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General introduction and thesis outline 1. Global warming and the emergence of batteries

The global energy demand is foreseen to increase ~50 % between today and 2050, according to the International Energy Outlook 2021 1 . Thus, the need for urgent and more intensive actions against climate change is a must. In this line, the central objective of the Paris Agreement in its long-term is to limit the global average temperature increase to 1.5 ºC above pre-industrial levels (Figure 1a). To fulfil this target, 45 % of global human-caused CO2 emissions need to be reduced by 2030 compared to 2010 levels to achieve that objective, according to a recent Intergovernmental Panel on Climate Change (IPCC) special report 2 . The transition from fossil fuels to greener energies therefore requires both renewable energy sources and sustainable and cost-effective storage technologies. Even though renewable energies have large environmental benefits since they produce less greenhouse gas emissions and are basically unlimited, most of the times they are diffuse and intermittent. The intermittent nature of renewables requires balancing-solutions that enables renewable energy to be available when needed. In that sense, the development of electrochemical energy storage (EES) systems such as batteries or capacitors is, therefore, crucial.

Batteries are key enablers of the energy transition towards the decarbonization of both the transport sector (electric mobility) and the power sector (stationary storage of intermittent and decentralized renewable energy sources), which accounts for 16 % and 23 % of greenhouse gas (GHG) global emissions in 2017, respectively 4 (Figure 1b). As depicted in Figure 2, a circular battery value chain that couples both the transport and power sectors is envisioned by 2030 to fulfil the 1.5 ºC target in the Paris Agreement 4 . Thus, the rising demand for lithium-ion batteries across the world is directly correlating to the need to falling prices. Indeed, the lithium-ion battery (LIB) pack prices are projected to drop below €85 per kWh by 2023 5,6 , a threshold that is believed to render batteries competitive with internal combustion engines in the automotive sector.

Such major dependence on batteries requires precise monitoring of their functional status to increase their quality, reliability, lifetime, and safety (QRLS). 

Battery diagnosis to improve battery cycling life

Battery performances are mainly governed by the nature and dynamic of their interfaces that are rooted in temperature-driven reactions with unpredictable kinetics. In the context of sustainability, the identification of degradation mechanisms represents a huge technical challenge in battery diagnosis, specially under operating conditions. Surprisingly, although monitoring temperature is essential for enhancing the battery cycle life, today it is not directly measured at the cell level in electric vehicle (EV) applications, but only at the module level, resulting in over-dimensioned and under-used batteries. Thus, fundamental science is sorely needed to provide a better knowledge/monitoring of the battery physical/chemical parameters (temperature, pressure, strain, parasitic reactions) during cycling in order to understand the science beyond the different failure phenomena. More accurate readouts coming from internal operando techniques are required to improve the input to the battery management systems (BMS), enabling the high conservative potential and current limits to be extended, thus maximizing battery usage in all aspects.

Following this direction, one of the main goals of the large-scale and long-term European research initiative Battery2030+ 7 deals with the integration of smart functionalities into batteries, namely, sensing and self-healing, to enhance battery QRLS and cell lifetime. The first one, sensing, aims to develop new appropriate tools to diagnose battery failures as a part of a system in real operating conditions, thus offering the possibility to follow novel metrics (e.g., internal cell temperature). Having diagnosed these degradation mechanisms, it is then necessary to develop some curing strategies to internally repair the damage and thus extend the battery lifetime. In this context, inspiration by biosourced materials together with the use of supramolecular chemistry within batteries can play an important to develop self-healing functionalities.

In a nutshell, smart batteries containing sensing and self-healing functionalities can bring improved QRLS characteristics to the already existing batteries technologies. The success to implement this smart approach, will require to bridge many disciplines such as supramolecular chemistry, engineering, optics, electrochemistry, or material science.

Thesis outline

The increasing demand of batteries and the need to accurately monitor the batteries' functional status requires the development of non-invasive operando techniques that could inject smart sensing functionalities into these dynamic electrochemical devices 8 . This thesis aims to contribute on the development of new operando diagnosis tools by exploring optical fiber Bragg grating (FBG).

To such end, this thesis is structured into the following five chapters:

Chapter I starts with a recall of the basic concepts related to battery systems before shifting to the central topic of this thesis: battery diagnosis. To such end, an historical overview of the evolution of battery sensing is presented, prior to focus on optical sensing and what has been done in the battery field up to now. By using FBG sensors in cylindrical Na-ion batteries, Chapter II details the results of implementing not only one but two optical sensors in parallel to decouple temperature and pressure events, thus accessing chemical information directly from inside. In the second part, three FBG sensors are placed inside, at the cell surface and on the ambient to transform temperature changes into heat events, thus enabling optical calorimetry.

Chapter III explores the extend and application of the developed operando calorimetry technique to other cell formats and chemistries. To such end, commercial pouch cells with different cathode materials are used, and phenomena such as the total heat evolution and the entropy variation are explored from data obtained via optical sensors.

Meanwhile Chapter II and Chapter III take advantage of temperature and pressure perturbations on the FBG sensor, Chapter IV explores the strain/stress deformation of the sensor due to volume changes happening within the battery electrodes.

To conclude, Chapter V summarizes the main fundamental and practical findings of this thesis along with the future perspectives in the battery sensing field.

Altogether, we hope this work will help to understand failure and battery degradation phenomena from another point of view, while bridging scientists and engineers from multidisciplinary fields to facilitate the improvement and development of new electrode and battery designs.

Chapter I: A glance into battery monitoring and diagnosis

Rechargeable batteries, as one of the most versatile energy storage technologies, play a key role in the ongoing transition from fossil fuels to renewable energies. They are essential in a broad range of growing industries such as power grids, aerospace, robotics, consumer electronics and automobility (EVs). Such dependence makes battery quality, reliability, lifetime, and safety (QRLS) immensely more important than ever before. This stresses out the need to accurately monitor the batteries' functional status and therefore calls for the development of non-invasive operando techniques that could inject smart sensing functionalities into these dynamic electrochemical devices 8 . In this thesis, the potential of optical fiber Bragg grating (FBG) sensors was explored in order to address such need. Hence, this introductory chapter aims to provide the basis on concepts related to battery systems and sensing techniques applied to batteries, with special focus on optical fiber-based sensors as a promising operando method to monitor the state of health of the device.

Battery technologies and most relevant concepts

A battery is a device that can store chemical energy and reversibly convert it into electrical work. The spontaneous conversion of chemical energy into electrical work in a battery is called "discharge" whereas, the opposite process is induced by applying an external power supply and it's called "charge".

Batteries are composed by two electrodes ("anode" and "cathode"), two current collectors, a separator, and an electrolyte. The compounds containing the redox-active species in a battery are denominated "active materials". Thus, the electrodes are typically a composite of the redox active material, a conductive agent (to ensure the electrical connection of the particles) and a binder (typically a polymer, to facilitate the processing of the cathode mixture in a layer and further adhesion to the current collector). The electrolyte provides ionic conduction and closes the electrical circuit. Finally, the separator is always an electronic insulator meant to physically separate the electrodes to avoid the short-circuit of the cell 9 .

The working principle of a battery is based on the occurrence of a single redox reaction, where one redox specie is oxidized at expenses of another one that is reduced. Unlike redox reactions taking place in bulk systems, in a battery the oxidation and reduction hemi-reactions are physically separated but taking place in tandem at the anode and cathode electrode, respectively. Therefore, when the active redox specie is oxidized in the anode, the electrons flow externally to reach the cathode for the reduction reaction to happen. This in turn induces a flow of ions through the electrolyte that closes the electrical circuit and maintains the electroneutrality.

Battery descriptors.

Different descriptors or figures of merits are frequently used in the battery field to describe the battery properties, its testing conditions and its performance. The most relevant definitions are provided below.

The capacity (Q) gives information about the amount of charge that can be delivered by a cell over time, in other words, how long the battery is going to work before the redox species in the active materials are depleted, and it is commonly given in ampere hour (Ah). Besides redox reactions taking place at each electrode (faradaic process), there are also parasitic reactions that may occur at interfaces and so, give rise to "irreversible capacity".

As for the testing conditions, one of the most relevant descriptors is the "C-rate". It indicates how fast the cell is charged or discharged and the "C" refers to the total capacity of the battery. To discharge a cell at 1C means to apply a current that will deliver the total cell capacity in 1 hour.

When it comes to the battery performance, the coulombic efficiency (CE) is a key parameter to look at. It can be extracted from the capacity values during charge and discharge and is defined as the ratio Qdischarge/Qcharge. On another note, the energy, expressed in Watt-hour per kilogram (Wh/kg) or Watt-hour per liter (Wh/L), is described by the product of the capacity by the output voltage of the cell that is determined by the potential difference of the redox reactions at the electrodes (Equation I. 1), meanwhile the power indicates the loading capability, and is given in Watt per kilogram (W/kg). Equation I. 1:

𝐸 = 𝑄 • V

1.a. Li-ion batteries (LIBs)

Lithium-ion batteries (LIBs) have become increasingly popular because of their high energy and power density, high output voltage, and long lifetime 9 . Owing to these performances, LIBs have reached an established commercial status with a production rate of several millions of units per month.

Lithium is the ideal candidate for batteries due to its low atomic weight (Mw = 6.94 g mol -1 ), its low standard potential -lowest among all elements-, and its small radius, providing fast diffusion in solids and easy intercalation. LIBs were developed thanks to the discovery of intercalation compounds now widely used as cathode active materials. These compounds have active redox centers (typically transition metals) that can reversibly be oxidized or reduced, causing the reversible uptake/release of Li + ions from/to the electrolyte and within/from a vacant site in their crystal structure.

A typical LIB is assembled with a graphite anode and a layered transition metal (M) oxide cathode [START_REF] Armand | Building better batteries[END_REF] . In both, Li ions reside in layers between the graphene sheets or the transition metal oxide layers, respectively, and are reversibly inserted and extracted during electrochemical cycling. For the full system, the half-reactions involved during charge are:

Cathode:

LiMO2 → x Li + + x e -+ Li(1-x)MO2, where M is a transition metal.

Anode:

C6 + x e -+ x Li + → LixC6

A schematic representation of the working principle for a rechargeable LIB is presented in Figure I. 1 [START_REF] Goodenough | The Li-Ion Rechargeable Battery: A Perspective[END_REF] . In the next section, general battery concepts regarding relevant electrodes and electrolytes used in LIBs are presented. Cathode electrode materials for LIBs.

Many different commercial intercalation materials are available in the market nowadays, resulting in different battery characteristics [START_REF] Nitta | Li-ion battery materials: present and future[END_REF] . The most used, together with their acronyms are listed in Table I. 1. They enlist among others the layered oxides as LiCoO2 (LCO), and LiNixMnyCozO2 (NMC, x+y+z = 1), the polyanionic compounds among which LFP is the most popular, and lastly materials pertaining to the spinel family such as LiMn2O4 (LMO). Anode electrode materials for LIBs.

The "stellar" anode material for LIBs is graphite (C6), which has a theoretical specific capacity of 372 mAh g -1 , calculated from the mass of 6 carbon atoms hosting one lithium. When Li + is intercalated into graphene layers of graphite, different potential plateaus are observed corresponding to different staging [START_REF] Zhang | Graphite as anode materials: Fundamental mechanism, recent progress and advances[END_REF] . Upon lithiation, it changes from stage IV (every graphene fourth layer is filled with Li + ) to stage I (every layer is filled with Li + ). Even if today graphite is by far major anode material, non-graphitic anodes such as lithium titanate (Li4Ti5O12, LTO) can play a role in some niches applications, especially with respect to power performance [START_REF] Zhu | Ti-based compounds as anode materials for Li-ion batteries[END_REF] . Nonetheless, Silicon (Si) appeared as the most promising next-generation high-capacity anodes owing to its theoretical capacity almost ten times higher than for the commercial graphite anodes, i.e. 3600 mAh g -1 .

Besides, Si benefits from its high abundance, low cost, and low discharge voltage (< 0.5 V vs Li + /Li). However, massive volume changes (~300 %) upon electrochemical lithiation (charge) and delithiation (discharge) lead to detrimental mechanical failures, which prevent Si to reach commercialization.

Electrolytes for LIBs.

Liquid electrolytes are generally composed by a salt containing Li + , an organic, non-aqueous, solvent media, and occasionally one or more additives (chemical compounds used in very low amounts, typically < 2 to 4 vol%). Regarding salts for LIBs, with the cation Li + fixed, the anion should be stable towards oxidative or reductive decomposition, and chemically inert to all other components of the cell. The most common studied salts for LIBs are lithium hexafluorophosphate (LiPF6) and lithium bis(trifluoromethanesulfonyl) imide (LiTFSI). The solvents are usually organic, polar, and aprotic. Common organic solvent matrices are based on mixtures of carbonates such as ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), and diethyl carbonate (DEC). The most common is a mixture of the cyclic EC and the linear DMC. In typical LIBs, the electrochemical stability window of all known liquid electrolytes is narrower than the operating voltage of both electrodes. Therefore, the electrolyte partially decomposes at both electrodes during the first cycle of the battery giving rise to decomposition layers, which are called "solid electrolyte interphase" (SEI) for the anode and "cathode electrolyte interphase" (CEI) for the cathode. The SEI/CEI formation involves irreversible decomposition of electrolyte components producing solid products that will be deposited onto the electrode surface. A portion of the total lithium is irreversibly consumed during the formation of the CEI/SEI layers hence affecting the cell Li inventory. The SEI, although being a gift from nature for enabling the Li-ion technology to operate beyond its thermodynamic regime, it is also a nightmare to master. Its stability is very important as it is directly linked to the battery performance. A highly inorganic and non-soluble SEI is always desired [START_REF] Peled | Review-SEI: Past, Present and Future[END_REF] . To improve the properties of the electrolytes, therefore enhancing the formation of the SEI and CEI by reducing unwanted parasitic reactions with the electrolyte solvent, small amounts of other components (< 5 %), known as electrolyte additives, are incorporated [START_REF] Armand | Building better batteries[END_REF] .

Full cells and diversity of cell formats.

Whereas coin cells and Swagelok cells are the preferred geometries for material screening at laboratory scale, commercial LIBs can be found in three main formats: cylindrical, prismatic and pouch cells [START_REF] Chen | Applications of Lithium-Ion Batteries in Grid-Scale Energy Storage Systems[END_REF] 1.a. Na-ion batteries (SIBs)

Because of an anticipated shortage of lithium supply associated with the increasing demand of batteries for several sectors, the development of new battery technologies becomes attractive. Amongst them, the sodium-ion batteries (SIBs) are getting momentum. The reason is rooted in the fact that Na is much more abundant and homogeneously distributed in the planet than Li and, furthermore, Na does not alloy with aluminum. Therefore, both the anode and cathode can use aluminum as current collector -having a positive impact on both the battery price and the battery energy density [START_REF] Ponrouch | Non-aqueous electrolytes for sodium-ion batteries[END_REF][START_REF] Vignarooban | Current trends and future challenges of electrolytes for sodium-ion batteries[END_REF] . Moreover, SIBs can be discharged completely, and so being stored for several months at a SoC = 0% avoiding safety risks.

The cathode active materials for Na-ion technologies are grouped in two different families mirroring the ones with LIBs, that is layered oxides as NaxMO2 or a polyanionic-based 3D structures such as NaxMy(XO4)z, where M is a transition metal [START_REF] Masquelier | Phosphates, Silicates, Sulfates) Frameworks as Electrode Materials for Rechargeable Li (or Na) Batteries[END_REF] . As for the anode side, hard carbon (HC) is the material of choice with a capacity of 300 mAh g -1 . Turning to the salts, the same anions as for LIBs are commonly used, with the most popular ones being PF6 -, and [N(CF3SO2)2] -(TFSI) [START_REF] Ponrouch | In search of an optimized electrolyte for Na-ion batteries[END_REF] .

1.b. All-solid-state batteries (ASSBs)

Regarding the new battery architectures, solid-state batteries (ASSBs) are envisioned as one of the most promising next generation of advanced batteries. In an ASSB, a solid electrolyte (SE) is used instead of a liquid one, acting also as the separator between the positive and negative electrode. Solid electrolytes could theoretically enable the use of high energy cathodes as well as Li anodes, which means a significant boost in the energy density [START_REF] Janek | A solid future for battery development[END_REF] .

Despite the concept of solid-state lithium batteries has been known for decades, several unresolved problems affecting their performances remain today and prevent their commercialization. Since the device is entirely composed by compressed solid materials, one of the main issues lies in the loss of mechanical integrity upon cycling due to the volume changes of the individual electrodes that cannot be buffered by the rigid solid electrolyte [START_REF] Lewis | Chemo-Mechanical Challenges in Solid-State Batteries[END_REF] . Therefore, the internal monitoring of the mechanical integrity in ASSBs is of major interest [START_REF] Strauss | Operando Characterization Techniques for All-Solid-State Lithium-Ion Batteries[END_REF] . Besides, the development of ASSBs will require control over the evolution and reactivity of interfaces.

Battery lifetime and the role of cell diagnosis

As reflected throughout the first part of this chapter, batteries are gaining high importance towards targets of zero CO2 footprint. Such an increasing dependence make battery quality, reliability, lifetime, and safety (QRLS) immensely more important than ever before. This stresses the need to accurately monitor the batteries' functional status and to detect degradation mechanisms responsible for their premature ageing and cell failure. However, as illustrated in Figure I. 3, the battery degradation is the result of the complex interplay between thermodynamic, chemical, and mechanical instability of materials. Indeed, the complexity of real-time monitoring systems derives from intrinsic competition between main and parasitic electrochemical reactions and phase transitions together with electronic and ionic transport limitations through the various cell components during cycling. While main reactions and phase transformations mainly govern the current/voltage of specific chemistries, parasitic reactions and transport limitations are both complicated and dependent on operational factors (e.g., operating temperature, C-rate). In turn, this leads to phenomena [START_REF] Birkl | Degradation diagnostics for lithium ion cells[END_REF] With the aim of extending battery lifetime and good performance, all these degradation phenomena require to be detected and/or predicted by means of advanced diagnosis tools. Nevertheless, there is no novelty in the concept of battery diagnosis, as it dates back to 1887 when hydrometers were used to measure the electrolyte density in lead-acid batteries to estimate their state of charge [START_REF] Bright | Remarks on 'On reversible lead batteries and their use for electric lighting[END_REF] . Since then, the field has witnessed the development of sophisticated diagnostic tools that have led to improved but not yet optimized battery management systems. In the following part, we will give a general overview of the history of battery sensing up to the present day.

2.a. Past and present of battery diagnosis

As soon as batteries were released on the market, scientists have been developing techniques to assess and monitor their SoC, and SoH. Figure I. 4 shows a condensed timeline of the most relevant sensing technologies applied in the battery field, all being of a very diverse nature. As mentioned, the kick-off of these developments was the determination of the SoC in lead-acid batteries from the change in the electrolyte density using a hydrometer back in 1887. This methodology set the ground for further developments oriented towards the same purpose. Later on, optical hydrometers and crystal microbalance sensors enabled to access the sample in a nondestructive way to evaluate the electrolyte's concentration [START_REF] Garrard | Application of the quartz crystal microbalance to measurement of the concentration of electrolyte in lead/acid batteries[END_REF] and thus estimate the SoC. Hydrometer-based methods were later replaced by electrochemical techniques such as the voltmeter and the ampere-hour meter implemented a long time ago. Besides, electrochemical impedance spectroscopy (EIS) or pulse methods were explored to track the contact and chargetransfer resistances and their contribution to the cell overpotential. It is worth mentioning the use of a third reference electrode [START_REF] Dollé | Development of Reliable Three-Electrode Impedance Measurements in Plastic Li-Ion Batteries[END_REF] , which allowed the identification of the contribution of each cell component to the overall battery performance, provided that chemical stability, geometry, and positioning of this reference within the cell were well mastered.

On the other hand, the quantification of both inorganic and organic species generated within the electrolyte has benefited from advances in analytical techniques. Nowadays, determination of salts and solvent concentration variations can be made, among others, with gas chromatography/mass spectrometry (GC/MS), inductively coupled plasma optical emission spectroscopy (ICP-OES) or liquid NMR [START_REF] Gireaud | Mass Spectrometry Investigations on Electrolyte Degradation Products for the Development of Nanocomposite Electrodes in Lithium Ion Batteries[END_REF][START_REF] Gireaud | Identification of Li Battery Electrolyte Degradation Products Through Direct Synthesis and Characterization of Alkyl Carbonate Salts[END_REF] . However, all these approaches require cell disassembly and significant laboratory infrastructure. This was not the case for a recently proposed non-destructive differential thermal analysis technique (DTA) [START_REF] Day | Differential Thermal Analysis of Li-Ion Cells as an Effective Probe of Liquid Electrolyte Evolution during Aging[END_REF] , which consists of tracking variations of the liquidus and solidus features of the electrolyte, together with their associated enthalpies, to correlate them with the SoC and SoH of the battery. Despite the benefits that this technique offers, the use of heating and cooling systems involving liquid nitrogen may prevent to be applied in real applications.

At this stage, let's recall that regardless the battery technology considered, the performance (QRLS) is always governed by the nature and dynamic of the interfaces that rely on temperature-driven reactions with unpredictable kinetics. Thus, the temperature is by far the most critical parameter affecting the battery performance and it should be monitored with accurate time and spatial resolution. Three main classes of temperature sensors applied in the battery field can be listed: thermocouples, resistance temperature detectors (RTD), and thermally sensitive resistors (thermistors) [START_REF] Knobloch | Fabrication of Multimeasurand Sensor for Monitoring of a Li-Ion Battery[END_REF][START_REF] Jinasena | Online Internal Temperature Sensors in Lithium-Ion Batteries: State-ofthe-Art and Future Trends[END_REF] , all differing in their accuracy and their easiness in cell integration. For instance, when monitoring individual cells within a battery pack, thermistors, because of their thicknesses (1 mm), are solely positioned on the top rather than at the surface of the cell as opposed to RTD's, which can be made as thin as 100 μm, hence enabling their incorporation onto the battery surfaces in tightly arranged battery packs. Consequently, the importance of miniature sensors. Although monitoring temperature is essential for enhancing cycle life and the longevity of the battery, it is poorly done for EV's applications since there is no temperature sensor placed individually at each cell but solely at the module level. Indeed, to validate thermal battery management system models (TBMS) mainly the surface temperature input has been considered. As it is known that a temperature gradient of up to several tens of degrees can exist between the inside and the outside of the cell, this measurement is not sufficient. Thus, the increasing interest for temperature-imaging within a cell.

First, simplified attempts have consisted in measuring the temperature difference between embedded and surface thermocouples in a 25 Ah flat battery. The results obtained by Li et al. [START_REF] Li | Examining temporal and spatial variations of internal temperature in largeformat laminated battery with embedded thermocouples[END_REF] successfully showed the temperature mapping of the battery measured at different discharge rates, hence providing valuable information to validate thermo-electrochemical models. A drawback of this approach lies in the internal placement of the various thermocouples due to their size and their electrical wiring without affecting the cell's tightness and performance. A different and non-invasive approach enlists the use of infrared thermography to determine hot spots, self-heating points, and eventually dendrite growth within a cell [START_REF] Zhang | Visualization of self-heating of an all climate battery by infrared thermography[END_REF] . However, thermography suffers from poor spatial resolution together with limited accuracy in temperature besides background noise.

As previously mentioned in this chapter, mechanical fracture triggered by large volume expansion occurring within the electrode materials is a complex phenomenon which is strongly linked with SEI overgrowth, electrode swelling, particle cracking, and gas evolution. Several techniques such as in-situ microscopy [START_REF] Huang | In Situ Observation of the Electrochemical Lithiation of a Single SnO2 Nanowire Electrode[END_REF] , electrochemical dilatometry 39 , X-ray computed tomography [START_REF] Michael | A Dilatometric Study of Graphite Electrodes during Cycling with X-ray Computed Tomography[END_REF] , or mechanical stress measurements [START_REF] Cheng | In Situ Stress Measurement Techniques on Li-ion Battery Electrodes: A Review[END_REF] have been used to better quantify the expansion and compression experienced at the electrode material level, with the drawback to require specially designed cells to monitor the volume changes. When moving towards full cells, in 2014 the group of Prof. Jeff Dahn reported an apparatus for the study of in situ gas evolution based on the Archimedes' principle. More precisely, they managed to monitor the volume changes in pouch cells by immersing the cells in a fluid, and through a force sensor, quantified the volume displacement [START_REF] Aiken | An Apparatus for the Study of In Situ Gas Evolution in Li-Ion Pouch Cells[END_REF] . Five years later, the same group explored a variation of this measurement now performing operando pressure measurements with strain gauges mounted on the surface of pouch cells to effectively decouple gassing from swelling to accurate monitoring the SEI growth [START_REF] Louli | Operando Pressure Measurements Reveal Solid Electrolyte Interphase Growth to Rank Li-Ion Cell Performance[END_REF] . By applying this technique in different Li-ion NMC(NCA) pouch cells containing either graphite or C/Si as negative electrodes, the researchers were able to follow the irreversible volume expansion caused by the SEI growth. This allowed the performance of different Li-ion chemistries to be ranked by comparing capacity retention and irreversible pressure growth. Despite elegant, it is still not clear whether this approach can be implemented commercially. These chemo-mechanical issues previously addressed become seriously detrimental for ASSBs due to the stiff nature of the solid electrolyte. However, the development of operando setups capable of probing the chemomechanical integrity in ASSBs without affecting its performance remains as a big challenge [START_REF] Strauss | Operando Characterization Techniques for All-Solid-State Lithium-Ion Batteries[END_REF] .

Besides, the experimental setups developed for liquid electrolyte-based LIBs are generally not transferable to ASSBs systems, mainly due to the significant external pressure required to have good mechanical contact between all the cell components.

In this sense, it is worth noting that the mechanical evolution of electrodes often leads to fracture events and a corresponding release of energy. Consequently, these events emit acoustic waves, whose acoustic emission (AE) can be used as a non-destructive and passive characterization technique for monitoring particle cracking and volume changes during cycling. Interestingly, both passive and active acoustic sensing, which differ roughly in the use of one or two piezoelectric transducers, have been applied in the liquid electrolyte-based LIBs (see Figure I. 5a and Figure I. 5b for an illustrative comparison). The group of Prof. Jeff Dahn recently developed an ultrasonic imaging apparatus [START_REF] Deng | Ultrasonic Scanning to Observe Wetting and "Unwetting" in Li-Ion Pouch Cells[END_REF][START_REF] Louli | Diagnosing and correcting anode-free cell failure via electrolyte and morphological analysis[END_REF] based on the use of two movable ultrasonic transducers placed on each side of a pouch cell, with the entire cell immersed in silicone oil for ultrasonic coupling, as shown in Figure I. 5c. The results revealed the electrolyte distribution within the cell as a function of impregnation time and electrolyte content by monitoring the amplitude of the transmitted acoustic wave. By doing so, the quality of electrolyte wetting inside Li-ion NMC/C cells was correlated with the battery ageing. This could be of great help for electrolyte screening at LIB manufacturing facilities, assuming that the inclusion of silicone oil can be managed. Overall, despite acoustics are indeed extremely powerful in visualizing consequences of mechanical effects, its challenge lies in the complexity of decoupling the observed events from their physical origin, unless complemented by additional analytical techniques. (bottom), adapted from ref [START_REF] Gold | Probing lithium-ion batteries' state-of-charge using ultrasonic transmission -Concept and laboratory testing[END_REF] . c Acoustic imaging of the electrolyte impregnation of a pouch cell, as reported in ref [START_REF] Louli | Diagnosing and correcting anode-free cell failure via electrolyte and morphological analysis[END_REF] .

The overall figure is adapted from the recent sensing review in ref 6 .

Finally, numerous characterization techniques have been developed at the material, electrode, and interface levels to untangle the underlying science of main and parasitic mechanisms. They enlist sophisticated diagnostic tools such as X-ray diffraction (XRD) [START_REF] Amatucci | The End Member of the Li x CoO2 Solid Solution[END_REF][START_REF] Leach | Spatially Resolved Operando Synchrotron-Based X-Ray Diffraction Measurements of Ni-Rich Cathodes for Li-Ion Batteries[END_REF] , nuclear magnetic resonance (NMR) [START_REF] Blanc | In Situ Solid-State NMR Spectroscopy of Electrochemical Cells: Batteries, Supercapacitors, and Fuel Cells[END_REF] , electron paramagnetic resonance (EPR) [START_REF] Sathiya | Electron paramagnetic resonance imaging for real-time monitoring of Liion batteries[END_REF] , optical scattering microscopy [START_REF] Merryweather | Operando optical tracking of single-particle ion dynamics in batteries[END_REF] , or transmission electron microscopy (TEM) [START_REF] Tao | In Operando Closed-cell Transmission Electron Microscopy for Rechargeable Battery Characterization: Scientific Breakthroughs and Practical Limitations[END_REF] , which can ideally operate in operando as a cell is cycled. Although quite spectacular, these analytical techniques rely on special equipment and cell designs that cannot be directly implemented in commercial cells for monitoring purposes [START_REF] Li | Peering into Batteries: Electrochemical Insight Through In Situ and Operando Methods over Multiple Length Scales[END_REF] . This limitation further restricts commercial batteries and systems to a critical reliance on extrapolating how laboratory-scale results translate into consumer-packaged products. Thus, a feedback mechanism for real-time tracking of these phenomena within the battery black box and during field operation is of critical importance in the development of more efficient Battery Management Systems (BMS).

A proper BMS is essential for a long and suitable performance, as it measures the temperature (T), the current (I), the voltage (V), and the impedance (R), and by these data estimate the state of charge (SoC), state of health (SoH), and/or the life expectancy. SoC is defined as the amount of charge remaining in comparison to the maximum charge that the battery can hold, while the SoH is a measure of the battery's ability to store and deliver electrical energy as compared to a new battery. The BMSs available on the market are rooted on estimation-based algorithms i.e. coulomb counting, universal SOC, or Kalman filter algorithms, which use data acquired from the external temperature, voltage and current measurements [START_REF] Lu | A review on the key issues for lithium-ion battery management in electric vehicles[END_REF] . Inadequate estimates of the SoC and/or SoH result in inefficient battery use, oversizing of the battery, increased ageing, reduced lifetime, and safety risks [START_REF] Barré | A review on lithium-ion battery ageing mechanisms and estimations for automotive applications[END_REF] . Thus, direct, inside the cells, operando measured data with notable time and spatial resolution is crucial to gain full control of battery systems and monitor precisely within the cell (Figure I. 6). At this stage, let's recall what are the differences between operando and in situ measurements. Operando refers to measurements done under "realistic" conditions, during operation (i.e., while the battery is cycling), whereas the more general in-situ term (i.e., on-site) corresponds to measurements done within the same kind of setup but not during operation e.g., at rest at a specific SoC. The present thesis will explore the potential of optical fiber Bragg grating sensors as an operando tool for battery diagnosis, which will be more deeply described in the next section. 

