asymmetric rate behavior [START_REF] Li | Asymmetric Rate Behavior of Si Anodes for Lithium-Ion Batteries: Ultrafast De-Lithiation versus Sluggish Lithiation at High Current Densities[END_REF], i.e. the fact that Si can be delithiated much faster than it can be lithiated. Sethuraman et al. [START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF] measured the surface stress evolution of a Si-film during lithiation and delithiation, finding a correlation between the measured stress and the potential hysteresis. It was found that the Si-film would first expand elastically but would then transition to plastic deformation, during which stress would remain almost constant. Figure 3.9 depicts both the estimated surface stress and the measured potential vs. capacity, showing their correlation.

Another important characteristic of the Si potential hysteresis is that, when current is interrupted, the potential evolution does not stop [START_REF] Baker | An Approach to Characterize and Clarify Hysteresis Phenomena of Lithium-Silicon Electrodes[END_REF][START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF][START_REF] Sethuraman | Analysis of Electrochemical Lithiation and Delithiation Kinetics in Silicon[END_REF]. When the same behavior is observed in many other active materials it is of kinetic origin.

Therefore, if small currents are used, the measured potential gets close to the equilibrium potential and if current is interrupted in these conditions, little to no potential evolution is observed. Nevertheless, even for the lowest measurable rates currently achievable with state-of-the-art equipment [START_REF] Baker | An Approach to Characterize and Clarify Hysteresis Phenomena of Lithium-Silicon Electrodes[END_REF], the Si potential always "relaxes" when current is interrupted, i.e. it increases vs. Li/Li + if the Si was being lithiated before the current interruption, and decreases if it was being delithiated.

This potential relaxation eventually stops, although still far from the thermodynamic equilibrium. This is evidenced by the significant difference between the lithiation and delithiation rest potentials at the same lithiation degree as shown in figure 3.10.

The potential relaxation of Si can also be correlated to the stress evolution inside the material [START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF]. In figure 3.11, presented in the same publication by Sethuraman et al. [START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF], the stress evolution on the surface of a Si-film is measured alongside the potentials evolution when the current is interrupted. Both quantities follow similar trends. A possible explanation for the observed behavior can be that when current is interrupted, plastic flow continues temporarily, reducing the mechanical stress in the particle. Even though Sethuraman et al. have not been the only research team to measure the stress evolution in the Si during lithiation [START_REF] Li | In Situ Measurement of Mechanical Property and Stress Evolution in a Composite Silicon Electrode[END_REF],

to the best of my knowledge they have been the only team to explore the potential relaxation and stress coupling. All other in situ experimental measurements, focus A correlation between stress and potential evolution is observed. Source: adapted from [START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF].

on the continuous lithiation and delithiation of Si and not on intermediate lithiation states, i.e. under no charge current or potentiostatic conditions. However, it is worth mentioning the work by Jerliu et al. [START_REF] Jerliu | Lithium Insertion into Silicon Electrodes Studied by Cyclic Voltammetry and Operando Neutron Reflectometry[END_REF] on the Si volume expansion. In this work a very high correlation between volume expansion and potential vs. lithiation degree was found, both graphs being almost identical in shape. This gives further support for the hypothesis that mechanical stress and its interaction with the lithiation processes are the main source of potential hysteresis. There is a, however, no consensus on the origin of the Si hysteresis. Sethuraman et al. [START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF] estimate that around 50% of the potential hysteresis can be attributed to the measured stress. This is to be taken only a very rough estimate given the limitations of the Larché-Cahn potential, which they used to arrive to this estimate. And in successive publications they have concluded, based on their proposed electrochemical model, that a large kinetic resistance is also partially responsible for the hysteresis. However, this is a problem that is found through most of the literature, i.e. a model is constructed, its parameters are either measured, found in other publications or fitted through optimization and then it is concluded that the hysteresis is caused by one of the fitted parameters. This is not a problem in itself, but there is little experimental effort to corroborate these conclusions or to see if the underlying hypotheses are correct.

For example, it has been determined experimentally that Li self-diffusion in pure Si and room temperature is extremely slow, taking the Li atoms years [START_REF] Ronneburg | Surface Structure Inhibited Lithiation of Crystalline Silicon Probed with Operando Neutron Reflectivity[END_REF][START_REF] Hüger | Permeation, Solubility, Diffusion and Segregation of Lithium in Amorphous Silicon Layers[END_REF][START_REF] Kim | Vacancies in Si Can Improve the Concentration-Dependent Lithiation Rate: Molecular Dynamics Studies of Lithiation Dynamics of Si Electrodes[END_REF] to penetrate only a few nanometers into the Si. Diffusivity values are of course much higher in Li x Si [START_REF] Strauß | Lithium Tracer Diffusion in Amorphous Li x Si for Low Li Concentrations[END_REF] and the fact that a single phase lithiation is observed after the first cycle give confidence that in these conditions Li diffusion follows Fick's law, at least for an electrochemically driven lithiation of the Si. It might be that when current is interrupted, the Li concentration profile does not flatten completely [START_REF] Kim | Vacancies in Si Can Improve the Concentration-Dependent Lithiation Rate: Molecular Dynamics Studies of Lithiation Dynamics of Si Electrodes[END_REF] and since the measured potential depends on the Li surface concentration this would cause some potential hysteresis [START_REF] Afshar | Hysteresis in PDE Model of a Li-Ion Battery[END_REF]. It would be interesting to see experimental work 

Silicon oxide and suboxides

As previously mentioned, current commercial applications of Si do not use pure Si but some silicon suboxide mixed with graphite. Fortunately, most of the characteristics that have been presented are share by both materials. This is because SiO x , being a non-stoichiometric compound, is composed of pure Si domains dispersed in a SiO 2 matrix [START_REF] Kim | Solid-State NMR and Electrochemical Dilatometry Study on Li + Uptake/Extraction Mechanism in SiO Electrode[END_REF][START_REF] Hirata | Atomic-Scale Disproportionation in Amorphous Silicon Monoxide[END_REF][START_REF] Sepehri-Amin | Evidence for Nano-Si Clusters in Amorphous SiO Anode Materials for Rechargeable Li-Ion Batteries[END_REF] as figure 3.12 shows. The exact size and distribution of the Si domains depends on the synthesis method [START_REF] Chen | Recent Advancement of SiO x Based Anodes for Lithium-Ion Batteries[END_REF][START_REF] Yoo | Characterizing Local Structure of SiO x Using Confocal µ-Raman Spectroscopy and Its Effects on Electrochemical Property[END_REF][START_REF] Park | Characterizations and Electrochemical Behaviors of Disproportionated SiO and Its Composite for Rechargeable Li-Ion Batteries[END_REF] and on the oxygen quantity [START_REF] Yang | SiO x -Based Anodes for Secondary Lithium Batteries[END_REF][START_REF] Takezawa | Electrochemical Behaviors of Nonstoichiometric Silicon Suboxides (SiO x ) Film Prepared by Reactive Evaporation for Lithium Rechargeable Batteries[END_REF][START_REF] Kim | Microstructures and Electrochemical Performances of Nano-Sized SiO x (1.18 ≤ x ≤ 1.83) as an Anode Material for a Lithium(Li)-Ion Battery[END_REF][START_REF] Nguyen | Roles of Oxygen and Interfacial Stabilization in Enhancing the Cycling Ability of Silicon Oxide Anodes for Rechargeable Lithium Batteries[END_REF], since more generally speaking, not only SiO but SiO x (0<x<2) is used. Comparing Si and SiO x powder, the latter presents a significantly better cyclability [START_REF] Chen | Recent Advancement of SiO x Based Anodes for Lithium-Ion Batteries[END_REF][START_REF] Nagai | Development of Highly Reliable High-Capacity Batteries for Mobile Devices and Small-to Medium-Sized Batteries for Industrial Applications[END_REF][START_REF] Zhang | Capacity Fading Mechanism and Improvement of Cycling Stability of the SiO Anode for Lithium-Ion Batteries[END_REF][START_REF] Kajita | Improvement in Cycle Performance and Clarification of Deterioration Mechanism of Lithium-Ion Full Cells Using SiO Anodes[END_REF] even a low oxygen content [START_REF] Miyazaki | Anode Properties of Silicon-Rich Amorphous Silicon Suboxide Films in All-Solid-State Lithium Batteries[END_REF]. However, the SiO x stability comes at the expense of a lower gravimetric capacity and initial coulombic efficiency then Si [START_REF] Zhang | Capacity Fading Mechanism and Improvement of Cycling Stability of the SiO Anode for Lithium-Ion Batteries[END_REF][START_REF] Meng | Influences of Oxygen Content on the Electrochemical Performance of A-SiO x Thin-Film Anodes[END_REF].

During the first lithiation of SiO x , two separate reactions take place, First some Li reacts irreversibly with O and Si to form lithium silicates [START_REF] Miyachi | Analysis of SiO Anodes for Lithium-Ion Batteries[END_REF][START_REF] Jung | Atomic-Level Understanding toward a High-Capacity and High-Power Silicon Oxide (SiO) Material[END_REF][START_REF] Kim | Electrochemical Behavior of SiO Anode for Li Secondary Batteries[END_REF] as an efficient way to obtain nanosized Si particles. Moreover, the Li 4 SiO 4 matrix, even if electrochemically inactive, reduces the Si volume expansion [START_REF] Jung | Atomistics of the Lithiation of Oxidized Silicon (SiO x ) Nanowires in Reactive Molecular Dynamics Simulations[END_REF][START_REF] Zhang | Stress Evolution in SiO Electrodes for Lithium-Ion Batteries during Electrochemical Cycling[END_REF][START_REF] Pan | Systematic Electrochemical Characterizations of Si and SiO Anodes for High-Capacity Li-Ion Batteries[END_REF],

suppresses the formation of the crystalline Li 15 Si 4 phase [START_REF] Takezawa | Electrochemical Behaviors of Nonstoichiometric Silicon Suboxides (SiO x ) Film Prepared by Reactive Evaporation for Lithium Rechargeable Batteries[END_REF] and has a high lithiumion diffusivity [START_REF] Pan | Systematic Electrochemical Characterizations of Si and SiO Anodes for High-Capacity Li-Ion Batteries[END_REF][START_REF] Yamada | Kinetics of Electrochemical Insertion and Extraction of Lithium Ion at SiO[END_REF]. However, the Li used in the Li 4 SiO 4 accounts for the low coulombic efficiency on the first lithiation, and the more O content on the SiO x the lower it becomes [START_REF] Meng | Influences of Oxygen Content on the Electrochemical Performance of A-SiO x Thin-Film Anodes[END_REF]. For this reason, current research on SiO x explores different prelithiation techniques so that the formation of the Li 4 SiO 4 does not reduce the cell Loss of Lithium Inventory (LLI) [START_REF] Lepoivre | Electrochemical Activation of Silica for Enhanced Performances of Si-Based Electrodes[END_REF][START_REF] Shen | New Perspective to Understand the Effect of Electrochemical Prelithiation Behaviors on Silicon Monoxide[END_REF].

Regarding the electrochemical characteristics of the SiO x , the work conducted by Pan et al. [START_REF] Pan | Systematic Electrochemical Characterizations of Si and SiO Anodes for High-Capacity Li-Ion Batteries[END_REF] gives a systematic comparison between Si and SiO. In general it was found that, although both materials behave similarly, the SiO presented better rate capabilities. As figure 3.14 demonstrates, even though the Si has a higher capacity, when both materials are discharged at 15 C the SiO delivers more charge before hitting the voltage limit. Unsurprisingly, the SiO and Si OCPs are very

Lithiation Delithiation

C-rate C-rate Finally, there are several publications that deal with blended SiO x -graphite anodes specifically. The problems caused by the difference in lithiation and delithiation potentials are repeatedly emphasized [START_REF] Park | In Situ XRD Study of the Structural Changes of Graphite Anodes Mixed with SiO x during Lithium Insertion and Extraction in Lithium Ion Batteries[END_REF][START_REF] Yoshida | High Rate Charge and Discharge Characteristics of Graphite/SiO Composite Electrodes[END_REF][START_REF] Klett | Layered Oxide, Graphite and Silicon-Graphite Electrodes for Lithium-Ion Cells: Effect of Electrolyte Composition and Cycling Windows[END_REF]. This difference causes the anode to be lithiated in a two step process, first lithium flows exclusively into the SiO x , then into the graphite and reverse happens during delithiation. For blends with small SiO x quantities, the high current intensity causes accelerated degradation.

And in blends with significant SiO x , LLI can quickly lead to the graphite not being cycled at all. Si crystallization at high lithiation degrees [START_REF] Klett | Layered Oxide, Graphite and Silicon-Graphite Electrodes for Lithium-Ion Cells: Effect of Electrolyte Composition and Cycling Windows[END_REF] and a decrease in porosity anode porosity has also been observed in blended anodes [START_REF] Pietsch | Quantifying Microstructural Dynamics and Electrochemical Activity of Graphite and Silicon-Graphite Lithium Ion Battery Anodes[END_REF]. To conclude, this section has shown that SiO x and Si share many characteristics of their electrochemical behavior. This is no surprise given that the Si domains dispersed in SiO x structure are the ones that react reversibly with lithium. However the matrix if lithium silicates, mainly Li 4 SiO 4 , gives additional mechanical integrity to the SiO x .

This mean that the SiO x ages slower at the expense of a low initial CE and less gravimetric capacity.

Conclusion

To summarize, this chapter gives an account on the current understanding of the Si as anode material. It shows the reasons behind the interest on the Si as anode material, they main challenges that hinder its implementation and the efforts being made to address them. Additionally, it dives deeper into the physical mechanisms behind its lithiation and specially into the Si potential hysteresis because of its relevance for the thesis work. This chapter also showed the similarities and differences between Si and SiO x , demonstrating that most of the information over Si is also valid for SiO x since it is composed of pure Si-domains that ultimately are the active material. Finally, the literature that investigates the behavior of blended SiO x -graphite anodes was also analyzed, concluding that its defining feature is the 

Half-cell experiments

The main objective of the half-cell experimental campaign was to elucidate the OCP behavior of Si, SiO and graphite. This includes the characterization of the 62 

Electrodes origin and composition

The different electrodes used for this investigation were obtained through offsite cooperators: Lawrence Berkeley National Lab and Argonne National Laboratory [START_REF] Wilhelm | Electrochemistry of Si(O) Based Composite Electrode Materials for Insertion Batteries[END_REF]. This means that the coating for the electrodes was ready made. The cell assembly, on the other hand was done on-site. that "pure" SiO was used, in contrast to the 100-SiO-c cell which uses a "coated" SiO. Two Si cells, ArgSi and GaoSi, from different providers were also used in the experimental campaign. 

Electrode and Cell preparation

The cells were assembled as either coin cells or EL cells, see figure 4.1. The assembly process was as follows. The components were dried under dynamic vacuum for 720 min. This includes the separator (@ 60 °C), metal parts (@120 °C), and electrodes (@150 °C). The parts were then assembled in an argon-filled glove box.

The electrode sheets consisted of the coatings in table 4.3, spread on a 10 µm copper foil. The coated foil was punched to obtain a 14 mm diameter electrode. The rest of the process depends on if the resulting disk was intended to build a coin cell or an EL-cell. These cells were assembled as is here described.

Coin cells: It consisted of the anode coating to be tested, two Celgard 2325 separators, 2 spacers (1 mm and 0.5 mm) and a spring cap. 12 µL of electrolyte was applied to the anode and on each separator for a total of 36 µL. The Li electrode for the coin cell had a 15 mm diameter and a thickness of 0.5 mm. 

EL cells:

Cycling procedures

The experiments were carried out under standard ambient temperature and pressure conditions. Cells were cycled in isothermic conditions: at 25 °C inside climate chambers. In order to assure repeatability, a quantity of at least two cells were used for each experiment. The electrodes had a batch capacity of 1.539 mAh and were manufactured to have a 1 mAh/cm 2 . For this experimental set, C-rates were defined with respect to the 1.539 mAh capacity.

Coin cell experimental campaign results

Graphite anode characterization

The principal result extracted from the graphite half-cell experiments was the extraction of a high quality OCP curve, as depicted in figure 4.2. Here the graphite characteristic potential plateaus are clearly visible. Another thing to note is that the measured gravimetric capacity was very close to the theoretical maximum gravimetric capacity of graphite.