Optical sensing: a step into the future of battery diagnosis?

The development of optical fibers (OF) was awarded the Nobel Prize in Physics in 2009 for being a key enabler of new technologies with application in many fields and revolutionize the telecommunication industry. The boom of using OF in the field of telecommunications and optoelectronic devices has led to the development of optical sensors for a huge variety of applications from engineering to medical sectors. OF offer several advantages such as minimal invasiveness due to their reduced size (diameter ~ 150 μm), accurate local sensing, stability towards chemical reactivity, and being electronic insulator and immune to electromagnetic interferences. All these interesting features make OF promising candidates for internal operando battery sensing.

The basic structure of an optical fiber consists of three parts: the core, the cladding, and the coating (Figure I. 8a). First, the core is the responsible for the light transmission along the fiber, and generally is made of glass. The core is in turn is surrounded by a layer of material called cladding, which presents a lower refractive index than the core to ensure light waves cannot escape but are instead transmitted along the core, in a phenomenon known as total reflection. Finally, the coating or buffer layer acts as a protective external layer, which for silica fibers is normally made by either polyimide or acrylate.

Based on the physical phenomena by which light interacts with matter, the diversity of optical sensing methods can be broadly classified into three types: interaction by scattering (Brillouin 58 , Rayleigh [START_REF] Huang | Distributed Fiber Optic Sensing to Assess In-Live Temperature Imaging Inside Batteries: Rayleigh and FBGs[END_REF] , or Raman 60 scattering), diffraction, or absorption. For OF, these interactions can either occur along the complete fiber length or be intentionally localized, leading to single-point, quasidistributed, and fully distributed sensors, as shown in Figure I. 8. For example, Fiber Bragg grating (FBG) optical sensors, which will be explained in the next section, are single-point sensors due to the periodic modification of the refractive index inscribed over a finite distance in a single mode optical fiber (SMF). However, by multiplexing several FBGs in the same OF, they turn into quasi-distributed optical sensors (see Figure I. 8c).

3.a. Fiber Bragg Grating (FBG) sensors FBG sensors are based on periodic modifications of the refracting index in a short length (~5-10 mm) of the OF core, with these perturbations known as fiber Bragg gratings. The permanent change in the OF refractive index is done by ultraviolet (UV) radiation [START_REF] Hill | Fiber Bragg grating technology fundamentals and overview[END_REF] . Thus, the FBG sensors acts as a spectral filter that reflects only for a specific wavelength, the so-called Bragg wavelength peak (λB), according to the Bragg resonance wavelength equation Equation I. 2:

𝜆 𝐵 = 2 𝑛 𝑒𝑓𝑓 𝛬
where neff is the effective refractive index and Λ the grating period. The core of the SMF is isotropic, with a uniform neff independent of the direction of the light propagation that leads to a single λB peak in the reflected spectrum. Figure I. 9 illustrates the working principle an FBG sensor. When incident light pulse with a wavelength range between 1500 and 1600 nm is sent along the optical fiber by the interrogator, all the light is transmitted except for a specific wavelength, the Bragg wavelength peak (λB). The reflected spectrum is the one used to monitor the physical disruptions happening in the vicinity of the FBG sensor. FBG sensors operate by correlating the wavelength dependence of the signal (λB) with the local temperature (T), hydrostatic pressure (P), and strain (ε) of the surrounding environment, which are essential parameters for improving battery monitoring [START_REF] Sahota | Fiber Bragg grating sensors for monitoring of physical parameters: a comprehensive review[END_REF] . Figure I. 10 shows the linear responses of the SMF-FBG sensor together with the corresponding sensitivity factor for each physical parameter:

10.18 ± 0.17 pm o C -1 (kT), -3.36 ± 0.10 pm MPa -1 (kP), and 0.839 ± 0.018 pm μ -1 (kε). Note that FBG sensors exhibit good linear responses towards T and ε, meanwhile they are less sensitive to hydraulic pressure. SMF-FBG sensors are a mature technology used in many applications, including construction/assembling/infrastructure sectors for structural health monitoring, aerospace applications, and medical applications [START_REF] Ferdinand | Applications of Fiber Bragg Grating sensors in the composite industry[END_REF][START_REF] Hegde | Fiber Bragg grating sensors for aerospace applications: a review[END_REF][START_REF] Lo Presti | Fiber Bragg Gratings for Medical Applications and Future Challenges: A Review[END_REF] . This is due to their attractive properties of immunity to electromagnetic interference, high temporal and spatial sensitivity, being electrically insulating, and additionally the possibility of multiplexing, as detailed in Figure I. 8c. Owing to such benefits, SMF-FBG sensors have been also implemented in the energy storage field, e.g., they were explored back in 2010 in polymer electrolyte membrane fuel cells (PEMFC) for thermal and water management via the combined monitoring of local temperature and humidity (with a polymer coating) under transient operating conditions [START_REF] David | Simultaneous In Situ Measurement of Temperature and Relative Humidity in a PEMFC Using Optical Fiber Sensors[END_REF] . Since 2013, SMF-FBG sensors have also been used in the field of batteries [START_REF] Su | Fiber Optic Sensing Technologies for Battery Management Systems and Energy Storage Applications[END_REF][START_REF] Han | A review on various optical fibre sensing methods for batteries[END_REF] , owing to the pioneering works of PARC (a Xerox company) [START_REF] Raghavan | Embedded fiber optic cables for battery management[END_REF] , Pinto's group [START_REF] Yang | In-situ measurement with fiber Bragg sensors in lithium batteries for safety usage[END_REF] , and others, whose main findings are discussed next.

Sensing temperature with FBGs.

FBGs were shown to be perfectly suitable for achieving reliable cell temperature images of Li-ion pouch and cylindrical cells under real working conditions. Through comparative studies, Pinto's group provided direct evidence that FBGs offer a better resolution together with a faster response time than thermocouples [START_REF] Nascimento | Real time thermal monitoring of lithium batteries with fiber sensors and thermocouples: A comparative study[END_REF] , when both sensors are placed externally on the surface of a Li-ion pouch cell (Figure I. 11a). Moreover, owing to the feasibility to multiplex numerous FBGs in a network, they were able to realize thermal mapping first, on a battery pack containing threejuxtaposed LIBs 72 (Figure I. 11b), and second, for a single pouch cell under different environmental and operating conditions [START_REF] Nascimento | Temperature fiber sensing of Li-ion batteries under different environmental and operating conditions[END_REF] . By analyzing the thermal contours at the beginning/end of charge/discharge, they were able to visualize the presence of a longitudinal thermal gradient from the top to the bottom, and to identify hot spots near the positive tab current collector. Besides, the researchers also monitored the temperature reading of FBGs placed within the cell and at the cell surface of a pouch cell, and recorded a transversal gradient whose amplitude increases with the increasing cell charging/discharging rate [START_REF] Novais | Internal and External Temperature Monitoring of a Li-Ion Battery with Fiber Bragg Grating Sensors[END_REF] . For all the C-rates studied (1C to 8C), not only the internal T was higher than the external T, but also the T was bigger for the sensors placed in the center of the electrochemical area than for the ones located in the tab-electrode connection. Similar results were independently obtained by Fleming's group in commercial 18650 Li-ion cells based on NCA positive electrode with namely a ΔT of 6°C between the can (surface FBG) and the core (internal FBG) during discharge at 1C rate [START_REF] Fleming | Development and evaluation of in-situ instrumentation for cylindrical Liion cells using fibre optic sensors[END_REF] . With fast-charging becoming essential for EVs applications, the group reported that thanks to FBG sensing, a commercial 18650 cell was able to be charged 6.7 times faster than the manufacturer-stated maximum current, without surpassing the protective safety conditions [START_REF] Amietszajew | Understanding the limits of rapid charging using instrumented commercial 18650 high-energy Li-ion cells[END_REF] . Consequently, they claimed that the LIBs could safely be charged up to 5 times faster. These results paved the way of compensating electrochemical fast-charging protocols for EVs.

Overall, in both cell configuration 18650 and pouch cells, whatever the various Li-ion chemistries tested, FBGs are shown to be perfectly suitable for achieving reliable cell temperature imaging [START_REF] Fleming | The design and impact of in-situ and operando thermal sensing for smart energy storage[END_REF] . However, clever ways to implement the FBG sensors inside batteries, making them compatible with the manufacturing process, to simply integrate the sensors within the cell without jeopardizing cell performance are a must. Moreover, while these studies achieved a successful T monitoring, they neglect optical changes due to strain and pressure variations. Therefore, some T results might be overestimated due to cross-sensitivity in the wavelength shifts.

Sensing hydrostatic pressure with FBGs.

The gassing during the formation cycles increases the internal pressure of liquid Li-ion batteries and thus its study is an important challenge to accelerate the understanding of the SEI formation.

To the best of our knowledge, there have been no attempts to monitor gassing effects inside LIBs with FBG sensors. This can be mainly due to the low sensitivity-factor that FBGs present towards hydrostatic pressure (kP ~ -3 ± 0.10 pm MPa -1 ). The use of microstructural optical fibers (MOF), as will be described later in this thesis, will enable to overcome this difficulty.

Sensing temperature and strain with FBGs.

Besides offering the possibility to monitor T evolution with high sensitivity and spatial resolution, FBGs are also sensitive to strain variations. Hence, the challenge to deconvolute the optical signal, and attribute it properly to the different physical parameters involved. Mathematically, the ΔλB due to T and ε stimulus is given by 61 :

Equation I. 3:

𝛥𝜆 𝐵 𝜆 𝐵 = ( 1 𝑛 𝑒𝑓𝑓 𝜕𝑛 𝑒𝑓𝑓 𝜕𝑇 + 1 𝛬 𝜕𝛬 𝜕𝑇 ) 𝛥𝑇 + (1 -𝜌 𝑒 ) 𝛥𝜀
where neff is the effective refractive index, Λ the grating period, and 𝜌 𝑒 is the effective photoelastic coefficient of the fiber core, which is given by: Equation I. 4:

𝜌 𝑒 = 𝑛 𝑒𝑓𝑓 2 [(1 -𝜇)𝑝 12 -𝜇𝑝 11 ] 2
with 𝜇 being the Poission's ratio, and 𝑝 11 and 𝑝 12 the Pockel's coefficient of the strain optic tensor.

By using two parallel sensors, two different strategies have been successfully described to deconvolute ε and T signals. First, Pinto's group explored hybrid optical fiber sensors consisting of coupling a FBG and a Fabry-Perot cavity sensor [START_REF] Nascimento | Internal strain and temperature discrimination with optical fiber hybrid sensors in Li-ion batteries[END_REF] , to effectively decouple T and ε within Li-ion pouch cells [START_REF] Nascimento | Internal strain and temperature discrimination with optical fiber hybrid sensors in Li-ion batteries[END_REF] , as shown in Figure I. 12a. The second approach used is the so-called reference sensor method [START_REF] Rao | In-fibre Bragg grating sensors[END_REF] , which is based on two FBG sensors working in parallel. The first one, named "bonded FBG", is attached to the sample from both sides with an adhesive or epoxy glue, hence following both T and ε evolution. The second corresponds to the "reference FBG", which is fixed only on one side, thus being insensitive to ε but responsive to changes in T. Hence, by having two equations and two unknown parameters, T and ε contributions can be decoupled. Using this approach, Sommer et al. (PARC) ascribed strain variations from FBGs mounted externally on Liion pouch cells, to the different graphite intercalation stages, showing high correlation between the measured optical signal and the SoH of the battery [START_REF] Sommer | Monitoring of Intercalation Stages in Lithium-Ion Cells over Charge-Discharge Cycles with Fiber Optic Sensors[END_REF] . Although straightforward to implement, external FBG sensors are less sensitive than internal sensors for strain monitoring. To contour this issue, Peng et al. proposed a packaging structure for the FBG sensors attached to the cell surface to increase their strain-sensitivity coefficient up to 11.55 times higher than bare FBG sensors [START_REF] Peng | High precision strain monitoring for lithium ion batteries based on fiber Bragg grating sensors[END_REF] . Pushing further this approach, PARC demonstrated [START_REF] Raghavan | Embedded fiber-optic sensing for accurate internal monitoring of cell state in advanced battery management systems part 1: Cell embedding method and performance[END_REF][START_REF] Ganguli | Embedded fiber-optic sensing for accurate internal monitoring of cell state in advanced battery management systems part 2: Internal cell signals and utility for state estimation[END_REF] the feasibility of extending the reference sensor method to FBGs embedded in commercial pouch cells (Figure I. 12b), with the only difference being that the "reference FBG" was now enclosed in a special tubing to ensure solely thermal sensitivity. Hence, decoupling ε and T was achieved over various operational and safetycritical scenarios. Based on the accuracy of the measured strain, the researchers were able to reach SoC estimates for pouch cells with an error of less than 2.5% under different cycling conditions (e.g., at different operating temperature), while also being able to predict the capacity up to 10 cycles ahead with an error lower than 2% [START_REF] Ganguli | Embedded fiber-optic sensing for accurate internal monitoring of cell state in advanced battery management systems part 2: Internal cell signals and utility for state estimation[END_REF] . Thus, it implies that the cell capacity can be inferred from the strain measurement (Figure I. 12b). Based on their accumulated experience on FBG's, PARC built enough confidence to foresee the feasibility to use such sensors to also estimate the state-of-power (SoP) which is another key function of current BMS. The potential to use FBG sensors to monitor volume expansion/contraction upon battery cycling is thus clear. However, despite the significant advances done regarding strain measurements, only a single report explored this direction. In details, Bae et al. [START_REF] Bae | Monitoring the Strain Evolution of Lithium-Ion Battery Electrodes using an Optical Fiber Bragg Grating Sensor[END_REF] Whereas the examples discussed above on the use of SMF-FBGs succeeded in correlating the optical signal with a physical parameter, this thesis aims at providing the missing link to chemical phenomena occurring in battery systems.

In addition to FBG sensors, other optical fiber-based sensors such as fiber optic evanescent wave sensor (FOEWS) and Nano-plasmonic sensors (NPS) have also been used in the battery field and reported in literature. A summary of their working principle will be briefly discussed in the following section.

3.b. Fiber optic evanescent wave sensor (FOEWS)

Unlike FBGs where the light is constrained along the fiber core, in FOEWS the light propagating in the direction of the fiber axis can partly escape from the core and reach the fiber/surrounding interface (Figure I. 14a). FOEWS were first implemented to battery monitoring by Nieva's group in 2017. For proof-of-concept, this group exploited the well-known increase in reflectance of graphite electrodes upon Li uptake and experimentally observed, via the use of an embedded passive FOEWS, the correlation between graphite lithiation and the optical transmittance [START_REF] Ghannoum | Optical Characterization of Commercial Lithiated Graphite Battery Electrodes and in Situ Fiber Optic Evanescent Wave Spectroscopy[END_REF] . In particular, the transmittance increases when the battery is charged and decreases during discharge, in parallel to the lithium intercalation/deintercalation into/from C6. Further extending their work, they also demonstrated the potential of using such embedded commercial FOEWS for real-time monitoring of the SoC and SoH of lithium-ion batteries (LIBs) [START_REF] Ghannoum | Development of Embedded Fiber-Optic Evanescent Wave Sensors for Optical Characterization of Graphite Anodes in Lithium-Ion Batteries[END_REF] . Note that by increasing the contact between the FOEWS and the C6 an enhanced sensor sensitivity was achieved (Figure I. 14b). In addition, Hedman et al. studied the interaction between a FOEWS based on pure silica fiber with the polymer coating removed, and the LFP positive electrode material [START_REF] Hedman | Fibre Optic Sensor for Characterisation of Lithium-Ion Batteries[END_REF][START_REF] Hedman | Fiber Optic Monitoring of Composite Lithium Iron Phosphate Cathodes in Pouch Cell Batteries[END_REF] . Both reflection-based and transmission-based configurations were explored, yielding comparable results. They observed that upon charge/discharge, the optical signal increased/decreased following the lithium-ion insertion and extraction to the LFP material, which can be employed as an alternative indicator of 

3.c. Nano-plasmonic sensing (NPS)

Plasmonic sensors be viewed as optical fibers covered by a thin metallic layer which excites a surface plasmon resonance (SPR) [START_REF] Sharma | Fiber-Optic Sensors Based on Surface Plasmon Resonance: A Comprehensive Review[END_REF] . These devices are naturally sensitive to the refractive index (RI) of the fiber's surrounding environment. Lastly, another approach has relied on tilting the grating plane of FBGs, leading to the so-called tilted fiber Bragg grating (TFBG) sensors. By this tilting, the light travelling along the OF can penetrate the fiber environment, thus assessing the cladding modes. Consequently, TFBGs are also sensitive to the surrounding RI. Moreover, if a metal coated layer (typically gold or silver) is deposited surrounding the TFBG sensor, the coupling of the SPR effect with the TFBG increases the RI sensitivity with respect to bare TFBGs. Thus, in 2018, Guo and Albert et al. demonstrated the use of a TFBG-SPR sensor to monitor the SoC of a supercapacitor, since the electrolyte concentration varies with SoC 92 (in a supercapacitor anions adsorb at one electrode, while cations adsorb at the other). The same group explored the TFBG-SPR sensor in aqueous Zn-ion batteries [START_REF] Wang | Operando monitoring of ion activities in aqueous batteries with plasmonic fiber-optic sensors[END_REF] to correlate the ion kinetics at the electrolyte-electrode interface by quantifying the dependence between the real-time ion insertion at the electrode and the optical plasmon response.

Conclusions from this chapter

The first part of this Chapter provided a brief overview of the battery systems used in this thesis and presented the different issues/problems for each of them, calling for the need of new operando techniques to monitor the dynamic processes inside batteries and elucidate their failure mechanism.

The second part of this Chapter provided a comprehensive review of the prior art in battery diagnosis. It covered a brief historical introduction, the evolution of sophisticated operando tools and a focus on optical fiber-based operando techniques. The Fiber Bragg Grating sensors were discussed in detail.

In conclusion, the development of optical sensing enables access to conjoined physical-thermalchemical parameters that are essential not only for tracking the dynamic chemistry of parasitic reactions, but also for predicting cell end of life or anticipating thermal runaway. This is exactly what the next Chapters addresses via detailed electrochemical and optical operando studies in different battery systems.

Chapter II: Decoding the chemical phenomena behind thermal events in cylindrical Na-ion batteries

Background and motivation

As already mentioned in Chapter I, monitoring the dynamic state of a cell during operation is crucial to making meaningful advancements in battery technology as safety and reliability cannot be compromised. In this regard, the literature is rich with approaches combining theoretical and electrochemical models to predict battery thermal properties [START_REF] Schmidt | Measurement of the internal cell temperature via impedance: Evaluation and application of a new method[END_REF] . Among them, one approach developed by Forgez et al. [START_REF] Forgez | Thermal modeling of a cylindrical LiFePO4/graphite lithium-ion battery[END_REF] consists of designing a simplified thermal model which enables estimation of the internal temperature of the battery from temperature measurements determined by thermocouples. Although straightforward, implementing such an approach that relies on sensors that are outside rather than inside the cell only provides roughly estimated temperature and limited heat-related information. Therefore, fundamental advancements are sorely needed to allow for the development of implanted sensors within cells that can measure multiple parameters with temporal and spatial resolution.

Progress in this direction was made by Pinto and colleagues [START_REF] Yang | Real-time temperature measurement with fiber Bragg sensors in lithium batteries for safety usage[END_REF] as evidenced by their introduction of optical sensing devices within the field of batteries, with special attention to fiber Bragg grating (FBG) sensors that are presently used in construction/assembling/infrastructure sectors. These sensors operate by correlating the wavelength dependence of the emitted signal with local temperature (T), pressure (P) and strain (ε), which are essential parameters for improving battery monitoring [START_REF] Cheng | In Situ Stress Measurement Techniques on Li-ion Battery Electrodes: A Review[END_REF][START_REF] Peng | High precision strain monitoring for lithium ion batteries based on fiber Bragg grating sensors[END_REF] . Based on implanted FBG sensors within a battery, researchers could achieve pouch-cell temperature imaging [START_REF] Nascimento | Thermal Mapping of a Lithium Polymer Batteries Pack with FBGs Network[END_REF] and relate the monitored signals to some battery events, including short-circuit [START_REF] Yang | Real-time temperature measurement with fiber Bragg sensors in lithium batteries for safety usage[END_REF] , state of charge [START_REF] Raghavan | Embedded fiber-optic sensing for accurate internal monitoring of cell state in advanced battery management systems part 1: Cell embedding method and performance[END_REF][START_REF] Ganguli | Embedded fiber-optic sensing for accurate internal monitoring of cell state in advanced battery management systems part 2: Internal cell signals and utility for state estimation[END_REF] , and state of health estimations [START_REF] Raghavan | Embedded fiber-optic sensing for accurate internal monitoring of cell state in advanced battery management systems part 1: Cell embedding method and performance[END_REF][START_REF] Ganguli | Embedded fiber-optic sensing for accurate internal monitoring of cell state in advanced battery management systems part 2: Internal cell signals and utility for state estimation[END_REF] , while pushing further the physics of such sensors to effectively decouple thermal and strain effects [START_REF] Nascimento | Internal strain and temperature discrimination with optical fiber hybrid sensors in Li-ion batteries[END_REF] . However, despite the benefits of the established correlations from a physics point of view, the analysis remains orphaned of chemical inputs, hence a missing critical link.

In this chapter, we tried to close this gap by interrogating the feasibility of incorporating optical fiber Bragg Grating sensors inside commercial 18650 cells to monitor in operando chemical and thermal events. The first results sections of this Chapter concern the careful implementation of two optical sensors to decouple with high accuracy the wavelength changes associated with both temperature and pressure variations by adjusting two different fiber morphologies. In the second part, we explore how multiple sensors can be placed to function as an optical calorimeter and monitor the heat generated by the cell. Eventually, the screening of different electrolyte formulae explored is presented, with the aim to rapidly identifying the best formation processes of commercial batteries and designing thermal battery management systems with enhanced safety. As proof-of-concept, we initially focused on 18650 cells produced by TIAMAT, based on Na-ion Na3V2(PO4)2F3/hard carbon (NVPF/HC) chemistry.

FBG sensors implemented in 18650 cells

First, the optical fiber sensor was placed into the central void of a pre-drilled 18650-jelly roll with the hole being occasionally used to inject various electrolytes prior to being hermetically sealed with an epoxy resin. In detail, a 0.8 mm diameter hole was drilled on the negative pole of the dry, hermetically sealed 18650 cells without electrolyte from TIAMAT. The position was selected according to the welding point of the negative current collector, which was close to the center of the negative pole. This selection was done to avoid the destruction of the jelly roll and to prevent the strain interaction between the FBG and the jelly-roll. The drilled 18650 cells were then dried overnight in a Büchi oven under vacuum at 80 º C prior to entering the glove box. Inside the glove box, the 18650s were first filled with 5.5 mL of electrolyte. Afterward, the FBG sensor was inserted into the central void of the jelly roll, and then the interface between needle and 18650 cell was sealed with epoxy that was cured for 24 hours; all processes being done in a glove box (H20 and O2 content < 1 ppm). Figure II. 1a shows the scheme of the optical fiber's integration into the large central void (~1500 μm) of the jelly roll-type battery together with the functioning principle of a FBG sensor inscribed in a single-mode optical fiber (SMF-FBG): As explained in Chapter I, the sensor acts as a reflector for a specific wavelength, the so-called Bragg wavelength peak (λB). A typical measurement consists of monitoring wavelength shifts of the reflected peak (ΔλB) which results from changes in neff and Λ, both of which depend upon local temperature (T), pressure (P) and strain (ε) changes in the FBG surrounding environment. To evaluate the fiber transparency towards the electrochemistry, in Figure II. 1b we compare the capacity retention up to 100 cycles of pristine and modified 18650 cells, which look nearly identical, indicating that the FBG sensors do not affect the cell electrochemical properties until at least 100 cycles, independent of the rate used (C/5 or 1 C). Then, operando measurements inside 18650 were performed. . Moreover, the amplitudes of the peaks change with increasing the cycling rate since they are much higher at 1 C than at C/5. Consequently, at this stage, the fundamental information behind these optical signals needs to be rationalized and understood. To do so, the deconvolution of the optical signal into the involved physical variables is required. The peaks of wavelength shift were labelled, for example, by "ic" to "ivc" corresponding to the 1 st charge at C/5. The wavelength shift is relative to the wavelength at time = 0 h. One internal SMF-FBG sensor was used for each cell.

2.a. Extracting physical parameters from FBG sensor wavelength responses

Calibration of FBG sensors.

FBG's wavelength shifts, ΔλB, are a convolution of several physical variables, including temperature (T), pressure (P) and strain (ε) each with different linear variations/responses (Figure II. 3), which gives the following rate constant responses: 10.18 ± 0.17 pm o C -1 (kT), -3.36 ± 0.10 pm MPa -1 (kP), and 0.839 ± 0.018 pm μ -1 (kε). From the rate constant responses obtained, FBG sensors present good sensitivities towards T and ε variations, with positive shifts as T or ε increase, while being much less sensitive to hydraulic P, with negative shifts in wavelength.

Thus, the task of sorting out the contribution of each physical parameter to the overall ΔλB upon battery cycling is both complex and crucial to properly interpretate the optical signal. To do so, we paired a commercial SMF-FBG with a second FBG written in a microstructured optical fiber (MOF-FBG). MOF-FBG presents a hollow-shape structure with a higher air-filling fraction (AFF) than the SMF-FBG ( For this, one end of the MOF was spliced to a conventional SMF fiber whilst the other end was sealed by applying a fusion arc with the fiber splicer. The pressure chamber is 900 mm long with an inner diameter of 22 mm. The pressure was recorded from 0 MPa to 5 MPa in steps of 0.5 MPa using a pressure gauge (CONST 211) and the shift in the Bragg wavelength was monitored using an interrogator Si155 (Micron Optics, USA). The pressure levels were maintained for 30 seconds for stabilization. The strain sensitivity measurements (Figure II. 4b right) were performed using two translation stages (Thorlabs, MAX 350/M), and both ends of the FBG were glued onto the stages, with a distance of 10 mm between the gluing points. One stage remained static, while the other one was moved by step of 2 µm (200 µε). The strain was maintained 30 seconds at each level, and tests were performed in the range 0 to 2000 µε. Such validity tests were at least repeated 3 times with a robustness of the linear regression that reaches 99%. Decoding temperature and pressure inside the batteries from the optical signals.

When SMF-FBG and MOF-FBG are placed in tandem (see Figure II. 5), these sensors allow for decoding of ΔT and ΔP inside the 18650 cells. Note that to simplify the treatment of the optical wavelength shift (ΔλB), we first experimentally eliminated the term Δε by injecting the two optical fiber sensors into the large central void (~1500 μm) of the jelly roll fixing only one end -the one with the epoxy glue-but not the other one, as is required to measure strain. Thus, the variations of ΔT and ΔP as functions of the time-resolved voltage can be mathematically deduced from these two curves by solving the two sets of equations associated with ΔλB,SMF and ΔλB,MOF, which are defined as [START_REF] Nascimento | Internal strain and temperature discrimination with optical fiber hybrid sensors in Li-ion batteries[END_REF] Equation II. Figure II. 7 shows the resulting temperature (middle) and pressure (bottom) profiles for the first charge (solid, red) and discharge (solid, blue). The temporal evolution of internal ΔT exhibits four peaks denoted as ic, iic, iiic, and ivc for the first charge out of which solely two, namely, iiid and ivd, still persist on the following discharge. Note the clear reversibility of peak iiic (iiid) that can be associated with a structural change pertaining to NVPF, based on the direct correlation between its appearance and the onset of the sharp jump in the voltage composition curve. Moreover, the peak iic of the largest amplitude in the first charge totally disappears on subsequent charges. This behavior is nicely mirrored by the temporal evolution of ΔP, which shows at the same time a steep rise on charge, indicative of gas generation. Interestingly, neither of these features remains during subsequent cycling, unambiguously indicating an irreversible phenomenon well-known to be associated with the growth of the solid electrolyte interphase (SEI). At this stage, taking advantage of the diminished gassing-related pressure evolution from the second cycle onward (Figure II. 8), and due to the low constant rate sensitivity towards hydrostatic pressure (kP,SMF), from now on, SMF-FBGs can be used exclusively to monitor temperature changes in cells that have been cycled more than 5 times. 

2.b. Temperature evolution within 18650 cells

With such protocols established, the internal and surface temperature evolution of NVPF/HC 18650 cells were measured as the cycling rate increased from C/10 to 10 C. SMF-FBGs were used internally and externally while due to size constraints, the thermocouple was only located at the surface of the cell. Figure II. 9 shows the maximal temperature registered by the different sensors, clearly revealing higher accuracy by sensing from inside, with the temperature difference between the inside of the cell and surface varying from 0.2 ºC up to 5.4 ºC. At this point, we should point out the accuracy of SMF-FBG vs. the thermocouples used is noticed (0.1 ºC vs. 1 ºC), which explains the imprecision of the thermocouples for low C-rates. On the other side, the maximal internal T increases from 26 ºC to 65 ºC as C-rate rises. Note that current thermal BMS in EVs establishes the upper T safety limit at 60 ºC. Internal SMF-FBG sensors have shown to early register this value, which could be of paramount importance for early failure detection and BMS enhancement to improve battery QRLS.

To sum up, SMF-FBGs placed inside cells provide more acute temperature sensing than the actual methods used nowadays, namely, thermocouples placed on the cell surface or even at the module level in EVs. The results encountered are in the same line than the ones reported by Nascimento et al. [START_REF] Nascimento | Real time thermal monitoring of lithium batteries with fiber sensors and thermocouples: A comparative study[END_REF] where they show that FBGs have better resolution and 28.2 % faster response than K-type thermocouples. showing the two positions measured, namely, the inside and the surface of the cell. The maximal temperatures shown were obtained by an average of at least three cycles. For those C-rates higher than 1 C, the charge was performed at C/2 to ensure full charge was reached, because the highest temperatures were always recorded at the end of discharge.

Besides, the non-equilibrium temperature gradient was also explored in the longitudinal direction of an 18650 cell by using two different FBG grating in the same optical fiber, namely, multiplexing.

As expected, a greater temperature was always sensed near the battery terminals (Supplementary Figure II. 2), with a temperature difference of 0.4 ºC between the top and the bottom FBG when the battery is cycled at 1 C. However, besides studying the temperature evolution upon battery cycling, knowing in real time the exact heat generated and dissipated from the cell is critical for improving the thermal management of batteries. Thus, the need to establish a viable and scalable method for operando calorimetry is clear.