The three plateaus correspond to the phase transitions the material undergoes during lithiation and typically occur between 80 mV and 250 mV [START_REF] Dahn | Phase Diagram of Li x C 6[END_REF]. The precise Lithiation Delithiation 

Si anode characterization

The silicon OCP is marked by its potential hysteresis between lithiation and delithiation. Additionally, in contrast with graphite, 68% silicon capacity lies below 238 mV during lithiation, going down to only 14% for delithiation. This fact is of special relevance for the blended anode results discussed in the next section.

As noted in the literature [START_REF] Baker | An Approach to Characterize and Clarify Hysteresis Phenomena of Lithium-Silicon Electrodes[END_REF][START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF][START_REF] Pan | Systematic Electrochemical Characterizations of Si and SiO Anodes for High-Capacity Li-Ion Batteries[END_REF], although the C-rate used to obtain to -84 mV (-49 mV average) during delithiation. Although the mechanisms behind the Si potential hysteresis and the potential relaxation are poorly understood, the fact that the relaxation magnitude diminishes as lithiation increases supports the hypothesis presented by Sethuraman et al. [START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF]. This proposal links the potential relaxation with a stress relaxation in the Si particles, given the difference between the mechanical properties of pure Si and the Li x Si alloy.

The GITT experiment shows that the curve obtained through low C-rate cycling does not represent a true OCP, since it is not the equilibrium potential.

However, we will continue to refer to this curve as the OCP since, for modeling purposes, this describes the behavior of the potential as long as the input current is not 0. We will refer to the curve composed of the relaxed potential as the True OCP (t-OCP). However, it should be noted that after the 4 h rest the potential did not stabilize. I fact, even after much longer rest times the potential continued to evolve similar to what was described in [START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF]. This might be due to a continuous chemical delithiation of the material. Nevertheless, this limits the precision of GITT measurements when determining t-OCP. Given the sharp increase in potential at around 600 mV (see figure 4.

3) and the extreme potential relaxation the GITT showed around the same area, it was hypothesized that this relaxation was different in nature to the others. For this reason, a more thorough GITT was performed around that area. Figure 4.5 shows the results.

From this experiment, it was concluded that the ArgSi potential relaxes to values under to 600 mV regardless of the potential at the start of the relaxation period.

The value increases to 700 mV for the GaoSi. This could be because of an increase in the energy needed to extract the last Li atoms embedded in the reformed amorphous Si structure. Additionally, if the Si is cycled between 1200 mV and 500 mV, close to no charge is extracted/introduced. This means that the t-OCP of the Si lies entirely under 600 mV.

So far, none of the results presented have treated potentials under 60 mV.

The reason behind this is, as mentioned in the literature [START_REF] Mcdowell | 25th Anniversary Article: Understanding the Lithiation of Silicon and Other Alloying Anodes for Lithium-Ion Batteries[END_REF][START_REF] Chevrier | First Principles Model of Amorphous Silicon Lithiation[END_REF][START_REF] Obrovac | Structural Changes in Silicon Anodes during Lithium Insertion/Extraction[END_REF], that under this potential the highly lithiated silicon crystallizes forming Li 15 Si 4 . Two plateaus can be observed in the Si OCP, one appears during the first lithiation of the material, which corresponds to the transition between c-Si and a-Si as the Li enters the material (though a phase transition has been also observed in a-Si anodes [START_REF] Mcdowell | In Situ TEM of Two-Phase Lithiation of Amorphous Silicon Nanospheres[END_REF]); and a second one when Li 15 Si 4 is formed. Figure 4.6 shows the OCP curves for the ArgSi when cycled between at C/50 between 1800 mV and 60 mV, and 1800 mV and 1 mV.

However, it was found that the Li 15 Si 4 may only crystallize partially depending on conditions such as the lithiation rate, final potential, and the amount of time the material spends below 60 mV. Depending of the amount of crystallization, the delithiation curve changes as depicted in figure 4.7.

It was also corroborated that the triggering of the Li 15 Si 4 crystallization has a negative effect on the capacity retention. Cells cycled above 60 mV would have a much better coulombic efficiency. This is consistent to what has been reported in the literature [START_REF] Mcdowell | 25th Anniversary Article: Understanding the Lithiation of Silicon and Other Alloying Anodes for Lithium-Ion Batteries[END_REF]. A possible explanation to this phenomenon is that when crystallized, a reaction front appears during delithiation. This means that in the Si particle there will be a Li-poor surface and a Li-rich core. As the surface shrinks, tensile stresses crack the material and exposes the particle to the electrolyte, thus creating more SEI, consuming Si and Li.

Nevertheless, we do not expect crystallization to occur in a regular commercial cell. From the experimental results, it was concluded that the most important indicator as to whether the Li 15 Si 4 would crystallize or not, was the value of the Finally, as will be explained later in this chapter, the appearance of the Li 15 Si 4 phase would be particularly difficult in a cell with a SiO x -graphite blend.

SiO characterization

Similar to Si, two different types of SiO were tested, a first anode with pure SiO as active material and a second one with a special coating, i.e. the 80-SiO-p and 80-SiO-c cells respectively. Figure 4.8 shows the C/50 lithiation and delithiation curve for these materials. The coating had an sizable impact in the gravimetric capacity increasing it by 30% when compared to the 80-SiO-p. The 80-SiO-c cell also presented a better capacity retention. The small feature at 1 mV for the 80-SiO-p corresponds to a interruption to the charge current during testing and is not part of the OCP.

While similar to the Si OCP, the SiO presents an overall higher delithiation potential. The material releases a substantial part of its cyclable Li when discharges above 600 mV. This was somewhat unexpected given that in the literature it is considered that after formation, the SiO particles are composed of a Li 4 SiO 4 inactive matrix with pure a-Si domains embedded inside it. shows the OCP between 600 mV and 60 mV at C/50 (SiO) and C/150 (Si), both x-axes normalized with their own capacities. In the right plot the potential is cycled between 2500 mV and 60 mV at C/50, the Si curve is fitted to the SiO curve.

As figure 4.9 demonstrates, the SiO OCP does follow closely the shape of the Si OCP when cycled between 600 mV and 60 mV. Nonetheless, the curves start to differ at high potential indicating that some Li atoms can be reversibly cycled from the Li 4 SiO 4 . Another possibility is that the Li is being extracted from the transition phases between the Li 4 SiO 4 and the pure Si domains. From figure 4.9, it is clear that the Si curve from 2500 mV-60 mV fits the shape of the SiO OCP in the same potential range when the x-axis is adjusted. This indicates that the Li 4 SiO 4 is responsible for approximately 21% of the 80-SiO-c cyclable capacity. It should be noted that in contrast to the high potential at the Si OCP, for the 80-SiO-c the GITT measurements, depicted in figure 4.10, show that this is part of the OCP and not some overpotential. The 80-SiO-c exhibits a similar potential relaxation at every lithiation degree, resembling the behavior reported in [START_REF] Pan | Systematic Electrochemical Characterizations of Si and SiO Anodes for High-Capacity Li-Ion Batteries[END_REF]. On the other hand, 80-SiO-p act similarly to Si, with a significant potential relaxation close to complete delithiation. However, after relaxation the potential remains much higher than the Si t-OCP. also form in SiO, with its negative effects. 

Blended SiO-graphite characterization

Based on the blended electrode literature, the resulting OCPs from the SiO-graphite blends would be a combination of the SiO and the graphite OCP curves. A priori, one could think that this divergence is due to polarization potentials.

To illustrate why this might be the case, consider the current distribution in the materials during the middle plateau. During delithiation, when going from 130 mV to 140 mV the graphite releases of 80 mAh/g, i.e. 18.2% of its 1800 mV-1 mV discharge capacity. Between the same potential the SiO stores merely 2 mAh/g, i.e. 0.12 % of its 1800 mV-1 mV discharge capacity. This means that the average current that flows out of the graphite in this plateau is 40 times the one that flows out of the SiO, assuming they both have equal total mass. In the case of the 5-SiO-p cell and the 20-SiO-p cell, where masses are not equal, this ratio would increase to 760 and 160 respectively. Hence, if only the OCPs are considered and unless the amount of graphite is very small, one can neglect the current flow into/out of the SiO during above the top graphite plateau, the current flows almost exclusively to the SiO.

The extremely asymmetrical current distribution has a direct effect on the apparent C-rate the cell experiences. When the cell is subjected to a 1 C solicitation, this is normalized with the full-cell capacity. However, since only one material is active, only its capacity should be used. For the 20-SiO-p cell, SiO contributes with 49.3% of the total cell capacity, graphite is responsible for 50.7%. Thus, for this cell, there are times when under the same constant current input the C-rate doubles. I.e.

during the potential plateaus in the 20% wt SiO cell, a C/50 input has the same effect as C/25 rate on pure graphite. So, one should take into account this rate disparity when comparing the average plateau potential because any difference might be the result of a polarization voltage and not of an OCP difference. For this reason the values displayed in table 4.6 for the 0-SiO-p cell were measured at a C/25 rate and differ slightly from those in table 4.5. However, even with these considerations, the plateau potential changed. This supports the hypothesis that the plateau potential change with the addition of SiO is not of kinetic origin.

Another unexpected characteristic shown by the material blends was the size of the plateaus themselves. Using the same reasoning as in last paragraph, based on the pure material OCPs one would expect that the relative size of the plateaus would stay the same, given that the SiO would have a negligible contribution. This is not to say that the blended OCP should be the same as the graphite OCP starting from the middle potential plateau. 36% of the SiO 2000 mV-1 mV capacity lies under 125 mV, i.e. right before the start of the middle plateau. Thus, one should see some charge entering the SiO during lithiation and some influence in the OCP. However, its contribution is much more limited during delithiation, in theory realizing only 3% of its capacity between 1 mV and 145 mV, i.e. the end of the middle delithiation plateau.

Figure 4.14 illustrates this disparity between the charge and discharge SiO

influence. There, the pure graphite OCP is fitted over the blended 20-SiO-p OCP.

Though similar to what was done in figure 4.9, here delithiation and lithiation curves must be fitted separately, the apparent lithiation OCP must be stretched to accommodate the SiO contribution. However, this is not the only thing this figure evidences. The superimposed graphite curve fits too well, as if the SiO had no influence on the shape, only in the charge. It was mentioned before that, theoretically, a negligible amount of charge enters the SiO at the plateaus. Hence, the Li should enter the material at the transition between the plateaus, thus increasing the distance between the plateaus. Surprisingly, this is not the case, the size of the plateaus also increases with the SiO contribution. However, as figure 4.17 depicts, this artifact only appears when the cell is cycled between a sufficiently large potential window. This figure shows a section of the potential vs. time data of several C/50 consecutive cycles. The first curve (left), which started after the cell was delithiated to 1800 mV, clearly a showed the 48 mV feature. Subsequently the lithiation continued until 1 mV and then, after a 1 h rest, the cell was delithiated until the potential reached 238 mV. Then, after a 12 h rest, the cell was lithiated again. However, when the potential reached the 48 mV mark, no plateau was observed, only a small slope change. Then the same cycle was repeated and the feature vanished completely. An explanation for this phenomenon could be that, when reducing the cycling window, the SiO does not transition completely from the delithiation to the lithiation curve before the bottom plateau is reached. Thus, when the voltage starts to lower after the plateau, the SiO potential transitions smoothly to its lithiation curve (see figure 4.12) and the feature disappears. 

Conclusions from the coin cell experimental results

So far, this chapter has presented many different experiments which give valuable on the Si, SiO and the SiO-graphite blends. These experiments alone enabled us to make conclusions, that guided the development of the strategies, methods and models that are presented in chapter 6 and 7. These conclusions are:

-The OCP curves of the Si and the SiO, albeit similar, differ significantly above 600 mV. This suggest that the Li 4 SiO 4 phase does have some reversible capacity, contrary to what some authors affirm. The experiments also demonstrated that different coatings and treatments have a significant impact on the shape of the OCP. This means that if the electrodes are to be modeled independently and OCP curves are used, one must be careful and not take any Si OCP from an OCP database. At least several Si/SiO x OCPs should be tested to see which, with the correct electrode balancing, fits better the OCV.

-It was found that the Si crystallization can also be observed in the SiO, and that the crystallization can occur at different degrees, a partial crystallization of the highly lithiated phase. However, given the low potential vs. Li/Li + at which this happened (> 60 mV), we don't consider that this will occur under normal operation conditions for a commercial cell.

-Another interesting discovery was the appearance of the SiO pseudo potential plateaus. I.e. the potential relaxation and charge contribution of the SiO at the graphite plateaus. This is important since it means that the measured OCP of the blended SiO-graphite is in reality not an equilibrium potential (although, it never truly was since for the Si/SiO x it would be the t-OCP). Nevertheless, we see that this contribution is less important during delithiation and could be neglected.

Part II

Characterization and modeling of a cell with a SiO x -graphite anode

This part of the dissertation develops several models for a cell with a blended SiO x -graphite anode through the case study of a commercial cell containing said material. First, the blended SiO x -graphite full-cell (GrSiO-fc) is experimentally characterized and compared with a cell of the same series but from the last generation.

This last cell (Gr-fc) contains only graphite and will serve as a reference point to identify the how the addition of silicon alters the cell behavior. latter was made for the both GrSiO-fc and Gr-fc. Table 5.1 and 5.2 present the cell characteristics as specified in their datasheets.

Cell disassembly and OCP extraction

As the title indicates, the GrSiO-fc was opened and, from its electrodes, coin cells were fabricated. This was done in order to extract the anode and the cathode OCPs. The process was carried out in the same laboratory as the half-cell experiments (RTC-NA) and the equipment used was the same. These measurements were important for the validation of the non-invasive OCP extraction method developed in this thesis. Before the cell was disassembled, it underwent four charge/discharge cycles (2.5-4.2 V@C/10), and three more cycles at a lower rate (2.5-4.2 V@C/25).

Afterwards, the cell was discharged at C/100 until the terminal voltage reached the cut-off voltage (2.5 V). Finally, if the relaxed cell OCV did not exceed 2.8 V, the final voltage was 2.676 V. The cell was brought into the argon filled glove box. There, as figure 5.1 shows, it was disassembled using the following procedure:

1. top cap was removed with the help ceramic tweezers and a pipe cutter; 5. the cell casing was removed using needle nosed tweezers and a ceramic scalpel;

6. the cell stack was unrolled;

7. cathode, separator and anode were carefully separated;

8. one side of the electrode coating was cleaned with NMP using cotton swabs;

9. the electrodes were left to dry overnight in the glovebox and they did not undergo any additional drying step. The protocol defines if the input for the step is a Constant Current (CC), or CV. The value determines the input magnitude and, the stopping criteria (St.

criteria) is a condition that, if true, triggers the next step. The initialization protocol there described is common to most of the performed tests. This is done in order to start each experiment at a known SoC and at equilibrium conditions.

We note that according to this definition Q max = Q 20 °C C/20 , C-rates are defined for each cell according to their measured capacity. This Q n max value was updated four times during through the experimental campaign, i.e n ∈ 1, 2, 3, 4. The value 

Full-cell experimental campaign results

This section describes the principal results of the experimental analyzes performed on a commercial cell with a blended SiO x -graphite anode (GrSiO-fc). These experiments can be divided into three categories, the chemical characterization of the cell, the electrical measurements performed on the full-cell, and the determination of the electrode OCP from coin cells fabricated from the anode and the cathode after the cell disassembly.

Chemical characterization of the cell

In and another one found in much lower quantities which appears much brighter (SiO x particles). When a looking more closely, it can be seen that the particles also differ in their surface structures, the brighter particles having a rougher appearance.

Another thing that jumps to the eye is the contrast in particle size. This is apparent in figure 5.3, which depicts a cross section of the anode as seen with LiMi and SEM. The SiO x particles in the SEM appear darker in the LiMi and have a much smaller size. A special sample of the anode was prepared using an ion beam for better visualization. Figure 5.4 shows the resulting SEM images obtained from this sample. The pictures show that, on one hand, the SiO x particles have a special coating and, on the other, that some of the particles had already degraded. The detail 4 in figure 5. [START_REF]A European Strategy for Low-Emission Mobility[END_REF] shows what appears to be a agglomerate of SiO x small particles, probably resulting from the mechanical collapse of bigger particles because of the volume expansion and contraction stress.