Converting temperature into heat: operando optical calorimetry

Conventional calorimetry has been widely used in the battery research community 98-100 to access information about heat generation and dissipation with drawbacks of being cumbersome in terms of space and low-throughput. Hence, we explore the feasibility of using optical sensing to perform operando calorimetry on a NVPF/HC 18650 cell by employing three FBGs that are placed inside the cell, on the cell surface, and in the air-ambient environment ( Within this model, the rate of heat generated by the cell, 𝑄 ̇, is given by Equation II. 5:

𝑄 ̇= 𝑀𝐶 𝑃 𝑑𝑇 𝑑𝑡 + 𝑞̇
which can also be derived from the energy balance for batteries 101 , where M, C P , and T represent the mass, specific heat capacity and spatially averaged temperature of the cell (the detailed calculation for the averaged temperature is presented in Materials & Methods for Chapter II), respectively, with t being the time and 𝑞̇ being the heat flow rate from the cell to the ambient.

Besides, the inside and outside heat flow rate conservation equations are Equation II. 6:

𝑞̇= T surface -T ambient R out or 𝑞̇= T internal -T surface R in
where T surface , T internal , and T ambient are the temperatures at the surface, the interior of the cell, and the ambient environment, respectively, 𝑅 𝑜𝑢𝑡 is the equivalent thermal resistance between the cell surface and the ambient, and 𝑅 𝑖𝑛 is the equivalent thermal resistance between the center and surface of the cell.

In views to apply this model, the temperatures T internal , T surface , and T ambient are experimentally obtained via the three SMF-FBGs placed accordingly (Figure II. 10b). Nevertheless, three parameters 𝑀𝐶 𝑃 , R out , and R in are still missing in order to quantify 𝑄 ̇. To determine them, we have used a method, as previously reported by Forgez et al. [START_REF] Forgez | Thermal modeling of a cylindrical LiFePO4/graphite lithium-ion battery[END_REF] , which consists of sending an alternate galvanostatic pulse to the cell (i.e., a known 𝑄 ̇= ∮ 𝑐𝑦𝑐𝑙𝑒 𝐼𝑉) while monitoring the temperature as a function of time (Figure II. 11).

The temperature response to a pulse shows a region within which the 3 temperatures increase. It is defined as the "transient state" region, and is followed by another region referred as the "steady state" through which the temperatures remain constants so that 𝑀𝐶 𝑃 𝑑𝑇 𝑑𝑡 = 0 and thus 𝑄 ̇= 𝑞̇.

Thus, knowing the amount of energy injected to the system, 𝑄 ̇, via the pulse sent, we can determine 𝑅 𝑜𝑢𝑡 and 𝑅 𝑖𝑛 by Equation II. .

From such a fit, values of 𝑅 𝑖𝑛 , R out , and 𝑀𝐶 𝑃 were taken as 1.88 K W -1 , 13.48 K W -1 , and 47.11 J K -1 , respectively.

Finally, having defined these parameters, the temperatures of NVPF/HC 18650 cells can be used to derive the variations of both 𝑄 ̇ and 𝑞̇ under any electrochemical conditions. ), term which is usually neglected in conventional isothermal calorimetry, can be an important part of the energy stored within a cell and should be considered, particularly under severe operating conditions (note that 𝑑𝑇 𝑑𝑡 at 1 C is one order magnitude higher than that at C/10). With optical sensing calorimetry, the constraints of isothermal calorimetry concerning cell size and current (e.g., C/20) which ensure temperature uniformity across the cell 101,102 , are eliminated (at the expense of more intrinsic parameters needing determination). However, the overall gain of being able to monitor the heat production of 18650 cells in real operation and decoupling heat transfer from heat accumulation is significant. 

3.a. Optical calorimetry method validation

At this point, to prove the validity of our methodology, first a detailed comparison between conventional calorimetry and optical calorimetry is presented. Then, a benchmark of our methodology with the enthalpy potential, parameter which is intrinsic to the cell chemistry, thus, independent to the cell configuration used, is given to further prove the robustness of optical calorimetry.

A) Benchmark with isothermal calorimetry.

Conventional isothermal calorimetry was performed on a NVPF/HC coin cell (~2 mAh), meanwhile optical calorimetry deduced from the optical sensors were performed on a NVPF/HC 18650 cell, both charged at C/10. Figure II. 13a shows the comparison for the evolution of 𝑄 ̇ (optical fiber method: 18650, blue solid lines; isothermal calorimetry: coin cell, orange dash lines). For both approaches, the heat rate evolution presents two major thermal events occurring at the NVPF structural transition and towards the end of charge, but with some differences in resolution and magnitude. To further establish the relevance of determining heat rate by optical sensing, 

measurements

B) Benchmark with the enthalpy potential.

The second validation method, which also bypasses the differences in battery configurations is to consider the enthalpy potential (𝑈 𝐻 ), parameter which is intrinsic to the cell chemistry 102-104 and so, independent of the cell format used.

As previously reported by Assat et al. 104 , the enthalpy potential is directly related to the partial ) as its state of charge is varied, with 𝑛 being the number of electrons involved in the electrode reaction and 𝐹 the Faraday's constant. Thus, meanwhile 𝑈 𝐻 refers the energy change, 𝑈 also includes the entropy change. The advantage is that the enthalpy potential can be simply obtained by monitoring 𝑉, 𝐼, and 𝑄 ̇, since 𝑈 𝐻 is given by [102][103][104] Equation II. 7:

𝑈 𝐻 = 𝑉 - 𝑄 İ
with 𝑄 ̇ measured by either isothermal calorimetry or optical sensing.

For comparison, the enthalpy potentials are plotted against the cell capacity in Figure II. 14 at different C-rates (C/10, C/5, C/2, and 1C). Such enthalpy potentials deduced at a low C-rate, C/10, either by isothermal calorimetry for coin cells or by optical sensing for 18650 cells, were found to agree nicely, providing excellent validation of the optical sensing method. Further exploring the 𝑈 𝐻 profiles for optical sensing, we note their constancy and the overlap of 𝑈 𝐻 traces regardless of the C-rate, indicative of a largely path-independent process of the NVPF/HC chemistry 104 . However, this overlap does not hold true above a C-rate of ~C/2 for conventional isothermal calorimetry, which is possibly correlated with the ignorance of the accumulated heat term (𝑀𝐶 𝑃

𝑑𝑇 𝑑𝑡

).

To check this point, we deduced the enthalpy change (∆𝐻 𝑐ℎ𝑎𝑟𝑔𝑒+𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 ) through a cycle from an integration of 𝑈 𝐻 against the capacity over one charge and discharge process. According to the definition of enthalpy potential [102][103][104] Equation II. 8:

∆𝐻 𝑐ℎ𝑎𝑟𝑔𝑒+𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = ∫ 𝑐ℎ𝑎𝑟𝑔𝑒+𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑑𝐻 = ∫ 𝑐ℎ𝑎𝑟𝑔𝑒+𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑈 𝐻 𝐼𝑑𝑡
where 𝐻 is the enthalpy of the cell, and 𝑡 is the time.

Therefore, an enthalpy change nearly equal to zero (-1 mWh g -1 NVPF at 1 C) was obtained for optical sensing as expected for a highly stable and reversible system like NVPF/HC. On the contrary, an enthalpy change quite different from zero (15 mWh g -1 NVPF at 1 C) was obtained from the isothermal calorimetry, further stressing the risk of its neglecting the accumulated heat in calculating the cell enthalpy at high rates. In conclusion, optical calorimetry was validated by both conventional isothermal calorimetry and the enthalpy potentials, making this operando technique reliable to track in real time information about heat generation and dissipation. The benefits that this technique can offer call for further exploration.

3.b. Deciphering the chemical origins of heat peaks during cycling

Accurate measurement of internal temperature and rate of heat generation of the cell have direct benefits in improving BMS. However, the chemical origins behind the shape and the magnitude of these thermal data remain a pending question. In this part, we will unravel the information coming from the thermal events happening inside a battery.

Consequently, we further break down the calculated total rate of heat generation (𝑄 ̇) into its three constitutive components: the irreversible heat generation rate due to overpotential of the main reaction, the parasitic heat generation rate (which will not be considered due to the excellent capacity retention of NVPF/HC cells), and the reversible heat exchange from entropy transfer of the main reaction, according to the energy balance equation (Equation II. 9) in which heat of mixing is neglected 102-104 .

Equation II. 9:

𝑄 ̇= 𝐼(𝑉 -𝑈) + 𝑞 𝑃 ̇+ 𝐼𝑇 𝑛𝐹 ( 𝑑𝑠 + 𝑑𝑥 - 𝑑𝑠 - 𝑑𝑥 )
where I is the current, V is the measured voltage, 𝑈 is the equilibrium potential, 𝑞 𝑃 ̇ is the parasitic heat rate, T is the temperature of the cell, 𝑛 is the number of electrons involved in the electrochemical reaction, 𝐹 is the Faraday's constant, The overpotential heat shows the presence of two main peaks at both the charge and discharge, with one located near the middle and the other one present at the end. Interestingly, the overpotential profile attributed to the transport component in Figure The general variation is alike, but differences can be spotted, namely salient features in the middle of the charge and end of the charge for the optical sensing data that are smooth in the potentiometric method. A possible reason to account for this difference is rooted in the fact that the potentiometric method measured the (quasi-)equilibrium potentials which describe the (quasi-) equilibrium state while for optical sensing we use a galvanostatic cycling, that is under non-equilibrium conditions. Accordingly, the sodium gradients are expected to influence the microstates and the resultant entropy. Nevertheless, such results provide confidence for the feasibility of using the optical sensing approach as a reliable technique for studying entropy changes in electrode materials.

Operando tracking of the SEI formation

During the first cycle of a battery, a solid electrolyte interphase (SEI) is formed due to the reduction of the electrolyte on the negative electrode surface. This phenomenon is crucial, as it shapes the cell's lifetime and performance. Being a critical and expensive step in cell manufacturing, formation protocols are kept as a trade secret among cell manufacturers. Therefore, increasing knowledge about SEI growth/formation is a need that could be fulfilled with deeper insights into its (electro-) chemical origins.

Herein, we have used the FBG sensors to further explore the selectivity and sensitivity of our diagnosis technique for spotting the SEI formation. Our approach includes monitoring in parallel T and P directly from inside. Besides, having the ability to derive the heat associated with thermal events (i.e., operando calorimetry), in addition to quantitatively measure the pressure, we can now evaluate the SEI heat of formation as an additional metric. For this purpose, we tested several electrolyte formulations, changing first the working temperature while keeping the constant the electrolyte formulae and second, by varying the nature of salt-solvent composition and additives.

The aim is to benchmark various electrolytes in terms of heat and pressure associated with their SEI formation. 

4.b. Playing with the electrolyte composition

To explore how the heat events occurring during the SEI formation are evolving upon the addition of chemical additives, we compare the performance of the additive-free mother electrolyte, namely the NP30 electrolyte, with the electrolyte formula containing additives developed in our group, denoted as "Magic B": NP30 + several additives, including vinylene carbonate (VC), sodium (oxalate) difluoro borate (NaODFB), and tris (trimethylsilyl) phosphite (TMSPi)). Figure II. 18 shows a comparison of the two electrolytes tested at 55°C. Remarkably, the thermal and pressure behaviors are drastically different for "Magic B" that shows a much decreased SEI-associated formation heat at 55 °C (239 J g -1 HC), which is solely ~1/3 of that for NP30 at 55 °C, with an important distinction that it occurs through just a single heat formation event (as compared to two for NP30). Note that the heat during the first charge never come back to zero at 55 °C with therefore a residual heat for "Magic B" smaller than the one for NP30. More importantly, the heat measured through the second charge is nearly zero, implying that the SEI formation is a process lasting through the complete first charge.

Turning to the pressure, the pressure rise of "Magic B" at 55 °C is minor as compared to the additive-free alternatives, suggesting enhanced performances. Besides, in contrast to NP30 that shows a step increase, only one peak exists for "Magic B". It suggests that the gaseous species are generated in small amount for "Magic B" electrolyte, therefore which either solubilize into the electrolytes or undergo chemical reactions forming solid species (e.g., Na2CO3) [START_REF] Aiken | An Apparatus for the Study of In Situ Gas Evolution in Li-Ion Pouch Cells[END_REF] . Afterwards, the pressure barely increases with a noticeable increase towards the end of charge that could stem from the gassing associated with the oxidation of NaODFB added in "Magic B" electrolyte 111 .

Worth noting also that the majority of the SEI formation occurs mainly at the beginning of charge process for "Magic B" alike what is commonly seen in conventional Li-ion cells 112 while it happens well into the charge for cells having NP30. This difference is due to the additive NaODFB which is reduced at a higher potential vs. Na + /Na 0 in "Magic B" than EC/DMC in NP30 electrolyte 113 , hence explaining the need of a larger capacity to trigger the SEI formation in NP30. These findings are in line with early cyclic voltammetry studies performed in our group, which shows the SEI forming at 55 °C on the carbon electrode in presence of "Magic B" was the most stable in agreement with the best high-temperature performances in terms of cyclability and self-discharge at 55 °C113 . )

Comparing "fresh" vs. "aged" Magic B.

Further challenging our approach, we collected the dQheat /dV curves at 55 °C for NVPF/HC 18650 cells using a fresh and an aged (i.e., stored for over 3 weeks) "Magic B" electrolyte known to deteriorate battery overall performances. Figure II. 21 show distinct differences in the number of peaks but more so in the relative amplitude of these peaks with the magnitude of peak 3 taking over those of peaks 2 and 4. In addition to the aging of TMSPi with PF6 -(ref. 115 ), and given the feasibility of VC of self-polymerizing because of the unsaturated carbon-carbon double bond, one could for instance ascribe the increase in magnitude of the peak at 2.63 V to the polymerized products from VC. Altogether, these results strongly suggest that dHeat/dV curves can be used as a fingerprint to quantify electrolyte quality and chemical evolution.

4.c. The impact of the solvent in the heat profile

Extending further on the validity of our approach, we could identify and chemically account for the inability of 1 M NaPF6/DMC based electrolyte as the worst one for the NVPF/HC chemistry 110 to form a stable SEI in comparison with the benchmark NP30 electrolyte at 25 ºC (see Figure II. 22). Heat is released through most of the charge for the DMC-based electrolyte, which simply confirms the problematic of using DMC solvent in Na-ion based technology. Besides, real-time monitoring of the internal pressure provides an effective pre-warning prior to gas release events, which may originate from unwanted chemical reactions, as demonstrated in Na-ion cells. Figure II. 23 shows how after four cycles, the internal pressure of cell reaches 15 bar, which triggers the current interrupt device (CID) built in the cell for safety reasons, leading to the disconnection of the electrical circuit. This example shows that the real-time monitoring of the internal pressure is also useful to identifying malfunction of cells and can provide the effective prewarning prior to the disastrous accidents. 

Chapter conclusions

In this chapter, an in-depth investigation of chemical and thermal events is performed via optical sensors. Using fiber Bragg grating (FBG) sensors, hosted either by conventional single-mode or microstructured fibers, we demonstrate the capability of simultaneously decoding an electrochemical cell's temperature and pressure with great accuracy, an achievement previously unattained by early efforts with optical sensing of batteries.

Besides, by cleverly positioning three FBG sensors, we show the feasibility to perform operando optical calorimetry with huge accuracy. The method was validated with two classical techniques: conventional isothermal calorimetry and the comparison with the enthalpy potential. Exploring the heat events enables to access key thermodynamic parameters such as overpotential heat, enthalpy potential (𝑈 𝐻 ), and entropy, that were previously used to track ageing in coin cells 107 . Such information combined with cell's accumulated heat may help the design of advanced heating/cooling systems with the proper temperature-triggered thresholds to prevent disastrous thermal events.

Taking advantage of monitoring T and P conjointly allowed to spot the SEI formation, step which is crucial in shaping the cell's lifetime. These findings prove the feasibility of using optical sensing for benchmarking/identifying suitable electrolyte formulas and defining optimized battery production protocols. To realize these benefits at scale, a clear near-term strategy for integration into battery management systems includes the development of economical binary interrogators, the adaptation of the FBG sensors to targeted system environments, and the identification of proper transfer functions. To sum up, the optical sensing work presented here demonstrates the power of our complementary approach, as the additional pressure and thermal data are rich with valuable information that is otherwise lost with traditional methods and is certain to be integral in future battery systems.

In Chapter II and as proof-of-concept, we focused on 18650 cells based on Na-ion chemistry, thanks to the fresh cells produced and provided by TIAMAT. However, the next step calls for generalizing this approach towards both Li-ion technology and different cell configurations (e.g., pouch cells). Therefore, Chapter III will first explore the viability to implement FBG sensors in pouch cells, considering the differences regarding geometrical configuration.

Chapter III: Extending optical calorimetry to commercial Li-ion pouch cells 1. Background and motivation

Today's electric vehicles are powered by Li-ion batteries. However, there is no clear consensus on which cell format, either cylindrical, prismatic or pouch cells, will dominate the market in the long run. Meanwhile cylindrical cells are preferred for certain applications due to its mass-production adaptability and the size-standardization convenience, the usage of pouch cells is nowadays favored thanks to their flexibility, thermal transfer, and overall optimization, and thus leading the automotive market. Moreover, the soft and light aluminium plastic bag used to seal pouch cells provides lighter cells than its counterparts, giving flexibility in terms of size-design, and having a 90%-95% packaging efficiency. In this manner, pouch cells have the potential to match the automotive market requirements for the next-generation cells. Given the diversity of commercial cell configurations, extending the developed optical calorimetry technique from cylindrical to pouch cells becomes a need. Regarding the implementation of optical fibers into commercial batteries, both 18650 [START_REF] Amietszajew | Understanding the limits of rapid charging using instrumented commercial 18650 high-energy Li-ion cells[END_REF] and pouch cells have been explored by different groups. Pouch cells can evolve from single-layer stack cells [START_REF] Novais | Internal and External Temperature Monitoring of a Li-Ion Battery with Fiber Bragg Grating Sensors[END_REF][START_REF] Ghannoum | Development of Embedded Fiber-Optic Evanescent Wave Sensors for Optical Characterization of Graphite Anodes in Lithium-Ion Batteries[END_REF] to commercial flat-wound configurations [START_REF] Raghavan | Embedded fiber-optic sensing for accurate internal monitoring of cell state in advanced battery management systems part 1: Cell embedding method and performance[END_REF] . For cylindrical cells, the jellyroll is composed by a sandwich of anode|separator|cathode layers, which are rolled up and inserted into a hollow stainless-steel cylinder casing. Flat-wound pouch cells are based on the same principle except that the jelly-roll is wrapped and flattened in a quadratic shape, and further sealed within an aluminium plastic bag. Thus, the main differences between cylindrical and pouch cells relies on their casing and geometries.

In our group, the implementation of optical sensors into 18650 cylindrical Na-ion cells (Chapter II) was explored first due to the stainless-steel case robustness and the feasibility to obtain pristine cells from TIAMAT (France). With the aim to extend the developed operando optical calorimetry method to other cell configurations and chemistries, this chapter will focus on Li-ion batteries in pouch cell geometry. To such end, commercial electrolyte-free and flat-wound Li-ion pouch cells purchased from LiFUN (China) were used, thus providing freedom not only to choose the desired electrode and electrolyte, but also enabling the study of the formation cycles. Hence, this chapter is organized in three sections with different research objectives. The first deals with the extension of the optical calorimetry methodology to commercial pouch cells. The second section displays a comparative study of the formation cycles for different cathode chemistries. Lastly, the third section shows an entropymetric study on the different cathode chemistries by tracking the thermal events in the batteries after degassing.

FBG sensors implemented in pouch cells

As before, to perform operando optical calorimetry three FBG sensors were placed inside the cell, on the cell surface, and in the air-ambient environment. Temperature FBG measurements are only possible if any strain or pressure contribution to the Bragg wavelength's shift (ΔλB) is removed to properly interpretate the optical signal. 18650 cells have a central void in the center of the jelly-roll where the FBG sensor could be easily injected while avoiding any strain on the fiber. In contrast, for wounded pouch cells the contact between the FBG sensor and the flattened jelly-roll is unavoidable. Therefore, to ensure only temperature sensing as well as to remove any strain or pressure perturbation, the FBG sensor (1 cm length) was threaded through a stainless-steel thermal capillary (2 cm length) and fixed with epoxy glue (see photos in The experimental setting for integrating the FBGs into pouch cells is much more complicated than for 18650, where only one hole drilled on the negative casing was needed to inject the fiber. In pouch cells the integration of FBG sensors was only possible on the flat-wound jelly-roll without any casing. Hence, the aluminium plastic bag of the as-received pouch cells had to be disassembled from the jelly-roll.

Taking advantage of this, a setup which allows reuse of the FBGs sensor was designed. To such end, a second stainless-steel capillary (now with 3 cm length), is fixed on the optical fiber separated 2.5 cm from the other one, now with the twofold role of protecting the fiber when sealing the aluminium (Al) bag while enabling future fiber-bag detachment without breaking the optical fiber. In parallel, a rectangle of 20 cm length x 10 cm wide of the Al plastic material is cut and folded to get a 10 cm x 10 cm bag, with the folded side sealed with an MTI sealing machine (180 ºC, 4s; -90 kPa). Next, an 800 μm diameter hole is done to allow the optical fiber to pass through at the topmiddle of the sealed side. The optical fiber is attached to the Al plastic bag with epoxy glue, which is cured during 24h. At this point, the modified Al bag is transferred to a glovebox (H20 and O2 content < 1 ppm). Then, the dried flat-wound jelly-roll is fixed within the Al bag with the help of Kapton tape, meanwhile the internal FBG sensor is inserted exactly in the center of the jelly-roll, surrounded by two Celgard separator layers. Once the good positioning is confirmed, the upper side of the pouch cell is sealed, i.e., the one with the Ni (negative) and Al (positive) tabs surrounded by a plastic polymer (MTI). Hence, the jelly-roll is fixed within the Al bag, with the internal FBG sensor already implemented. Next, the left-side of the Al plastic bag is sealed, prior to add the electrolyte. For this purpose, the pouch cell is placed with the unsealed right-side facing up and filled with excess of electrolyte to permit the electrolyte impregnation. After 24h, the excess of electrolyte (i.e., the electrolyte not impregnated within the pouch layers) is removed, leaving approximately ~4.5 g electrolyte inside the cell, and the last side sealed under vacuum (180 ºC, 4s, -90 kPa), feature that provides good contact between anode|separator|cathode. Let's recall that in regular pouch cell cycling, usually pressure is applied on top of the cell to keep the good contact between the different layers. However, our aim is to measure the heat flow of the cell in absence of any strain perturbation. Although this option, which ensures optimum performance, is feasible, it was not applied here since our focus was to evaluate the optical calorimetry method rather than to obtain the best electrochemical performance. Finally, the pouch cell is placed in the middle of a home-made cabinet, with a second FBG sensor on the cell's surface (surface FBG) and a third one attached to a cabinet wall (ambient FBG) (see scheme in With these defined protocols, the internal, surface, and ambient temperature evolution were monitored by FBG sensors upon cycling on Graphite||NMC pouch cells at different C-rates. Figure III. 3 depicts the maximal temperature recorded for each cycling rate, showing more accurate temperature sensing from inside, in agreement with the results previously reported in the literature [START_REF] Novais | Internal and External Temperature Monitoring of a Li-Ion Battery with Fiber Bragg Grating Sensors[END_REF] . Thus, the advantage of internal sensors for early troubleshooting versus the methods used nowadays (i.e., surface thermocouples), hence offering the possibility of optimizing the input to the BMS towards QRLS battery enhancement. Having demonstrated the access to the temperature evolution upon battery cycling (i.e., operando), the next step is the translation of those signals into the heat generated and dissipated from the cell, following the same methodology described in Chapter II, part 3. For the sake of simplicity, a more detailed example is reported in the Supporting information for Chapter III-Methods.

2.a. Validation of the optical calorimetry method in pouch cells

In the previous chapter, we first proved the validity of our developed operando optical calorimetry methodology by giving a direct comparison between the heat evolution (𝑄 ̇) obtained via the conventional isothermal calorimetry and via optical calorimetry, with the small differences attributed to matters of cell configuration (i.e., 18650 vs. coin cells). Besides, to overcome the differences between cell geometry, the evolution of the enthalpy potential, parameter which is intrinsic to the cell chemistry, was followed to further validate our methodology.

To this effect, the evolution of the enthalpy potential in pouch cells was examined. Altogether, this further demonstrates the universality of optical sensing calorimetry, whatever the cells type configuration, while recalling the benefits of monitoring in real time the heat generated by the cell. 

Optical calorimetry in pouch cells

Having proved the feasibility to perform optical calorimetry in pouch cells, we explored the heat evolution profile upon cycling in various Li-ion commercial pouch cells battery chemistries that differ by the nature of their cathodes such as Li[Ni0.5Mn0. A clear difference between 18650 and pouch cells relies in their packaging. Because of the aluminium plastic bag used in pouch cells, extra space for accommodating the gas evolution during the formation step is anticipated. If the degassing step is excluded, the gas evolved is consumed over time 116 . Thus, normally after the first five cycles of the cell, namely the formation protocol, one step called degassing is performed in pouch cells 117 . Consequently, the gasses are evacuated inside a glovebox and the cell re-sealed again under vacuum, providing good contact between the layers in the jelly-roll, which ensures good electrochemical performances. Supplementary Figure III. 6 shows the discharge capacities obtained before/after degassing for the pouch cells studied. In contrast, 18650 cells have a stainless-steel rigid case which forces to keep the gasses mainly produced during the SEI formation inside the cell configuration, which can occasionally lead to contact deterioration between electrodes and separators upon cycling.

Taking advantage of the degassing procedure in pouch cells, we first studied the first cycles of the cell to assess the heat associated to the SEI formation which is of paramount importance, as it mainly governs the subsequent lifetime of the cells. Next, we removed the gas produced during the formation cycles through the degassing step. Finally, we put back the pouch cells with the optical sensors into the oven to study thermodynamic parameters among which we focused on the entropy changes. Note that temperature-FBG calibrations together with the pulse test protocol performed to transform temperature into heat were duplicated before and after degassing the cell to ensure good accuracy of our experiments and remove any setup modification after manipulating the cell. To ensure the validity of the protocol in terms of battery performance and heat evolution, we repeated the experiments for three different cells. In NMC, the capacity retention is governed by Co, whereas Ni is responsible for the capacity increase, and Mn for the improvement of the thermal stability 119 . In 2019, the group of Prof. Jeff Dahn reported Graphite||NMC532 pouch cells with exceptional lifetime to be used as benchmarks for new battery technologies 120 , qualifying this cell chemistry as the "million-mile" battery. However, Ni-rich layered oxides are currently of great interest in the automotive industry 121,122 owing to their higher specific capacity and reduced usage of cobalt, desired criteria in terms of expensive extraction cost, toxicity, and ethical issues 123 . Unfortunately, Ni-rich cathodes suffer from limited structural stability, unstable cathode/electrolyte interface, and thermal-related safety issues, leading to electrode degradation and poor cycling performance in comparison with NMCs with lower Ni content. Bearing this in mind, we next monitored via optical calorimetry the heat evolution associated to the SEI formation for NMC-based commercial pouch cells having cathode materials of different Ni:Mn:Co ratio. Along that line, Graphite|LP30|NMC pouch cells with either NMC532, NMC622, and NMC811 positive electrodes were assembled and tested according to the previously described protocol. At this stage, let's recall that increasing Ni content leads to electrodes showing higher capacities when charged to the same upper cut-off voltage, but at the expense of a worse chemical and thermal stability, which compromises the safety of the battery 124 . Interestingly, when adding up the heat released during the first charge of the cell, as deduced from our operando calorimetry, we noted that it scales up with the Ni content. More specifically, the cumulated heat along the first charge resulted 282, 665, and 934 J 𝑔 𝑁𝑀𝐶 -1 , respectively for NMC532, NMC622, and NMC811

(Figure III. 8 and Supplementary Figure III. 7). Interestingly, long-term cycling measurements revealed the same ranking with a better capacity retention for NMC532 as compared to NMC622 or NMC811 (Figure III. 9) suggesting that the heat released during the first charging could serve as a key descriptor for anticipating the battery lifetime. Moreover, bearing in mind that the three different cells share the same graphite negative electrode, the diversity of heats measured for different NMC compositions might be rooted in variations pertaining to the formation of the cathode electrolyte interphase (CEI). Such an observation is also consistent with the increased instability of NMC materials with high Ni content, and therefore with their aptitude to better catalyze electrolyte decomposition. Noteworthy, the heat evolved during the first charge never returns to zero, with a residual heat for NMC532 smaller than for NMC622 and NMC811. event (peaks (i), (ii), (iii), (iv), and (v)) were specified. Thus, areas (i), (ii), and (iii) were sum up to calculate the total heat related with the "SEI" formation, whereas the region (iv) and/or (v) in the graphs corresponds to phase changes in the cathode material, thus, we attributed to heat involved in the "CEI" formation. Note that the features observed in the voltage region between ~3.5 V and 3.8 V are very similar for the three NMC compositions (see Supplementary Figure III. 10 for a superposition in the same plot). The presence of two dQcap/dV peaks is indicative, as reported in the literature 125 , of the lithium intercalation into the graphite anode (C6-LiCx, noted as peak (iii)) for the first one and the hexagonal to monoclinic phase transition in NMCs (H1-M, named peak (iv)) for the second one. Importantly, although the voltage at which the thermal events take place remains the same regardless the nature of the NMC, note that their amplitude (J 𝑔 𝑁𝑀𝐶 -1 ) increases drastically by nearly a factor of 2 when going from NMC532 to NMC811, suggesting additional heat associated to parasitic reactions.

In contrast, the dQcap/dV traces together with the corresponding dQheat/dV profiles differ with the nature of NMC used above 3.8 V. For instance, NMC811 exhibits two additional features at the end of the charge, with a small one at ~ 3.95 V attributed to the M-H2 phase transition, whereas the large one at 4.15 V corresponds to the H2-H3 phase transition 125,126 , and goes in parallel with a heat characteristic on its dQheat/dV. Both phase transitions are not observed for lower Ni-content NMCs such as 532 and 622, in line with the literature 125 . Furthermore, it was reported that the H2-H3 transition (peak (v) in our graph) involves a significant volume contraction, leading to oxygen release 125 and to an enhanced reactivity against the electrolyte (CEI formation) that could be associated to a thermal event as well (see Turning to the voltage range below 3.5 V, the features appearing in both derivative profiles are indicative of events occurring mainly at the graphite negative electrodes and therefore linked to the SEI formation. Independently of the type of NMC used, a peak in the dQcap/dV is observed at ~ 3.15 V. According to the literature, it corresponds to the reduction of EC onto the graphite surface 128,129 and as no surprise it goes along with a dQheat/dV thermal event, which amplitude interestingly rises when increasing the Ni content in the cathode active material (Figure III. 10 and Supplementary Figure III. 10). Nevertheless, these features were not observed by Dahn's group when cycling similar electrodes, but using optimized electrolyte and addivites 130 . Lastly, a dQcap/dV peak together with a dQheat/dV event are noted for both NMC622 and NMC811 at 3.4 V. The lack of structural changes reported at this potential for these well-known materials suggests that the peak in the derivative-capacity could be nested in further electrolyte decomposition. Although notably reduced, this peak at 3.4 V is still observed in the dQcap/dV curve for the second charge (Supplementary Figure III. 9). Going deeper in the analysis, Figure III. 11 presents a summary of the total heat evolved for each cells labelled by the nature of the NMC they contain and for which we arbitrarily denoted the heat cumulated below ~3.64V (peaks (i), (ii) and (iii)) and above (peaks (iv) and/or (v)) as hypothetical "SEI" and "CEI" formation heats, respectively. In such analysis, clearly "SEI" and "CEI" heats increase with increasing the Ni content, hence confirming the overall trend between NMC532 and the other two cathode materials (NMC622 and NMC811) deduced from Figure III. 8. However, it fails to truly decouple the heat contributions of the real SEI and CEI formations to the overall heat owing to their intertwined growth processes during charging, that is further masked by the dominant heat associated to the occurring phase transitions at both positive and negative electrodes.