Utilizing Energy Dispersive Spectrometer (EDS), the spectrum of different anode parts was obtained. Figure 5.5 presents the EDS results for the bulk of the SiO x , its hem and the graphite particle. The spectra corroborates that the bright particles are some kind of Si-based material and that the layer surrounding the particle has a high C content, probably a conductive additive. However, although O was detected in the SiO x bulk, this does not conclusively prove that the material in question is SiO. The Si-based material might be some other suboxide in the SiO x family or even pure Si, the O detected being in another compound. For this reason, Raman spectroscopy was also used to determine that the particle presented Si-O bonds. Nonetheless, this also does not prove that the material is SiO.

Finally, ICP-OESs was used to determine the proportion of Si in the sample.

It was concluded that the electrode coating was 1.86 wt%, if the Si-based material is pure Si. If the material is SiO then the value increases to 2.92 wt%. These experiments and techniques here described where also applied to the analysis of the cathode coating, the main result issued by the tests was that the active material was determined to be NCM811. to the bulk of the bright particle and shows a clear presence of Si. Sp. 2 is taken from the particle hem and presents a distinctive C peak, this possible conductive additive. Sp. 3 has a clear C peak and is probably graphite

Full-cell electrical tests

Since the main objective of this work was to develop an electrical model for a BMS implementation, it was important to collect data on the electrical behavior from unaltered commercial cells. Our model should ultimately be parameterized and validated with this data, since it reflects something closer to what is available in a real BMS implementation. This section presents the main experimental results that were collected from the GrSiO-fc and Gr-fc: the OCV curves, the voltage response before a drive cycle current solicitation and the hysteresis behavior at the full-cell level, among others.

The tests on the commercial cells started with a series of preconditioning cycles. Afterwards, the cells were cycled between the voltage limits at C/5, C/10, C/20, C/30, C/50 and C/100. Figure 5.6 depicts the resulting voltage curves of the GrSiO-fc at select C-rates. The graph also shows the difference between the charge and discharge curves. In the figure, we can see how polarization voltages increase with C-rates. This increase being more important at low SoC, something common to most lithium-ion batteries and not necessarily related to the presence of SiO x . The curves derived using C/50 (not depicted in the figure) and C/100 rates where almost identical. We consider the curve derived from the C/100 test to be the cell OCV. Now, let's analyze the OCV curves of both cell types as presented in figure 5.7. Just from looking at the curves it is easy to identify which contains a silicon material and which does not: the curve from the GrSiO-fc presents a noticeable voltage hysteresis at low SOC levels. As was mentioned before, we hypothesized that the GrSiO-fc would have almost the same composition as the Gr-fc, apart from the addition of the SiO x . This was because the GrSiO-fc is a newer version of the Gr-fc, from the same cell series. And, excepting the area of the OCV where the SiO x has an influence, both curves match almost perfectly, supporting our hypothesis. Another effect from the addition of SiO x to the anode is seen when the OCV transitions between the charge and the discharge curves. As depicted in figure 5.8, when the cell is cycled between different SoC levels, the trajectory is different and the characteristic graphite plateaus appear at different SoCs. This phenomenon occurs because, when the discharge process is started, the SiO x OCP starts to transition from the lithiation to the delithiation curve. When the potential reaches the top graphite plateau, the voltage evolution halts almost completely. This means that the graphite plateau can appear at several SoC values, since for a given anodic potential the charge contained in the SiO x also depends on the hysteresis state. To model this behavior the materials should be modeled separately.

GITT tests were also conducted on the cells. The aim of this test was to gain insights into the dynamic behavior of the cell and into the True OCV (t-OCV) of the GrSiO-fc. The GITT test protocol consisted of 2% SoC steps at C/5, followed by a 2h relaxation. This was done for both charge and discharge. The result from this -0% -0% -0% -0% -0% -0% -0% -0% The same testing procedure was repeated with the WLTP profile. The use of small C-rate in general and specially at the low-SoC was done in order to avoid the rapid aging of the cell. Particularly of the SiO x . A consequence of this decision is that the resulting measurements do not capture possible current dependent non-linearities. The current intensity is reduced at lower SOC to avoid severe SiO x degradation.

SOC window

Graphite plateau movement

current profile was applied. Figure 5.12 shows a representative section of the current profile and the terminal voltage vs. the cell SoC. 

GrSiO-fc OCP measurements

As described in the previous section, the GrSiO-fc was opened and coin cells with a reference pure Li anode were made from both of the GrSiO-fc electrodes.

Then the anodic and cathodic OCP curves were measured. The resulting curves are shown in Figure 5.13. From these full-cell measurements, two deductions can already be made.

First, that the presence of Si/SiO x is easily detected from OCV measurements.

Second, that the transition between the charge and discharge OCVs is not straightforward. The voltage evolution can only be understood by considering both the graphite and the SiO individually, not as a monolithic anode. In order to capture these behaviors, the electrical model should consider the graphite, the SiO and their interaction.

Estimating the GrSiO-fc electrode balancing and anodic OCP

From the experimental characterization of the GrSiO-fc cell it is clear the to understand the hysteresis behavior it is necessary to consider what is happening in each of the cell active materials. This means that to understand the cell OCV behavior it is necessary to have knowledge from the different OCPs. However, the relationship between the OCV and the OCPs curves is not as simple as subtracting the anodic and cathodic OCPs. The electrode balancing of the cell must also be determined. This chapter explains the concept of electrode balancing and then proposes different strategies to determine it when some of OCPs curves are unknown or do not generate a good quality OCV. This is done because, although the GrSiO-fc was disassembled and the its anodic and cathodic OCPs were measured. This option requires a lot of specialized equipment and time. Therefore, it is important to develop methods to avoid the need to perform new half cell measurements. This chapter provides methods to determine the amount of silicon present in the anode based on the cell OCV curve, to estimate the cell balancing without knowledge of the anode or cathode OCP, and to estimate the OCP from different silicon-graphite blends.

Electrode balancing

In battery design, the electrode capacity balancing, mass balancing, electrode balancing or simply balancing [START_REF] Kasnatscheew | A Tutorial into Practical Capacity and Mass Balancing of Lithium Ion Batteries[END_REF] refers to the process of choosing the initial quantity of active material for the cathode and the anode. The same term is used in battery modeling with a slightly different meaning, which is explained further down this section. It must not be confused with the term battery balancing or cell balancing, which refers to the SoC matching process that must be done in a battery pack.

The battery designer decides the electrode active mass with two objectives in mind: to achieve the desired cell capacity and to make the cell more robust against lithium plating. The final cell capacity depends on how much lithium the electrodes can exchange while respecting the cut off voltages. Consider, for example, a cell whose anode capacity is much smaller than its cathode capacity. When charged, the anode would fully lithiate before all the usable Li leaves the cathode, making the remaining charge in the cathode effectively useless. To maximize the energy a battery can deliver, both electrode capacities should, in theory, be as close as possible. That is the material reversible capacity. As figure 6.1 illustrates with anodic potential curves, there is a notable capacity loss between the first and the second cycle, principally due to the SEI formation [START_REF] Kasnatscheew | A Tutorial into Practical Capacity and Mass Balancing of Lithium Ion Batteries[END_REF]. The capacity loss between the first and the second charge cycles is referred to as the irreversible capacity.

However, for safety reasons, [START_REF] Kim | Effects of Capacity Ratios between Anode and Cathode on Electrochemical Properties for Lithium Polymer Batteries[END_REF][START_REF] Kasnatscheew | A Tutorial into Practical Capacity and Mass Balancing of Lithium Ion Batteries[END_REF][START_REF] Reuter | Importance of Capacity Balancing on The Electrochemical Performance of Li[Ni 0.8 Co 0.1 Mn 0.1 O 2 (NCM811)/Silicon Full Cells[END_REF][START_REF] Schindler | A Novel Mechanistic Modeling Framework for Analysis of Electrode Balancing and Degradation Modes in Commercial Lithium-Ion Cells[END_REF], the anode capacity is always selected to be higher than the cathodes. The ratio between the negative and the positive electrode capacity, called the N/P ratio, is thus an important design consideration. A ratio greater than 1 being safer but is worse in terms of energy density, specific energy and cost. Typical N/P values in commercial cells oscillate between 1.1 and 1.2 [START_REF] Kasnatscheew | A Tutorial into Practical Capacity and Mass Balancing of Lithium Ion Batteries[END_REF] 6 Estimating the GrSiO-fc electrode balancing and anodic OCP

N/P = Q max,an Q max,ca . ( 6.1) 
Since the anode capacity exceeds that of the cathode, it is Q max,ca that determines the cell capacity in the first cycle. However, as stated before, several side reactions inside the cell will irreversibly consume Li atoms, taking them from the cells usable charge. This occurs through the life of the cell but is especially strong during the SEI formation in the first charge/discharge cycle. The quantity of Li that can partake in the reaction between the electrodes is called the cell lithium inventory (Q Li ). As we know, when the cell is assembled, the whole lithium inventory of the cell lays in the cathode. This means that, at the beginning, there is the exact amount of lithium to fully lithiate the cathode. After the first cycle, the inventory shrinks, and the cathode can never be again completely charged. This loss of cyclable charge is referred to as the loss of lithium inventory (LLI) and is responsible for the decrease in cell capacity over its lifetime

LLI(t) = Q max,ini -Q max (t) (6.2) 
Likewise, as the cell ages the electrodes degrade, diminishing their capacity.

This phenomenon is called the Loss of Active Material (LAM).

LAM k (t) = Q max,ini,k -Q max,k (t), k ∈ an, ca. (6.3) 
A direct effect of the LLI is that Q max < Q max,ca , so in order to design a cell with an particular capacity the cathode must have enough Li to support the SEI formation and the desired amount of cyclable Li. Another not so obvious impact of the LLI and the LAM is the change of the OCV over the cell life. In order to illustrate this, the relation between the OCV and OCP is explored in more detail.

First, it is useful to define a variable analog to the SoC but for the electrode, i.e. the electrode state of charge Z k . One might think that the lithiation degree fulfills this role. However, since in practice the lithium concentration never reaches the maximal theoretical value, and that many materials (like LiCoO 2 ) cannot be delithiated past a certain limit, it is more useful to define a value that relates to the electrode actual capacity Q max,k , an analog to the SoC in the full cell. Thus, we define Z k , the electrode SoC, with the following relation

Z k = θ k -θ l,k θ h,k -θ l,k (6.4) 
with θ h,k and θ l,k being the real higher and lower lithiation limits respectively. By multiplying with the total active mass, the same relation can be rewritten in terms of the absolute lithium amount

Z k = Q Li,k -Q l,k Q h,k -Q l,k = Q Li,k -Q l,k Q max,k (6.5 
)

Z k = Q k Q max,k (6.6) 
Since Z k is a function of θ k , and so is the OCP we can write equation (

as

U OCV (SoC) = φ ca (Z ca ) -φ an (Z an ). (6.7) 
Something to note from this equation is that for two cells with the same electrode materials, i.e. the same OCP curves, can have a different OCVs. This depends on the relation between Z an , Z ca and the cell SoC, which differs from cell to cell. Consider a ∆Q, a quantity of charge exchanged between the electrodes.

This exchange alters the SoC, Z an and Z ca differently, as described by the following

relations ∆SoC = ∆Q Q max , ∆Z an = ∆Q Q max,an , ∆Z ca = -∆Q Q max,ca . ( 6.8) 
Note that ∆Q must have different signs for cathode and anode. We can then write

∆Z an = ∆SoC Q max Q max,an , ∆Z ca = -∆SoC Q max Q max,ca . ( 6.9) 
Finally, we know that when the battery is assembled, SoC = 0%, Z an = 0%

and Z ca = 100%. However after the first cycle and thereon, SoC = 0%, Z an ≈ 0%

and Z ca = 100% -LLI Qmax,ca • 100%. Now, both Z an and Z ca can be expressed as a function of the SoC

Z an = SoC Q max Q max,an (6.10 
) and that of its constituent active materials

Z ca = 1 -SoC Q max Q max,ca - LLI Q max,ca . ( 6 
Z mix = k Q k k Q max,k (6.12) 
This equations represents the fact that the total electrode capacity is the sum of the of the partial capacities (Q max,k ), and that the total cyclable charge is the charge stored in the different active materials (Q k ). This equation can be rewritten in terms of the active materials Z k as

Z mix = k Q max,k Z k Q max,mix (6.13) 
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We now define the capacity fraction α k as the ratio between the active material capacity and the total electrode capacity

α k = Q max,k Q max,mix (6.14) 
Then equation 6.13 can be rewritten

Z mix = k α k Z k (6.15)
Note that the Z k are a function of the active material potential φ k , i.e. the inverse of the OCP. Additionally, in the case of a mixed electrode, there is electrical conductivity between the active materials, thus φ mix = φ k . Equation 6.15 shows that Z mix (φ mix ) is a linear combination of the Z k (φ k ) weighted by their respective capacity fractions. To derive the electrode OCP, it suffices to invert the Z mix (φ mix ) curve. In the specific case a mixed SiO x -graphite anode, the equation will be

Z mix (φ mix ) = α SiO Z SiO (φ mix ) + (1 -α SiO )Z gr (φ mix ) (6.16)
With α gr = 1 -α SiO . However, a couple remarks must be made before using this equation to estimate mixed SiO x -graphite OCPs. Firstly, the sole value that can tell us a priori how much SiO x is in the cell is the SiO x weight percentage in the electrode coating. Nevertheless, it is difficult to derive the SiO x capacity fraction from this value. This is because the relation between wt % and α is not straight forward. On one hand, the wt % that is used in the context of cell design refers to the total weight of the electrode coating, including the binder and additives.

On the other hand, even if the initial quantities of SiO x and graphite are known, after the formation of the SEI these will change. Additionally, manufacturers do not disclose the exact value of x in the SiO x used. This factor determines factors like the gravimetric capacity of the material.

Secondly, to go from weight to charge one must use the gravimetric capacity of the material. However, in reality, the gravimetric capacity can vary significantly, as demonstrated in chapter 4. Finally, as was mentioned in that same chapter, the silicon behaves in a different manner when it is mixed with graphite, and this relation does not take into account that the SiO x will be active during the graphite plateaus.

For this reason using the SiO x potential with the pseudo plateaus (see figure 4.15) instead of the SiO x OCP would give better approximation to the true mixed anode OCP. Figure 6.3 shows the resulting predicted OCPs for different values of α SiO and a comparison between the measured OCP of the 5 % SiO coin cell and the corresponding estimation. One can see that, even with the limitations listed above, the equation does a good job at predicting the resulting OCPs.

On a final note regarding the implementation of equation 6.16, one should note that this relation can only be used if the OCP curve can be inverted. This should, in theory, always be possible since the OCP curve of a material is monotonic.

However, if the OCP curve presents some measurement noise or almost flat in certain places, the derivative may change sign and the curve cannot be inverted. To avoid this the OCP data can be smoothed or interpolated with a monotonic polynomial.

Estimating the SiO capacity fraction from full cell measurements

As explained in the previous section, α SiO is needed to estimate the OCP of a mixed SiO x -graphite anode. Knowledge of whom is important, for example, to find the electrode balancing of a cell. This equation can also be used to update the anodic OCP used in a BMS as the battery ages and α SiO evolves. Therefore it is useful to have a simple method of estimating α SiO from full cell measurements. For example, in figure 6.3 the α SiO was found through optimization. I.e. finding the α SiO that would minimize the error between the measured OCP and the estimation.

Nonetheless this may not a feasible solution at the full cell level. In this case, a similar approach would require not only knowledge of the OCP of all the active materials in the cell (both anode and cathode), but also to find the cell balancing.

This would make it a more complex optimization problem, difficult to implement on a BMS. In this section we present a simple way to approximate α SiO from OCV measurements. In this case they appear as the peaks in the derivatives at 46% SoC and 80% SoC.

To start, let us analyze figure 6.4. There the charge OCV curve of the GrSiO-fc is plotted, along with its derivative. Additionally, the figure also depicts the derivative of the graphite OCP. Since the OCV is the cathode OCP minus the anode's, this last derivative is multiplied by minus one. Finally, the graphite OCP derivative is aligned with the OCV derivative. From the figure, the influence of the graphite OCP on the OCV is clear. The derivative curves, although displaced on the Y-axis, share two distinct peaks. This features correspond to the phase transitions between the graphite plateaus: between the lower and the middle plateau (∼55% SoC), and between the middle and the top plateau (∼20% SoC). ∆Z A→B SiO Q max,SiO + ∆Z A→B gr Q max,gr = ∆Q A→B , (6.17)

∆Z B→A SiO Q max,SiO + ∆Z B→A gr Q max,gr = ∆Q B→A . (6.18)
Where ∆Z A-B SiO is the change in the SiO SoC between both points A and B during charge (Lithiation of the anode), and ∆Z B-A SiO is the same but for the discharge curve. Both of them can be find using the SiO SoC. ∆Z A-B SiO and ∆Z B-A SiO are their equivalents for the graphite. ∆Q A-B is the charge that entered the battery between point A and B during charge and ∆Q B-A during discharge. Since the only unknowns in the equations are Q max,SiO and Q max,gr , the system can be solved and α SiO can be then derived using expression 6.14.

In practice, this relation can be applied to any cell with a two-material anode that includes graphite, as long as the graphite phase transitions can be clearly identified on the OCV curve. Moreover, the equation can be simplified if the cell's α SiO is sufficiently small. Additionally, most of the charge in the silicon is accessed at a higher potential than the graphite. By inserting the experimental values for the three GrSiO-fc used for the measurements we obtain on average

α avg SiO = 11, 9% (6.25) 

Verifying the α SiO

As presented in section 5.2.1), the inductively coupled plasma-optical emission spectrometry results show that the SiO in the anode sample is 2.92 %. This result is based in the total Si detected inside the sample and it is not the same weight percentage used in cell manufacturing, which considers the total weight of the electrode coating and not just the active materials. In other words, the following equation can be written

β SiO = w SiO w gr + w SiO = 2, 92% (6.26) 
Where β SiO is the weight fraction of SiO and the w k is the total weight in grams for material k. To be able to compare β SiO to α SiO , we first replace w k by a charge related value. This means that we express the w k as Q max,k multiplied by the gravimetric capacity of the material 

β SiO = Q max,
β SiO = α SiO c * SiO 1-α SiO c * gr + α SiO c * SiO (6.29)
Now β avg SiO can be derived using α avg SiO from 6.25

β avg SiO = 2.87% (6.30) 
This result is indeed very close to the 2.92% obtained through spectroscopy, giving credence to the effectiveness of the methodology.

Finding the electrode balancing of the GrSiO-fc

The chapter 5 presented a series of behaviors the GrSiO-fc cell exhibits, which can only be understood by considering the cathode, the SiO and the graphite separately. This means that black-box models that only consider the OCV cannot capture these phenomena. The OCP curves must be used to model the equilibrium voltage of the cell. However, this poses an additional problem: in order to replace the OCV by the OCPs, the cell balancing must be known. This section presents, first, some challenges specific to the finding the balancing in a mixed SiO x -graphite cell, and secondly, a methodology to find the cell balancing that addresses these difficulties.

To start, let us shortly review a common way of finding the electrode balancing of a cell. As presented in section 6.1, the parameters that define the cell balancing are determined by finding the values which minimize the difference between the measured OCV and the difference between cathodic and anodic potentials minf cost (Q max,an , Q max,ca , Z an,0% , Z ca,100% ) = OCV -(φ ca -φ an ) (6.31)

Cell balancing estimation using the cathode and the anode OCP

First, the cell balancing was estimated using the OCP curves obtained from the coin cells fabricated from the GrSiO-fc electrodes. This was important in order to establish a reference against which other balancing strategies can be assessed.

Figure 6.6 depicts the results. In theory, the measured OCV and the difference between the OCP curves, after balancing and correcting for bias, should match almost perfectly. Indeed, for values above 5% SoC the average error between the charge curves is 1.2 mV and 1.1 mV for discharge. . The maximum error in the same region for both charge and discharge being 3.3 mV. However, the error increases below 5% SoC, this mismatch can be due to small variations in the SiO content. Another probable explanation is that at this place the experimental curves show not only the OCP, but also the transition between the discharge and charge curves. In the full-cell measurements and half-cell this transition does not commence at precisely the same potential thus creating slightly different curves. Any small difference between curves below 5% SoC is amplified by the steepness of the curve, whose derivative strongly increases in magnitude around this region. For this reason, the error between curves peaks around 0 % SoC, reaching 161 mV. However, the total average error remains low at 2.3 mV for charge and 3.2 mV for discharge.

If instead of using the measured anode OCP we use the curve obtained by combining the SiO and graphite OCP as describe in the previous section, the overall result is the same. However, the average error goes up to 3.2 mV for charge and 5.2 mV for discharge. With a maximum error for SoC > 5% of 8.1 mV. (Bottom) OCP difference and the measured OCV error, the curves show good agreement above 5% SOC.

Cell balancing and cathode OCP estimation

As we have shown, the mismatch between the OCV obtained through the balancing of the OCPs, and the measured OCV remains under 10 mV for a SoC over 5 %. This gives credence to the estimated cell balancing and the overall quality of the OCP. As was explained in section 6.1, knowing the balancing let us estimate values such as the cell LLI. However, in applications where a very precise SoC estimation is needed, it is important that the OCV for the estimation matches the measured OCV as closely as possible. For BMS applications this is usually not a concern, since the measured OCV can be used directly in many BMS oriented cell models. Models, like the one that is developed in the next chapter, that require the use of the OCPs need a different approach. A possible solution is to define one of the OCP curves, usually the one responsible for most of the OCV error, as a function of the measured OCV and the other OCP curve φ an = φ ca -OCV, φ ca = φ an + OCV ; (6.32)

If we obtain the SiO-graphite OCP from the OCV measurements in this manner, all the OCV error is eliminated. If, on the other hand, we sum the anodic OCP and the OCV to obtain the NCM811 OCP, the resulting curve presents a potential spike close to 0% SoC like the error curve depicted in figure 6.6. This spike must be eliminated in order to preserve monotonicity of the OCP, thus the OCV error is not completely removed but is reduced.

Using this strategy also means that, if the electrode balancing in known, one would only require one OCP curve. This is extremely useful in the case of silicon.

As presented in chapter 4, Si-based OCPs can vary significantly. Therefore, it is advantageous to be able to extract the anodic OCP directly from the measured OCV.

Nevertheless, if we suppose that the anodic OCP is not reliable the method of finding the electrode balancing from the previous subsection cannot be utilized. Therefore, a way of finding the balancing independent of the anode OCP is needed.

In the case of a mixed SiO x -graphite anode, the following methodology was developed. As explained in section 6.3, the graphite plateaus can be identified in the GrSiO-fc OCV. Independently of any other material in the electrode blend, the graphite will impose its potential at the plateaus. Since the derivative of the OCP at the plateaus is close to 0, we can assume that whatever magnitude of the OCV derivative observed at this place is due to the influence of the cathode. Thus, to find the electrode balancing it suffices to minimize the difference between the OCV and OCP derivatives at the graphite plateaus. The balancing of the cathode is found using the identified graphite plateaus in the OCV. The OCP is fitted so that the derivatives (Bottom) match in between the peaks of the graphite transitions evident in the OCV derivative.

minf cost (Q max,ca , Z ca,100% ) = ∂OCV ∂SoC - ∂φ ca ∂Z an (6.
Figure 6.7 shows the resulting balancing. There, the cathode OCP derivative was fitted to match the black sections of the OCV derivative. These black sections on the OCP correspond to the OCV at the plateaus plus the average potential of the each of the plateau, which in theory corresponds to the cathodic potential. The cathode balance found through this method was the same as the reference balancing presented in the previous section. If, on the other hand, we suppose that the cathode OCP is unknown, a similar methodology can be used to find the anodic balancing.

Instead of using the flat features of the curve, we can match OCV and the OCP using the transitions between the plateaus which are clearly identifiable in the OCV derivative.

7 Electrical modeling of the GrSiO-fc

lithium-ion cell models for BMS applications

In the battery domain there is no one-size-fits-all model. Everything depends on the particular aspect of the system that one wants to capture. A battery designer, for example, is more interested in how parameters such as particle size or coatings affect the cell performance. Therefore, they will use models in which these parameters appear explicitly, like electrochemical models or finite element models of the electrodes.

A researcher looking for new active materials might model the cell at a molecular level in order to gain insight into the material lithiation mechanisms. Chapter 1 presented the main functions of a Battery Management System (BMS) and some special constraints for a BMS oriented model, like the low computational complexity and the ease for parametrization. This section explores some of the prominent modeling approaches used in BMS applications, additionally dedicating a section to the modeling of lithium-ion cells with blended electrodes. Then the modeling of voltage hysteresis is also studied, given its importance for Si-based materials.

And, finally, this section presents some of the existing strategies to estimate the electrode balancing of a cell through noninvasive methods, a topic relevant to the parametrization of the model developed in this thesis.

Modeling approaches

For such a complex and diverse system as a battery, it is no surprise that huge number of modeling approaches exist, even when reducing the scope to only BMS applications. A cursory search for the term "battery management system model" in Google Scholar returns close to three million results. In this field many different 120 modeling approaches can be found, neural networks [START_REF] Weigert | State-of-Charge Prediction of Batteries and Battery-Supercapacitor Hybrids Using Artificial Neural Networks[END_REF], Markov chains [START_REF] Chiasserini | Pulsed Battery Discharge in Communication Devices[END_REF],

electrochemical models [START_REF] Doyle | Modeling of Galvanostatic Charge and Discharge of the Lithium/Polymer/Insertion Cell[END_REF], equivalent circuits [START_REF] Hageman | Simple PSpice Models Let You Simulate Common Battery Types[END_REF], etc. Given the abundance of literature, many aggregative works have structured different classification system for the battery models [START_REF] Jongerden | Which Battery Model to Use?[END_REF][START_REF] Chaturvedi | Algorithms for Advanced Battery-Management Systems[END_REF][START_REF] Plett | Battery Management Systems[END_REF][START_REF] Waag | Critical Review of the Methods for Monitoring of Lithium-Ion Batteries in Electric and Hybrid Vehicles[END_REF][START_REF] Wang | A Comprehensive Review of Battery Modeling and State Estimation Approaches for Advanced Battery Management Systems[END_REF]. This section focuses on three prominent cell models: electrochemical models, focusing on the Doyle-Fuller-Newman model, also known as the Pseudo 2D (P2D) model; the equivalent circuit model and finally the fractional battery model.

Electrochemical models:

This family of models uses the equations that represent the physical processes inside the cell. With them, not only is the terminal voltage accurately modeled, but also many other physical variables [START_REF] Wang | A Comprehensive Review of Battery Modeling and State Estimation Approaches for Advanced Battery Management Systems[END_REF]. These representations give unique insight to important information inside the cell, e.g. potential distribution, temperature profiles and lithium concentration.

Another advantage is that many of the cell parameters appear explicitly in the model equations [START_REF] Plett | Battery Management Systems[END_REF]. Parameters such as electrode porosity, particle size and separator thickness are often part of the model, making them popular in the cell design process. However, these same characteristics hamper their application in a BMS. These models, composed of several coupled partial differential equations,

Linear diffusion
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Radial diffusion

Radial diffusion are computationally heavy for the embedded system of the BMS. Additionally, the great number of parameters demands a deep knowledge of the cell, or invasive and often expensive testing. If parameterized through a large-scale optimization campaign using voltage and current measurements, a good inputoutput (current-terminal voltage) agreement can be reached. Nevertheless, if the parameters are found in this fashion, the validity of the internal states of the model is put into question. Which is their main selling point for potential BMS applications. Today, research effort on this modeling approach concentrates in making it more computationally compact [START_REF] Jokar | Review of Simplified Pseudo-Two-Dimensional Models of Lithium-Ion Batteries[END_REF]. This means either reducing their complexity or rendering its calculation more efficient.

Since its introduction in 1993 [START_REF] Doyle | Modeling of Galvanostatic Charge and Discharge of the Lithium/Polymer/Insertion Cell[END_REF], the P2D model has become one of the most well known and used electrochemical models for lithium-ion cells. This description of the cell considers the diffusion of the Li + ions through the liquid and the solid phase of the cell, the electrolyte and the active materials respectively. Figure 7.1 shows a lithium-ion cell as seen through the P2D model.

There, the Li + concentration in the electrolyte is considered to change only in the direction perpendicular to the current collectors, the x-axis in figure 7.1.

The active material particles are modeled as spheres and the lithium-ions diffuse with spherical symmetry through it. These two diffusion dimensions constitute the 2D in the P2D model. To link liquid and solid phase diffusion, the model uses the Butler-Volmer equation. This is the basic structure of the model, many different variations exist each with their own advantages [START_REF] Jokar | Review of Simplified Pseudo-Two-Dimensional Models of Lithium-Ion Batteries[END_REF].

As mentioned before, current research focuses on simplifying the model [START_REF] Chaturvedi | Algorithms for Advanced Battery-Management Systems[END_REF][START_REF] Jokar | Review of Simplified Pseudo-Two-Dimensional Models of Lithium-Ion Batteries[END_REF][START_REF] Sabatier | A Single-Electrode Fractional Model for Lithium-Ion Batteries[END_REF] and making it more computationally efficient [START_REF] Jokar | Review of Simplified Pseudo-Two-Dimensional Models of Lithium-Ion Batteries[END_REF][START_REF] Mayhew | Investigation of Projection-Based Model-Reduction Techniques for Solid-Phase Diffusion in Li-Ion Batteries[END_REF]. However, since the objective is to reproduce the GrSiO-fc electrical behavior with a computationally compact model, it was decided that a P2D model would be too computationally complex and difficult to parameterize for this application.

Equivalent circuit models (ECM):

On the other end of the spectrum we have the ECMs. This is a family of models which describe the battery electrical behavior using discrete electrical elements [START_REF] Plett | Equivalent-Circuit Methods[END_REF]. Here, the system impedance is modeled by using elements such as resistors, capacitors and inductances, see figure 7.2, and its equilibrium voltage is modeled as a SoC dependent tension source, i.e. H-infinity [START_REF] Yu | Lithium-Ion Battery Parameters and State-of-Charge Joint Estimation Based on H-Infinity and Unscented Kalman Filters[END_REF], neural networks [START_REF] Wang | A Unified Modeling Framework for Lithium-Ion Batteries: An Artificial Neural Network Based Thermal Coupled Equivalent Circuit Model Approach[END_REF], and many other modeling strategies [START_REF] Waag | Critical Review of the Methods for Monitoring of Lithium-Ion Batteries in Electric and Hybrid Vehicles[END_REF][START_REF] Allafi | On-Line Scheme for Parameter Estimation of Nonlinear Lithium Ion Battery Equivalent Circuit Models Using the Simplified Refined Instrumental Variable Method for a Modified Wiener Continuous-Time Model[END_REF][START_REF] Waag | On-Line Estimation of Lithium-Ion Battery Impedance Parameters Using a Novel Varied-Parameters Approach[END_REF][START_REF] Rezvanizaniani | Review and Recent Advances in Battery Health Monitoring and Prognostics Technologies for Electric Vehicle (EV) Safety and Mobility[END_REF], or to relate the ECM parameters to the physical characteristics of the cell [START_REF] Zhang | A Novel Method for Identification of Lithium-Ion Battery Equivalent Circuit Model Parameters Considering Electrochemical Properties[END_REF][START_REF] Zheng | An Accurate Parameters Extraction Method for a Novel On-Board Battery Model Considering Electrochemical Properties[END_REF].

Another difficulty often present in the ECM models is that they have trouble reproducing the low frequency behavior of the lithium-ion cell. For example, the Warburg impedance depicted in figure 7.2, an element that models the diffusion behavior of the cell, is in practice replaced by several parallel RC 123 ion cell and the fractional-order behavior [START_REF] Sabatier | A Single-Electrode Fractional Model for Lithium-Ion Batteries[END_REF][START_REF] Li | A Physics-Based Fractional Order Model and State of Energy Estimation for Lithium Ion Batteries. Part I: Model Development and Observability Analysis[END_REF][START_REF] Sabatier | Lithium-Ion Batteries Modeling Involving Fractional Differentiation[END_REF] as has also been demonstrated for other electrochemical systems [START_REF] Bertrand | Fractional Non-Linear Modelling of Ultracapacitors[END_REF][START_REF] Sabatier | Fractional System Identification for Lead Acid Battery State of Charge Estimation[END_REF]. The benefit of using a fractional model lies in its reduced number of parameters and high accuracy when describing the cell low-frequency response [START_REF] Sabatier | Lithium-Ion Batteries Modeling Involving Fractional Differentiation[END_REF].