Further seeking differences between the different NMCs, we performed SEM imaging on freshprepared positive electrodes prior to be cycled. The SEM micrographs revealed powders made of monolithic particles having sizes between 1-5 μm for NMC532, as opposed to polycrystalline pseudo-spherical particles of sizes ranging from 11 μm to 14 μm for NMC622 and NMC811, respectively (Figure III. 12). Knowing that single crystalline particles minimize, by virtue of their low surface area, reactivity against electrolyte the finding of a lower heat release during the formation of the NMC532-based cell in comparison with NMC622 and NMC811-based cells is not surprising. A lower surface reactivity could explain, for instance, the lack of the dQcap/dV peak for NMC532 at 3.4 V. Altogether, these results are well in line with the spectacular lifetime of Li-ion cells based on NMC532 cathodes recently reported by Dahn's group 120,130 and with 2022 studies by Bond et al. 131 who evidenced thicker CEI growth upon cycling on cells using NMC622 as compared to those using monolithic NMC532 and therefore a greater capacity fading, as we shown in Figure III. 9. While we encountered some specific limitations in ideally isolating SEI and CEI heat formations, we established via optical sensing a correlation between the heat of formation of Li-ion cells and their capacity retention, hence providing an indirect and rapid mean of anticipating long-term cycling performance of various battery chemistries. Interestingly, the two dQcap/dV features at 3.15 V and 3.4 V for LP30 (noted as (i) and (ii) in the graphs) completely disappeared in presence of LP57+2%VC, meanwhile a new dQcap/dV peak is observed at lower potential (~3.08 V). This highlights that VC addition cancels out the EC reduction peak, suggesting that the surface of the graphite anode has been effectively passivated thanks to a fast polymerization rate of the additive, which turns out into a stable outer organic SEI layer, in line with reported studies 129,132 .

Going back to the plots, note the capacity-derivative peak at ~3.08 V, together with the corresponding heat feature are no longer observed during the second charge (Supplementary Figure III. 12). This contrasts with the two dQcap/dV peaks related to structural phase transitions (C6-LiCx and H1-M, as previously discussed) 125 that are well present in the two pouch cells for the first and second charges. Doing the same analysis as before we can extract the "SEI" and "CEI" heats that are both decreasing as LP30 is replaced by LP57+2%VC with for the latter a "SEI" contribution to the overall heat lower than the "CEI" one. Qualitatively, this is in line of what is expected since the SEI for the VC containing electrolyte is more impacted than the CEI due to the VC addition (Figure III. 14c). Although we could access some trends, once again caution should be exercised not to over-interpret such "SEI" and "CEI" decoupling. In short, these results confirm the well-known importance of electrolyte composition in governing the SEI/CEI formation but additionally they highlight once again the benefits of optical calorimetry to rapidly design in a rational way optimized electrolyte compositions for achieving long lasting batteries. 

3.c. Spotting the SEI formation in various cathode materials

As a final stage to validate our optical calorimetry approach, we next extended it to the exploration of other cathode structure materials beyond NMC, such as spinel-like compounds LiMn2O4 (LMO) and polyanionic compounds as LiFePO4 (LFP, olivine structure). While LFP and LMO favour safety and cost, the NMCs family prioritizes energy density. As of today, there is no clear consensus on which material will govern tomorrow's automotive industry, where aspects of the battery such as its safety or its thermal stability are a big concern, and for which the abundance of metallic elements is becoming an overriding factor. Using differential scanning calorimetry (DSC) it has been well established that LFP-based charged cathodes paired with electrolytes show the best thermal stability, followed by the LMO and then the NMCs 133,134 . However, when moving towards full cells, owing to the feasibility of redox shuttle reactions, not only the cathode material integrity, but also its coupling with the liquid electrolyte and anode material matters in terms of safety and thermal stability.

We thus analyzed the heat produced during the SEI formation for pouch cells containing LFP, LMO, and NMC622 as the cathode material by operando optical calorimetry. A drastic heat decrease between the first and second charge (Figure III. 15) was observed for the three cathode chemistries, in line with our previous studies. More importantly, focusing on the first charge, the total heat generated over the full charge resulted 181 J 𝑔 𝑁𝑀𝐶 -1 , 290 J 𝑔 𝑁𝑀𝐶 -1 , and 665 J 𝑔 𝑁𝑀𝐶 -1 for LFP, LMO, and NMC622, respectively. These results go in line with the reported thermal studies by DSC of cathode materials in contact with different electrolytes 133,134 . As before we analyzed our data in terms of "SEI" and "CEI" heats, with the uncertainties pertaining to such a method previously discussed. The results, summarized in Figure III. 17, show that for LFP the "SEI" heat is greater than the "CEI" as one could expect since LFP has a redox potential of 3.45 V that falls into thermodynamic stability of all the electrolytes, hence the "CEI" should be small if any. As the redox potential of LMO and NMC increases, the cell formation heat increases with this raise being lower for LMO. However, further interpreting our results is risky, as it is well documented in the literature that NMC-based cells show better capacity retention that LFP and LMO. Hence showing our established correlation between the heat generated during the cell formation and the capacity retention somehow breaks down when we drastically change the cathode chemistry, most likely due to significant changes in the chemical-structural and electronic features of the positive electrode materials. For instance, Mn dissolution that we could not spot in our measurements is responsible for the poor capacity retention of LMO-based Li-ion cells. Lastly, besides accessing the heat associated to the positive and negative electrodes, optical calorimetry enabled us to determine other thermodynamic parameters such as the entropy, which is the subject of next section. (iv), and (v)) were specified. Thus, areas (i), (ii), and (iii) were sum up to calculate the total heat related with the "SEI" formation, whereas the region (iv) and/or (v) in the graphs corresponds to phase changes in the cathode material, thus, we attributed to heat involved in the "CEI" formation. A summary of these results is presented in Figure III. 17.

Figure III. 17. The total heat monitored as a function of the cathode material. Two regions are distinguished for each positive electrode, namely the heat attributed to the "SEI" and "CEI" heat formation, respectively. We indicate in the legend the inflexion voltage at which SEI/CEI events for each material are considered.

Thermodynamic analysis -Optical entropymetry

The entropy monitoring of a cell upon cycling has recently been revisited in the battery field as a valuable input for the development of thermal battery management systems 135,136 , since it provides direct information about the state of health of the electrode materials 137,138 . The entropy of a battery system is mainly governed by the entropy of its electrodes. From a statistical point of view, the entropy of a compound is related to the number of arrangements of atoms in an atomic array system. According to the Boltzmann definition of entropy (S) 137 , Equation III. 2:

𝑆 = 𝑘 𝐵 ln(𝛺)
where kB is the Boltzmann constant, and Ω is the number of available microstates in the system.

When applied to LIBs, the entropy refers to the arrangement of the Li + ions in the available vacancies within the structures of the active materials. In detail, upon cycling Li + ions are reversibly inserted/deintercalated into/from the electrode material serving as the host structure. The entropy is then associated with the number of possible lattice configurations in which Li atoms are distributed together with other lattice atoms 136 . Thus, Ω represents the number of possible arrangements of Li + and vacancies in the electrode material and will certainly vary with its state of charge (SoC).

Concerning entropy measurements, different techniques have been explored. First, isothermal calorimetry has been widely used to measure the rate of heat flow in operando 139 , from where the reversible heat (i.e., the entropy) can be derived. However, most of these studies focused on the evolution of parasitic heat 140,141 rather than on the entropy profiles. Secondly, the most common technique used relies on a temperature-potentiometric method 142,143 which is based on measuring the derivative of the open circuit voltage with respect to the temperature for a given lithium composition (i.e. at a given State of Charge). Although elegant, the latter method requires long experiments for a small number of points along the voltage curve. In contrast, operando isothermal calorimetry is faster but constrained to low C-rates and small cell formats with limited amount of active material (e.g. coin cells). Noteworthy that entropy was also investigated via linear temperature variations 144 or electrothermal impedance spectroscopy (ETIS) 145 , among other techniques.

In Chapter II, we showed the proof-of-concept for the rapid and in operando acquisition of entropy changes in commercial 18650 cells using optical calorimetry, namely optical entropymetry. In this chapter, this technique will be extended to pouch cells. As a starting point, we selected graphite||LFP pouch cells that we studied after the formation cycles and the degassing step. The entropy heat reflects the arrangement of the Li + ions in the available vacancies within the structures of the active materials. Consequently, the observed variations in the entropy profile come from heat generation/consumption depending on the SoC and the Li + arrangements in the two electrode materials. We can now deduce the entropy variation (ΔS, in J mol -1 K -1 ) from the extracted entropy heat by 146 Equation III. 3:

𝑄 ̇𝛥𝑆 = 𝐼 𝑇 ∆𝑆(𝑆𝑜𝐶) 𝑛 𝐹 = 𝐼 𝑇 𝜕𝑈 𝑂𝐶 (𝑆𝑜𝐶) 𝜕𝑇
where 𝑄 ̇𝛥𝑆 is the entropy heat, 𝐼 the current, 𝑇 the monitored temperature (in Kelvin), 𝑛 the number of exchanged electrons, and 𝐹 the Faraday constant. Note that the voltage variation vs. the temperature when the cell is at open-circuit potential and at a particular SoC (i.e.

𝜕𝑈 𝑂𝐶 (𝑆𝑜𝐶)

𝜕𝑇

) is what is measured by the potentiometric method to get the ΔS.

By doing so, we show in Next, taking advantage of monitoring the entropy both in operando and under practical cycling conditions (e.g. higher C-rates than in conventional calorimetry), we further explored the entropy variation at different current rates, which theoretically should be similar. Note that this is not the case when comparing the entropy heat (expressed in mW g -1 ) since it is directly proportional to the current (see Having validated the optical entropymetry approach, we next extended this protocol to other commonly used cathode materials. Figure III. 21a shows the results obtained for graphite||LMO pouch cells which includes two peaks. The first one appearing at the beginning of the charge can be ascribed to the homogenous solid-solution happening when lithium is intercalated into graphite, with the second one at higher state resulting from cumulative entropy effects occurring in parallel at both electrodes. At this stage it is worth recalling that the measured entropy variation of the cell is a qualitative sum of the entropy profile for each separated electrode. Thus, taking advantage of calorimetry studies of Li||Graphite half cells, we could subtract the entropy variation coming from the graphite electrode into the full cell and hence assess the LMO entropy evolution (Figure III. 21b). The obtained results are compared against existing literature data 150,151 dealing with entropy measurements performed on Li||LMO half cells during charge and discharge. Note again that the curves look alike with a more salient profile for the one obtained from optical entropymetry, namely a well pronounced minimum at x = 0.5. Such a minimum does not come as a surprise since its appearance occurs exactly at a Li content that corresponds to the onset of an ordered phase (Li0.5Mn2O4) during the electrochemical insertion/deinsertion of Li into LiMn2O4.

Altogether these results indicate that optical entropymetry can serve as a complementary technique for tracking entropy as an additional descriptor for future EVs battery management systems. This for instance offers the feasibility to access the state of health of the battery by monitoring changes in S as function of battery cycling and ageing time. 

Chapter conclusions

In this chapter, we have reported for the first time the use of optical fiber Bragg grating sensors to perform optical calorimetry in commercial pouch cells. Therefore, we have extended the validity of the methodology detailed in Chapter II from 18650 to pouch cell format. Not only that, we also extended our previous studies in Sodium-ion batteries to Li-ion batteries containing different cathode chemistries.

For the very first cycles, we studied the heat events related with the solid electrolyte interphase /cathode electrolyte interphase formation. Interestingly, when comparing NMCs with different Ni content, we found out that not only the electrolyte selected, but also the morphology of the cathode materials plays a crucial role on forming a good SEI/CEI, thus, allowing enhanced long-term cycling performance. While studying Ni-rich NMCs (the most promising candidates for electric vehicles owing to its high capacity), we revealed that single crystal monolithic cathode particles have advantages over their conventional polycrystalline counterparts when the same electrolyte is used. However, when screening the effect of different electrolyte additives, heat events obtained for NMC622 electrodes were in the same order of magnitude than for single-crystal NMC532. These results highlight the crucial role of the engineering between cathode/electrolyte. Finally, the optical calorimetry was explored not only for layered oxides, but also in other structures such as spinel (LMO) and olivine (LFP) materials.

Taking advantage of the degassing step in pouch cells, we explored the heat evolution after the formation cycles. Therefore, we shown an example to acquire the entropy evolution by optical entropymetry, important parameter recently revisited to monitor the state of health of the electrode, thus a promising input for the future battery management systems.

Overall, optical sensing provides great insights to rapidly acquire valuable information directly from inside of the cell. Let's recall that fiber Bragg grating sensors are able to monitor three physical parameters: temperature, pressure, and strain. Along chapter II and chapter III, we explored the two first ones, while excluding strain variations, which will be later explored in chapter IV.

Chapter IV: Monitoring Li-driven internal stress in solid-state and traditional Li-ion battery electrodes

Background and motivation

In this thesis, FBG optical sensors are explored as an operando tool for battery monitoring, as they are able to track changes in 3 physical parameters: temperature, hydraulic pressure and strain. Whereas Chapters II and III exploited its implementation into commercial 18650 and pouch cells to track thermal and pressure changes related to the first two aforementioned parameters, the current chapter will focus on the third one, aiming to assess the use of FBG sensors for operando monitoring internal Li-driven strain/stress within battery electrodes.

In LIBs, controlling strain is nearly as important as controlling temperature for obtaining a good battery performance. While there is an increasing awareness on the close relationship between chemo-mechanical effects and battery performance, the deep understanding of such interplay is still rather poor 152,153 . Such a lack of understanding results more critical for the development of allsolid-state batteries (ASSB's), which consist of densified layered stacks of solid components. ASSB's exhibit complex chemo-mechanics as even the small volume changes of the active materials are transferred across the whole device due to the stiff nature of the solid electrolyte, unlike in traditional LIBs with liquid electrolytes. This leads to local contact loss or cracking, as shown by synchrotron X-ray tomography and dilatometry studies 154 .

Yet, Li-driven internal stress is a relevant aspect to both ASSBs and LIBs technologies. Li-driven volume changes of electrodes in Li-ion batteries with liquid electrolyte have been mainly followed via in situ X-ray diffraction (XRD), operando electron microscopy or dilatometry studies [START_REF] Strauss | Operando Characterization Techniques for All-Solid-State Lithium-Ion Batteries[END_REF]155 . Another technique based on the optical bending of a cantilever was used for determining stresses associated to phase transitions in insertion electrode materials, but was only applied to thin-film electrodes on silicon substrate 156,157 .

As for ASSBs systems, scientists have managed to understand and quantify their Li-driven volume and stress changes by successfully placing force sensors in the axial direction of the battery. This approach served to provide new insights on the chemo-mechanical aspects at the cell level 154,158,159 but presents two main limitations: 1-only the axial component of the stress can be monitored and 2-only information at device level is provided, as the sensor is placed outside the cell and thus no decoupling of local phenomena taking place at different electrodes is possible. Hence, the need to develop local and non-invasive operando techniques that, combined with specific cell designs, will enable to probe the chemo-mechanical evolution of battery materials and interfaces under real cycling conditions [START_REF] Strauss | Operando Characterization Techniques for All-Solid-State Lithium-Ion Batteries[END_REF]153 .

On the other hand, measuring stresses in composite materials is an old civil engineering problem that has been worked out decades ago by embedding optical Fiber Bragg grating (FBG) sensors within solid matrixes 160 and correlating the optical signal with T, hydraulic P and ε changes taking place in the vicinity of the sensor. Such perturbations cause either the shifting of the reflected wavelength and/or the splitting of the signal due to induced birefringence 161 . This approach is routinely applied to a wide variety of load-bearing structures such as bridges and train railways as well as in other composite structures such as containers or reservoirs [START_REF] Ferdinand | Applications of Fiber Bragg Grating sensors in the composite industry[END_REF]162 . Likewise, battery electrodes are either an alloyed metal or an intimate mixture of active material, binder, carbon (and also solid electrolyte, in the case of ASSB cathodes) and thus can be conceived as a small-scale solid composite matrix. In this line, FBGs mounted externally onto the surface of pouch cells were used to monitor strain changes in graphite anodes associated to the various stages of the Li insertion process [START_REF] Sommer | Monitoring of Intercalation Stages in Lithium-Ion Cells over Charge-Discharge Cycles with Fiber Optic Sensors[END_REF] . Pushing further this approach, Bae et al. implanted FBGs within Li-ion liquid pouch cells to follow the stress evolution in graphite electrodes during Li insertion 163 . Although accessing such electrode breathing observables is essential for enhancing Li-ion battery lifetime, this pioneering work was no longer pursued. These aspects are even more crucial for the upcoming generation of ASSBs that require external pressure for operation and whose performances highly depend on the complex chemo-mechanics and stress variations at the electrodes and interfaces upon cycling.

Inspired by the aforementioned research articles and the wide industrial use of FBGs in large composite structures (such as bridges, railways and aircrafts) for monitoring their structural integrity, we decided to further exploit their use in the battery field. To such effect, FBG sensors were embedded inside coin and Swagelok Li-based cells containing either liquid or solid-state electrolyte.

The first results in this chapter concern the use of FBGs for internal operando monitoring of Lidriven stress changes in InLix and LixSi electrodes containing liquid electrolytes, where volume changes up to 55 % and 280 % for the materials fully lithiated, respectively, were expected. The study of InLix anodes in liquid systems was done for benchmarking this material further employed in ASSB systems. As for the LixSi electrodes, we focused on the comparison between electrodes containing micro-Si or nano-Si, given that the Li-driven insertion process into Si depends on its particle size.

In a second part of the chapter, the implementation of FBG sensors at various positions in different all-solid-state cell configurations (InLix | Li3PS4 | Li4Ti5O12 or InLix | Li3PS4 | InLix) are shown. Further analysis of the optical data relying on both empiric and theoretical models enabled to access electrode and interface stresses.

From optical signal to stress in cells with liquid electrolyte

As we have described in the previous chapters, when light travels along the optical fiber, the FBG sensor acts as a reflector for a specific wavelength, namely the Bragg wavelength (λB) which is defined as λB=2neffΛ, where neff is the effective refractive index and Λ is the Bragg grating period (for short-period grating, normally ~ 500 nm). Any temperature (T), hydraulic pressure (P) or strain (ε) change happening in the surroundings of the FBG sensor will modify either neff and/or Λ which will be translated into a variation in the reflected wavelength visualized as a peak shift (ΔλB).

In this chapter, the focus is made on monitoring solely stress variations by FBG sensors to assess the volume changes of the battery active materials, which strongly link the chemo-mechanical behaviour and the battery performance. Thus, in order to correlate the optical signal only to ε changes while neglecting contributions coming from T and hydraulic P variations, we set up the following working conditions:

-The battery testing is done in a temperature-controlled climatic chamber at 25 ºC (±0.1 ºC) to get rid of any fluctuation in the ambient temperature.

-A second FBG sensor was placed on the surface of the Swagelok cell to verify that cell temperature changes during cycling were insignificant (see Supplementary Figure IV. 1).

-In contrast to Chapter II and Chapter III were commercial 18650 and pouch cells were explored, the experiments presented in this chapter were performed on laboratory test cells (i.e., Swagelok and coin cells) where a low loading (i.e., < 8 mg cm -2 ) of active material in the positive electrode was used to minimize the intrinsic heat release and gas production, and therefore, assure limited hydraulic pressure.

-To maximize stress changes we decided to work with model materials (In and Si) having a large molar volume difference when alloyed with Li (ΔṼIn→InLi = +53 % 164 ; ΔṼSi→Li15Si4 = +280 % 155,165,166 ).

Thus, when the FBG is strained under these conditions, the shift of λB can be rewritten as 167,168 Equation IV. 1:

𝛥𝜆 𝐵 𝜆 𝐵,0 = (1 -𝜌 𝑒 ) 𝜀 = (1 - 𝑛 𝑒𝑓𝑓 2 [𝑝 12 -𝜈(𝑝 11 + 𝑝 12 )] 2 ) 𝜀
where λB,0 is the Bragg wavelength at the initial time, ρe is the effective photo-elastic coefficient, 𝑝 11 and 𝑝 12 are the strain-optical coefficients of the fiber, and 𝜈 is the Poisson's ratio. All of these coefficients are well known for silica fibers, with the following material property values: neff = 1.45, 𝜈 = 0.17, 𝑝 11 = 0.113 and 𝑝 12 = 0.252 161,169 .

In turn, measured longitudinal strains can be directly converted into stress by using Hooke's law Equation IV. 2:

𝜎 = 𝜀 𝐸
where E is the Young's modulus of the silica fiber equal to 69.9 GPa 161,163 . This mathematical treatment will be repeatedly used throughout this work to monitor internal stress evolution in cells with liquid electrolyte by first converting ΔλB = (λB -λB,0) into longitudinal strain (), and then translating it into stress () expressed in MPa.

Operando stress monitoring in InLix electrodes with liquid electrolyte

In Li-based batteries, strains are the result of several phenomena creating stress within the cell. Relevant stress factors include volume changes of the electrode materials upon cycling due to lithium insertion/extraction, the formation of the solid electrolyte interphase (SEI), and phase transitions of different electrode materials 170 . Bearing this in mind, the In/InLi biphasic system was selected in this work as model negative electrode material to track electrode stress evolution upon battery cycling, due to the volume change (~53 %) 164 experienced upon alloying (expansion) and dealloying (contraction). More specifically we used biphasic mixtures (1-x)In + xInLi; (0< x <1) that we denoted hereafter as "InLix" for the sake of simplicity. Turning to the positive electrode, the zerostrain material Li4Ti5O12 (LTO, volume changes ~ 0.2 %) 171,172 was chosen. Thus, InLix || LTO batteries with non-aqueous liquid electrolyte (1 M LiTFSI in DOL:DME, see Materials and Methods section for more details) were first assembled in modified Swagelok cells to be able to insert the FBG sensor.

3.a. FBG sensor implementation in modified Swagelok cells

In order to inject an optical fiber through a Swagelok cell, two diametrically opposed holes (Φ = 800 μm) were pierced in the cell's body. Figure IV. 1 shows the scheme of the in-house modified Swagelok cell together with the implementation of the optical fiber. Indeed, this configuration gives freedom to select the exact positioning of the FBG sensor (i.e., the 5 mm length Bragg grating) within the cell. In order to track Li-driven stresses in electrode materials, two FBG positions were explored: 1-on top of the electrode (i.e., at the interface between the electrode of study and the glass fiber separator) and 2-embedded within the electrode of interest.

FBG placed on top of the InLix electrode.

To prepare the Indium-Lithium alloy (InLix), In and Li discs of 9 mm and 5 mm respectively were cut from indium foil (0.127 mm thickness) and lithium foil (0.38 mm thickness) in a molar ratio In:Li equal to 1:0.6 so to achieve an alloy composition of InLi0.6 (0.6InLi + 0.4In). The two metal discs were then placed first, on top of each other, and then, on top of the Swagelok's plunger, so the metals were cold pressed with a hydraulic press at a pressure of ~1 ton for 1 minute to perform the alloy reaction, inside an Ar-filled glovebox with H20 and O2 contents below 0. ), giving complete airtightness of the system. Once the glue was perfectly dried, the subsequent assembly of the cell was done as in routine Swagelok cells, that means adding two Whatman papers as separator (Whatman GF/D, 650 µm, 12 mm diameter), which were soaked with 750 µL of the corresponding electrolyte, and using LTO as the counter electrode (more details about the materials reported in the Materials and Methods section for Chapter IV). The cell was finished by adding spacer/spring/plunger, and air-tightened by closing the screws.

FBG embedded in the InLix electrode.

The protocol to embed the FBG sensor within the InLix electrode was alike the previous case with the difference that in the first step, only the lithium foil was placed on top of the Swagelok's plunger perfectly aligned with the two cell's holes. Then, the FBG sensor is implemented into the Swagelok's body and on top of this configuration, we positioned the indium foil. The three components (lithium/FBG/indium) were cold pressed together with a hydraulic press to perform the alloy reaction, resulting with the FBG sensor perfectly embedded in the electrode. Epoxy glue was then applied at the two drilled holes in the Swagelok's body. Once the epoxy was dried, the cell was finalized following the same protocol described just above. Next, we performed operando stress measurements to investigate the effect of the FBG sensor positioning as well as how the measured stress changes by increasing the C-rate. As previously mentioned, the change in the optical signal is driven by strain induced on the FBG that are caused by the stress generated in the InLix electrode. Therefore, the shift in the optical signal (ΔλB) can be further translated into electrochemically driven stress changes (Δσ) by using the mathematical model described above (Equation IV. 1 and Equation IV. 2). Figure IV. 2a, bottom, right Y-axis shows the stress evolution (Δσ), which well correlates with the electrochemical processes upon subsequent cycling, as it increases during the Li + uptake (volume expansion) and decreases during the Li + release (volume contraction). well-defined Bragg wavelength peak (λB) can be tracked and followed upon cycling (indicated by arrows), with the initial Bragg peak denoted as λB,0.

3.b. Internal stress evolution in cells with the FBG placed at the anode/electrolyte interface

3.d. Effect of the FBG position: internal stress evolution in cells with the FBG embedded within the anode

For the sake of comparison, we later interrogated the effect of placing the FBG sensor embedded in the core of the InLiX electrode rather than on top of its surface. Results were alike in trend. They exhibit a non-linear increase of Δσ upon lithiation reaching to a maximum value (Δσmax = 3.4 MPa) at the end of the charge, and a reverse decrease of Δσ during the subsequent discharge (i.e., delithiation of the InLix-based electrode) (Figure IV. 4). The departure from linear variation is most likely rooted in diffusional limitations of Li + within the electrode that leads to stress propagation delays at the sensor level depending on its positioning. Additionally, the measured Δσmax when the FBG was placed within the InLix core was almost twice the one recorded when the FBG was located at the electrode/electrolyte interface, following the same trend as Bae et al. reported previously 163 .

Nevertheless, in such work, the FBG embedded within the electrode exhibited both peak shifting and splitting of the spectra, ascribed by the authors to the accumulation of both transversal and axial stresses. Such change in the spectra shape was not observed in our case (Figure IV. 4b) even though we chose In-Li alloy rather than a graphite anode to magnify the volume changes at the electrode material. Such a difference does not come as a total surprise as Li-driven anisotropy stresses are more expected for 2D (graphite) rather than 3D (InLix) host structures. 

Operando stress monitoring in LixSi electrodes with liquid electrolyte

Encouraged by the above results, we next decided to expand our sensing approach to the study of Si composite electrodes, which exhibit a 280 % volume increase when fully lithiated 155,165,166 . As the InLix, Si is also alloyed with lithium. Si anodes, which are prepared in a weight ratio of 2:1:1 (active material (micro-Si or nano-Si): carbon : PAA binder, see details in Materials & Methods) present an additional complication compared to InLix which is the low loading required for their proper functioning (in our case, the electrode loadings were < 1.5 mg cm -2 due to electrochemistry purposes), leading to thicknesses ~ 40 μm, which are far below from the diameter of our fiber (150 μm). Consequently, for this study, measurements were solely conducted with the FBG sensor placed on top of the Si electrode composite using in-house modified Swagelok cells as described before. Such modification was shown not to affect the cell electrochemistry (Figure IV. 5). Besides, to ensure reproducibility, all the cells were tested at least twice. To account for such differences, let's recall that the lithiation of micro-Si is known to proceed according to the following sequence: Crystalline-Si → amorphous-LixSi (Li-Si neighbors filling) → amorphous-LixSi (Li-Li neighbors filling) → Crystalline-Li15Si4 during the first lithiation together with the formation of the SEI 173,174 . Microscopically, three phenomena were reported to take place during the first lithiation for micro-Si containing electrodes, while the alloying mechanism takes place.

There are 1-the electrode pore filling, 2-the electrode thickening and 3-the particle pulverization [175][176][177] . The associated strain responses to these different stages is expected to enlist a smooth stress increase, a steep stress ramp and a stress release, respectively. With this in mind, our measured stress curve during the first lithiation can be interpreted as the sequence of the three aforementioned phenomena (see schemes in Figure IV. 7) with the stress decay after Δσmax = 62 MPa attributed to the pulverization of the silicon micro particles. In the same line, the irreversible pulverization of the micro particles could also explain the monotonous stress increase and the smaller Δσmax registered from the second cycle and on: once the fracturing has occurred, the stress variation amplitude on the subsequent cycles becomes significantly smaller (Δσmax = 23 MPa). , and (c) C/5 (720 mA g -1 ). Note that the first discharge provides a single peak in the derivative curve, which is correlated to the Δσmax sensed by the FBG sensor regardless the C-rate.