Although many different implementations and model architectures can be found in the literature [START_REF] Tian | A Comparative Study of Fractional Order Models on State of Charge Estimation for Lithium Ion Batteries[END_REF][START_REF] Zou | A Review of Fractional-Order Techniques Applied to Lithium-Ion Batteries, Lead-Acid Batteries, and Supercapacitors[END_REF], they all use constant-phase element, Z CP , to represent the cell impedance, the Warburg impedance being an particular case of such a constant-phase elements

Z CP (s) = K s ν (7.1)
With ν ∈ (0, 1). The Warburg element being a particular case when ν = 0.5.

However, fractional order operators are long memory operators, presenting both infinitely slow and infinitely fast poles [START_REF] Padula | Advances in Robust Fractional Control[END_REF][START_REF]Advances in Fractional Calculus: Theoretical Developments and Applications in Physics and Engineering[END_REF][START_REF] Sabatier | Fractional Order Differentiation and Robust Control Design: CRONE[END_REF]. In other words, a fractional order system has infinite-dimensional dynamics. Thus, for a realtime simulation an approximation must be used. There are many different methods to implement a fractional operator [START_REF] Valério | Time-Domain Implementation of Fractional Order Controllers[END_REF], a prominent one being the Oustaloup approximation [START_REF] Oustaloup | La Commande CRONE: Commande Robuste d'ordre Non Entier[END_REF][START_REF] Oustaloup | Systèmes Asservis Linéaires d'ordre Fractionnaire[END_REF][START_REF] Oustaloup | Frequency-Band Complex Noninteger Differentiator: Characterization and Synthesis[END_REF]. This continuous approximation is the most widespread [START_REF] Valério | Time-Domain Implementation of Fractional Order Controllers[END_REF] and is commonly used in fractional controller such as CRONE controllers [START_REF] Oustaloup | La Commande CRONE: Commande Robuste d'ordre Non Entier[END_REF]. The Oustaloup approximation replaces the fractional order operator by series of recursive poles and zeroes that follow the fractional frequency response over a defined frequency window (ω b , ω h )

1 s ν ≈ C 0 N k=1 1 + s ω k 1 + s ω k , ( 7.2) 
with N being the number of zero-pole pairs used in the approximation and the rest of the parameters are defined as N . Source: reprinted from [START_REF] Sabatier | Fractional Order Differentiation and Robust Control Design: CRONE[END_REF] In conclusion, for their reduced number of parameters and accurate modeling of the lithium-ion cell frequency response, this thesis uses a fractional transfer 126 function to model the cell impedance, implementing it with the help of the Oustaloup approximation.

ω u = (ω h ω b ) 1/2 , C 0 = (ω u /ω b ) ν = (ω h /ω u ) ν , ω i+1 = αηω i , ω 1 = αω 1 , ω i+1 = αηω i , ω 1 = η 1/2 ω b , (7.3) 125 ν = log α log(αη) , N = ω h /ω b log(αη) ,

Blended electrode modeling

Since the main objective of this dissertation is the modeling of a cell with several active materials in the same electrode, namely graphite and SiO x , it is important to present some of the existing work on their mathematical modeling.

Until recently, it was only the cathode that saw the use of more than one active material. To the best of my knowledge, it is only with the introduction of silicongraphite blends that we can speak of blended anodes. Nevertheless, most of the information found in the literature can be applied to either electrode. The main interest of blending several active materials is that the advantages of one chemistry can cover for the weaknesses of another, and vice versa [START_REF] Chikkannanavar | A Review of Blended Cathode Materials for Use in Li-Ion Batteries[END_REF][START_REF] Heubner | Recent Insights into the Electrochemical Behavior of Blended Lithium Insertion Cathodes: A Review[END_REF]. For example, the addition of a small quantity of a material with a good rate capability helps a cell provide extra power when it could not otherwise [START_REF] Albertus | Experiments on and Modeling of Positive Electrodes with Multiple Active Materials for Lithium-Ion Batteries[END_REF]. From a modeling perspective, most researchers have focused on developing electrochemical models, which together with experimental data, are used to understand the interactions between the different materials [START_REF] Heubner | Recent Insights into the Electrochemical Behavior of Blended Lithium Insertion Cathodes: A Review[END_REF][START_REF] Albertus | Experiments on and Modeling of Positive Electrodes with Multiple Active Materials for Lithium-Ion Batteries[END_REF][START_REF] Appiah | Comparative Study on Experiments and Simulation of Blended Cathode Active Materials for Lithium Ion Batteries[END_REF][START_REF] Heubner | Internal Dynamics of Blended Li-Insertion Electrodes[END_REF][START_REF] Jung | Mathematical Model of Lithium-Ion Batteries with Blended-Electrode System[END_REF][START_REF] Kespe | Three-Dimensional Simulation of Transport Processes within Blended Electrodes on the Particle Scale[END_REF][START_REF] Mao | Dynamics of a Blended Lithium-Ion Battery Electrode During Galvanostatic Intermittent Titration Technique[END_REF][START_REF] Mao | Multi-Particle Model for a Commercial Blended Lithium-Ion Electrode[END_REF][START_REF] Schmidt | Analysis and Prediction of the Open Circuit Potential of Lithium-Ion Cells[END_REF][START_REF] Liebmann | Investigations on the Effective Electric Loads in Blended Insertion Electrodes for Lithium-Ion Batteries[END_REF]. Some important considerations presented in these works are the following.

Electrical conductivity: Since the materials are blended in the electrode, they are in direct contact with each other. This means that there is conductivity between them and they share the same electrical potential.

Different effective C-rate:

As was noted in the experiments presented in chapter 4 and 5, when charge enters the cell, it does not distribute uniformly between the materials in the blend. Depending on factors such as the shape of each OCP and the rate capability of the material, the current might enter exclusively to one of the materials. However, the capacity of one of the blend components is necessarily smaller than the electrode capacity. This means that the C-rate from the active material perspective is greater than the C-rate as seen by the cell. In coatings where an active material only constitutes 10% of the total 127 capacity, the same material might be subjected to a C-rate close to 10 times greater than the one computed using the full cell capacity.

Self balancing characteristics:

Even when no current is flowing through the cell, the materials inside the electrode can exchange charge. Lithium will be exchanged as the materials move towards a shared equilibrium potential.

Blended OCP: As explained in the previous chapter and illustrated in figure 7.6, the electrode OCP is a combination of the OCPs of the constituent materials [START_REF] Jung | Mathematical Model of Lithium-Ion Batteries with Blended-Electrode System[END_REF][START_REF] Schmidt | Analysis and Prediction of the Open Circuit Potential of Lithium-Ion Cells[END_REF]. Although the literature has explored the modeling of blended cathodes, few has been said about BMS-oriented models and, to the best of our knowledge, no publication has been made on SiO x -graphite anode modeling. The only publication addressing the BMS-oriented modeling of blended cells was a two part article by Rodríguez et al. [START_REF] Rodríguez | Controls-Oriented Models of Lithium-Ion Cells Having Blend Electrodes. Part 2: Physics-Based Reduced-Order Models[END_REF][START_REF] Rodríguez | Controls-Oriented Models of Lithium-Ion Cells Having Blend Electrodes. Part 1: Equivalent Circuits[END_REF] in which both an electrochemical model and a ECM were developed.

Silicon mathematical modeling

The importance of Si research in the lithium-ion research landscape, coupled with its radically different lithiation mechanisms has been a fertile ground for the creation of many novel electrochemical models. The silicon scene is marked by a healthy dialogue between battery designers and model developers, both trying to make this anode material address the current challenges its implementation faces.

However, this has meant that most models found in the literature do not attempt to reproduce the electrical behavior of the Si under dynamic current solicitations.

Their main objective is to understand the Si degradation in order to minimize it. By far, most proposed models are the ones that consider the electrochemical lithiation of a single Si particle [START_REF] Sarkar | Fracture Modeling of Lithium-Silicon Battery Based on Variable Elastic Moduli[END_REF][START_REF] Jia | Intrinsic Stress Mitigation via Elastic Softening during Two-Step Electrochemical Lithiation of Amorphous Silicon[END_REF][START_REF] Zhang | A Reaction-Controlled Diffusion Model for the Lithiation of Silicon in Lithium-Ion Batteries[END_REF][START_REF] Wu | Modeling Diffusion-Induced Stress on Two-Phase Lithiation in Lithium-Ion Batteries[END_REF][START_REF] Wang | Study of Lithium Diffusivity in Amorphous Silicon via Finite Element Analysis[END_REF][START_REF] Yang | Strong Kinetics-Stress Coupling in Lithiation of Si and Ge Anodes[END_REF][START_REF] Brassart | Cyclic Plasticity and Shakedown in High-Capacity Electrodes of Lithium-Ion Batteries[END_REF][START_REF] Verma | Mechanistic Analysis of Mechano-Electrochemical Interaction in Silicon Electrodes with Surface Film[END_REF][START_REF] Song | On Stress-Induced Voltage Hysteresis in Lithium Ion Batteries: Impacts of Material Property, Charge Rate and Particle Size[END_REF][START_REF] Golmon | Stress Generation in Silicon Particles during Lithium Insertion[END_REF][START_REF] Gao | Phase-Field Model for the Two-Phase Lithiation of Silicon[END_REF].

Many of these models incorporate mechanical stress into their considerations, using a stress limited diffusion, modified Butler-Volmer equations that include particle surface stress as a factor that influences the reaction rate, particle expansion, the stress generated at the interface of the two-phase lithiation, etc. A lot of useful information has come these models: the importance of nanosized structures in improving the mechanical stability of the Si [START_REF] Sarkar | Fracture Modeling of Lithium-Silicon Battery Based on Variable Elastic Moduli[END_REF][START_REF] Ji | Analytical Modeling and Simulation of Porous Electrodes: Li-Ion Distribution and Diffusion-Induced Stress[END_REF], information of the stresshysteresis coupling [START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF][START_REF] Bucci | Measurement and Modeling of the Mechanical and Electrochemical Response of Amorphous Si Thin Film Electrodes during Cyclic Lithiation[END_REF][START_REF] Bower | A Finite Strain Model of Stress, Diffusion, Plastic Flow, and Electrochemical Reactions in a Lithium-Ion Half-Cell[END_REF][START_REF] Jagannathan | Analytical Modeling and Simulation of Electrochemical Charge/Discharge Behavior of Si Thin Film Negative Electrodes in Li-Ion Cells[END_REF] how the two-phase lithiation operates [START_REF] Jia | Intrinsic Stress Mitigation via Elastic Softening during Two-Step Electrochemical Lithiation of Amorphous Silicon[END_REF][START_REF] Moon | Ab Initio and Kinetic Monte Carlo Simulation Study of Lithiation in Crystalline and Amorphous Silicon[END_REF][START_REF] Zhang | A Reaction-Controlled Diffusion Model for the Lithiation of Silicon in Lithium-Ion Batteries[END_REF][START_REF] Wu | Modeling Diffusion-Induced Stress on Two-Phase Lithiation in Lithium-Ion Batteries[END_REF][START_REF] Gao | Phase-Field Model for the Two-Phase Lithiation of Silicon[END_REF] and the many first principles simulations that have shined a light on the a-Si and c-Si lithiation [START_REF] Chan | First Principles Simulations of the Electrochemical Lithiation and Delithiation of Faceted Crystalline Silicon[END_REF][START_REF] Chan | First-Principles Studies of the Lithiation and Delithiation Paths in Si Anodes in Li-Ion Batteries[END_REF][START_REF] Chevrier | First Principles Model of Amorphous Silicon Lithiation[END_REF][START_REF] Chevrier | First Principles Studies of Disordered Lithiated Silicon[END_REF]] and many more [START_REF] Mcdowell | 25th Anniversary Article: Understanding the Lithiation of Silicon and Other Alloying Anodes for Lithium-Ion Batteries[END_REF].

Nonetheless, to the best of my knowledge, no BMS-oriented model has been reported in the literature. The simplest model consists of several coupled partial differential equations, with the notable exception of the work done by Baker et al. [START_REF] Baker | An Approach to Characterize and Clarify Hysteresis Phenomena of Lithium-Silicon Electrodes[END_REF] on the phenomenological characterization of the Si hysteresis. This publication builds upon the rate invariant hysteresis model presented in [START_REF] Verbrugge | Fabrication and Characterization of Lithium-Silicon Thick-Film Electrodes for High-Energy-Density Batteries[END_REF] to account for the rate dependent regime that Si shows at extremely low currents. For the sake of brevity, only the rate invariant model will be presented. Although at first glance it looks very simple, this expression for ζ has shown to predict the Si hysteresis potential evolution with reasonable accuracy [START_REF] Verbrugge | Fabrication and Characterization of Lithium-Silicon Thick-Film Electrodes for High-Energy-Density Batteries[END_REF]. If necessary, more terms can be added to account for other behaviors related to the Si hysteresis, like potential relaxation [START_REF] Baker | An Approach to Characterize and Clarify Hysteresis Phenomena of Lithium-Silicon Electrodes[END_REF].

Modeling a lithium cell with a blended SiO x -graphite

This section presents two models that represent the electrical behavior of a cell with a mixed graphite-SiO x anode. First, the Extended-OCV model considers the impedance at the cell level but the OCV behavior is modeled by considering the individual OCP behavior of the electrode materials. Second, the Branched impedance model considers both impedance and equilibrium behavior at the material level. Then, the optimization procedure used to parametrize both models is explained and, finally, the models performance will be evaluated against experimental measurements.

Extended-OCV model

From an electrical perspective, the main characteristic that differences a cell with a blended SiO x -graphite cell from other common lithium-ion technologies is the OCV behavior. As evidenced through this dissertation, the interaction between 131 the silicon OCP hysteresis and the graphite plateaus can only be understood by considering both materials. The Extended-OCV model captures the cell OCV behavior without departing from a more standard structure of a cell fractional model.

As figure 7.8 illustrates, not only is the OCV separated into the difference of the cathode and anode OCP, but the anode is further separated into two parallel branches, the SiO x and graphite. This is justified because there is electrical conductivity between the materials and so they must share the same potential. With this, we can write the following equations As this equation shows, this model follows the same structure as a cell fractional model with the addition of the OCV submodel.

U submodel OCV = φ ca (Z ca ) -U an , ( 7 

Branched impedance model

As figure 7.9 shows, this model follows the same idea as the Extended-OCV model and builds upon it by adding a fractional impedance in each of the branches of the system. This model takes into consideration the differences between the diffusion properties of each material. Meaning that it captures the apparent impedance changes that happen when the current stops flowing into one material and starts flowing into the other.

This model is defined by the following equations and the electrode balancing. However, there are still several missing. Namely, the ohmic elements R Ohmic ,R SiO and R gr ; the fractional gain R f and order n; and, the hysteresis gain K are yet to be determined. Then, in order to determine the hysteresis gain K, the experiment presented in figure 5.12 was used. Here, a series of random C/100 current pulses were applied to the cell at a SoC so that the effect of the SiO x hysteresis was noticeable and the polarization voltage from diffusion phenomena negligible. For this reason, the fractional impedance can be neglected and the models get reduced to the following simplified form U t (t) = U submodel OCV (t) -U Ohmic (t). (7.25) Using this simplification, the parameter K was optimized to find the value which best fitted to the experimental data. Figure 7.11 shows the results of this optimization, which had a Root Mean Square (RMS) error of 11 mV. measurements agree and that both models performance is very similar, with the Branched impedance model being marginally closer to the experimental data.

U t (t) = φ ca (Z ca ) -U Ohmic -U frac,

Model validation

In order to assess the capabilities of these new models, first, we checked to see how well they reproduce the OCV behavior of the GrSiO-fc. That is to say, how well the models capture the transition between charge and discharge OCV. For this reason the models were tested against the experimental data presented in figure 5.8. applications. Additionally, the electrochemical models in the literature have been fitted and tested with measurements at a low, constant lithiation current.

Tests must be made against more frequency rich solicitations before using these models for different applications. 2. An important amount of experimental work was carried out using a commercial cell with a blended SiO x -graphite anode and Si, SiO x and blended SiO xgraphite coin cells. The results from these experiments showed that the crystalline Li 15 Si 4 phase apparition depends on the final equilibrium potential,

forming only partially if the potential stabilizes above 50 mV after lithiation is interrupted. Evidence was found that, in a blended SiO x -graphite anode, the silicon hysteresis can relax even if the lithiation current in not 0. This supports the hypothesis that the hysteresis potential becomes rate-dependent at very low currents. The experiments also showed the similarities between SiO x and pure Si, both presenting very similar OCPs and some of the SiO x samples even exhibiting the Li 14 Si 4 phase when lithiated below 50 mV vs. Li/Li + . However, we also demonstrated that then SiO x has cyclable charge at higher potentials, indicating that the pure Si-domains are not the only part in the SiO x capable of reacting reversibly with Li. This implies that the "inactive" lithium silicates can exchange Li to an extent. Finally, it was shown how in a cell with a blended SiO x -graphite anode, the combination of the Si hysteresis and the graphite potential plateaus gives rise to new behaviors, notably the trajectories the OCV follows when cycled between different SoC values. This can only be explained by considering the silicon and the graphite independently, thus

showing the need of a mathematical modeling of the cell that considers not only the electrodes separately but also each active material in the cell.

3. The challenges of finding the electrode balancing of a blended SiO x -graphite cell where presented and several strategies to overcome them were developed.

First, a way of estimating the OCP of a general graphite and silicon blend was offered along with a simple method of determining the amount of Si in the blend. Then several methodologies to find the electrode balancing of the cell were explained. These strategies allowed us to find the balancing without knowing one of the OCP curves, allowing the estimation of the missing OCP from the OCV measurements. Finally a way to extract the SiO x OCP from the SiO x -graphite blend OCP was proposed. Nevertheless, the latter only had half as many free parameters to optimize.

With these contributions we hope to have filled some of the gaps in the current understanding of silicon anodes and their modeling. Some of the limitations of the current work arise from the type of data available for the validation and construction of the models we proposed. Future work on the topic should use cells with higher silicon or SiO x weight percentages. This will allow to see the full effect of the silicon in the cell and to give a more robust idea of the capabilities of the models here proposed. Moreover, this will allow tests at higher C-rates which are important in many BMS applications. Another interesting line of research would be in the development of algorithms to update the material percentages as the cell ages.

As previously mentioned, Si and graphite have different aging rates which means that through the cell life the balance between both materials will start to drift. This will have a noticeable effect in the cell OCV which in turn will degrade the BMS performance as the models inside it become less and less accurate. Finally, neither in this work nor in the literature is the effect of temperature in the Si behavior explored.

It would be interesting to see some work on how the silicon hysteresis is affected by temperature changes.
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4. 1
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 11 Figure 1.1: Distribution of 2015 CO 2 emissions by the transport sector in the EU. Source: adapted from [3].
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 13 Figure 1.3: Voltaic pile. Source: reprinted from [10].
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 14 Figure 1.4: Basic battery diagram
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 15 Figure 1.5: Ragone plot comparing different battery technologies. Source: adapted from [20].
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 16 Figure 1.6: Lithium-ion battery diagram, on the left the graphite anode and on the right the LiCoO 2 cathode. The cyan spheres represent the Li atoms.
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 117 Figure 1.7 shows examples of these categories. It should be noted that one of reasons that pushes the search for alternative cathode materials is the interest in reducing the cobalt content, given its status of critical raw material [23]. In contrast with the
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 18 Figure 1.8: Specific (A) and gravimetric (B) energy density comparison of different lithium-ion anode materials. Source: adapted from [26].
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 19 Figure 1.9: Bosch stand-alone BMS for HEV applications. Source: reprinted from [29].

Part I:

  the first one is consecrated to the understanding of the silicon electrochemical behavior. This includes a more detailed description of the inner workings of a lithium-ion battery, a literature review of Si and SiO x in the context of the lithium-ion battery, the results of the experimental campaign performed on Si, SiO x and blended Si-graphite coin cells and, finally, several strategies to estimate the open-circuit potential of different Si-graphite blends.Part II:The second part of this dissertation presents the development of several BMS oriented cell models, through the case study of a commercial lithiumion cell with a blended SiO x -graphite anode. This includes the experimental characterization of cell, a literature review of BMS-oriented cell models, the development of two models that consider the additional behaviors brought on by the silicon in the cell, and, finally, the model parametrization and validation.To finish, the document concludes by summarizing the main results from the research work and by proposing the following steps for future research.
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 221 Figure 2.1: Internal structure of a representative LiCoO 2 /graphite lithium-ion cell during discharge. The structure of a cell with a Si instead of graphite would be the same excepting the additional particle expansion the Si experiences.
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 22 Figure 2.2: Scanning electron micrographs of Celgard 2325 (PP/PE/PP) separator used in lithium-ion batteries: (A) surface SEM and (B) cross-section SEM. Source: adapted from [43].
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 23 Figure 2.3: A cell is a single electrochemical unit, the module a group of cells and the pack several modules plus other electrical systems. Source: reprinted from [29].
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 24 Figure 2.4: Average OCV vs. SoC of an commercial lithium-ion cell with a blended SiO x -graphite anode and a NCM811 cathode at room temperature
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 25 Figure 2.5: Graphite equilibrium potential (OCP) against a reference Li electrode. The lower and upper curves are the lithiation and delithiation potentials respectively
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 3132 Figure 3.1: Comparison between different alloying negative electrode materials, Si is the material with the highest volumetric (A) and gravimetric (B) capacities. Source: adapted from [58].

Figure 3 . 3 :

 33 Figure 3.3: Different structure features: (A) nano-tubes, and (B) silicon nano-wires. And Modification strategies: (C) core-shell and (D) yolk-shell. Sources: adapted from [74, 76, 82, 83].

  research teams have investigated the lithiation of Si experimentally, through techniques like Nuclear Magnetic Resonance spectroscopy (NMR)[START_REF] Kim | Solid-State NMR and Electrochemical Dilatometry Study on Li + Uptake/Extraction Mechanism in SiO Electrode[END_REF][START_REF] Key | Pair Distribution Function Analysis and Solid State NMR Studies of Silicon Electrodes for Lithium Ion Batteries: Understanding the (De)Lithiation Mechanisms[END_REF], neutron reflectometry[START_REF] Jerliu | Neutron Reflectometry Studies on the Lithiation of Amorphous Silicon Electrodes in Lithium-Ion Batteries[END_REF][START_REF] Decaluwe | Pore Collapse and Regrowth in Silicon Electrodes for Rechargeable Batteries[END_REF][START_REF] Ronneburg | Surface Structure Inhibited Lithiation of Crystalline Silicon Probed with Operando Neutron Reflectivity[END_REF], secondary ion mass spectroscopy[START_REF] Hüger | Permeation, Solubility, Diffusion and Segregation of Lithium in Amorphous Silicon Layers[END_REF][START_REF] Strauß | Lithium Tracer Diffusion in Amorphous Li x Si for Low Li Concentrations[END_REF], transmission electron microscopy[START_REF] Wang | Exotic Reaction Front Migration and Stage Structure in Lithiated Silicon Nanowires[END_REF][START_REF] Mcdowell | In Situ TEM of Two-Phase Lithiation of Amorphous Silicon Nanospheres[END_REF][START_REF] Wang | Two-Phase Electrochemical Lithiation in Amorphous Silicon[END_REF] among others. Additionally, the material has also been studied through simulation, this includes atomistic simulations[START_REF] Jung | Atomistics of the Lithiation of Oxidized Silicon (SiO x ) Nanowires in Reactive Molecular Dynamics Simulations[END_REF][START_REF] Kim | Atomistic Simulation Derived Insight on the Irreversible Structural Changes of Si Electrode during Fast and Slow Delithiation[END_REF][START_REF] Ding | Stress Effects on Lithiation in Silicon[END_REF], first principle a
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 34 Figure 3.4: (Top) Lithium atoms penetrating into the silicon crystalline structure. Diffusion occurs first through the {111} direction disrupting the c-Si by a ledge mechanism. (Bottom) In situ transmission electron microscope images of the Li entering the c-Si, a two-phase reaction is observed. Source: adapted from [86].

Figure 3 . 5 :

 35 Figure 3.5: Si nano-pillars with different orientation before (A) and after (B) lithiation. Important anisotropic volume expansion is observed. Source: adapted from [106].
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 336 Figure 3.6: (A) When silicon is lithiated until 0 V a potential plateau is observed during delithiation due to the formation of Li 15 Si 4 . (B) When silicon is lithiated until 50 mV no potential plateau observed during delithiation. Source: adapted from [111].
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 337 Figure 3.7: c-Si and a-Si first lithiation two-phase reaction. Volume expansion is isotropic for a-Si and the anisotropic for c-Si. Only a-Si is observed in subsequent cycles and lithiation occurs through a single phase mechanism if Li 15 Si 4 is not formed. Source: adapted from [96].

Figure 3 . 8 :

 38 Figure 3.8: Room temperature charge and discharge potential of a c-Si anode, and estimated Li-Si phases found using coulometric titration at 415 °C. Source: adapted from [57].
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 39 Figure 3.9: (A) Transient cell potential corresponding to the initial lithiation and delithiation of magnetron sputtered amorphous silicon thin-film electrode cycled at C/8 rate between 1.2 and 0.01 V vs Li/Li + . (B) corresponding stress transience calculated from the substrate curvature data using the Stoney equation. Source: adapted from [126].
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 310 Figure 3.10: GITT curve of a Si sample. The GITT consisted of C/50 rate pulses followed by 1 h rest times.
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 311 Figure 3.11: (A) current input signal, charge/discharge pulses followed by 1 h rest time. (B) measured potential vs. Li/Li + . (C) measured surface stress.A correlation between stress and potential evolution is observed. Source: adapted from[START_REF] Sethuraman | In Situ Measurements of Stress-Potential Coupling in Lithiated Silicon[END_REF].

exploring

  Li self-diffusion in Li x Si. To summarize, there are many open questions on the exact nature of the Si potential hysteresis. So far, it is known that mechanical stresses during lithiation and delithiation have direct influence, although they are only partially responsible for the observed voltage difference. Kinetic limitations might also have an effect, but it is not clear to what extent or in which way since they have not been directly observed Si operating in similar conditions to the ones found in a lithium-ion cell[START_REF] Chandrasekaran | Analysis of Lithium Insertion/Deinsertion in a Silicon Electrode Particle at Room Temperature[END_REF].

Figure 3 . 12 :

 312 Figure 3.12: Atomic structure of amorphous SiO. (Left) Pure Si nano domains are disperses in a silica matrix. Si atom neighboring 4 Si atoms are depicted in green. Regular Si atoms are shown in blue and O atoms in red. (Right) Histogram depicting the frequency of each configuration. Source: reprinted from [138].
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 314 Figure 3.14: (Right) Si and SiO are lithiated at C/7 and then delithiated at different C-rates. Although the Si has more capacity, at 15 C the same charge is be extracted from both and at 20C the SiO surpasses the Si. (Left) A similar experiment is performed but to estimate the materials charge capabilities. Both Si and SiO are delithiated at C/7 and then they are lithiated at different C-rates until 0 V vs. Li/Li + is reached. Both materials show less rate capabilities for this test. The SiO surpasses the Si at a 3 C current rate. Source: adapted from [156].
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 315 Figure 3.15: SiO lithiation and delithiation potential curves at different C-rates. These curves are compared with the Si and SiO GITT data. The GITT profile consisted of C/20 constant current steps followed by a 3h current interruption. Source: adapted from [156].

4 Si and SiO x coin cell experiments 4 . 1

 441 SiO x and graphite acts almost independently in the anode, cycling at very different potentials.Materials and methodsThis research was carried out in the context of a series of efforts made by the company Bosch in order to deepen our understanding of the silicon and silicon suboxides (SiO x ) as anode material for lithium-ion batteries. This involved several research teams from different disciplines and divisions. It is thanks to the knowledge that these people generated that this work could be carried out. The experimental work that was done can be divided into two broad categories: the half-cell experiments, i.e. pertaining coin cells made with Si/SiO/graphite and a lithium reference electrode, and full-cell experiments, i.e. the work done on a commercial cell with a SiO x -graphite anode. The latter will be presented in part 2 of the dissertation.The half-cell characterization was carried out at the Bosch Research and Technology Center North America (RTC-NA), by Rebecca Wilhelm in the context of her master thesis. The work was supervised by Dr. Yelena Gorlin, and, included the construction and electrochemical characterization of Si, SiO, and blended SiOgraphite half-cells. The objective of this section is to present the methodologies, instruments, software, and materials used for the experiments and the subsequent data processing.

  For this cell 100 µL of electrolyte were used. Plungers were made of copper and stainless steel. The reference Li electrode had an isolation sleeve of borosilicate fibers. The Li counter electrode had a 18 mm diameter and a thickness of 0.5 mm. Table4.4 lists the suppliers of the parts used in the cell assembly process described above.
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 41 Figure 4.1: Example of a coin-cell (left) and a EL-cell (right). Source: reprinted from [165] and [166] respectively.
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 42 Figure 4.2: Lithiation and delithiation 0-SiO-p OCP between 1800 mV-1 mV measured at C/50. The flat potential features correspond to the graphite phase transitions.

figure 4 .Figure 4 . 3 :

 443 figure 4.3 was very low (C/50), when current was interrupted the potential continued to evolve, moving from OCP curve to some middle point. This also occurred at the lowest rate that was tested (C/150) even though the OCP curve obtained at this rate was essentially the same as for C/50. To quantify this potential relaxation, GITT experiments were carried out on the ArgSi. The cell was charged/discharged at C/50 and the current was periodically interrupted for 4 h at a time to let the potential relax. Figure4.4 shows the results of this experiment.
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 44 Figure 4.4: ArgSi GITT experiments, after formation the cell was lithiated at C/50 for 2 h and then the current was set to 0 for 4 h, this was repeated until the potential reached 60 mV, then the procedure was repeated on delithiation until 1200 mV.
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 45 Figure 4.5: ArgSi high-potential region GITT characterization, same procedure as described in figure 4.4 but with 12 h pauses only at the end of delithiation.
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 46 Figure 4.6: (Left) ArgSi potential at C/50 between 1200 mV and 60 mV, and (right) ArgSi potential at C/50 between 1200 mV and 1 mV. The phase transition triggered when lithiation potential goes under 60 mV is clearly visible in the voltage plateau that appears during delithiation.
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 47 Figure 4.7: Several charge/discharge cycles at C/50 between 1200 mV and a different low stop potential. Several delithiation curves are observed depending on the Li 15 Si 4 crystallization level.
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 48 Figure 4.8: The 80-SiO-c cell was cycled between 1800 mV-60 mV (left) and 80-SiO-p cycled between 1200 mV-1 mV (right) OCP between measured at C/50.The small feature at 1 mV for the 80-SiO-p corresponds to a interruption to the charge current during testing and is not part of the OCP.
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 49 Figure 4.9: Comparison between the GaoSi and 80-SiO-c OCP curves. The left plotshows the OCP between 600 mV and 60 mV at C/50 (SiO) and C/150 (Si), both x-axes normalized with their own capacities. In the right plot the potential is cycled between 2500 mV and 60 mV at C/50, the Si curve is fitted to the SiO curve.
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 4410 Figure 4.10 shows that while the 80-SiO-p GITT resembles the Si GITT, it is the 80-SiO-c cell that showed potential plateau during delithiation if the cell was lithiated under 60 mV. The 80-SiO-p effectively suppressed crystallization, with its OCP remaining unaffected even when 1 mV lithiation potentials were reached. However, the presence of the plateau shows that the Li 15 Si 4 crystalline phase can
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 411 Figure 4.11: 80-SiO-c OCP (left) at C/50 between 1200 mV-60 mV and 1200 mV-1 mV. The delithiation plateau indicates that Li 15 Si 4 phase can also form in SiO. 80-SiO-c gitt (right), same procedure as described in figure 4.4.

Figure 4 .