However, when moving towards the second lithiation, the large dQ/dV peak at 0.07 V does no longer mask the other reaction scheme steps, which now pop up as three less intense peaks in the derivative curves (see inset in Figure IV. 7), with the one appearing at 0.04 V corresponding to the well documented crystallization of the Li15Si4 phase 173 . These results are in accordance with recent acoustic data 179 , which report an intensive acoustic activity at the same dQ/dV position during the first discharge that strongly decreases upon subsequent cycles. However, we must realize that such a simplified description can be perturbed by the dynamic nature of the SEI growth. As observed for micro-Si, the largest optical signal decrease is observed between the first and second cycles, when the SEI growth phenomena is involved. Figure IV. 11 shows the dQ/dV and Δσ evolutions for the first and second lithiation for nano-Si. Note that the minimum in the dQ/dV plot for the first discharge nearly corresponds to the position at which Δσ starts to drastically increase prior to reach a maximum value of ~26 MPa at the end of the first lithiation without passing through a maximum, as expected in the absence of cracking/pulverization. Overall, these observations reinforce our claim that the measured stress with the FBG sensor is nested in the volume changes associated to the silicon electrode. First to notice is the full superposition of the curves indicating the good functioning of the electrodes. Interestingly, a peak at 0.04 V was evidenced in the micro-Si dQ/dV plot while being absent for nano-Si as expected from literature reports and attributed to the crystallization of the Li15Si4 phase 173,180 . However, in contrast to the expected continuous volume variation upon lithium alloying reaction, neither nano-Si nor micro-Si exhibits a monotonous Δσ increase, but a rather constant response until the last stage of the lithiation, where a drastic increase is observed. A clue as to the origin of such a capacity threshold beyond which a drastic stress is triggered can be found in early work by Bridel et al. 175 . By studying, the Li-driven expansion monitoring of CMCmade Si composites by in situ SEM, the authors revealed that the porosity is acting as buffer against the Si particles expansion up to x = 1.7 -2 Li/Si. Beyond that, this buffering effect stops and the electrode thickness (i.e., volume) starts to rapidly grow, hence leading to a two-step increase in the silicon-based electrode thickness alike the two stress domains we observed using FBGs resting on top of the Si electrode. Such results clearly show the importance of the electrode porosity in ruling the critical capacity value for triggering drastic expansions of the Si electrode, although it must be realized that this value vary due the SEI partially blocking the porosity. In the same line of thought, we can also explain the increase in Δσ starting at a higher voltage value for micro particles than for nano particles (Figure IV. 12), owing to their copious cracking that rapidly fill out the porosity, in agreement with recent stress measurements on silicon electrode via outside force sensor 159 . Lastly, based on this porosity argument, the nearly linear variation of ΔλB upon lithiation in InLix || LTO (see Figure IV. 2) is not a surprise since here, the InLix electrode is free of porosity because it was made directly by using an In and Li foil.

Altogether, these results have shown the usefulness of using FBG sensors to track in operando the lithiation mechanism in micro-Si and nano-Si electrodes and reveal their differences. Moreover, this also shows the importance of porosity buffer to take-up stresses generated from the electrode volume changes.

4.e. Practical application: monitoring stress in electrodes with selfhealing functionalities

Having the ability to sense the stretchability of the electrodes with this technique, the next step calls for the application into smart electrodes with self-healing properties. That means, coupling the diagnosis with the ability to cure and repair directly from inside internal damages produced by phenomena such as cracking, or particle contact loss [START_REF] Narayan | Self-Healing: An Emerging Technology for Next-Generation Smart Batteries[END_REF] . Indeed, self-healing refers to the functionality of the materials to spontaneously curing the cracks or fractures on its structure.

In our group, Dr. Fanny Bétermier PhD's thesis focused on the use of cyclodextrins (CDs)-based materials to profit the reversibility of host-guest interaction, and designing supramolecular binders for silicon electrodes to buffer, via a pulley-type mechanism, electrode cell-breathing and fracturing upon cycling (i.e., volume expansion/contraction), hence extending the battery lifetime 183 . Thus, we used our new optical sensing tool to evaluate the benefits of supramolecular binders as self-healing agents. Operando optical measurements were thus done to monitor the stress evolution within silicon electrodes with and without smart binders. Interestingly, it was found that the smart electrodes exhibited less stress variation at the end of the lithiation stage than for the reference electrode, which was linked to the ability to better accommodate volume changes. This was in good agreement with the electrochemical results in terms of the capacity retention evaluated after long cycling (Fanny Bétermier et al., 2022, under review). Overall, these findings demonstrate the usefulness of merging analytical sensing with the search of self-healing binders to properly select and pair suitable electrode materials with the final goal to enhance battery quality, reliability, lifetime, and safety (QRLS).

Operando stress monitoring in all-solid-state cells

To substantiate the benefits of our sensing method towards monitoring stresses in electrode materials we extended it to all-solid-state battery architectures. Our previous results in InLix electrodes with liquid electrolyte reported in the section 2 of this chapter served as a benchmark for ASSBs. Thus, as a proof-of-concept for ASSBs we selected the InLi0.6 || LTO cell chemistry, with the liquid electrolyte being replaced by the solid electrolyte Li3PS4 (LPS) (Figure IV. 15a). Figure IV. 15b exhibits the SEM-EDX mapping of the cross-section view of an assembled InLix | LPS | LTO full cell. The selected elements to track the different battery components were: Ti (purple) for the cathode, S (yellow) for the solid electrolyte and In (red) for the anode. The remaining bright area on the bottom corresponds to metallic Li not alloyed. The measured thickness for each layer is 84.98 μm, 429.0 μm, and 147.0 μm, respectively. An EDX mapping of the ASSB with the implemented optical fiber can be seen in Supplementary Figure IV. 3. First, we assembled InLix | LPS | LTO cells in our standard testing cell for ASSBs with the external force sensor playing the two-fold role of 1-keeping good particle contact and 2-monitoring the stress volution at the device level. Supplementary Figure IV. 4 shows the galvanostatic cycling of the ASSB (top) together with the external cycling pressure evolution, monitored with the external force sensor for the ASSB cycled at C/30. The cell volume expands during the charging cycle meanwhile it contracts upon discharge, in agreement with the literature values 154,184 , and confirming the validity of the selected materials to study the Li-driven stress changes in the InLi0.6 electrode by the FBG sensor. Unfortunately, to realize such a monitoring, we need to implement an optical fiber within the cell, which requires the development of a modified cell design which would permit not only to insert the optical fiber, but also to cycle all-solid-state cells.

5.a. Fiber-free ASSBs tested in the modified cell designs

Prior to implementing the FBG sensor, we tested the suitability of our modified testing cells (i.e., both coin and Swagelok cells) to cycle ASSBs. Figure IV. 16a shows the galvanostatic cycling for six full cycles together with the external cycling pressure evolution for a ASSB in a modified coin cell, validating the proposed operando cell design. On the other hand, Figure IV. 16b displays the fifth galvanostatic charge/discharge cycle for a modified Swagelok cell cycled at different C-rates. First, the Swagelok cell was cycled at C/30 (5.83 mA g -1 ) under a fixed external applied pressure of 2 MPa. After 20 cycles the Swagelok's screws were totally tightened and the cell was taken off the frame and being cycled for 20 cycles at C/30, C/10 (17.5 mA g -1 ) and C/30 again up to a total of ~ 70 cycles. The results proved the proper operation of the two modified setups. Thus, ASSB's with an integrated fiber were assembled either in modified Swagelok cells or in modified coin-cells as previously described (further details regarding the assembly and fiber implementation are presented in Materials & Methods). the cell was cycled first at C/30 under external pressure applied by the force sensor and then, the Swagelok screws were totally tightened so the ASSB was cycled without additional external pressure at C/30, C/10 (17.5 mA g -1 ) and C/30 again up to ~70 cycles in total showing a good capacity retention.

In the following part, the results for the stress monitoring in InLix || LTO are presented, with a focus on the optical signal's differences regarding the chemo-mechanical environment of the FBG sensor. Besides, for each ASSB studied hereafter, either measurements collected with an internal FBG sensor or an external force sensor will be reported for comparison. The system was encapsulated within a modified coin cell case and the cell was then positioned in a metallic frame with a force sensor located at the base, and hermetically sealed with epoxy glue. The external applied pressure was fixed to 2 MPa and the whole setup was finally placed inside a temperature-controlled climatic chamber (±0.1 ºC) at 25 ºC to proceed with the testing at a rate of C/30 (5.83 mA g -1 ) between 0.5 V and 1.3 V vs. InLi/Li + .

Figure IV. 18 shows the scheme of the modified coin cell with the implemented optical fiber and the external force sensor. The corresponding X, Y and Z axis detailed in the different views. It is important to note that an axis transverse to the fiber is any axis perpendicular to the main symmetry axis (c∞) and therefore the axis "axial" to the cell is a "transverse" axis to the fiber. To simplify nomenclature, every time we herein mention "longitudinal" or "transversal" will be respect to the fiber and "axial" will only be respect to the cell. 19c, blue curve). The observed differences indicate an over simplification of the mathematical model that does not take into account all the experimental parameters. To alleviate this difficulty, we use the linear strain approximation proposed by Janek et al. 184 , which in our case give us an estimated axial stress of ~6 MPa (the detailed calculation is explained in the Materials & Methods section related to this chapter), that is in the order of our experimental data. However, it should be pointed out that in both cases the stress fell back to nearly zero at the end of the discharge, indicating no stress accumulation and hence mechanical reversibility of the system. In parallel we also accessed the ASSB's axial stress at device level with an external force sensor located in the frame (see scheme in Figure IV. 18). In this case the recorded values barely reached 0.5 MPa at the end of the charge (Figure IV. 19), which were far below the ones obtained with internal sensing (4 MPa). This observation clearly shows the importance of local stress measurements for better accessing the mechanical behaviour at the component level. In turn, it also highlights the complexity of the stress partitioning in all-solid-state batteries, an aspect that will certainly have to be taken into account in practical systems that are not fully constrained and suffer from plastic deformations.

5.c. InLix | LPS | LTO all-solid-state cells with the FBG at the interface between the anode and the solid electrolyte

At this stage a legitimate question regards how the stress evolves at the electrode-solid electrolyte interface, as it reunites two materials of different elasticity, porosity and structural morphology. To interrogate this aspect, we evaluated a coin-cell type ASSB relying on the same chemistry as above but with the fiber injected between the InLix negative electrode and the LPS electrolyte layer ( To calibrate the FBG sensor under such configuration, we first monitored the changes in the FBG optical signal while increasing the external applied pressure from 0 to 9 MPa. Figure IV. 22 shows a drastic variation in the optical signal with namely a single optical resonance peak (B) at low pressure (0 MPa to ~ 2.5 MPa) that splits into two peaks whose respective distance continuously increases with increasing the pressure till 9 MPa. This effect could also be artificially induced by simply applying a transversal load to an FBG sensor 185 placed in between two stainless steel plates, as shown in Supplementary Figure IV. 6. sensor. The birefringence regime is shadowed in light yellow. Two regions are observed: 1-when only one peak is observed in the spectra (λB, given by λB=2neffΛ), the calibration is done by λB -λB,0 and 2-the birefringence regime, when λx and λy can be followed. The difference between λx and λy is used to calibrate internal transverse stresses. In our case, we focused on external applied pressure of 8 MPa to profit the birefringence phenomenon. The slope of the linear fitting in the upper birefringence regime (5 MPa to 9 MPa) is 0.105 nm MPa -1 . This phenomenon is known as birefringence and it is nested in a physical stimulus-driven elliptical deformation of the optical fiber (see scheme in Figure IV. 23) commonly observed in FBGs embedded in composite materials 160,161,186,187 . Such symmetry break causes the initial effective refractive index to be no longer isotropic but anisotropic leading to two different refractive index components (nx and ny) with the change in the x-polarization (nx) being much greater than the one for the y-polarization (ny). This explains the splitting of the single resonance peak (λB, given by λB=2neffΛ) of a FBG into two peaks (λx and λy) when sufficiently high transversal load is applied onto the FBG sensor. The birefringence (B) of the light propagating through the optical fiber is given by 188 Equation IV. 3:

𝐵 = | 𝑛 || -𝑛 ┴ | 𝑛 𝑒𝑓𝑓,0 = 𝐵 0 + | 𝛥𝑛 𝑦 -𝛥𝑛 𝑥 | 𝑛 𝑒𝑓𝑓,0
where 𝑛 || and 𝑛 ┴ are the refractive index in the parallel and perpendicular direction of the externally applied load, Δnx and Δny are the refractive index changes for the x-and y-light polarizations respectively, due to the external applied load and neff,0 is the initial effective refractive index. B0 is the birefringence induced by the manufacturing of the grating, which for low-birefringence FBG sensors is neglected. When looking deeper into the shape of the reflected spectra, the onset of a third peak alongside λx (λ ~1554 nm) can be visualized. Such additional shoulder is a common feature pertaining to FBG's responses. Several studies have been carried out to characterize such a spectral response and it was demonstrated, via combined optical measurements, simulations and mathematical treatments that it is due to a highly non-homogeneous transverse stress field distribution along the FBG sensor including both transversal and longitudinal contributions [189][190][191] . Thus the real complexity in properly identifying the origins of the detailed features present in the optical signals. Although pushing optical sensing to such limit could be useful, it is beyond the scope of this thesis.

5.d. InLix | LPS | InLix symmetric all-solid-state cell

Aiming to validate the added value of the internal stress sensing using implanted FBGs over the external sensing using a force sensor, we assembled symmetrical all-solid state InLix | LPS | InLix Swagelok cells with the FBG sensor placed at the interface between the positive electrode and the solid electrolyte LPS (Figure IV. 25). Therefore, the stress was monitored simultaneously with the two methodologies: internally and externally by the FBG sensor and the force sensor, respectively. The cell was tested at two different external cycling pressure regimes defined as: low (2.7 MPa), and high (21 MPa). Overall, this result demonstrates that FBGs integrated in battery electrodes provide insights at material level thanks to their sensitivity to local stress variations, thus opening a playground in the operando monitoring of mechanical properties that goes beyond the average changes of the whole device. ). This finding is consistent with the recent operando synchrotron radiation X-ray tomographic microscopy report, which indicates the higher stress contribution is coming from the axial axis of the cell that is equivalent to the fiber transversal axis 192 . Moreover, we noted that the measured stress was nearly independent of the external applied stack pressure (2. Although these results show the great potential of FBG sensing in spotting local mechanical stress, a great amount of work remains to be done to precisely ascribe the origin of these stresses in such mechanically complex systems as composite electrodes. Moreover, Chapter IV focuses on the study of the InLix alloy, material of choice as the anode in today's ASSBs. However, the anisotropic volume changes of cathode materials such as lithium cobalt oxide (LCO) or the so-called "NMC" materials (Li[Ni1-x-yCoxMny]O2), despite being comparably small to the changes in the anode, result in contact loss and particle fracture, thus leading to capacity fading [START_REF] Strauss | Operando Characterization Techniques for All-Solid-State Lithium-Ion Batteries[END_REF]193 and being detrimental to the battery performance. Therefore, extension of this work calls for the implementation of FBG sensors to study the stress evolution in layered compounds, materials of choice by virtue of their 2D structure.

Extension of this work towards layered cathodes

The following section shows preliminary results towards expanding the practical application of the developed operando technique to sense internal stress evolution in layered cathode materials. To do so, two layered cathode materials with contrary volume changes upon lithiation are explored: LCO and NMC811 (see the detailed changes of the unit cell volume correlated with the lithium content in Figure IV. 29). The majority of layered cathodes exhibit contraction when lithium is removed from their structure (i.e., during charge), while expanding their lattice volume upon lithiation (i.e., discharge), with the magnitude of the volume change correlated with their stoichiometric composition 194 . That is why NMC111 undergo lower volume changes than the related NMC811. In contrast, LCO presents an opposite behaviour 195 , in which the dependence on lithium content is not linear.

With respect to practicality, and in views to prove the feasibility of using FBG sensors to tackle the chemo-mechanical effects in layered materials with much fewer volume changes in comparison to InLix and silicon (i.e., 7% for NMC811, non-linear 2% for LCO vs. 55% for InLix and 280% for Si), we returned to the Swagelok cell configuration and studied half-cells with liquid electrolyte. The cell assembly was performed as previously described, with the FBG sensor completely embedded within the cathode composite (see details in Materials & Methods, cell assembly and testing part). For all the recorded spectra, only a single Bragg wavelength peak was recorded. Thus, no birefringence was observed. Besides, a huge reproducibility of the peak shift (λB) upon cycling is observed, indicated by arrows. The results are alike the reported ones by Koerver et al. 184 where they evaluated LTO solid electrolyte | NMC811 all-solid-state cells with the external force sensor. In their case, they used LTO as the anode to do not have any chemo-mechanical crosstalk within the ASSB. Therefore, the authors could attribute the volume changes monitored directly to the NMC811. In our case, we studied liquid cells by the FBG sensor, where 1-the volume expansion/contraction is buffered by the liquid electrolyte and 2-we proved in this chapter that our sensing technology monitors the stress evolution locally at the electrode level. That is why we can qualitatively compare both approaches to evaluate the feasibility of the FBG sensors. In views to study quantitatively the robustness of this technique, Figure IV. 31 shows the comparison between two different Swagelok cells assembled following the same assembly protocol. Upon cycling, we monitored a stable Δσmax of 1.5 MPa and 1.65 MPa, respectively for each separated cell. The difference observed is not only within the expected error bar (± 0.1 MPa), but can also be ascribed to 14% capacity disparity between the two cells (139 mAh g -1 for cell 1 vs. 162 mAh g -1 for cell 2), with the degree of lithiation strongly linked with the stress evolution. Even though improvements in the cell design are required to ensure the reproducibility to perform quantitatively analysis, the preliminary results shown in this section encourage to use FBG sensors to track the chemo-mechanical changes within layered compounds.

For the shake of generalizing this approach, LCO cathode composite was also explored using the exact same protocol as for NMC811. Due to the stress anisotropy within the LCO material upon cycling, we first evaluated the optical fiber transparency to the electrochemistry. Upon charging, lithium is extracted from the cathode, which for the case of LCO results in an increase of the unit cell volume, as depicted with the FBG sensor. In contrast, during lithium intercalation into LCO, the electrode's contraction is expected to underlying complex anisotropic stresses.

In short, our results prove the practicability of using FBG sensors for further exploring the chemomechanical aspects also in 2D layered cathode materials. 

Chapter conclusions

In summary, throughout this chapter we have investigated the use of FBG sensor for non-invasive operando monitoring of Li-driven stresses in electrodes contained into Swagelok or coin cells comprising a liquid or solid-state electrolyte.

For proof-of-concept we have selected Li-alloying electrodes that are known to undergo large volume changes upon Li uptake or removal. By monitoring the variation of the optical wavelength signal (ΔλB) during cycling and converting it into Δσ we could access quantitatively to Li-driven local stresses at the electrode level, which had never been achieved in ASSB's with external force sensors. Through stress monitoring by FBG sensors we also succeeded in differentiating the electrode behavior of nano vs. micro Si particles towards Li uptake while reminding the importance of porosity in buffering electrode expansion, hence providing clues in determining the proper cycling range for minimizing capacity loss. Moreover, by taking advantage of the birefringence phenomena we demonstrated the feasibility to access the directional anisotropy of the Li-driven stress field when the FBG sensor is placed at the solid InLix | LPS interface, reuniting two materials of different elasticity. Lastly, we showed that external force sensors were totally blind to stress events occurring at the electrode level in symmetric InLix | LPS | InLix cells (showing constancy of Δσ upon cycling) while FBGs placed in the interphase between the InLix electrode and the solidstate electrolyte LPS successfully tracked the electrode's stress variations during cycling, hence highlighting the benefits offered by internal rather than external stress monitoring in all-solidstate batteries.

Altogether, internal stress diagnostic via FBG sensors has the potential to offer great opportunities within the battery field both at the fundamental level to get insights on chemo-mechanical processes at the interfaces and within electrodes, and on practical aspects oriented to enhance the performance of Si-based electrodes and ASSBs. However, for this to happen several remaining difficulties must be resolved. These range from the design of suitable cell hardware enabling an easier integration and positioning of the FBG sensors within the cell components to theoretical calculations of the Li-driven variation of material mechanical properties (such as Young's modulus) for a deeper interpretation of the observed stress evolution.

Extensions of this work enlist 1-testing the efficacy of self-healing electrodes that are of paramount importance for LIBs and 2-the study of layered compounds, materials of choice by virtue of their 2D structure, for further digging into the science beyond chemo-mechanical aspects. Taking advantage of what we learned, we applied this new operando tool to the two approaches with the results shown in section 4.e and 6 of this chapter. First, thanks to the collaboration in our group with Dr. Fanny Bétermier and Dr. Nour Daher, who explored the self-healing properties in siliconbased electrodes (F. Bétermier, N. Daher et al., 2022, under review), we were able to internally monitor the stress evolution for Si electrodes with and without the PR-PAA binder. The results show how the binder-based electrode could better accommodate the volume expansion within the electrode in comparison to the reference electrode. This was reflected in the improved capacity retention given by the binder, demonstrating the viability of using FBG sensors as an operando tool to follow Li-driven stress evolution in materials with self-healing functionalities. On the other hand, LCO and NMC811 composite cathode materials were tested in operando to track the stress variation upon cycling. Even though there is still a lot to be understood, the preliminary results encourage the feasibility of using FBG sensors to further understand the complex chemomechanics in layered materials.

Overall, the results presented in this work aim to provide a new characterization tool to explain failure phenomena in batteries meanwhile bridging scientists and engineers from multidisciplinary fields to facilitate the development of new electrode and battery designs.

Thesis conclusions and perspectives

This PhD work is the result of bridging two research fields (batteries and optics) in order to develop operando techniques for detecting and monitoring diverse phenomena taking place within a battery and giving account for its functional status. To such effect, fiber Bragg Grating (FBG) sensors have been integrated to pouch, cylindrical, coin and Swagelok cell-types, containing either liquid or solid electrolyte. Depending on the positioning of the fiber in the battery and the experimental design, these sensors were used to monitor internal parameters such as temperature, hydraulic pressure, and stress, enabling the variety of fundamental studies presented throughout this thesis. Hence, the first asset of FBGs that stands out is their remarkable versatility. Nevertheless, the implementation of the fibers in each system was a challenge in itself due to the absence of suitable cell setups commercially available and hence requiring in all cases significant setup modification.

The common denominator in all the studies herein presented has been the chemical interpretation of the physical parameters sensed by FBGs. The first step in that direction was to convert temperature into heat and thus perform optical calorimetry. Such technique enabled the fast screening of different cathode-electrolyte-anode combinations anticipating their long-term performance and gave access to thermodynamic parameters directly related to the SoH of the battery. Hence, optical calorimetry is a very time-efficient technique suitable for high throughput screening studies and fast prediction of long-term behaviors. Additionally, optical calorimetry results much more cost-effective and handy than conventional isothermal calorimetry, thus paving the way for fast, in-operando laboratory calorimeters, applicable to large-format cells in "real" operating conditions (i.e. fast C-rates).

FBGs were further exploited to track internal Li-driven stress when embedded within the solid matrix of battery electrodes. A proof-of-concept was successfully conducted in model battery systems containing either liquid or solid electrolyte, providing insights at component level and opening a new playground in the study of chemo-mechanical phenomena. These findings are timely given the increasing awareness on the outsized role that mechanical issues play in solid-state batteries systems and Si anodes. Yet, the complex solid-state mechanics of battery electrodes is the major roadblock in the interpretation of the observed stress evolution and calls for complementary work, such as theoretical calculations of the Li-driven variation of material mechanical properties.

Nevertheless, even if we emphasized the advantages of optical sensing in batteries, we should be critical and also point out the practical drawbacks. Further optimization of suitable cell setups enabling an easier integration and positioning of the FBG sensors within the cell components is required towards the generalization and practical application of optical sensing. That is why along this PhD thesis we selected well-known battery chemistries, and proof-of-concept systems, and the results were validated by existing techniques such as conventional calorimetry or external force sensors in ASSBs. As a pioneering work of "battery sensing" in Prof. Tarascon's lab, it is also to mention that the first stage of this PhD project involved the setting up of a new laboratory, including selection and purchase of most of the equipment utilized in this thesis.

The perspectives of this work are broad, ranging from the use of the developed methodologies as new characterization techniques with research purposes to the practical application in real battery management systems. Optical calorimetry has already been employed as a research tool in our group for the screening of different electrolyte and additives for commercial Na-ion NVPF/HC cells 196 . On the other hand, the use of FBGs to monitor quantitatively Li-driven local stresses at the electrode level opens the path towards numerous applications. A great amount of work remains to be done to precisely ascribe the origin of these stresses in such mechanically complex systems as composite electrodes. Besides, we should note the practical limitations of FBG sensors, which enlists the impossibility to decouple the stress events happening in the different x,y,z directions. To such end, other optical fiber-based sensors such as high-birefringence FBG 189 , Panda fibers 197 or specific microstructured optical fiber (MOF) 198 sensors, are envisioned to break down the axial and longitudinal stress contributions upon long cycling.

Early diagnosis is extremely important in problem solving but also halfway, as the other half is providing the solution. Thus, once the diagnostic of these degradation mechanisms is completed, curing strategies are needed to repair the damages, hence extending the batteries lifetime. Within this context, the large-scale and long-term European initiative Battery 2030+ is focused on elongating the battery lifetime and reliability by coupling smart functionalities such as sensing and self-healing integrated in batteries. In our group, the two functionalities were coupled by monitoring the stress evolution via FBG sensors in silicon electrodes with and without the smart binder. The results showed an enhanced buffering of the volume expansion for the binder-based electrodes, which was translated into improved capacity retention upon long-term cycling. This study paired for the first time both sensing and self-healing approaches, opening the path towards a novel direction to improve the battery QRLS.

Despite the enormous advantages of FBG sensors, note that with the light confined within the fiber core, is not possible to access internal chemical information such as the Li inventory in the electrode materials, or the refractive index of the electrolyte materials. This calls for exploiting other optical fiber-based sensors where the light propagating in the direction of the fiber axis can partly escape from the core, thus interacting with the vicinity of the sensor. As briefly mentioned in Chapter I, this is the case of fiber optic evanescent wave sensors (FOEWS) 199 , or nano-plasmonic sensors (NPS). Recently, the use of tilted fiber Bragg grating sensors (TFBGs) 200 for operando tracking the chemical evolution of the electrolyte was studied in our group. Even though it was possible to follow the electrolyte's RI evolution, unfortunately, revealing which are the exact chemical species involved in the internal reactions was not possible. Instead, spectroscopic techniques such as Raman or infrared absorption, can provide such chemical insight and help to better identify degradation and failure mechanisms in batteries. Progress in this direction has been made by the group of Prof. Clare Grey, who recently reported the use of hollow-core optical fiber sensor for operando Raman spectroscopy in Li-ion liquid electrolytes 201 . Finally, our group has explored a similar approach but performing operando infrared measurements within 18650 NVPF/HC cells via chalcogenide fibers, which showed the ability to record the appearance/disappearance of chemical species, and even quantify them during battery formation and cycling.

Lastly, the ultimate dream would be to combine the variety of fiber-based optical sensors to make a "lab-on-fiber" analytical platform for battery diagnosis (Figure V. 1). This concept aims to combine sensors such as FBGs, TFBGs, FOEWS, NPS, and chalcogenide infrared fibers together within the same optical fiber to monitor in real-time all the different physical and chemical parameters. Thus, by combining the individual readouts together with artificial intelligence, and machine learning, the input to battery management systems would be undoubtedly optimized, which will result in enhanced battery QRLS. Hopefully in the future, optical sensing will contribute to monitor the battery state of health in an analogous way to medical diagnosis in the human body. Optical measurement. The optical signals were acquired by the interrogators, including FBGuard1550 (Safibra, Czech), SM125, and LUNA Si255 (Micron Optics, USA). According to the specifications, the wavelength accuracy/resolution of these three interrogators is 1 pm. The single and multiplexed SMF-FBGs were purchased from IDIL (France) and SAMYON (China). They were calibrated before the usage. The sampling period of the interrogator was set to be one second.

Electrochemical tests. The 18650, pouch, and coin cells were tested by BCS-810, BCS-815, or MPG2 potentiostat (Bio-Logic, France) in the temperature-controlled chambers. The C-rates were calculated based on the active materials of positive electrodes (NVPF). The 1 C of NVPF is 128 mA g -1 . The voltage window for NVPF/HC was 2.0-4.5 V, unless specified. The relaxation criteria for GITT are 3.6 mV h -1 or 4 hours.

Setup of optical fiber calorimeter. The optical fiber calorimeter was set in a temperaturecontrolled chamber with a home-made cabinet to provide a standard thermal environment. Three FBG's were used with one placed on the cabinet wall (ambient), a second one on the cell surface, and the third inside the cell. Multiple cells can be tested in the same chamber.

Note for the thermal calibration by the galvanostatic pulse. A current pulse of 2 Hz was applied in the cell to generate known heat [START_REF] Forgez | Thermal modeling of a cylindrical LiFePO4/graphite lithium-ion battery[END_REF] . This frequency was selected according to the literature [START_REF] Forgez | Thermal modeling of a cylindrical LiFePO4/graphite lithium-ion battery[END_REF] . The current pulse method avoids additional errors from using constant resistors. Also, reversible entropy terms cancel out over a microcycle, which makes evaluation of 𝑄 ̇ straightforward as it directly relates to the product of cell overpotential and current. The calibration was done at the same oven temperature as the charge/discharge experiments to minimize the possible changes of the Rout, Rin, and MCP due to the temperature. Note that Rout is setup-specific rather than cellspecific. Consequently, the calibration was done individually for each experiment.

Isothermal calorimetry. Cells were inserted into a TAM III Microcalorimeter (TA instruments, stability ± 0.0001 °C, accuracy ± 1 µW, precision ± 1 nW) kept at a constant temperature of 40 °C (isothermal mode). Cells were then connected to a Maccor 4000 series cycler for electrochemical cycling. Cells were either cycled for three cycles prior to being installed in the calorimeter or freshly assembled, depending on the experiment. Further details on the experimental setup can be found in references [START_REF] Krause | Measurement of Parasitic Reactions in Li Ion Cells by Electrochemical Calorimetry[END_REF]103,[204][205][206] . Before cycling, cells rested at an open-circuit voltage (OCV) in the calorimeter for 24 hours to stabilize the baseline heat flow measurements. While no correction was made to the measured heat flow, all cells showed a low non-zero baseline attributed to parasitic reactions between the electrolyte and electrodes. Cells were cycled at a nominal rate of C/10 for three cycles, with a 4-hour rest at OCV after each half-cycle. Further, after the initial cycles at C/10, the NVPF/HC cells were cycled at increasing rates of C/5, C/2, and 1 C. Each of the cycles at a higher rate also had a 4-hour OCV period after each half-cycle. The baseline drift over the cycling experiments did not exceed ± 0.5 µW. Positive heat flow is defined as heat generated by the cell.

Determination of equilibrium voltage by GITT.

Because of the largely path-independent process of the NVPF/HC chemistry, the overpotential due to the intrinsic hysteresis is regarded as state-or x-dependent. Consequently, the equilibrium voltage is obtained by averaging the relaxed voltage of GITT at the same state.

Detailed calculation for the volume-weighted average temperature of cell. Due to the high thermal conductivity of aluminum, we can simplify the calculation by assuming the temperature along the longitudinal direction is uniform. Note that this assumption may not be true particularly at high rates and will be improved by incorporating more FBGs in a single fiber and upgrading the zero-dimensional thermal model to a multi-dimensional one.