 4 11 compares the 80-SiO-c OCP when charged to 60 mV and when charged to 1 mV.Finally, the overall potential relaxation followed the same trend as the Si. Both 80-SiO-p and 80-SiO-c exhibited lower relaxation magnitudes at higher lithiation degrees, as figure4.12 evidences for the 80-SiO-c. For this GITT test (on 80-SiO-c cell), the average potential ∆ between beginning and end of the rest period were 68 mV and -76 mV for lithiation and delithiation respectively. When only including values below 300 mV for lithiation and 600 mV for delithiation (i.e. to render the results comparable to those in section 4.2.2), the potential ∆ ranges from 79 mV to 47 mV (57 mV on average) during lithiation and from -28 mV to -67 mV (avg. -43 mV) during delithiation. Again, these results closely resemble the Si GITT, supporting the hypothesis that, in this potential window, the active material inside the SiO are the Si domains. Finally, figure4.12 also shows several 80-SiO-c OCPs obtained at C/50 over different potential windows. This illustrates how the transition from the delithiation to the lithiation OCP curve occurs.
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 412 Figure 4.12: (Left) Absolute potential difference between the start and the end of the GITT rest times during lithiation and delithiation (figure 4.11). (Right) lithiation and delithiation curves at C/50 and different potential windows.

Figure 4 .

 4 Figure 4.13 shows the OCPs of the pure materials plus the blends side by side. From this comparison, it is clear how the two materials contribute at different potential areas. The SiO hysteresis manifests at the higher potentials, whereas the graphite contribution can be seen in the form of the plateaus. Moreover the total gravimetric capacity of the blend is simply almost exactly the gravimetric capacity of each material times their respective weight percentage.
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 413 Figure 4.13: OCP curves for different SiO-graphite blends. The materials were cycled between 1800 mV and 70 mV at C/50.
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 415 Figure 4.15: The graphite potential plateaus act as potential hold. The SiO potential relaxation causes the appearance of "pseudo" potential plateaus on the pure SiO OCP.
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 4416 Figure 4.16: The blended cells OCP presents a potential plateau at 48 mV. Neither of the pure SiO nor the graphite show this feature.
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 417 Figure 4.17: Disappearance of the 48 mV feature when the cell is cycled between 238 mV and 1 mV.

  Then, several strategies to estimate the cell balancing, and obtain OCP information from full-cell measurements are developed. The results of this strategies are tested against the results from the coin cell experiments. Finally, the thesis concludes by presenting two cell models for a cell with a blended SiO x -graphite anode. The chapter gives an overview of current BMS-oriented cell models, describes the two new modeling strategies and, finally, describes the model parametrization and validation. To close, the conclusions are presented and several proposal for future research work are given. Different tests and characterizations were carried out on the GrSiO-fc, referred as the full-cell experiments. This includes the cell disassembly and OCP extraction by Camille Usubelli at RTC-NA, the optical and chemical characterization by Bosch Research and Technology Center Asia Pacific (RTC-AP) and Robert Bosch Corporate Research Renningen (CR-RNG), and the electrical tests performed by Niklas Bless, as part of his master thesis, and designed by Jörg Pöhler and me. The
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 51 Figure 5.1: Cylindrical cell disassembly process

  order to find the chemical composition and structure of the commercial cell, many different material characterization techniques were used. The cell was opened and samples of the anode and the cathode were extracted and washed. Next, the electrode samples were analyzed under a Light Microscopy (LiMi), and a Scanning Electron Microscope (SEM) (referred to as REM in the images, which stands for Rasterelektronenmikroskop, the name for the technique in German).
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 55253 Figure 5.2: SEM (15 kV) images of the GrSiO-fc anodic surface. The left image shows that the electrode has two types of particulate material, one brighter than the other. The right image is a zoom on the Detail 1 of the left image and shows one of the bright particles.

Figure 5 . 4 :

 54 Figure 5.4: Ion bean anode cross-sections. A hem can be seen around the SiO x particles (detail 3) as well as some particle cracking (detail 3 and 4). Details 1 and 2 are not shown.

Figure 5 . 5 :

 55 Figure 5.5: EDS spectra at different sample points. The spectrum 1 (Sp. 1) corresponds to the bulk of the bright particle and shows a clear presence of Si. Sp. 2 is taken from the particle hem and presents a distinctive C peak, this possible conductive additive. Sp. 3 has a clear C peak and is probably graphite

Figure 5 . 6 :

 56 Figure 5.6: Discharge (Top) and charge (middle) voltage profiles of the GrSiO-fc, when cycled at C/5, C/10, C/30 and C/100 between the cell voltage limits. The voltage profile derivatives are also graphed. The bottom curve depicts the difference between the charge and discharge voltage profiles.

Figure 5 . 7 :

 57 Figure 5.7: C/100 voltage profiles of the GrSiO-fc and Gr-fc. One can see that, when both capacities are divided by the GrSiO-fc C/100 discharge capacity, both curves are almost identical for voltages above 3.4 V.
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Figure 5 . 8 :Figure 5 . 9 :Figure 5 . 10 :

 5859510 Figure 5.8: Voltage profile of the GrSiO-fc when subjected several charge and dischargecycles at C/50. The cell was discharged to 0% SoC, then charged to 80% SoC, discharged again, charged to 60% SoC, and so on.

Figure 5 .Figure 5 . 11 :

 5511 Figure 5.11 shows the resulting cell voltage response to the Artemis-based current profile.

Figure 5 . 12 :

 512 Figure 5.12: (Left) Current profile for the hysteresis parametrization test and (right)resulting voltage profile when applied to the GrSiO-fc. One can see how during the test the GrSiO-fc voltage was between the charge and discharge OCV curves.
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 513 Figure 5.13: GrSiO-fc anode and cathode OCPs.

Figure 6 . 1 :

 61 Figure 6.1: The capacity loss between the first and the second charge cycles is referred to as the irreversible capacity.

. 11 )Figure 6 . 2 :

 1162 Figure 6.2: Electrode balancing of a GrSiO-fc. The OCV curve is the difference between the cathodic and anodic OCP.

Figure 6 . 6 . 2

 662 Figure 6.2 shows the OCV and both OCPs plotted against the SoC. The green curve (U OCV ) being the difference between the yellow (φ ca ) and the blue ones (φ an ). Since both electrode capacities are bigger than the cell capacity, the OCP curves are bigger than the OCV in the plot. The full cell window is defined as the

Figure 6 . 3 :

 63 Figure 6.3: (Left) OCP estimations for α SiO = 20% and α SiO = 50%. (Right) comparison between the measured and the estimated SiO-graphite OCP for the 5 % SiO coating.

Figure 6 . 4 :

 64 Figure 6.4: By comparing the derivative of the OCV with the derivative of the graphite OCP one can clearly identify the transition between the graphite plateaus.In this case they appear as the peaks in the derivatives at 46% SoC and 80% SoC.

Figure 6 .Figure 6 . 5 :

 665 Figure 6.5 shows both charge and discharge OCVs with the phase transition points marked. Here the transition between the top and the middle plateau is marked with the letter A and the next phase transition with a B. At these points, the anodic potential is known and thus we can use the OCP curves to determine Z SiO and Z gr .With this information we can formulate the following equations, one for the charge curve and one for the discharge curve:

Figure 6 . 6 :

 66 Figure 6.6: (Top) Electrode balancing found using OCP curves from coin-cell measurements. Delithiation OCPs are solid and lithiation OCPs are dotted.(Bottom) OCP difference and the measured OCV error, the curves show good agreement above 5% SOC.

Figure 6 . 7 :

 67 Figure 6.7: (Top)The balancing of the cathode is found using the identified graphite plateaus in the OCV. The OCP is fitted so that the derivatives (Bottom) match in between the peaks of the graphite transitions evident in the OCV derivative.

Figure 7 . 1 :

 71 Figure 7.1: Depiction of the lithium-ion cell as described by the P2D model. The Li atoms diffuse through two dimensions, i.e. through the active material particles and from one electrode to the other through the electrolyte.

Figure 7 . 2 :

 72 Figure 7.2: Example of an ECM cell model. Here, Z w stands for the Warburg impedance
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 7374 Figure 7.3: The number of model parameters is increased with the objective of increasing the model accuracy. However, this comes at the cost of losing computational efficiency and having a more difficult parametrization process. Source: reprinted from [185].

Figure 7 .

 7 Figure 7.5 shows how the resulting transfer function trails the Bode diagram of the fractional-order operator. The zero-pole pairs follow the non-integer slope of the original magnitude diagram with a stair-like behavior in the desired frequency window. Similarly, the non-integer phase is reproduced by a alternating plateaus at 0 • and -90 • which on average approach the fractional behavior.
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 75 Figure 7.5: Comparison between the Bode diagrams of a (red) fractional order integrator I ν , (black) its frequency limited variant I ν A and (blue) the asymptotic diagram of the Oustaloup approximation of the latter I νN . Source: reprinted from[START_REF] Sabatier | Fractional Order Differentiation and Robust Control Design: CRONE[END_REF] 
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 76 Figure 7.6: Delithiation OCP from different SiO x -graphite blends.

First, let us 2 . ( 7 . 4 ) 1 φFigure 7 . 7 :

 274177 Figure 7.7: Silicon Lithiation and delithiation OCPs and the average OCP.

ζ = - 1 φ

 1 SiO (Z SiO ) = φ l (Z SiO ) -1 < ζ < 1 φ l (Z SiO ) <φ SiO (Z SiO ) < φ d (Z SiO )In other words the factor ζ controls the transition between lithiation and delithiation potentials and vice versa. Now we need a expression for ζ that meets the following conditions: when the material is being lithiated then ζ → -1, when delithiated then ζ → 1, and finally, given that we aim for a rate invariant hysteresis, the change in ζ should only depends on the evolution of Z SiO . That is dζ dZ SiO = -K 1 + sign dZ SiO dt (7.6) With constant K positive, this differential equation meets the stipulated requirements.

Figure 7 . 9 :

 79 Figure 7.9: Measured voltage response of the GrSiO-fc for the Artemis-based current profile against simulated voltage response with the optimized Extended-OCV model.

Figure 7 . 10 :

 710 Figure 7.10: R Ohmic for different SoC is was estimated using the GITT measurements.
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 711712 Figure 7.11: Measured voltage against simulated voltage for the K parameter optimization

Figure 7 .Figure 7 . 13 :

 7713 Figure 7.13 depicts the results of this validation test. As one can see from the results, the new models manage to reproduce the particular trajectories with reasonable accuracy. Only the Extended-OCV model is depicted in the figure because at such low C-rates (C/100) both give the same results.

Figure 7 . 14 :

 714 Figure 7.14: Measured voltage response of the GrSiO-fc for the Artemis-based current profile against simulated voltage response with the optimized Extended-OCV model.

  No effort has been made to check how models traditionally used in Li-ion BMS applications fare with Si cells. Additionally, although commercial applications of Si use SiO x , there is almost no work comparing the electrochemical behavior of both materials. Most research focuses on the stabilizing influence of the oxygen and the formation of the Li 4 SiO 4 matrix during the SiO x first lithiation. Finally, there is some research into blended electrode modeling. Nevertheless, there is nothing on the topic of blended SiO x -graphite anodes specifically.

4 .

 4 Finally, two fractional electrical models for a Li-ion cell with a blended Si/graphite anode were proposed. Both models consider the active materials separately in order to correctly estimate the cell OCV behavior. The NCM811 and the graphite OCP are modeled with lookup tables, the SiO x on the other hand includes a model for to capture the hysteresis potential. However, one model considers the impedance at a full cell level whereas the other assigns a different impedance to each of the active materials. The models were parameterized and validated using current and voltage measurements from a commercial cell and their performance was compared against a regular ECM model with a similar number of parameters. It was proved how the new modeling approaches capture the influence of the SiO x and give more precise voltage predictions than the reference ECM. The model which considered the individual active material impedance gave slightly better results than the single-impedance model.

  

Table 2 . 1 :

 21 Nominal capacity of a Samsung INR18650-35E lithium-ion as described in its datasheet. Here RT stands for room temperature.

  preferentially Li 4 SiO 4[START_REF] Nagai | Development of Highly Reliable High-Capacity Batteries for Mobile Devices and Small-to Medium-Sized Batteries for Industrial Applications[END_REF][START_REF] Jung | Atomistics of the Lithiation of Oxidized Silicon (SiO x ) Nanowires in Reactive Molecular Dynamics Simulations[END_REF][START_REF] Park | Characterizations and Electrochemical Behaviors of Disproportionated SiO and Its Composite for Rechargeable Li-Ion Batteries[END_REF][START_REF] Yamada | Reaction Mechanism of "SiO"-Carbon Composite-Negative Electrode for High-Capacity Lithium-Ion Batteries[END_REF][START_REF] Lee | Kinetics of Reaction Products of Silicon Monoxide with Controlled Amount of Li-Ion Insertion at Various Current Densities for Li-Ion Batteries[END_REF]. The rest of the Li reacts reversibly with the pure Si domains. This process is depicted in figure3.13. During cycling, most authors consider the Li 4 SiO 4 to be inactive[START_REF] Obrovac | Alloy Negative Electrodes for Li-Ion Batteries[END_REF][START_REF] Chen | Recent Advancement of SiO x Based Anodes for Lithium-Ion Batteries[END_REF][START_REF] Yamada | Reaction Mechanism of "SiO"-Carbon Composite-Negative Electrode for High-Capacity Lithium-Ion Batteries[END_REF], thus SiO x can be regarded

	SiO 2	L i 4 S i O 4	L i 4 S i	Li 2 SiO 3
	Si	Li 4.4 Si		Si
				Li 4 SiO 4
	Initial	Li 2 SiO 3 Lithiated	Delithiated

Figure 3.13: First lithiation of SiO x . The clustered Si atoms react reversible with Li forming Li x Si. On the other hand, the surrounding SiO 2 reacts irreversibly with Li to form lithium silicates such as Li 2 SiO 3 and mostly Li 4 SiO 4 .

Table 4 . 1 :

 41 Software tools used through the half-cell experimental campaign.

	Software	Company	Use
	MatLab	MathWorks, USA	Data processing and
			visualization
	Microsoft	Microsoft Corporation, USA	Data visualization
	Office		
	EC-Lab	Bio-Logic SAS, France	Software of the potentiostat,
			data processing and
			visualization
	MITS pro	Arbin Instruments, USA	Software of the cell tester, data
			processing and visualization

pure materials vs. a reference Li electrode, as well as different SiO-graphite blends created in the laboratory.

Software and hardware

Tables 4.1 and 4.2 summarize the software tools and the laboratory equipment used during the experiments and the subsequent data processing.

Table 4 . 2 :

 42 Hardware tools used through the half-cell experimental campaign.

	Hardware	Company	Use
	Balance	Sartorius AG, Germany	Mass measurements
	Oven	Binder, Germany	Eliminate moisture and solvent
	Battery	Arbin Instruments, USA	Coin cell electrical
	cycler		measurements and solicitations
	VMP-300	Bio-Logic SAS, France	Cylindrical cell electrical
	Potentiostat		measurements and solicitations
	Glove box	MBraun Inc., Germany	Inert atmosphere
	SEM/EDX	Jeol Ltd., Japan	Visual and chemical
			characterization of the
			electrodes
	Punches	Hohsen, Japan	Coins cell manufacture
	Temperature	TestEquity, USA	Temperature control during
	chamber		testing
			63

Table 4 .

 4 3 summarizes the composition of the different coatings that were used in the experiments and their corresponding weight percentages. When a "*" appears in the table it indicates that no additional information was provided by the supplier. The Polyvinylidene difluoride (PVdF) binder that was used is Kurena 9300 PVdF. As the table shows, several blends and pure electrode coatings were used. The cells with either graphite, SiO or a blend are named based on the weight percentage of SiO in the coating, e.g. the 5-SiO-p is a blend of 5 wt% SiO with 92 wt% graphite. It should be noted that the 80-SiO cells only have SiO as active material. The p at the end of the x-SiO cells indicates

Table 4 . 3 :

 43 Different electrodes used during the half-cell experimental campaign. The first column has the coating name and the others present the corresponding coating composition, showing the type of component used as well as its the weight percentage.