To justify the application of the lump-capacitor model in where 𝑞̇ is the heat flow rate from the center of cell to the surface, 𝑘 is the thermal conductivity (W (K•m) -1 ) of the jelly roll, L is the length of the jelly roll, 𝑇 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 and 𝑇 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 are the internal and surface temperatures of the cell (measured by optical fibers), respectively, and 𝑟 1 and 𝑟 2 are the radii of the internal and overall circle, respectively. 𝐿, 𝑟 1 , and 𝑟 2 are measurable geometric variables, which are 65, 1.5, and 9 mm, respectively. However, 𝑘 is unknown. Following the assumption of constant radial thermal resistance, we can assume that the temperature is uniform at a given value of r being the radial distance from the axis of the jelly roll. We assume that the temperature inside the middle void of jelly roll is constant, namely, Equation M-II. 2:

𝑇(𝑟) = 𝑇 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 , 𝑟 ≤ 𝑟 1
Furthermore, the temperature at any other positions can be calculated using:

Equation M-II. 3:

𝑇(𝑟) = 𝑇 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 -𝑇 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ln (𝑟 1 /𝑟 2 ) ln ( 𝑟 𝑟 2 ) + 𝑇 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , 𝑟 1 ≤ 𝑟 ≤ 𝑟 2
Consequently, the volume-weighted average temperature of the cell, T, will be Equation M-II. 4:

𝑇 = ∫ 2𝜋𝑟𝐿𝑇(𝑟)𝑑𝑟 𝑟 2 0 𝜋𝑟 2 2 𝐿
Entropy computation by the potentiometric method. Aside from the calorimetric method as introduced in the main text, the potentiometric method can be used to obtain the entropy variation along with the electrochemical process. This method mainly measures the open-circuit voltage (OCV) at different temperatures along with the state-of-charge. The fundamental principle comes from very basic thermodynamics 137,207-209 , Equation M-II. 5:

∆𝐺(𝑥) = -𝑛𝐹𝑈(𝑥) = ∆𝐻(𝑥) -𝑇∆𝑆(𝑥)
where ∆𝐺(𝑥), ∆𝐻(𝑥), ∆𝑆(𝑥), and 𝑈(𝑥) are the Gibbs free energy, the enthalpy of reaction, the entropy of reaction, and the equilibrium voltage at 𝑥 (𝑥 is normally the intercalation number in the host formula, e.g., Lix<H>, sometimes it is defined as the fraction of filled sites) 210 , respectively, 𝑛 is the number of electrons involved in electrode reaction (𝑛=1 in the alkaline metal ion batteries so it will not appear in the following derivation), 𝐹 is the Faraday constant, and 𝑇 is the absolute temperature. The entropy of reaction can be measured by doing the derivatives of Equation M-II. 5 with respect to 𝑇, [207][208][209] Equation M-II. 6:

∆𝑆(𝑥) = 𝐹( 𝜕𝑈 𝜕𝑇 ) 𝑥
Consequently, the entropy and enthalpy of reaction can be calculated if temperature-dependence of 𝑈(𝑥) is known. In practical applications [207][208][209]211 , the OCV after rest is measured as 𝑈(𝑥). A typical example with carbons refers to Fultz et al. 207 In order to verify the entropy results from the calorimetrical method by optical fiber, the potentiometric method as discussed above was utilized. Two cells were scanned per ∆𝑦 = 0.1 (y in Na3-yV2(PO4)2F3). After a galvanostatic charge (C/5) at 25 o C, the cell was rested at 25 ºC for three hours prior to changing the temperature to 15 ºC for another three hours. Subsequently, the temperature returned to 25 ºC for at least three hours before another repeat cycle. 

FBG sensors implemented in pouch cells.

Equation M-III. 1:

𝑄 ̇= 𝑀𝐶 𝑃 𝑑𝑇 𝑑𝑡 + 𝑞̇
where M is the mass, C P the specific heat capacity, T the spatially averaged temperature of the cell, t the time, and 𝑞̇ being the heat flow rate from the cell to the ambient. Besides, the heat flow conservation between the inside and outside is given by Equation M-III. 2:

𝑞 ̇= T surface -T ambient R out or 𝑞 ̇= T internal -T surface R in
Where T internal , T surface and T ambient are the temperatures at the interior, surface of the cell, and ambient environment, respectively. 𝑅 𝑜𝑢𝑡 is the equivalent thermal resistance between the cell surface and the ambient, and in the same way, 𝑅 𝑖𝑛 is the equivalent thermal resistance between the centre and surface of the cell. Then, to apply this methodology, the intrinsic parameters of the model must be calibrated for each cell before performing the experiments. That means to calibrate the Rin, Rout and MCp parameters, specially since Rout is setup-dependent rather than cell-specific. Thus, the setup design plays a crucial role in views to ensure a good calibration. To do so, after five galvanostatic cycles at C/10 to ensure the proper formation of the SEI layer, a current pulse test of 2 Hz was performed, namely, a known alternate galvanostatic pulse was applied to the cell during three hours, following the methodology previously reported by Forgez et al. [START_REF] Forgez | Thermal modeling of a cylindrical LiFePO4/graphite lithium-ion battery[END_REF] (see Supplementary Figure III. 3).

of 26 µm) using a doctor blade (Elcometer, 200 μm gap) and then dried for 24 hours in a vacuum oven at 80 °C. The resulting micro-Si and nano-Si based electrodes presented an average thickness and mass loading of 1.1 ± 0.1 mg cm -2 and 23 ± 1 µm, and 0.5 ± 0.1 mg cm -2 and 14 ± 4 µm, respectively. LP30 electrolyte (99.9 %, Solvionic, stored in glovebox and used as received), composed of 1M Lithium hexafluorophosphate (LiPF6) in EC:DMC (1:1 by volume), was used to prepare our LP30+FEC electrolyte (H2O < 15 ppm) by adding 5wt% of 4-fluoro-1,3-dioxolan-2-one (FEC, 98 %, Alfa Aesar, used as received). Lithium metal (99.9 %, Sigma Aldrich, 0.38 mm thickness) was used as the counter electrode, after being punched with a 5 mm stainless steel punch.

Preparation of the Indium-Lithium alloy (InLix) electrodes.

Discs were cut from indium foil (99.99 %, Sigma Aldrich) with a thickness 0.127 mm and lithium foil (99.9 %, Sigma Aldrich) with a thickness of 0.38 mm in the size so that the molar ratio between the two metals was approximately InLi0.6. The two metal discs were then placed on top of each other and cold pressed with a hydraulic press at a pressure of ~1 ton for a 1 minute to perform the alloy reaction inside an Ar-filled glovebox with H20 and O2 contents below 0.1 ppm. The formation of the InLix phase was confirmed by XRD measurements (Supplementary Figure IV. 2).

Preparation of Li4Ti5O12-based composite for testing in all-solid-state cell configuration.

The cathode composite Li4Ti5O12:Li3PS4:C (LTO: LPS:C; 30:60:10 % wt.) was prepared by handmixing the powders with a mortar and a pestle inside an Ar-filled glovebox with H20 and O2 contents below 0.1 ppm. Lithium phosphorus sulfide (Li3PS4, LPS) (NEI corporation) was the solid electrolyte used for all the all-solid state cells.

Preparation of NMC811 and LCO composites electrodes for liquid-based cells.

The cathode composite LiNi0.8Mn0.1Co0.1O2:C (NMC811:C, 95:5 % wt.) was prepared by handmixing the powders with a mortar and a pestle inside an Ar-filled glovebox. LiCoO2:C composite (LCO:C, 95:5 % wt.) was prepared likewise. LP30 electrolyte (99.9 %, Solvionic, stored in glovebox and used as received), composed of 1M Lithium hexafluorophosphate (LiPF6) in EC:DMC (1:1 by volume), was the liquid electrolyte selected and Lithium metal (99.9 %, Sigma Aldrich, 0.38 mm thickness) was used as the counter electrode.

1.b. Cell assembly and testing

Fiber Bragg grating sensor implementation in InLix || LTO all-solid-state coin cells.

To assemble the cells, 100 mg of Li3PS4 were first pressed at 1 ton cm -2 into a pellet (die set diameter = 13 mm) by a hydraulic press inside an Ar-filled glovebox with H2O and O2 contents below 0.1 ppm during 30 s. Then, 21.9 mg of LTO cathode composite were added and the pellet was re-pressed at 4 ton cm -2 with the hydraulic press for 15 min. On the other hand, the anode was prepared by pressing together 120 mg of indium foil and 4.2 mg lithium foil with a hydraulic press (Manual hydraulic press ATLAS Specac up to 15 ton) at 1 ton for 1 min, giving a final composition of InLi0.6. The alloy was formed on top of a stainless-steel spacer and placed inside the pre-drilled case of the coin cell (Φ = 800 μm). Next, the optical fiber was passed through the holes of the modified coin cell and adjusted making sure the FBG grating is on top of the electrode (see photo in 

Fiber Bragg grating implementation in cells with powder composites.

In order to mimic the powder composites that would be used in ASSBs, some protocol steps were adjusted in the Swagelok cell assembly. On the other hand, a polished plunger was inserted in the Swagelok's body containing the Mylar, and placed perfectly aligned with the two holes drilled in the modified Swagelok cell allowing the optical fiber implementation and the positioning of the 5 mm FBG length on top of the electrode (Figure IV. 1). Next, epoxy glue was placed externally at each hole for the Swagelok body with the two-fold role of sealing and fixing the fiber. Once the glue was perfectly dried, 100 mg of the powder cathode composite were added inside the Swagelok. This amount was sufficient to make sure the FBG sensor was completely embedded within the cathode. The Swagelok body was then used as the die set to cold press the cathode composite at 1 ton cm -2 during 30 seconds under a hydraulic press inside the glovebox. Supplementary Figure IV. 10 shows the top view photo of the resulting pellet. After this, subsequent assembly of the cell was done as in routine Swagelok cells, that means adding two Whatman papers as separator (Whatman GF/D, 650 µm, 12 mm diameter), which were soaked with 750 µL of the corresponding electrolyte and using Li metal as the counter electrode. The cell was finished by adding spacer/spring/plunger, and air-tightened by closing the screws.

1.c. Methods and characterization techniques

Electrochemical tests.

The cells were cycled with a BCS-810 or MPG2 potentiostat (Bio-Logic, France) at a constant temperature of 25 ºC inside temperature-controlled climatic chambers (Memmert, accuracy ±0.1 ºC). The electrochemical performances of the cells were studied by galvanostatic discharge-charge cycling in the voltage range of 0.005 -1.5 V vs. Li/Li + for the silicon-based cells and a voltage window of 0.5 V -1.3 V vs. InLi/Li + for the InLix || LTO cells. The cycling of the symmetrical ASSB was limited by time, with a 30 h step for each charge/discharge.

Optical measurements.

The reflected spectra were collected with the interrogators FBGuard1550 (Safibra, Czech) and LUNA Si255 (Micron Optics, USA). According to the specifications, the wavelength accuracy/resolution of both of them is 1 pm. The FBG sensors (5 mm length, 150 μm diameter) were purchased from SAMYON company (China) and IDIL (France).

Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDX).

A high-resolution scanning electron microscope (Oxford Instruments) was used to perform the cross-section micrographs of pristine ASSBs. The pellets were carefully and sharply cut after being previously embedded in conductive epoxy. Energy-dispersive X-ray spectroscopy (EDX) of the pellets was performed under an acceleration voltage of 20 kV.

Laboratory X-ray powder diffraction (XRD).

Laboratory X-ray powder diffraction (XRD) were performed in an airtight cell equipped with a Be window. XRD patterns were recorded in reflection mode in Bragg-Brentano geometry using a Bruker D8 Advance diffractometer equipped with a Cu-Kα X-ray source (λ1 = 1.54056 Å, λ2 = 1.54439 Å) and a LynxEye detector.

Electrode porosity.

The porosity of the electrodes was estimated by comparing the actual volume of an electrode to its expected volume regarding the true density of each material. This density was measured on a helium pycnometer with a Micromeritics AccuPyc 1330 and Helium Messer gas (≥ 99.996 vol. %).

One analysis is composed of 20 helium purges followed-up by 5 runs of measurements.

The anode was evenly distributed onto the current collector (1.76 cm 2 ,15 mm diameter circle) but the LTO | LPS pellet surface was 1.33 cm 2 (13 mm diameter circle), therefore, the effective anode volume can be calculated as (1.33/1.76) x 0.0316 cm 3 VA-eff = 0.0240 cm 3 

Battery dimensions

The volume of the battery assuming total constrain can be calculated as volume of LTO | LPS pellet + effective anode volume = (0.6 cm * 1. En profitant de l'étape de dégazage dans les cellules à poche, nous avons exploré l'évolution de la chaleur après les cycles de formation. Par conséquent, nous avons montré un exemple d'acquisition de l'évolution de l'entropie par entropymétrie optique, paramètre important récemment revisité pour surveiller l'état de santé de l'électrode, donc une entrée prometteuse pour les futurs systèmes de gestion des batteries.

Globalement, la détection optique permet d'acquérir rapidement des informations précieuses directement à l'intérieur de la cellule. Rappelons que les capteurs à réseau de Bragg sont capables de contrôler trois paramètres physiques: la température, la pression et la déformation. Au cours des chapitres II et III, nous avons exploré les deux premiers, tout en excluant les variations de la déformation, qui seront explorées ultérieurement au chapitre IV.

Dans les batteries LIB, le contrôle de la déformation est presque aussi important que le contrôle de la température pour obtenir une bonne performance de la batterie. Bien que l'on soit de plus en plus conscient de la relation étroite entre les effets chimio-mécaniques et les performances des batteries, la compréhension approfondie de cette interaction est encore assez faible. Ce manque de compréhension est d'autant plus critique pour le développement des batteries entièrement solides (ASSB), qui consistent en des empilements de couches densifiées de composants solides.

Les ASSB présentent une chimiomécanique complexe, car même les petites variations de volume des matériaux actifs sont transférées à l'ensemble du dispositif en raison de la nature rigide de l'électrolyte solide, contrairement aux LIB traditionnelles à électrolyte liquide. Cela entraîne une perte de contact ou une fissuration locale, comme le montrent les études de tomographie aux rayons X synchrotron et de dilatométrie.

Pourtant, la contrainte interne induite par le Li est un aspect pertinent pour les technologies ASSB et LIB. Les changements de volume induits par le Li dans les électrodes des batteries Li-ion à électrolyte liquide ont été principalement suivis via des études in situ de diffraction des rayons X (XRD), de microscopie électronique operando ou de dilatométrie. Une autre technique basée sur la flexion optique d'un cantilever a été utilisée pour déterminer les contraintes associées aux transitions de phase dans les matériaux des électrodes d'insertion, mais elle n'a été appliquée qu'aux électrodes en couches minces sur substrat de silicium.

En ce qui concerne les systèmes ASSBs, les scientifiques ont réussi à comprendre et à quantifier leurs changements de volume et de contrainte induits par le Li en plaçant avec succès des capteurs de force dans la direction axiale de la batterie. Cette approche a permis de fournir de nouvelles informations sur les aspects chimio-mécaniques au niveau de la cellule mais présente deux limitations principales : 1-seule la composante axiale de la contrainte peut être surveillée et 2-seule l'information au niveau du dispositif est fournie, car le capteur est placé à l'extérieur de la cellule et donc aucun découplage des phénomènes locaux ayant lieu aux différentes électrodes n'est possible. D'où la nécessité de développer des techniques operando locales et non invasives qui, combinées à des conceptions de cellules spécifiques, permettront de sonder l'évolution chimicomécanique des matériaux et des interfaces des batteries dans des conditions réelles de cyclage.

D'autre part, la mesure des contraintes dans les matériaux composites est un vieux problème de génie civil qui a été résolu il y a plusieurs décennies en intégrant des capteurs optiques à réseau de Bragg (FBG) dans des matrices solides et en corrélant le signal optique avec les changements de T, de P hydraulique et de ε qui ont lieu à proximité du capteur. Ces perturbations provoquent le décalage de la longueur d'onde réfléchie et/ou la division du signal en raison de la biréfringence induite. Cette approche est couramment appliquée à une grande variété de structures porteuses telles que les ponts et les voies ferrées, ainsi qu'à d'autres structures composites telles que les conteneurs ou les réservoirs. De même, les électrodes de batteries sont soit un métal allié, soit un mélange intime de matériau actif, de liant, de carbone (et aussi d'électrolyte solide, dans le cas des cathodes ASSB) et peuvent donc être conçues comme une matrice composite solide à petite échelle. Dans cette optique, des FBG montés à l'extérieur sur la surface des cellules de la poche ont été utilisés pour surveiller les changements de déformation des anodes en graphite associés aux différentes étapes du processus d'insertion du Li. Poussant plus loin cette approche, Bae et al. ont implanté des FBG à l'intérieur de cellules de poche de liquide Li-ion pour suivre l'évolution des contraintes dans les électrodes en graphite pendant l'insertion de Li. Bien que l'accès à ces observables de respiration des électrodes soit essentiel pour améliorer la durée de vie des batteries Li-ion, ce travail pionnier n'a pas été poursuivi. Ces aspects sont encore plus cruciaux pour la prochaine génération d'ASSB qui nécessitent une pression externe pour fonctionner et dont les performances dépendent fortement de la chimio-mécanique complexe et des variations de contraintes aux électrodes et aux interfaces lors du cyclage.

Inspirés par les articles de recherche susmentionnés et par la large utilisation industrielle des FBG dans les grandes structures composites (comme les ponts, les chemins de fer et les avions) pour contrôler leur intégrité structurelle, nous avons décidé d'exploiter davantage leur utilisation dans le domaine des batteries. À cet effet, des capteurs FBG ont été intégrés à l'intérieur de cellules à base de Li de type pièce de monnaie et Swagelok contenant un électrolyte liquide ou solide, afin de surveiller de manière non invasive les contraintes induites par le Li.

Pour la preuve de concept, nous avons sélectionné des électrodes en alliage de Li-qui sont connues pour subir de grands changements de volume lors de l'absorption ou de l'élimination du Li. En surveillant la variation du signal de longueur d'onde optique (ΔλB) pendant le cyclage et en le convertissant en Δσ, nous avons pu accéder quantitativement aux contraintes locales induites par le Li au niveau de l'électrode, ce qui n'avait jamais été réalisé dans les ASSB avec des capteurs de force externes. Grâce à la surveillance des contraintes par des capteurs FBG, nous avons également réussi à différencier le comportement de l'électrode des nanoparticules de Si par rapport aux microparticules de Si en ce qui concerne l'absorption du Li, tout en rappelant l'importance de la porosité dans l'expansion de l'électrode, ce qui fournit des indices pour déterminer la plage de cyclage appropriée pour minimiser la perte de capacité. De plus, en profitant des phénomènes de biréfringence, nous avons démontré la possibilité d'accéder à l'anisotropie directionnelle du champ de contrainte induit par le Li lorsque le capteur FBG est placé à l'interface solide InLix | LPS, réunissant deux matériaux d'élasticité différente. Enfin, nous avons montré que les capteurs de force externes étaient totalement aveugles aux événements de contrainte se produisant au niveau de l'électrode dans les cellules InLix | LPS | InLix symétriques (montrant la constance de Δσ lors du cyclage), tandis que les FBG placés dans l'interphase entre l'électrode InLix et l'électrolyte solide LPS ont réussi à suivre les variations de contrainte de l'électrode pendant le cyclage, soulignant ainsi les avantages offerts par le contrôle de contrainte interne plutôt qu'externe dans les batteries entièrement solides.

Dans l'ensemble, le diagnostic des contraintes internes par le biais de capteurs FBG peut offrir de grandes possibilités dans le domaine des batteries, tant au niveau fondamental pour comprendre les processus chimico-mécaniques aux interfaces et à l'intérieur des électrodes, qu'au niveau pratique pour améliorer les performances des électrodes et des ASSB à base de silicium. Cependant, pour y parvenir, plusieurs difficultés doivent encore être résolues. Celles-ci vont de la conception d'un matériel de cellule approprié permettant une intégration et un positionnement plus faciles des capteurs FBG dans les composants de la cellule aux calculs théoriques de la variation des propriétés mécaniques des matériaux (telles que le module d'Young) induite par le Li pour une interprétation plus approfondie de l'évolution des contraintes observées.

En général, les résultats présentés dans cette thèse visent à fournir un nouvel outil de caractérisation pour expliquer les phénomènes de défaillance dans les batteries, tout en rapprochant les scientifiques et les ingénieurs de domaines multidisciplinaires pour faciliter le développement de nouvelles conceptions d'électrodes et de batteries.

Néanmoins, même si nous avons souligné les avantages de la détection optique dans les piles, nous devons être critiques et signaler les inconvénients pratiques. La généralisation et l'application pratique de la détection optique requièrent une optimisation plus poussée des configurations de piles permettant une intégration et un positionnement plus faciles des capteurs FBG dans les composants de la pile. C'est pourquoi, tout au long de cette thèse de doctorat, nous avons sélectionné des chimies de batteries bien connues, ainsi que des systèmes de preuve de concept, et les résultats ont été validés par des techniques existantes telles que la calorimétrie conventionnelle ou les capteurs de force externes dans les ASSB.

Les perspectives de ce travail sont larges, allant de l'utilisation des méthodologies développées comme nouvelles techniques de caractérisation à des fins de recherche à l'application pratique dans des systèmes réels de gestion de batteries. La calorimétrie optique a déjà été utilisée comme outil de recherche dans notre groupe pour le criblage de différents électrolytes et additifs pour les cellules commerciales NVPF/HC à ions Na. D'autre part, l'utilisation de FBGs pour surveiller quantitativement les contraintes locales induites par le Li au niveau de l'électrode ouvre la voie à de nombreuses applications. Il reste encore beaucoup de travail à faire pour attribuer précisément l'origine de ces contraintes dans des systèmes aussi complexes mécaniquement que les électrodes composites. En outre, il convient de noter les limites pratiques des capteurs FBG, qui incluent l'impossibilité de découpler les événements de contrainte se produisant dans les différentes directions x, y, z. À cette fin, d'autres capteurs à base de fibres optiques, tels que les FBG à haute biréfringence, les fibres Panda ou les capteurs spécifiques à fibres optiques microstructurées (MOF), sont envisagés pour décomposer les contributions des contraintes axiales et longitudinales lors de cycles longs.

Le diagnostic précoce est extrêmement important pour la résolution des problèmes, mais aussi à mi-chemin, car l'autre moitié consiste à fournir la solution. Ainsi, une fois que le diagnostic de ces mécanismes de dégradation est terminé, des stratégies de traitement sont nécessaires pour réparer les dommages, et donc prolonger la durée de vie des batteries. Dans ce contexte, l'initiative européenne à grande échelle et à long terme Battery 2030+ vise à prolonger la durée de vie et la fiabilité des batteries en couplant des fonctionnalités intelligentes telles que la détection et l'autoréparation intégrées aux batteries. Dans notre groupe, les deux fonctionnalités ont été couplées en surveillant l'évolution des contraintes via des capteurs FBG dans des électrodes de silicium avec et sans liant intelligent. Les résultats ont montré un meilleur tamponnement de l'expansion du volume pour les électrodes à base de liant, ce qui s'est traduit par une meilleure rétention de la capacité lors de cycles à long terme. Cette étude associe pour la première fois les approches de détection et d'autoréparation, ouvrant la voie à une nouvelle direction pour améliorer la QRLS des batteries.

Malgré les énormes avantages des capteurs FBG, il faut noter qu'avec la lumière confinée dans le coeur de la fibre, il n'est pas possible d'accéder aux informations chimiques internes telles que l'inventaire de Li dans les matériaux de l'électrode, ou l'indice de réfraction des matériaux de l'électrolyte. Il faut donc exploiter d'autres capteurs à base de fibres optiques où la lumière se propageant dans la direction de l'axe de la fibre peut partiellement s'échapper du coeur, interagissant ainsi avec le voisinage du capteur. Comme nous l'avons brièvement mentionné au chapitre I, c'est le cas des capteurs à fibre optique à ondes évanescentes (FOEWS), ou des capteurs nano-plasmoniques (NPS). Récemment, notre groupe a étudié l'utilisation de capteurs à réseau de Bragg incliné (TFBG) pour le suivi opératif de l'évolution chimique de l'électrolyte. Bien qu'il ait été possible de suivre l'évolution de l'IR de l'électrolyte, il n'a malheureusement pas été possible de révéler quelles sont les espèces chimiques exactes impliquées dans les réactions internes. En revanche, les techniques spectroscopiques telles que l'absorption Raman ou infrarouge, peuvent fournir une telle connaissance chimique et aider à mieux identifier les mécanismes de dégradation et de défaillance des batteries. Des progrès dans cette direction ont été réalisés par le groupe du professeur Clare Grey, qui a récemment rapporté l'utilisation d'un capteur à fibre optique à noyau creux pour la spectroscopie Raman operando dans les électrolytes liquides Li-ion. Enfin, notre groupe a exploré une approche similaire mais en effectuant des mesures infrarouges operando dans des cellules 18650 NVPF/HC via des fibres de chalcogénure, qui ont montré la capacité d'enregistrer l'apparition/disparition d'espèces chimiques, et même de les quantifier pendant la formation et le cycle de la batterie.

Enfin, le rêve ultime serait de combiner la variété de capteurs optiques à base de fibres pour créer une plateforme analytique "laboratoire sur fibre" pour le diagnostic des batteries. Ce concept vise à combiner des capteurs tels que des FBG, TFBG, FOEWS, NPS et des fibres infrarouges en chalcogénure au sein d'une même fibre optique pour surveiller en temps réel tous les différents paramètres physiques et chimiques. Ainsi, en combinant les lectures individuelles avec l'intelligence artificielle et l'apprentissage automatique, l'entrée des systèmes de gestion de la batterie serait sans aucun doute optimisée, ce qui se traduirait par une amélioration du QRLS de la batterie. Espérons qu'à l'avenir, la détection optique contribuera à surveiller l'état de santé de la batterie d'une manière analogue au diagnostic médical dans le corps humain.

Résumé Détection optique pour le diagnostic des batteries

Les batteries rechargeables, qui constituent l'une des technologies de stockage d'énergie les plus polyvalentes, sont essentielles dans un large spectre d'applications telles que les réseaux électriques, l'aérospatiale, la robotique, l'électronique grand public et les véhicules électriques. Cette dépendance rend la qualité, la fiabilité, la durée de vie et la sécurité des batteries immensément plus importantes que jamais. Cela confirme la nécessité de surveiller avec précision l'état fonctionnel des batteries et appelle donc au développement de techniques opératoires non invasives qui pourraient injecter des fonctionnalités de détection intelligente dans ces dispositifs électrochimiques dynamiques directement au sein de la batterie. Cette thèse vise à explorer ce sujet en utilisant des capteurs à fibre optique à réseau de Bragg (FBG).

Pour commencer, nous donnons un aperçu historique de l'évolution de la surveillance des batteries, avant de nous concentrer sur la détection optique. Ensuite, nous démontrons la faisabilité de l'incorporation de capteurs FBG à l'intérieur de cellules cylindriques et de poches commerciales pour effectuer une calorimétrie optique, et donc évaluer des événements chimiques tels que la formation d'interphases d'électrolyte solide ou des paramètres thermodynamiques. Ensuite, en utilisant le même capteur optique, on étudie la contrainte chimico-mécanique qui se produit au niveau de l'électrode dans des cellules contenant un électrolyte liquide ou solide. Pour la validation du concept, des électrodes en alliage de Li qui présentent d'importants changements de volume lors de l'insertion ou du retrait de Li sont sélectionnées. Plus spécifiquement, au cours de cette thèse, le signal optique surveillé pendant le cyclage de la batterie est traduit soit en température, pression ou stress et corrélé avec le profil de voltage. Enfin, ce travail propose une technique operando avec une utilisation potentiellement efficace pour le diagnostic des cellules et le design des batteries.

Mot clés: capteurs optiques, surveillance operando, capteurs à réseau de Bragg, calorimétrie, problèmes chimio-mécaniques

Abstract

Operando optical sensing for battery diagnosis

Rechargeable batteries, as one of the most versatile energy storage technologies, are essential in a broad range of applications such as power grids, aerospace, robotics, consumer electronics, and electric vehicles. Such dependence makes battery quality, reliability, lifetime, and safety (QRLS) immensely more important than ever before. This underlines the need to accurately monitor the batteries' functional status and therefore calls for the development of non-invasive operando techniques that could inject smart sensing functionalities into these dynamic electrochemical devices directly from inside. This is exactly what this thesis aims to explore by using optical fiber Bragg grating (FBG) sensors.

To begin with, we first provide an historical overview of the evolution of battery monitoring, before focusing on optical sensing. Then, we demonstrate the feasibility of incorporating FBG sensors inside commercial pouch and cylindrical cells to perform optical calorimetry, hence assessing chemical events such as solid electrolyte interphase formation or thermodynamic parameters. Next, by using the same optical sensor, the chemo-mechanical stress occurring at the electrode level in cells containing either liquid or solid-state electrolyte is investigated. For proof-of-concept, Lialloying electrodes that undergo large volume changes upon Li uptake or removal are selected. More specifically, throughout this thesis the optical signal monitored during battery cycling is translated into either temperature, pressure or stress and correlated with the voltage profile. To sum up, this work proposes an operando technique with potential use in cell diagnosis and battery designs.

Keywords: optical sensors, operando monitoring, fiber Bragg grating sensors, calorimetry, chemomechanical issues
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Figure 1 .

 1 Figure 1. Global warming illustrations. a The CAT thermometer. Detailed projected temperature increases by 2100 in three different scenarios: without taking any policies & action (blue), if only the 2030 targets are applied (purple), and under an optimistic scenario (green). Note that in 2021 we already have a 1.2 ºC increase from pre-industrial levels

Figure 2 .

 2 Figure 2. Circular battery value chain to couple the transport and power sectors. Figure adapted from ref 4 .

Figure I. 1 .

 1 Figure I. 1. Working principle of Lithium-ion batteries 11 .

  . A schematic of the different cell formats is presented in Figure I. 2.

Figure I. 2 .

 2 Figure I. 2. Schematic of the different cell formats. Schematics and cell details of a coin cell-type, b cylindrical celltype, c prismatic cell-type, and d pouch cell-type. Figure from ref 17,18 .

  such as SEI uncontrolled growth, structural changes at the components level (micro-cracking, pulverization), oxygen evolution and gassing, metal dissolution, and eventually lithium dendrites and lithium plating (Figure I. 3) 27 .

Figure I. 3 .

 3 Figure I. 3. Overview of the battery degradation phenomena in batteries. Major physico-chemical sources of battery dysfunction at the component and the cell level. Figure adapted from ref 27 .

Figure I. 4 .

 4 Figure I. 4. An overview of the sensing technologies utilized in batteries. The figure, adapted from ref 6 , pictures the history of sensing technologies applied in the battery field.

Figure I. 5 .