	0-SiO-p	SPG6 92.0%	* 6%	-0%	C65 2%
	5-SiO-p	SPG6 87.4%	* 6%	SiO 5%	C65 2%
	20-SiO-p	SPG6 73.6%	* 6%	SiO 20%	C65 2%
	80-SiO-p	-0%	* 10%	SiO 80%	C65 10%
	80-SiO-c	-0%	* 10%	SiO 80%	C65 10%
	ArgSi	-0%	* 10%	N&A, Si 70.7%	C45 9.4%
	GaoSi	-0%	LiPAA 19.9%	PE, Si 80%	C45 10%
	C	= Carbon Black.			
	PE	= Paraclete Energy, Inc.		
	N&A	= Nanostructured & Amorphous Materials, Inc.	
	*	= Unknown			
					64

Table 4 . 4 :

 44 Cell parts suppliers and additional information.

	Component	supplier	Add. Info
	Coin cell spring cap and	Hohsen, Japan	-
	spacers		
	Separators	Celgard LLC, USA	Celgard 2325
	Electrolyte	Sigma-aldrich, USA	1 M LiClO 4 in
			EC:DEC:FEC
			(45:45:10) by weight
	Li counter electrode	Rockwood Lithium,	99.9 % purity
		USA	
	Li reference electrode	El-cell, Germany	Order number: ECC1-
			00-0210-O/X
	Isolation sleeve	El-cell, Germany	Whatman glass fiber
			(borosilicate)

Table 4 . 5 :

 45 Average potential of the graphite plateaus.

	Plat.	Delit.	Lit.	∆
		potential	potential	
	Top	229.8 mV	202.5 mV	27.3 mV
	Middle	137.0 mV	110.6 mV	26.4 mV
	Bottom	95.7 mV	83.3 mV	12.4 mV
	plateau-potential depends on many factors (e.g. the type of graphite, the coatings and
	temperature) and appear at a lower potential during lithiation as during delithiation.

Table 4 .

 4 [START_REF] Bmub | Climate Action Plan 2050 -Principles and Goals of the German Government's Climate Policy[END_REF] shows the measured average potential of the graphitic plateaus as well as the difference between the lithiation and delithiation potentials. Another important result derived from the OCP is that the bulk of the charge is stored at the plateaus.More precisely, 94% of the graphite capacity lies at a potential lower than 238 mV.
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Table 4

 4 

	.6 summarizes the

Table 4 . 6 :

 46 Average potential of the graphite plateaus when cycled at C/25 for the 0-SiO-p cell and C/50 for the 5-SiO-p and 20-SiO-p cells.

	SiO	Plat.	Delit.	Lit.	∆
			potential	potential	
	0% wt.	Top Middle Bottom	232 mV 140.5 mV 97.2 mV	200.5 mV 109.2 mV 80.1 mV	31.5 mV 31.3 mV 17.1 mV
	5% wt.	Top Middle Bottom	224.7 mV 138.7 mV 96.1 mV	142.6 mV 111.2 mV 83.7 mV	82.1 mV 27.2 mV 12.4 mV
	20% wt.	Top Middle Bottom	225.1 mV 137.1 mV 96.6 mV	112.0 mV 84.18 mV 80.8 mV	113.1 mV 52.9 mV 15.7 mV

the potential plateaus. Similarly, when potentials above 238 mV are considered, i.e.

Table 4

 4 

	.7 compares the capacity stored in the

Table 4 .

 4 

7: Normalized charge contribution of the potential plateaus.

Table 4 . 8 :

 48 Average potential of the graphite plateaus when cycled at C/25 for the 0-SiO-p cell and C/50 for the 5-SiO-p and 20-SiO-p cells.Figure 4.15 depicts the resulting curve. During the CV steps, the potential relaxes, converging to the t-OCP of the SiO producing pseudo OCP plateaus, thus lithium can be inserted/extracted from the SiO. This would explain the behavior observed on the blended cells, the SiO potential relaxes during the plateaus allowing some Li exchange. When going from one plateau to the other, the SiO potential returns to the boundary curve (from the t-OCP to the OCP), releasing less charge than it would normally do if it stayed on the OCP curve. This would explain the

		Lithiation	Delithiation
	SiO	Potential	Hold time	Potential	Hold time
	5% wt.	82.1 mV 111.0 mV 205.0 mV	12.4 h 9.5 h 1.5 h	95.0 mV 138.0 mV 226.0 mV	11.0 h 6.4 h 1 h
	20% wt.	82.1 mV 111.0 mV 205.0 mV	7.7 h 5.9 h 0.9 h	95.0 mV 138.0 mV 226.0 mV	6.8 h 4.0 h 0.6 h

potential plateaus at different SiO percentages, normalized against the estimated graphite capacity in the blend. These values show that the plateaus actually grow with the addition of the SiO, augmenting their total contribution by 1.1% in the 5-SiO-p cell and 4.3% in 20-SiO-p, i.e. four times more with four times the SiO.

Therefore, contrary to what was expected based on the literature

[START_REF] Obrovac | Alloy Negative Electrodes for Li-Ion Batteries[END_REF][START_REF] Chen | Recent Advancement of SiO x Based Anodes for Lithium-Ion Batteries[END_REF][START_REF] Yamada | Reaction Mechanism of "SiO"-Carbon Composite-Negative Electrode for High-Capacity Lithium-Ion Batteries[END_REF]

, it was concluded that the SiO is also active at the plateaus.

To test this hypothesis, a new experiment was designed. Based on the C/50 cycling of the 5-SiO-p and 20-SiO-p cells, the amount of time that the material spent at the plateaus was determined. Then, the pure SiO cell was cycled between 1800 mV and 1 mV at C/50. During cycling, when a plateau potential was reached, a Constant Voltage (CV) period would commence, lasting the same as the passage of the plateau in the blended cells. The CV duration at each potential can be found in table

4.8. 

increase in the plateau charge contribution presented in table 4.7. In summary, given the evidence here presented, we consider that the potential plateaus in the blended

Table 5 .

 5 

		Item	Value
		Nominal capacity	2.85 Ah
		Nominal voltage	3.67 V
		Higher cut-off voltage	4.2 V (high)
			2.5 V (low)
	Gr-fc	Operating temp.	0 -50 °C (charge)
			-30 -60 °C (discharge)
		Cycle life	500 cycles until 70%
			initial capacity
		Dimensions	18.3 mm (Diameter)
			65 mm (Height)

1: GrSiO-fc nominal characteristics.

Table 5 . 2

 52 

: Gr-fc nominal characteristics

Table 5 . 3 :

 53 Hardware and software tools used through the full-cell electrical characterization campaign

	Soft-/Hardware	Company	Use
	Climate chamber	Scienlab, Germany	Temperature control
	Cell test system	BasyTec, Germany	Voltage and Current soli-
			citations and measure-
			ment, cell monitoring
	BasyTec software	BasyTec, Germany	Test design and data
			processing
	MatLab	MathWorks, USA	Data processing, visual-
			ization, battery model
			implementation
	Microsoft Office	Microsoft, USA	Data processing and visu-
			alization

Table 5 . 4 :

 54 Capacity determination test protocol (steps 1-7), including the general initialization protocol (steps 1-5). After initialization the SoC = 100 %

	Step №	CC/CV	Value*	Stop criteria	Description
	1	CC	C/20	U t < U min	slow discharge
	2	CC	0	4 h	pause
	3	CC	-C/20	U t > U max	slow charge
	4	CV	4.2V	I > -C/50	hold voltage
	5	CC	0	4 h	pause
	6	CC	C/20	U t < U min	slow discharge, Q 20 C/20 °C
	7	CC	0	4 h	pause
	* Q max = Q nom			
					91

  As a consequence, during discharge ∆ZB→A 

	Which is to say that we neglect the charge contribution of the SiO. Then equation 6.17
	can be rewritten as					
	∆Z A→B SiO Q max,SiO + ∆Z A→B gr	∆Q B→A gr Z B→A	= ∆Q A→B ,	(6.22)
	Q max,SiO =	∆Q A→B ∆Z A→B SiO	-	∆Z A→B gr ∆Z A→B SiO	∆Q B→A gr Z B→A	(6.23)
	Finally α SiO can be found by replacing 6.23 and 6.21 into 6.14
	α SiO =	∆Q A→B ∆Z A→B SiO ∆Q A→B ∆Z A→B SiO -1 + ∆Z A→B gr -∆Z A→B SiO ∆Z A→B ∆Q B→A Z B→A gr SiO Z B→A gr ∆Z A→B gr ∆Q B→A	(6.24)
							SiO
	is a only 3.2% , whereas ∆Z B→A Gr	is 34.4%. This means that in a cell where, for
	example, α SiO = 10% we have				
	∆Z B→A gr ∆Z B→A SiO Q max,SiO Q max,gr	=	∆Z B→A gr ∆Z B→A (1 -α SiO ) SiO α SiO	= 96.75	(6.19)
	This means that between these potentials the charge contribution of the
	graphite is close to 100 times that of the SiO. Knowing this, we can simplify the
	discharge part in equation 6.17 to			
	∆Z B→A gr	Q max,gr ≈ ∆Q B→A ,	(6.20)
		Q max,gr ≈	∆Q B→A gr Z B→A	(6.21)

  * k being the gravimetric capacity of material k. The * in c * k is used to indicate that this gravimetric capacity is not necessarily the full gravimetric capacity of the material, i.e. the theoretical c k,theo or the measured c k . The product c * k Q max,k is meaningful only if the value used to calculate c * k was Q max,k in the first place. In this case, as explained in the previous section, Q max,k is defined as the charge between 1800 mV and 60 mV vs. Li/Li + . This has little influence on c * gr because 98 % of its charge is already between these potentials, ergo c * gr ≈ c gr . However, for the SiO the charge contained between these potentials drops to 90%, thus c * SiO < c SiO . Taking this into account and replacing the Q max,k expression 6.27 becomes

	With c β SiO =	Qmax,an c * SiO (1-α SiO )Qmax,an α SiO c * gr + α SiO	c * SiO Qmax,an	(6.28)
			SiO	
		Qmax,gr c * gr	c * SiO + Q max,SiO c * SiO	(6.27)
					114

  .7)U an = R SiO i SiO (t) + φ SiO (Z SiO , ζ) =R gr i gr (t) + φ gr (Z gr ), (7.8) i(t) = i SiO (t) + i gr (t). (7.9) As described in section 7.2, because of the SiO x potential hysteresis, the φ SiO is not only a function of Z SiO . The factor ζ is used to represent the hysteresis state of the SiO x . The φ SiO is modeled as follows φ SiO (Z SiO , ζ) = φ avg (Z SiO ) + ζ φ max (Z SiO ), (7.10) The anode is separated into two parallel branches representing the graphite and the SiO x .ζ(t) = -K|i SiO |• (sign(i SiO ) + ζ(t)) . (7.11) With φ avg and φ max as defined in equation (7.4) and the definition of the differential equation for ζ being a modified version of the rate invariant hysteresis model presented in equation (7.6). Now, using the definition of SoC the different Z k can be expressed in terms The input current integral in the equation for Z ca has a different sign because while the cell charges the cathode delithiates and vice versa. These equations represent the U OCV of the Extended-OCV model. On the other hand, the system impedance is divided in two elements, an Ohmic impedance and a fractional transfer function representing the diffusion behavior Where R f is the gain, n the order of the fractional transfer function, ω h the sampling rate and ω b the slowest time constant of interest. A five pole Oustaloup approximation was used for the computational implementation of this fractional impedance.

					i gr (t)	
	i(t)				R gr		Z frac,gr	-	Φ gr	+
	Φ ca	R Ohmic	Z frac,ca			
	+	-		R SiO		Z frac,SiO	Φ SiO
	of i(t) as +	Z SiO (t) = Z SiO (0) -Z gr (t) = Z gr (0) -U t (t) 1 Q max,SiO i SiO (t) 0 1 Q max,gr t 0 i gr (τ ) dτ, t i SiO (τ ) dτ, -	-	+ (7.12) (7.13)
		Z ca (t) = Z ca (0) +	1 Q max,ca	0	t	i(τ ) dτ.	(7.14)
		U Ohmic (t) = R Ohmic (SoC) i(t),	(7.15)
					i gr (t)	
	i(t)	R gr U frac (s) = Z frac (s)I(s), Z frac (s) = R f n s + ω h s + ω l	.	-	Φ gr	+	(7.16) (7.17)
	Φ ca	R Ohmic	Z frac			
	+	-			R SiO			-	Φ SiO	+
					i SiO (t)	
	+ expression With these expressions, the cell terminal voltage U t is modeled by the -U t (t)
		U t (t) = U submodel OCV	(t) -U Ohmic (t) -U frac (t).	(7.18)

Figure 7.8:

  ca -U an , (7.[START_REF] Deng | Li-Ion Batteries: Basics, Progress, and Challenges[END_REF])U an = i gr R gr + U frac,gr + φ gr (Z gr ) = i SiO R SiO + U frac,SiO + φ SiO (Z SiO , ζ),(7.20) frac, SiO = Z frac, SiO (s) I SiO (s). (7.23) With the fractional impedance of material k defined as Chapter 6 described how to estimate several of the most important parameters that both the Extended-OCV and Branched impedance use. Namely, the OCP curves φ ca , φ SiO and φ gr , the electrode capacity Q max,ca , Q max,SiO and Q max,gr

	Z frac,k (s) = R f,k	s + ω h s + ω l	n k	.	(7.24)
	7.3.3 Model parametrization				
	i(t) = i SiO (t) + i gr (t),			(7.21)

U frac, ca = Z frac, ca (s) I(s), U frac, gr = Z frac, gr (s) I gr (s),

(7.22) 

134 U

Estimating the GrSiO-fc electrode balancing and anodic OCP

Potential was checked at steps 1, 4 and 5 and was 2.681 V, 2.445 V and 2.396 V respectively. Once dried, same procedure as described in 4.1.1 was used to fabricate coin cells from the extracted electrode sheets.

Chemical and visual analysis of the GrSiO-fc

Another important series of tests were carried out in order to determine the structure and the chemical composition of the GrSiO-fc. This work was performed at RTC-AP and CR-RNG, and consisted of the cell disassembly and sample preparation for the different characterization techniques now described.

Quantitative element analysis: the Inductively Coupled Plasma Optical Emission

Spectrometry (ICP-OES) and Energy Dispersive Spectrometer (EDS).

Visual characterization: the Light Microscopy (LiMi) and Scanning Electron Microscope (SEM).

Crystalline phase composition: X-Ray Difraction (XRD).

Full-cell electrical tests

Finally, the true full-cell experimental campaign (no cell disassembly) was performed at the Bosch battery division facilities in Stuttgart. Six cells in total were used for each test, three of the GrSiO-fc series and three from the Gr-fc. This was done for repeatability and reliability purposes and, additionally, to compare their behavior. We expected that the only difference between both cell compositions was the addition of SiO x to the anode of the GrSiO-fc cell, since both of them belong to the same series. Table 5.3 summarizes the equipment and software tools utilized.

During all tests the cells were inside a climate chamber. There, the air temperature was kept at 20 °C. Cell surface temperature was also measured. To start, the cells were subjected to 8 preconditioning cycles at a C/10 rate. This is done to settle the cell characteristics since they change at a faster rate during the first cycles. At the beginning, the C-rates were normalized with the nominal capacity.

Subsequently, the experimental cell capacity was determined with the experimental protocol in Table 5.4.

Conclusions and future work

When it comes to Si research there is currently an important imbalance in the literature. On one hand, there is an abundance of research from the battery design perspective, which try to address the issues that have hindered the widespread adoption of Si-based anodes. On the other, even though Si-based materials are being used in commercial Li-ion cells, important information needed in the BMS design for Si cells is missing. The present doctoral work addresses some of these gaps, contributing important information on several aspects of the Si behavior and proposing several different modeling strategies suited for BMS applications. The Principal contributions of this dissertations are hereafter summarized.

1. An evaluation of the available literature was made, focusing on the behavior of silicon and silicon suboxides. This review showed how little is known about important aspects of the material lithiation. From the reported experimental results, it cannot be concluded with certainty that the Li atoms diffuse inside the material following Fick's law when the diffusion is not electrochemically driven. This is worrying given that many electrochemical models assume this.

Additionally, most researchers seem to have accepted mechanical stress as being the main source of the silicon potential hysteresis. However, simulations of c-Si particle lithiation indicate that the surface stress should be tensile, not compressive, which would lower the potential hysteresis significantly. This is not reflected in the reported experimental c-Si lithiation potential curves.

In this sense, the reason behind the Si hysteresis remains an open question.

Nevertheless, the phenomenology of the hysteresis has been explored and the models proposed show good agreement with experimental measurements.

From a modeling perspective, most of the research if focused on complex models that are of great aide for silicon anode design but ill-suited for BMS