 5 Figure I. 5. Overview of acoustic sensing applied to the battery field. a, b Schematic illustrations showing the experimental set-ups and typical signals of non-destructive passive and active acoustic sensing. In particular, the Fourier analysis of the representative waveform signals (top) in (a) unravels two frequency events (bottom) that are related to the gas bubbles accompanied by SEI growth and the electrochemical crack of the positive electrode, as reported in ref 46 . b The smoothed data (average dark lines) of the pristine acoustic response (shallow lines) in a Li-ion cell (top) with a strong correlation between the SoC and both the amplitude and the time-of-flight (ToF) of one peak

Figure I. 6 .

 6 Figure I. 6. Schematic representation of the advances achievable by improved battery status sensing. Figure adapted from Laura Albero Blanquer's MESC Master thesis, September 2018 57 .

Figure I. 7 .

 7 Figure I. 7. Injecting smart sensing capabilities into batteries. a Scheme to illustrate possible ways to achieve new diagnostic techniques for the battery field. Adapted from ref 8 . b Size comparison between a commercial thermocouple and an optical fiber with a diameter of ~150 μm. c Injection of an optical fiber to a commercial 18650 cell. Photo credits to Benjamin Campech, RS2E.

Figure I. 8 .

 8 Figure I. 8. Optical fiber characteristics. a Detailed OF parts. b Schematic illustration of the OF sensors based on their spatial distribution topologies. c Quasi-distributed fiber optic sensing by multiplexing FBGs. d Fully distributed fiber optic sensing based on Rayleigh, Raman, and Brillouin scattering.Figure adapted from ref 59,61 .

Figure I. 9 .

 9 Figure I. 9. Scheme and working principle for the FBG sensor.

Figure I. 10 .

 10 Figure I. 10. Sensitivity of SMF-FBG. Linear fitting of the sensor response to temperature (left), hydrostatic pressure (middle), and strain (right).

Figure I. 11 .

 11 Figure I. 11. T sensing by FBG sensors. a A comparative study between FBGs and thermocouples. Figure adapted from ref 71 . b Thermal mapping of a lithium polymer battery pack with FBGs network externally placed. Figure adapted from ref 72 .

Figure I. 12 .

 12 Figure I. 12. Sensing temperature and strain by FBGs. a Scheme of the hybrid sensing network involving FBGs and Fabry-Perot cavity sensors, together with the results showing the decoupling between T and ε signals. Figure adapted from ref 78 . b Scheme illustration of the internal FBGs positioning, and the correlation between the charge capacity (which decreased monotonically upon cycling) and the measured compensated strain. Figure adapted from ref 82,83 .

Figure I. 13 .

 13 Figure I. 13. Monitoring strain/stress evolution by FBGs. Schematics and FBG spectra at 0 %, 50 % and 100 % SoC for a FBG sensor (a) attached and (b) implanted in the graphite anode electrode of a liquid Li-ion pouch cell. c Optical signal comparison response: Wavelength shift (Δλ) with the corresponding stress evolution as a function of the SoC. Figure adapted from ref 84 .

  the battery SoC. Aiming to explore the potential of FOEWS beyond the intercalation compounds showing Li(Na)-driven transmittance changes, Hedman et al. recently reported the detection of sodium-metal plating on both copper foil and hard carbon electrodes 89 by tracking the changes in the FOEWS intensity at the onset of plating (Figure I. 14c).

Figure I. 14 .

 14 Figure I. 14. FOEWS in batteries. a Working principle of FOEWS: as the light propagates in the waveguide, the electromagnetic field away from the surface decays evanescently in the Z-direction with a penetration depth on the order of 0.1 -10 μm, enabling interactions of light with the surrounding media 6 . b Scheme of FOEWS implemented in LIBs. The relative change in the sensor signal is shown during the full charge and discharge for three different cell configurations. Figure adapted from ref 86 . c Schematic view of the cell with the FOEWS placed between the hard carbon and the separator. Electrochemical and optical signal during the sodiation of hard carbon in a Na||Hard carbon half-cell, with Na as the reference electrode. The sodium nucleation dip is marked by a vertical dashed line, which goes in line with the decrease in the corresponding intensity output, depicting sodium plating on hard carbon. Figure adapted from ref 89 .

  Since a change in RI can be linked to a change in physical or chemical composition, SPR sensors can be used for operando monitoring of physiochemical changes in a penetration depth ranging from around hundreds of nm to 1 micron around the sensor. This closely relates to my master thesis done in 2018 at Chalmers University of Technology in collaboration with Insplorion AB and under the supervision of Prof. Dr. Patrik Johansson 57 . In such work, we explored the feasibility to use a NPS battery sensor based on a metallic plasmonic nano-structure immobilized juxtaposed on a OF (Figure I. 15a) to record physico-chemical changes in the electrolyte (Figure I. 15b) and in the electrodes of coin cell LIBs (Figure I. 15c). Further exploring this approach, Gardner et al. recently reported the implementation of NPS OF inside 1.4 Ah commercial pouch cells 91 . The results showed a correlation between the battery cell voltage and the optical signal light extinction, reinforcing the potential of optoelectrochemical diagnosis.

Figure I. 15 .

 15 Figure I. 15. Nano-plasmonic battery sensing and monitoring. a Schematic of the NPS OF sensor including the different parts. b Shift of the plasmon peak position when varying the salt concentration for LiPF6 in EC:DMC. c Operando battery monitoring for a C6||LFP coin cell, with the gold NPS OF sensor facing the LFP electrode. Figure adapted from ref 57 .

Figure II. 1 .

 1 Figure II. 1. FBG implementation into 18650 cells. a Schematic illustration of the integration of the optical fiber into the central void of the jelly roll-type battery together with the working principle of the FBG sensor, with the reflected peak (λB). b NVPF/HC cell performance with (w/) and without (w/o) the optical fiber inserted. The cells were formed at C/5 for five cycles and cycled at 1 C for another 95 cycles in a 25 ºC oven. A 5-min rest was set between charge and discharge.

  Figure II. 2 shows the variation of the wavelength shift (ΔλB) of the FBG optical signal (bottom) as a function of time-resolved voltage (top) for two modified cells (blue and red). The reproducibility and robustness of the sensor mounting protocol is proven by the nearly superimpose of the voltage and ΔλB profiles of the two different cells, making reliable the sensing detection signals. Interestingly, the ΔλB profiles during charging and discharging are full of information, as conveyed by the presence of four peaks during the first charge as opposed to two peaks during the first discharge (Figure II. 2 left)

Figure II. 2 .

 2 Figure II. 2. Reproducibility within different cells. The time-resolved voltage of the cell (top) and wavelength shift of the FBG (bottom) in the above two cells at the 1 st cycle at C/5 (left) and at the later discharge at 1 C (right). The

Figure II. 3 .

 3 Figure II. 3. Sensitivity of SMF-FBG. Linear fitting of the sensor response to temperature (left), hydrostatic pressure (middle), and strain (right). The slope of each linear fitting gives the rate constant response for each physical parameter.

  Figure II. 4a), which increases up to 8 times the MOF-FBG sensitivity to hydraulic pressure with a rate constant kP,MOF of -26.55 ± 0.33 pm MPa -1 while maintaining similar sensitivities towards T and ε (see Figure II. 4b for the linear response comparison between SMF-FBG and MOF-FBG). In details, the temperature calibration of the FBGs (Figure II. 4b left) was conducted in the thermal cambers (IPP55 and IPP110, Memmert, Germany) by varying the temperature from 20 to 60 ºC in steps of 10 ºC while recording the λB position at each fixed temperature. The pressure sensitivity (Figure II. 4b middle) of the fibers was obtained from a hydrostatic pressure sensing experiment.

Figure II. 4 .

 4 Figure II. 4. SEM images and sensitivity of SMF-FBG and MOF-FBG sensors. a, The cross-section SEM images of SMF (left) and MOF (right). The MOF, because of its very high air filling fraction (AFF), is very sensitive to hydraulic pressure. The polyimide coating was removed before the cut for a flat cross section. b, The responses of a SMF-FBG (blue triangles) and a MOF-FBG (orange rectangles) to temperature (left), hydraulic pressure (middle), and strain (right) are shown, which are linearly fitted by the dash lines. Similar sensitivity responses are encountered for temperatureand strain while for the hydraulic pressure, the MOF-FBG exhibits up to 8 times higher rate response.

Figure II. 5 .

 5 Figure II. 5. Pairing the SMF-FBG and the MOF-FBG sensors. Picture of the combined use of SMF-FBG and MOF-FBG that are tightly close to each other to ensure that they both have identical sensing environment. For 18650 cells, an 18-gauge needle was used and pre-bonded with the optical fiber for future recovery of FBGs.

Figure

  Figure II. 6 shows the signatures of the ΔλB responses to voltage changes for the SMF (orange) and MOF (purple) fibers both injected into a single NVPF/HC 18650 cell (~800 mAh) and reveal, alike in Figure II. 2, the appearance of four peaks during the first charge process.

Figure II. 6 .

 6 Figure II. 6. Optical response of SMF-FBG and MOF-FBG sensors inside a NVPF/HC 18650 cell. The measurements of time-resolved voltage (red) and wavelength shifts (ΔλB) of SMF-FBG (orange) and MOF-FBG (purple) during the first charge of a single NVPF/HC cell at C/10 with NP30.

Figure II. 7 .

 7 Figure II. 7. Probing temperature and pressure dynamics inside batteries and its implications on SEI. The temporal voltage (top), internal temperature change (ΔT, middle), and pressure change (ΔP, bottom) during the first (solid) and second (dash) charge/discharge of NVPF/HC at C/10 and 25°C with NP30. Note that 4-hour rests, denoted as open-circuit voltage (OCV) with green background, were allowed between the charge and discharge to separate crossed contributions. For a straightforward comparison, the time of the second charge/discharge was shifted so that the end of charges/discharges of two cycles were aligned. Moreover, to facilitate the pressure variation upon cycling, we took the pressure after the second discharge rest cycle as Po and report ΔP measured through the second charge cycle as Pmeasured -Po. In contrast to the first charge, the ΔP variations through the second charge are tiny and nearly constant.

Figure II. 8 .

 8 Figure II. 8. Raw data of the hydraulic pressure evolution upon cycling. Voltage variation (top) together with the change in hydraulic pressure (ΔP) for a single NVPF/HC cell at C/10 with NP30 at 25 ºC. The rest periods at open circuit voltage (OCV) are shadowed in green. The increase of the cell pressure is diminished after the first charge of the cell (indicated by the black dashed line).

Figure II. 9 .

 9 Figure II. 9. Comparison of the maximal temperature recorded by an internal FBG, surface FBG and surface thermocouple. The measured maximal temperature as a function of C-rate in a 25 ºC oven. The schematic of a 18650

  Figure II. 10a) to assess the heat flow of the cell. Thus, temperature variations of the FBG sensors are monitored during cell cycling with the collected data being transformed into heat using a simplified zero-dimensional thermalcircuit model (Figure II. 10b), where capacitances feature heat capacities and resistances feature inverse of heat transfer coefficients 95 .

Figure II. 10 .

 10 Figure II. 10. Setup and methodology of the optical sensing calorimetry. a, Schematic showing the setup of optical sensing calorimetry. b, The thermal equivalent circuit (inset) and the measured variables including the internal temperature (T internal ), the surface temperature (T surface ), and the ambient temperature (T ambient ) as a function of time at a discharge rate of 1 C.

Figure II. 11 .

 11 Figure II. 11. Thermal behaviour of a NVPF/HC 18650 cell upon the alternative galvanostatic pulse. We here describe the alternative galvanostatic pulse (a) and the corresponding thermal response (b) of a battery that we have used to proceed in the thermal calibration for optical sensing calorimetry approach. The voltage variation as a function of time during the alternative galvanostatic pulse at a frequency of 2 Hz is shown for the complete data (a, left) and for one full cycle (a, right). With such a periodic current, the rate of heat generation 𝑸 ̇ (b, green) is calculated based on the irreversible term, 𝑸 ̇ = ∮ 𝒄𝒚𝒄𝒍𝒆 𝑰𝑽, because reversible term cancels out over a period. Measured temperatures as a function of time is displayed in b.

Figure II. 12 .

 12 Figure II. 12. Operando optical sensing calorimetry. The comparison between the heat flow rate (𝒒̇, heat flow only) and the rate of heat generation (𝑸 ̇, sum of heat flow and accumulated heat) by optical sensing at C/10 (left) and 1 C (right) of a NVPF/HC 18650 cell with NP30 in a 40 º C oven.

  were taken of the lost electrical work (∮ 𝑐𝑦𝑐𝑙𝑒 𝐼𝑉𝑑𝑡, with 𝐼 and 𝑉 being the current and voltage, respectively) per cycle, and of the waste heat (∮ 𝑐𝑦𝑐𝑙𝑒 𝑄 ̇𝑑𝑡) per cycle at various Crates, see the methodology in Supplementary Figure II. 4. Remarkably, as shown in Figure II. 13b, the lost electrical work and waste heat values neatly superimpose for both coin and 18650 cells, but the values obtained by optical sensing of 18650 designs are lower. This, together with the observed difference in Figure II. 13a, is simply related to matters of cell configuration, with a larger polarization and lower rate capability for coin cells as compared to 18650 ones (Figure II. 13c).

Figure II. 13 .

 13 Figure II. 13. Benchmark of optical sensing with isothermal calorimetry. a, The comparison of rate of heat generation (𝑸 ̇) from the optical fiber method (18650, blue solid lines) and isothermal calorimetry (coin cell, orange dash lines) during charge at C/10. b, Comparison of lost electrical work (circle) and waste heat (triangle) between the optical sensing method (18650, blue) and isothermal calorimetry (coin cell, orange) with dash lines as guide to the eyes. c, The rate capability of NVPF/HC 18650 (blue diamonds) and coin cells (orange rectangles). The dash lines serve as guide to the eyes. The results are compared, showing a greater power rate for 18650 cells. The coin cell data was obtained under isothermal (40 °C) conditions on cells having a capacity of (~2 mAh) while 18650 cells with a capacity of (~800 mAh) placed in a 40 °C temperature-controlled oven were used for comparison.

  change in the enthalpy (H) of the cell (𝑈 𝐻 = -∆𝐻 𝑛𝐹 ) in the same way than the equilibrium potential (U) is directly related to the partial change in Gibbs free energy of the cell (𝑈 = -∆𝐺 𝑛𝐹

Figure II. 14 .

 14 Figure II. 14. The enthalpy potentials at C/10, C/5, C/2, and 1 C derived from the isothermal calorimetry (coin cell, left, orange) and optical sensing method (18650, right, blue) during the charge (solid) and the discharge (dash). The isothermal calorimetry measurements were done with a T = 40 °C alike the optical sensing that was placed in a 40 °C oven. In both cases, the enthalpy potential (𝑼 𝑯 ) and enthalpy change (∆𝑯) were computed by Equation II.7 and Equation II. 8 respectively.

  of change of the entropy per site with respect to the fraction of filled sites of the positive and negative electrodes, respectively[102][103][104] . The first term [𝐼 (𝑉 -𝑈)] is the heat generation related to the overpotential of the cell. The second term, 𝑞 𝑃 ̇, is the parasitic heat generation rate, which corresponds to reactions other than insertion, but bearing in mind that NVPF/HC cells shows excellent capacity retention, indicative of limited parasitic reactions, this term will not be considered further except during formation cycles. The third and last term ( equal to -TdS/dt with S and t being the entropy of cell and time, respectively) corresponds to the reversible heat exchange from entropy transfer.In practice, the irreversible overpotential heat of a NVPF/HC 18650 cell (Figure II. 15a,b, purple) can be calculated with respect to the equilibrium potential (𝑈) estimated by the galvanostatic intermittent titration technique (GITT, Figure II. 15c, see details in Methods). Additionally, the irreversible overpotential heat can be broken down into its three elements: ohmic resistance (iR) drop, transport-related overpotential, and intrinsic hysteresis (Figure II. 15d) by monitoring the voltage decay over short-, medium-and long-term relaxation time, respectively (Figure II. 15c, inset) 105 .

Figure II. 15 .

 15 Figure II. 15. Decomposing the heat contributions at 1 C. a,b, Voltage profile (a) and the corresponding capacitydependent total generated heat (𝑸 ̇, b, black) with its components including overpotential term (𝑰 (𝑽 -𝑼), b, purple) and reversible entropy-related term ( 𝑰𝑻 𝒏𝑭 ( 𝒅𝒔 + 𝒅𝒙 -𝒅𝒔 - 𝒅𝒙 ) = 𝑸 ̇-𝑰 (𝑽 -𝑼) -𝒒 𝑷 ̇, b, green). The insets in a and b show the phase transition and the degree of disordering of NVPF along the charge, respectively 106 . c,d, Capacity-dependent overpotentials (d) from the GITT result (c), including iR drop (orange circle), transport-related overpotential (blue diamond), and intrinsic hysteresis (purple square) with lines as guide to the eyes. The inset in c shows the three stages upon the relaxation in GITT, where the above three components were measured.

Figure II. 16 .

 16 Figure II. 16. The entropy changes rate (dS/dt) as deduced from the potentiometric method (blue circle) and the optical calorimetry sensing method (blue line) at C/5 are shown. The general variation is alike, but differences

4. a .

 a The effect of temperature on cells with NP30 electrolyte The variation of the optical sensing signals, now converted into heat (J g -1 HC) and hydrostatic pressure (bar) collected during the first and second charges of NVPF/HC 18650 cells with 1 M NaPF6 in EC-DMC (NP30) electrolyte, is presented at two different temperatures: 25 ºC (Figure II. 17a) and 55 ºC (Figure II. 17b). Note for NP30 electrolyte, the a heat of formation measured at 55°C doubles the one measured at 25°C(658 vs. 271 J g -1 HC). This is accompanied by a two-fold increase in pressure indicative of substantial electrolyte decomposition of NP30 with increasing temperature. This increase in pressure, in light of numerous studies on SEI, is simply associated to the generation of CO, C2H4 or C2H6 and CO2 gases due to the electrochemical-driven reduction of EC and DMC on carbon electrodes 110 .

Figure II. 17 .

 17 Figure II. 17. Quantifying the SEI formation: varying the temperature. The temporal voltage (top), rate of heat generation (𝑸 ̇, middle), and pressure change (ΔP, bottom) of NVPF/HC during the first (solid) and second (dash, solid circle at the first point) charges at C/10 under the conditions including NP30 in a 25 ºC oven (red; a), and NP30 in a 55 ºC oven (blue; b). Note the pressure change of the second charge was relative to the beginning of the second charge, see the full pressure profiles in Figure II. 8 and Supplementary Figure II. 9. The integrated heats of peaks "i" and "ii" were shown for the quantified comparison. The voltage window of 55 ºC was set as 2.0-4.25 V to avoid an overcharge plateau near 4.5 V.

Figure II. 18 .

 18 Figure II. 18. Quantifying the SEI formation: varying the salt-solvent composition and additives. The temporal voltage (top), rate of heat generation (𝑸 ̇, middle), and pressure change (ΔP, bottom) of NVPF/HC during the first (solid curves) and second (dashed curves; solid circle at the first point) charges at C/10 and at 55 ºC under the following conditions: NP30 (blue; a) and "Magic B" (green; b). Note the pressure change of the second charge was relative to the beginning of the second charge, see the full pressure profiles in Figure II. 8 and Supplementary Figure II. 9. The voltage window of 55 ºC was set as 2.0-4.25 V to avoid an overcharge plateau near 4.5 V.

Figure II. 19 .

 19 Figure II. 19. Quantifying the SEI formation: derivative curves of heat with respect to voltage. The derivatives of heat with respect to voltage (dHeat/dV) of NVPF/HC 18650 cells in a 55 ºC oven during the first (solid) and second (dash) charges at C/10 under the following conditions: NP30 (blue; a) and fresh "Magic B" electrolyte (green; b). The integrated heats of SEI formation peaks were marked.

Figure II. 20 .

 20 Figure II. 20. The dHeat/dV peaks of three NVPF/HC 18650 cells with "Magic B" electrolyte. The results obtained during the first charge at 55 º C are compared. Note the neat superimposition of the peak positions together with the near constancy in their respective amplitude, indicative of the good reliability of the sensing approach.

Figure II. 21 .

 21 Figure II. 21. Quantifying the SEI formation: derivative curves of heat with respect to voltage. The derivatives of heat with respect to voltage (dHeat/dV) of NVPF/HC 18650 cells in a 55 ºC oven during the first (solid) and second (dash) charges at C/10 under the following conditions: fresh "Magic B" electrolyte (green; a) and aged "Magic B" (purple, f). The integrated heats of SEI formation peaks were marked.

Figure II. 22 .

 22 Figure II. 22. Qualifying the SEI formation: using different solvents for the electrolyte. The voltage (top) together with the rate of heat generation 𝑸 ̇ (middle) and pressure change ΔP (bottom) are shown for NVPF/HC cells with NP30 (left, red; a) and NaPF6/DMC (middle, pink; b) as the electrolyte. Solid circles are indicating the beginning of the second charge.

Figure II. 23 .

 23 Figure II. 23. The application of FBGs to monitor the pressure under a harsh condition. The temporal voltage (top) and the pressure change (ΔP, bottom) of NVPF/HC 18650 cell with a NaPF6/DMC electrolyte at a 55 ºC.

  Figure III. 1). The response of the FBGs towards T with and without the thermal capillary was evaluated by a temperature calibration (Figure III. 1), with negligible variations observed in the rate constant response (kT,FBG = 10.26 ± 0.1 pm/ºC ~ kT,thermal capillary-FBG = 10.21± 0.1 pm/ºC). The thermal capillary was used for the internal, surface and ambient FBGs to ensure the same sensing conditions.

Figure III. 1 .

 1 Figure III. 1. Sensitivity of a bare FBG sensor and a FBG surrounded by a thermal conducting capillary. Photo and temperature-calibration curves for the same FBG sensor (a) before and (b) after fixing a stainless-steel thermal

  Figure III. 2a). The cabinet is set inside a temperature-controlled chamber at 25 ºC (Memmert, accuracy ± 0.1 ºC) to have a standard thermal environment and perform optical calorimetry studies. To better illustrate this description, we show in Supplementary Figure III. 1 schemes and photos for the different steps.To evaluate the fiber transparency towards electrochemistry, we compare in Figure III. 2b the capacity retention of pristine and modified pouch cells at different C-rates. The results do not present significative differences, hence proving that the FBG sensors and the setup modification do not affect the cell electrochemical properties.

Figure III. 2 .

 2 Figure III. 2. FBG implementation into pouch cells. a Schematic illustration of the setup methodology of the optical sensing calorimetry. The pouch cell is placed on the middle of a home-made cabinet to allow symmetrical distribution of the heat flow up and down. An internal, surface, and ambient FBG are depicted in the scheme. b Comparison of a rate capability test for two pouch cells -with and without-the FBG sensors, to prove the cell electrochemistry was unaffected by the optical fiber.

Figure III. 3 .

 3 Figure III. 3. Comparison of the maximal temperature recorded at different C-rates by three FBG sensors placed at different cell locations. The maximal temperature measured by the internal FBG, surface FBG and ambient FBG

  Figure III. 4 shows the enthalpy potential evolution (see Chapter II, section 3.a for calculation details) as a function of the cell capacity for a cycle at a low and fast C-rate (i.e., C/10 and 1C). In both cases, the overlap of 𝑈 𝐻 curves is shown, hence proving the path-independent chemistry for Graphite||NMC cells. For highly stable and reversible systems such as Graphite||NMC cells, the enthalpy change (ΔH) is expected to be nearly zero, considering that the heat generation is measured properly. For the two cases shown in Figure III. 4, the enthalpy changes (ΔH) obtained were indeed rather close to zero (-1.6 mWh g -1 at C/10 and 0.8 mWh g -1 at 1C), supporting the accuracy of optical sensing for operando calorimetry, and thus validating the extent of optical calorimetry to pouch cells.

Figure III. 4 .

 4 Figure III. 4. Enthalpy potentials comparison. The enthalpy potentials derived from optical calorimetry of Graphite|LP30|NMC pouch cells during the charge (solid curves) and the discharge (dashed curves) at cycling rates of (a) C/10 and (b) 1C. The enthalpy changes are shadowed in light blue. The experiments were performed inside an oven at 25 ºC.

  Figure III. 5 shows a comparison between Graphite|LP30|NMC cells cycled at C/5 for the two cell formats. The shape of voltage and rate of heat generation are similar for both 18650 and pouch cells. Particularly, unlike the HC||NVPF chemistry, here a single heat peak associated with SEI formation is identified in both configurations at the beginning of charge, supporting the idea that salt, solvent and electrode chemistries are all delicately intertwined. We next implemented this optical calorimetry method to various Li-ion battery chemistries.

Figure III. 5 .

 5 Figure III. 5. Comparison of optical sensing calorimetry in 18650 and pouch cells. The temporal voltage (top) and the rate of heat generated by the cell (bottom) against the capacity for Graphite|LP30|NMC 18650 (red solid lines) and pouch (blue dash lines) cells during the first charge at C/5.

  3Co0.2]O2 (NMC532); Li[Ni0.6Mn0.2Co0.2]O2 (NMC622); Li[Ni0.8Mn0.1Co0.1]O2 (NMC811); LiFePO4 (LFP); and LiMn2O4 (LMO). Details about the different electrodes can be found in Materials and Methods for Chapter III. For all the cells, graphite (C6) was selected as the common anode material (see SEM micrographs in Supplementary Figure III. 5), meanwhile the electrolyte formulation 1 M LiPF6 in a mixture of EC-DMC (1:1 ratio by volume) (hereafter referred as LP30) was the common electrolyte utilized for all the cells, unless specified.

  The analytical methodology followed to access the heat evolution upon cycling of the cell is exemplified in Figure III. 6 for a graphite|LP30|NMC532 pouch cell. The galvanostatic charge curves for the first and second cycles are shown in Figure III. 6a while monitoring, via the optical interrogator, the shift in the Bragg wavelength (ΔλB, Figure III. 6b, left Y-axis) which is then translated into temperature (Figure III. 6b, right Y-axis) by using the calibrated rate constant response (kT, see Equation III. 1) for each sensor. Equation III. 1:ΔλB = kT ΔT Lastly, by using the 0D thermal model previously reported (see Methods in Supporting information for chapter III), the temperature evolution was used to calculate the rate of heat generated by the cell (𝑄 ̇) in operando (Figure III. 6c). From now on, the aforementioned protocol will be repeated for all the cells reported in this chapter in views of comparing the 𝑄 ̇ evolution associated to the SEI formation.

Figure III. 6 .

 6 Figure III. 6. Detailed protocol followed to monitor the solid electrolyte interphase formation in commercial pouch cells. Example illustrated for a Graphite|LP30|NMC532 pouch cell. a The voltage vs. capacity plot for the first and second charge of the battery. b The shift in the Bragg wavelength peak (ΔλB) (left Y-axis) measured by the internal FBG sensor, which is further converted into the equivalent temperature evolution (right Y-axis), as a function of the capacity. c The heat rate (𝑸 ̇) as function of capacity, derived thanks to the calibrated Rin, Rout, and MCp parameters.

  Figure III. 7 shows the overlay of the electrochemical and optical data along the first charge of the three batteries, indicating good reproducibility and robustness of the sensing protocol, together with the optical signal's reliability.

Figure III. 7 .

 7 Figure III. 7. Reproducibility. The time-resolved voltage (top) and the heat evolution (bottom) in function of the capacity for three Graphite|LP30|NMC532 pouch cells for the very first charge at C/10 rate.

Figure III. 8

 8 Figure III. 8 shows the first and second galvanostatic charges (Figure III. 8a,b,c; top) together with the heat rate evolution (Figure III. 8a,b,c; bottom) for the three NMC-based pouch cells. Concerning

Figure III. 8 .

 8 Figure III. 8. Comparing the SEI formation. The voltage (top) and 𝑸 ̇ (bottom) evolution as function of the capacity during the first (solid curves) and second (dashed curves, aligned to the end of the first charge) charges at C/10 rate in a 25 ºC oven for graphite|LP30|NMC pouch cells with (a) NMC532, (b) NMC622, and (c) NMC811 as the cathode material. The voltage window was set as 3.0 V -4.2 V. To facilitate the comparison, the time of the second charge was shifted so that the end of the charge of the two cycles was aligned at the end of the charge. The integrated heats for the first charge were labelled.

Figure III. 9 .

 9 Figure III. 9. Long-term cycling. Normalized discharge capacity as a function of cycle number for graphite|LP30|NMC pouch cells with different NMC composition. The cells were assembled, formatted (5 cycles at C/10 at 25 ºC), brought back to the glovebox to perform the degassing, sealed, and cycled again 3 cycles at C/10 to ensure good cyclability. Next, long-term cycling tests were performed at C/3 rate by charging in a CCCV mode with a C/20 current cut-off followed by a CC discharge.

Figure III. 10 .

 10 Figure III. 10. dQcap/dV and dQheat/dV comparison for NMCs. Derivative of capacity (dQcap/dV, top) and derivative of heat evolution (dQheat/dV) as a function of the cell voltage for the 1 st charge for graphite||NMC pouch cells with (a) NMC532, (b) NMC622, and (c) NMC811 as the cathode material. The integrated heat peaks for each electrochemical

  Figure III. 11 shows a summary of these results.

  Figure III. 10c and Figure III. 11). In turn, the large volume changes attributed to the H2-H3 phase transition lead to fissuring of the particles upon cycling. Thus, the reason why intense research is devoted to the chemical doping of Ni-rich NMCs by various elements (W, Mo) to minimize the fissuring process 127 .

Figure III. 11 .

 11 Figure III. 11. The total heat monitored as a function of the cathode material. Two regions are distinguished foreach positive electrode, namely the heat attributed to the "SEI" and "CEI" formation, respectively. We indicate in the legend the inflexion voltage at which "SEI"/"CEI" events for each material are separated.

Figure III. 12 .

 12 Figure III. 12. SEM micrographs. Low (top) and high (bottom) magnification for SEM images of (a) NMC532, (b) NMC622, and (c) NMC811 electrodes prior to be cycled.

Figure

  Figure III. 13a and Figure III. 13b show the first and second galvanostatic charges (top), in parallelwith the total heat generated by the cell (bottom) for the selected pouch cells. Once again, the heat evolution during the second charge was notably diminished. Remarkably, there is an abrupt decrease from 665 J 𝑔 𝑁𝑀𝐶 -1 (LP30) to solely 202 J 𝑔 𝑁𝑀𝐶 -1 (LP57+2%VC) in the total heat generation over the first charge, which evidences the clear advantage to add VC in order to reduce the rate of side reactions during the first charge. Further supporting our previous correlations, cells having LP57+2%VC electrolyte showed a greater capacity retention that the one using LP30 (Supplementary Figure III. 11).

Figure III. 13 .

 13 Figure III. 13. Spotting the SEI formation by varying the electrolyte. The voltage (top) and 𝑸 ̇ (bottom) evolution as function of the capacity during the first (solid curves) and second (dashed curves, aligned to the end of the first charge) charges at C/10 rate in a 25 ºC oven for graphite||NMC622 pouch cells with (a) LP30, and (b) LP57+2%VC as electrolytes. The voltage window was set as 3.0 V -4.2 V. The Integrated heats throughout the first charge for a quantified comparison of the SEI-associated formation heat (in 𝑱 𝑵𝑴𝑪 -𝟏 ) were labelled.

Figure III. 14 .

 14 Figure III. 14. dQcap/dV and dQheat/dV comparison when varying the electrolyte. Capacity-derivative curve (dQcap/dV, top) and derivative of heat evolution (dQheat/dV) as a function of the cell voltage during the 1 st charge for graphite||NMC622 pouch cells with (a) LP30, and (b) LP57+2%VC as electrolytes. The integrated heat peaks for each electrochemical event (peaks (i), (ii), (iii), and (iv)) were specified. c The total heat monitored as a function of the electrolyte, with the heat attributed to the "SEI" and "CEI" formation distinguished in two voltage ranges.

Figure III. 15 .

 15 Figure III. 15. Spotting the SEI formation. The voltage (top) and 𝑸 ̇ (bottom) evolution as function of the capacity during the first (solid curves) and second (dashed curves, aligned to the end of the first charge) charges at C/10 rate in a 25 ºC oven for (a) graphite||LFP, (b) graphite||LMO, and (c) graphite||NMC622 pouch cells. The voltage window was set as 2.5 V -3.65 V for (a) graphite||LFP, 3.0 V -4.4 V for (b) graphite||LMO, and 3.0 V -4.2 V for (c) graphite||NMC622. The Integrated heats throughout the first charge for a quantified comparison of the SEI-associated formation heat (in 𝑱 𝑵𝑴𝑪 -𝟏 ) were labelled.

Figure III. 16

 16 Figure III.16 shows the derivative heat and capacity analysis for the pouch cells containing LFP, LMO, and NMC622. For both LFP and LMO, the dQheat/dV peaks observed at the beginning of the first charge go along with small dQcap/dV features (see insets at Figure III. 16), but totally disappear for the second charge (Supplementary Figure III. 13), reason why we attribute them to the electrolyte decomposition and SEI formation. As before we analyzed our data in terms of "SEI" and "CEI" heats, with the uncertainties pertaining to such a method previously discussed. The results, summarized in Figure III. 17, show that for LFP the "SEI" heat is greater than the "CEI" as one

Figure III. 16 .

 16 Figure III. 16. dQcap/dV and dQheat/dV comparison. Capacity-derivative curve (dQcap/dV, top) and derivative of the heat evolution (dQheat/dV) as a function of the cell voltage during the 1 st charge for (a) graphite||LFP, (b) graphite||LMO, and (c) graphite||NMC622 pouch cells. The integrated heat peaks for each electrochemical event (peaks (i), (ii), (iii),

  Figure III. 18 shows the evolution of the total heat generated by the cell together with its main heat sources, namely the overpotential heat and the entropy heat. It was constructed by using the energy balance equation and considering the same assumptions explained previously (see Chapter II section 3.b).

Figure III. 18 .

 18 Figure III. 18. Deconvolution of the total heat contributions. The galvanostatic curve (right Y-axis, red) and the corresponding capacity-dependent total generated heat (𝑸 ̇, black), with its derived overpotential heat term (purple), and the entropy heat evolution (green) for a graphite|LP30|LFP pouch cell at a C/10 rate. The experiment was performed in a 25 ºC oven and the cell is cycled after degassing. Regarding the overpotential heat, a GITT was performed to determine the equilibrium potential (Ueq) (Supplementary Figure III. 14), thus giving access to monitor the term [𝑰 (𝑽 -𝑼 𝒆𝒒 )].

  Figure III. 19 (pink line) the entropy variation measured by optical entropymetry for a graphite||LFP pouch cell. We first selected LFP as the cathode material for this study, since this material undergoes a first-order phase transition (i.e. coexistence of the twophases FePO4 -LiFePO4), resulting in a constant entropy profile during the biphasic range, as explained by Baek et al.138 . Thus, the entropy changes in the full cell are mostly governed by the entropy changes at the graphite electrode 138,147 due to its four intercalation stages -hence, different crystallographic phases-, in line with the reported data by Jalkanen et al.148 , and Jiang et al.149 . To validate our approach, we benchmarked the entropy change that we monitored by optical entropymetry (Figure III. 19, pink line) against the entropy of graphite||LFP full cells already reported by using the potentiometric method (Figure III. 19, black triangles). The ΔS vs. SoC profiles for the two methods are nearly alike with however a higher accuracy and faster data collection for optical entropymetry.

Figure III. 19 .

 19 Figure III. 19. Entropy changes for the graphite||LFP pouch cell. Optical entropymetry (red line) measured by three FBG sensors in comparison with reported data using the potentiometric method in reference 148 .

  Figure III. 18 and Equation III. 3) 139 . Figure III. 20a shows close entropy variation curves for the four current rates studied (i.e. C/10, C/5, C/2, and 1C). Interestingly, these results are in good agreement with the ones reported by Damay et al. 146 (Figure III. 20b), also in commercial graphite||LFP cells, in an attempt to access the entropy evolution in commercial cells by the use of a thermal model based on surface temperature measurements.

Figure III. 20 .

 20 Figure III. 20. Entropy changes at different C-rates for a commercial graphite||LFP pouch cell. a Optical entropymetry performed at different C-rates and its comparison with (b) the data reported in the literature, also varying the current rate 146 . The authors reported that in the grey shadowed areas are not trustable due to the inaccuracy of the temperature derivative calculus in their thermal model.

Figure III. 21 .

 21 Figure III. 21. Entropy changes for LMO. a Optical entropymetry for a commercial graphite||LMO pouch cell. b Subtracted entropy variation of the LMO electrode in comparison with the reported data in ref 151 .

  1 ppm. The formation of the InLix phase was confirmed by XRD measurements (Supplementary Figure IV. 2). Then, the prepared InLix alloy on top of the plunger, which resulted in a thickness and diameter of 170 µm and 11 mm, respectively, was inserted in the Swagelok's body containing the Mylar, and placed perfectly aligned with the two holes drilled in the modified Swagelok cell allowing the optical fiber implementation and the positioning of the 5 mm FBG length on top of the electrode (see Figure IV. 1b and Figure IV. 1b for the top view). Then, the subsequent sealing with epoxy glue (Bühler EpoKwick FC) was done by applying the epoxy at each hole of the Swagelok body from the external side (see Figure IV. 1a

Figure IV. 1 .

 1 Figure IV. 1. FBG implementation in modified Swagelok cells. a Scheme of the integration of a FBG into an inhouse modified Swagelok cell, where the epoxy glue and the optical fiber are detailed. Top view for a (b) scheme and (c) a real photo of the FBG sensor placed on top of the InLiX electrode, with the Bragg Grating centred in the middle.

Figure

  Figure IV. 2a shows the galvanostatic charge/discharge voltage profile on a InLi0.6 | 1 M LiTFSI in DOL:DME | LTO cell together with the operando wavelength shift (Δλ) of the optical signal for a FBG placed at the interface between the InLix electrode and the glass fiber separator. With this FBG positioning, any change in the volume of the electrode will strain the FBG and thus trigger a shift in the Bragg peak (λB). The reflected optical spectra taken in chronological order (from bottom to top) upon battery cycling at C/10 (17.5 mA g -1 ) are reported in Figure IV. 2b, with the initial λB denoted as λB,0. For all the recorded spectra, a single Bragg wavelength peak is seen, whose maximum (λB) progressively shifts to the right towards higher values upon charge (red curves) and shifts back to the left upon discharge (blue curves). When looking at successive cycles, a repeated shift back and forth from right to left is also observed (Figure IV. 2b, indicated by arrows, and Figure IV. 2a, bottom, left Y-axis), thus revealing the high mechanical reversibility of the system.

Figure IV. 2 .

 2 Figure IV. 2. Li-driven stress monitoring in InLix || LTO cells with liquid electrolyte. a Time-resolved voltage (top) and Δλ and Δσ (bottom) evolution from the FBG sensor of a InLi0.6 | 1 M LiTFSI in DOL:DME | LTO cell with liquid electrolyte with the FBG placed at the anode/electrolyte interface. b 2D stack-view of the reflected spectra given by the FBG sensor located at the anode/electrolyte interface for the cycles shown in (a).

  3.c. Effect of the C-rateInterestingly, the maximum shift Δσ remains almost constant in the three consecutive cycles shown when the battery is cycled at C/10 (Figure IV. 2), which indicates highly reversible processes, evidenced by the good capacity retention. When moving to a slower cycling rate (C/30, 5.83 mA g - 1 ), an increase of ~ 10% in Δσ is observed (from 1.7 MPa at C/10 to > 2 MPa at C/30) which is consistent with the higher degree of lithiation when moving to a slower C-rate (Figure IV. 3) 154 .

Figure IV. 3 .

 3 Figure IV. 3. Li-driven stress monitoring in InLix || LTO cells with liquid electrolyte via a FBG sensor. a Timeresolved voltage (top) and Δλ and Δσ (bottom) evolution from the FBG sensor of an InLi0.6 || LTO cell with liquid electrolyte with the FBG placed at the interface between the anode and the electrolyte contained in the porous separator. The cells were cycled at C/30 (5.83 mA g -1 ) in a 25 ºC temperature-controlled climatic chamber. The two selected cycles correspond to the 5 th and 6 th cycle of the cell. b The corresponding 2D stack-view of the reflected spectra given by the FBG sensor, for the two cycles selected, are shown in chronological order (from bottom to top). A

Figure IV. 4 .

 4 Figure IV. 4. Li-driven stress monitoring in InLix || LTO cells with liquid electrolyte. a Time-resolved voltage (top) and Δλ and Δσ (bottom) evolution from the FBG sensor of a InLi0.6 | 1 M LiTFSI in DOL:DME | LTO cell with liquid electrolyte with the FBG embedded within the InLix electrode. b 2D stack-view of the reflected spectra given by the FBG sensor for the cycles shown in (a).

Figure IV. 5 .

 5 Figure IV. 5. Cycling performance of two-electrode Swagelok cells with liquid electrolyte with and without the optical fiber. a, b Comparison of the battery performance for liquid Li | (LP30+FEC) | Silicon Swagelok cells with and without the optical fiber. The cells were cycled at C/10 (360 mA g -1 ) for 10 cycles in a 25 ºC temperature-controlled climatic chamber. The electrochemistry remains unaffected by the presence of the optical fiber.

Figure IV. 6 .

 6 Figure IV. 6. Li-driven stress monitoring in Li || micro-Si cells with liquid electrolyte. Time-resolved voltage profile (top) and Δλ (bottom, left) evolution from the FBG sensor of a Li | (LP30+FEC)| Si cell with liquid electrolyte with the FBG placed at the interface between the Si-based electrode and the electrolyte contained in the porous separator. The discharge capacity (bottom, right) is also presented at the end of each lithiation. After each discharge and charge, 6h of OCV were defined, shadowed in grey and yellow, respectively.

Figure IV. 7 .

 7 Figure IV. 7. Comparison of the first and second cycle for Li || micro-Si cells. The dQ/dV plots together with the Δσ evolution from a FBG sensor located on top of the corresponding silicon electrodes is presented. Schemes of the sequential steps i) porosity filling, ii) electrode thickening and iii) particles pulverization are shown in the figure. Inset of the second dQ/dV discharge curve of the micro-Si Swagelok cell. The three less intense peaks appearing in

4. b .

 b Effect of the C-rate and its correlation to the dQ/dV peak To evaluate the dependence of the Δσmax with the pulverization of the micro-Si particles, Li | (LP30+FEC) | micro-Si cells were cycled at different C-rates. Note that during the first lithiation, the lithiation mechanism for micro-Si particles provides a single peak in the derivative curve 178 (dQ/dV) (Figure IV. 7 and Figure IV. 8a) at the same potential as the one in Δσmax (~0.07 V ). This correlation was proven to happen in all micro-Si regardless the C-rate (Figure IV. 8).

Figure IV. 8 .

 8 Figure IV. 8. Li-driven stress monitoring via FBG sensor of Li || micro-Si cells with LP30+FEC liquid electrolyte at different C-rates. Differential capacity vs. potential plot (top) and Δσ evolution vs. potential (bottom) for the first silicon lithiation of Li | (LP30+FEC) | micro-Si Swagelok cells with the FBG sensor placed on top of the silicon electrode.

  4.c. Internal stress evolution in nano-Si electrodesIn order to support the chemo-mechanical interpretation of the measurements, we assembled Li | (LP30+FEC) | Si cells using a composite electrode containing nano-Si particles, that are known to crack in a much less intense fashion to trigger the Li15Si4 crystallization during discharge 177,180 . These cells were cycled at C/10 (360 mA g -1 ) while recording the optical signal. As in the case of micro-Si electrodes, the amplitude of the optical signal (ΔλB) decays with the capacity retention experienced by the cell, which demonstrates their interlinkage (Figure IV. 9).

Figure IV. 9 .

 9 Figure IV. 9. Monitoring Li-driven stress in a Li || nano-Si Swagelok cell with liquid electrolyte. Time-resolved voltage profile (top) and Δλ (bottom, left) evolution from the FBG sensor of a Li | (LP30+FEC) | nano-Si Swagelok cell with liquid electrolyte with the FBG placed on the interphase between the silicon electrode/electrolyte. The discharge capacity (bottom, right) is also presented at the end of each discharge for a cell cycled at C/10 (360 mA g -1 ) in a 25 ºC climatic chamber.

Figure IV. 10 .

 10 Figure IV. 10. Comparison of the capacity retention for micro-Si and nano-Si based electrodes. Discharge capacity vs. cycle number for the first ten cycles of Li | (LP30+FEC) | Si Swagelok cells with liquid electrolyte containing either nano-Si or micro-Si particles. As reported in the literature, nano-Si based electrodes presents a better capacity retention than the micro-Si ones 181,182 . The cells with nano-Si were cycled at C/10 meanwhile for micro-Si, the capacity retention is presented at two different C-rates: C/10 (360 mA g -1 ) and C/30 (120 mA g -1 ).

Figure IV. 11 .

 11 Figure IV. 11. Comparison of the first and second cycle for Li || nano-Si cells. The dQ/dV plots together with the Δσ evolution from a FBG sensor located on top of the corresponding silicon electrodes is presented. Schemes of the sequential steps i) porosity filling and ii) electrode thickening are shown in the figure.

4. d .

 d Internal stress evolution in the after-formation cycles: micro-Si vs. nano-Si Further analysing our collected data we next plot for sake of comparison the dQ/dV and Δσ profiles for cycles six to ten for cells based on either micro-Si (Figure IV. 12a) or nano-Si (Figure IV. 12b).

Figure IV. 12 .

 12 Figure IV. 12. Li-driven stress monitoring in Li || Si cells with liquid electrolyte. Comparison of the 6th to the 10th cycle for (a) micro-Si and (b) nano-Si electrodes, respectively. The dQ/dV plots together with the Δσ evolution is shown.The cells were cycled in a 25 ºC oven at a C-rate of C/30 (120 mA g -1 ) for micro-Si and C/10 (360 mA g -1 ) for nano-Si to better compare the cycling conditions in terms of efficient particle surface current density. The porosity of the nano-Si electrode and micro-Si electrode was 51 % and 75 %, respectively.

Figure IV. 13 .

 13 Figure IV. 13. Galvanostatic cycles for Li || nano-Si cells by progressively reducing the discharge cut-off voltage. a Galvanostatic curves of the 12 th to 18 th cycles for the nano-Si cells with different cut-off voltages together with the corresponding (b) Δσmax for the different capacities achieved.

  Figure IV. 14 shows the galvanostatic curves together with the internal stress evolution (Δσ) for the reference nano-Si electrode (Figure IV. 14a, named PAA), and the two best binders obtained by cross-linking α-CDs based polyrotaxanes (PR) with polyacrylic acid (PAA) (Figure IV. 14b, PR-PAA 9 binder; Figure IV. 14c PR-PAA 4 binder).

Figure IV. 14 .

 14 Figure IV. 14. Coupling sensing + self-healing functionalities. Li-driven stress monitoring in Li | (LP30+FEC)| Si cells with liquid electrolyte. Comparison of the 6 th to the 10 th cycle for (a) nano-Si reference (PAA), (b) smart binder 1 (PR-PAA 9), and (c) smart binder 2 (PR-PAA 4) electrodes, respectively. The galvanostatic plots together with the Δσ evolution is shown as a function of the lithiation stage. The cells were cycled in a 25 ºC oven at a C-rate of C/10.

Figure IV. 15 .

 15 Figure IV. 15. All-solid-state InLi0.6 | LPS | LTO cell. a Scheme of the InLi0.6 | Li3PS4 | Li4Ti5O12 cell and photo of the different battery components. b EDX mapping of the cross-section view of the aforementioned ASSB.

Figure IV. 16 .

 16 Figure IV. 16. Fiber-free ASSBs tested in the modified cell designs. a Scheme of the coin cell placed under a frame with an external force sensor. The galvanostatic cycling of the ASSB (top) is presented together with the external cycling pressure evolution, monitored with the external force sensor for the ASSB cycled at C/30 (5.83 mA g -1 ) and at 25 ºC. b Scheme of the Swagelok cell placed under a frame with an external force sensor. Fifth galvanostatic charge/discharge cycle and discharge capacity vs. cycle number (inset) for the ASSB with the following C-rate protocol:

  5.b. InLix | LPS | LTO all-solid-state cells with the FBG embedded within the anode A InLi0.6 | LPS | LTO all-solid-state cell was assembled with an integrated FBG sensor embedded within the InLi0.6 anode (Figure IV. 17

  ).

Figure IV. 17 .

 17 Figure IV. 17. Scheme and real photographs of the optical fiber embedded within the InLix anode.

Figure IV. 18 .

 18 Figure IV. 18. Scheme of the modified coin cell with the implemented FBG sensor embedded in the anode and the external force sensor.

Figure IV. 19 .

 19 Figure IV. 19. Operando Li-driven stress monitoring in InLix | LPS | LTO cell by a FBG embedded in the anode. a Time-resolved voltage (top), external cycling pressure (middle) and internal optical signal (bottom) for the aforementioned ASSB cycled at C/30 (5.83 mA g -1 ) and 25 ºC in an operando mode. b 2D stack view of the reflected spectra, with the corresponding galvanostatic charge/discharge cycle. The charge and discharge processes are plotted in red and blue, respectively. c Comparison between operando stress evolution obtained: 1-internally by the FBG sensor and using the mathematical model (green curve) and 2-internally by the FBG sensor and the sensitivity coefficient obtained with the experimental calibration of the sensor (blue curve). The respective galvanostatic charge/discharge is presented (top). The points at the beginning/middle/end of the charge/discharge are indicated by coloured dots, also marked in the corresponding FBG spectra in Figure IV. 19b. The external cycling pressure was fixed at 2 MPa prior to perform the battery cycling.

Figure IV. 20 .

 20 Figure IV. 20. Experimental calibration curve of the ASSB with the FBG embedded in the anode. a 2D stack view of the reflected spectra, with the increasing external pressure when the battery is at OCV. b λmax recorded while varying the external cycling pressure.

  Figure IV. 21 and Figure IV. 23).

Figure IV. 21 .

 21 Figure IV. 21. Scheme and real photographs of the optical fiber placed at the interface between the InLiX anode and the solid electrolyte.

Figure IV. 22 .

 22 Figure IV. 22. Experimental calibration curve of the FBG sensor placed at the interface anode/solid electrolyte. a, b, and c Experimental calibration curves when the ASSB is in a OCV status. The external applied pressure is increased externally from 0 to 9 MPa. Detailed values of λB, λx, and λy vs. the external applied pressure with the force

Figure IV. 23 .

 23 Figure IV. 23. Scheme of the modified coin cell with the implemented FBG sensor at the interface anode/solid electrolyte, and the external force sensor. The scheme of the birefringence phenomenon is presented when an external transversal force is applied to the optical fiber.

Figure IV. 24 .

 24 Figure IV. 24. Operando Li-driven stress monitoring in InLix | LPS | LTO cell by a FBG placed at the interface between the anode and the solid-state electrolyte. a Time-resolved voltage (top), and external cycling pressure (bottom) for the aforementioned ASSB cycled at C/30 (5.83 mA g -1 ) and 25 ºC in an operando mode. b 2D stack view of the operando collected spectra by the FBG sensor, with the corresponding galvanostatic charge/discharge cycle. The charge and discharge processes are plotted in red and blue, respectively. c Galvanostatic cycle (top), λx and λy evolution (middle) and operando stress evolution obtained internally by the FBG sensor and with the experimental calibration of the sensor (bottom). The points at the beginning/middle/end of the charge/discharge are indicated by coloured dots, also marked in the corresponding FBG spectra in Figure IV. 24.

Figure IV. 25 .

 25 Figure IV. 25. InLix | LPS | InLix symmetrical ASSB in a Swagelok cell. Scheme of the modified Swagelok cell with the implemented optical fiber and the external force sensor. The corresponding X, Y and Z axis are detailedin the different views. For the sake of simplicity, "longitudinal" and "transversal" axis are used respect to the optical fiber and "axial" axis is only used respect to the cell. The direction of the Li + ions during charge/discharge is detailed in the scheme of the front view.

Figure

  Figure IV. 26a shows respectively the voltage profile of the cell cycled under pressure of 2.7 MPa together with variation of the external cycling pressure measured with the force sensor. To no one's surprise, the force recorded externally showed almost no variation upon cycling. This was expected given the symmetry of the electrochemical system, meaning that the stress increase in one electrode should correspond exactly to the stress release in the other, making the whole device to be in apparent mechanical equilibrium. However, when looking at the optical response (λB, Figure IV. 26b) of the FBG sensor during a full charge-discharge cycle at C/30 (5.83 mA g -1 ), there is a reversible shift from right to left matching the charge and discharge stages, as observed for the non-symmetric batteries previously shown (see Figure IV. 19 and Figure IV. 24). We later translated ΔλB into stress variations (Δσ) with an experimental calibration curve (Supplementary Figure IV. 8) and noted a repeated stress change with a maximum amplitude of around 14 MPa (Figure IV. 26c).Overall, this result demonstrates that FBGs integrated in battery electrodes provide insights at material level thanks to their sensitivity to local stress variations, thus opening a playground in the operando monitoring of mechanical properties that goes beyond the average changes of the whole device.

Figure IV. 26 .

 26 Figure IV. 26. Operando Li-driven stress monitoring in a symmetrical InLix | LPS | InLix cell at an external applied pressure of 2.7 MPa. a Time-resolved voltage (top), and external cycling pressure (bottom) for the aforementioned ASSB cycled at C/30 (5.83 mA g -1 ) and 25 ºC for three consecutive cycles. b 2D stack view of the collected spectra by the FBG sensor, with the corresponding galvanostatic charge/discharge. The charge and discharge processes are plotted in red and blue, respectively. c Galvanostatic cycle (top), and operando stress evolution obtained internally by the FBG sensor and with the experimental calibration of the sensor (bottom). The points at the beginning/middle/end of the charge/discharge are indicated by coloured dots, also marked in the corresponding FBG spectra in Figure IV. 26b. Note that due to the location of the FBG sensor at the interface between the positive electrode and the solid-state electrolyte, the relative stress is normalized (Δσ = 0 MPa) at the beginning of the discharge to compare positive stress variations.

  7 MP and 21 MPa) in agreement with previous work 159 while it enables to reduce the cell polarization, hence favoring the charge transfer (Figure IV. 26 vs. Figure IV. 27).

Figure IV. 27 .

 27 Figure IV. 27. Operando Li-driven stress monitoring in a symmetrical InLix | LPS | InLix cell at an external applied pressure of 21 MPa. a Time-resolved voltage (top), and external cycling pressure (bottom) for the aforementioned ASSB cycled at C/30 (5.83 mA g -1 ) and 25 ºC for three consecutive cycles. b 2D stack view of the collected spectra by the FBG sensor, with the corresponding galvanostatic charge/discharge. The charge and discharge processes are plotted in red and blue, respectively. c Galvanostatic cycle (top), and operando stress evolution obtained internally by the FBG sensor and with the experimental calibration of the sensor (bottom). The points at the beginning/middle/end of the charge/discharge are indicated by coloured dots, also marked in the corresponding FBG spectra in Figure IV. 27b. Note that due to the location of the FBG sensor at the interface between the positive electrode and the solid-state electrolyte, the relative stress is normalized (Δσ = 0 MPa) at the beginning of the discharge to compare positive stress variations.

Figure IV. 28 .

 28 Figure IV. 28. 2D-stack view of the reflected spectra for the symmetrical ASSB with the FBG placed at the cathode/solid-state interface. a, b The reflected optical spectra taken in chronological order (y-axis, from bottom to top) obtained during two charge/discharge cycles of the symmetrical ASSB, when the external applied pressure is 21 MPa. The spectra were repeatedly merging in one showing one peak (λB), and splitting again to λx and λy upon charging and discharging the cell, thus indicating local anisotropic Li-driven stresses that are reversible upon cycling. In this case, the birefringence phenomenon was induced by the electrochemistry.

Figure IV. 29 .

 29 Figure IV. 29. Overview of the partial molar volume variations in layered cathode materials. Unit cell volume changes correlated with the lithiation degree of the cathode material. The results were obtained from crystallographic data, adapted from ref 184 .

Figure IV. 30 .

 30 Figure IV. 30. Li-driven stress monitoring in Li | LP30 | NMC811 cell with the FBG sensor embedded in the cathode composite. a Time-resolved voltage (top) and Δλ and Δσ (bottom) evolution from the FBG sensor for the 2 nd to 4 th cycles of the cell, cycled at C/10. b 2D stack-view of the reflected spectra given by the FBG sensor for the cycles shown in (a).

Figure IV. 31 .

 31 Figure IV. 31. Reproducibility within two Li | LP30 | NMC811 cells with the FBG sensor embedded in the cathode composite. Time-resolved voltage (top) and Δλ and Δσ (bottom) evolution from the FBG sensor for the 2 nd to 4 th cycles of two cells assembled using the same protocol.

  Figure IV. 32 exhibit the galvanostatic cycling at C/10 (27.3 mAh g-1) for two Li | LP30 | LCO cells (a) without, and (b) with the FBG sensor. Despite the anomalies in the first discharge observed with and without the sensor, the cells exhibited good capacity retention, which allowed us to sense the internal stress evolution by using this setup methodology.

Figure IV. 32 .

 32 Figure IV. 32. Cell performance remaining unaffected by the optical fiber. Galvanostatic charge-discharge profiles for cells a without and b with the optical fiber implemented. The cells were cycled at C/10 inside a temperaturecontrolled chamber at 25 ºC.

Figure

  Figure IV. 33a depicts the temporal-voltage profile (top) together with the operando Δσ evolution (bottom) for a Li | LP30 | LCO cell with the FBG embedded within the cathode composite. The results are in good agreement with the data reported by Koerver et al. 184 in a LTO | solid electrolyte | LCO solid-state battery by using the external force sensor (Figure IV. 33b).Upon charging, lithium is extracted from the cathode, which for the case of LCO results in an increase of the unit cell volume, as depicted with the FBG sensor. In contrast, during lithium intercalation into LCO, the electrode's contraction is expected to underlying complex anisotropic stresses.

Figure IV. 33 .

 33 Figure IV. 33. Internal stress evolution in cells with LCO as cathode composite. a Li | LP30 | LCO cell with the FBG sensor embedded in the cathode composite. Time-resolved voltage (top) and Δσ (bottom) evolution from the FBG sensor for the 4 th and 5 th cycles of the cell, cycled at C/10. b Figure adapted from ref 184 .

Figure V. 1 .

 1 Figure V. 1. Schematic illustration of the "lab-on-fiber" concept. One fiber combining sensors such as FBG, TFBG, or chalcogenide IR is envisioned to monitor valuable data and transfer it to the cloud (Internet of Things, IoT) to fully exploit the sensing information, thus enhancing the input to BMS and consequently, the battery SoC, SoH. Figure adapted from ref 6 .

  Figure II. 10b, we introduce the Biot number, Bi, which can be estimated by Bi = 𝑅 𝑖𝑛 /R out = 0.1 << 1. Due to the repeatable Al(NVPF)/Separator/Al(HC) structures along the radial direction, we can assume the cell has a constant radial thermal resistance. To simplify the model, we only consider the heat conduction through the jelly roll and ignore the origins of heat generation. It leads to a classic hot tube problem, whose solution is Equation M-II. 1: 𝑞̇= 2𝜋𝑘𝐿(𝑇 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 -𝑇 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ) ln (𝑟 2 /𝑟 1 )

. 2 .

 2 Thermal equivalent circuit for a pouch cell. Schematic details of the setup and methodology of the optical sensing calorimetry applied to flat-wound pouch cells, with the capacitances featuring heat capacities and resistances featuring the inverse of heat transfer coefficients[START_REF] Forgez | Thermal modeling of a cylindrical LiFePO4/graphite lithium-ion battery[END_REF] . The cell is placed in the centre of a cabinet and placed inside a temperature-controlled chamber at 25 ºC.

  Figure IV. 21). For the FBG embedded in the anode, first, the lithium foil is placed on top of a stainless-steel spacer, which is already inside the coin cell case. Then, the optical fiber is passed through the coin cell case holes. Next, the indium foil is put on top and the formation of the InLix alloy, with the FBG embedded, is done under the hydraulic press (see photo in Figure IV. 17). Finally, the LPS/LTO pellet (see photo in Figure IV. 15) was placed on top of the anode alloy. The coin cell was finished by the spacer/spring/cap and sealed with epoxy under the stainless-steel frame with the external force sensor (Miniature button load cells up to 5000 N, Applied Measurements Ltd.).Fiber Bragg grating sensor implementation in InLix || InLix symmetric all-solid-state Swagelok cells.To implement the FBG sensor in a ASSB Swagelok cell, the body of the Swagelok cell was directly used as the die set to press the solid electrolyte. Therefore, 140 mg of Li3PS4 were firstly loaded into the body, and cold pressed at 4 ton cm -2 during 15 minutes under a hydraulic press (Manual hydraulic press ATLAS Specac up to 15 ton) inside an Ar-filled glovebox with H20 and O2 contents below 0.1 ppm. The pellet position was perfectly aligned with the two drilled holes (Φ = 800 μm) in the Swagelok's body to alloy the subsequent optical fiber implementation at the interface LPS/InLix cathode. After the FBG positioning, a Swagelok's plunger with the InLi0.6 on top was inserted in the Swagelok's body. The two holes were then sealed with epoxy glue and the cell turned upside down to insert the counter InLi0.6 electrode on top of the plunger from the other side. No spacer or spring were used in this configuration. Instead of closing the Swagelok's screws, the cell was positioned under the stainless steel frame including the external force sensor (see FigureIV. 25).

  33 cm 2 )+ 0.0240 cm 3 Vcell = 0.822 cm 3 Volume change upon cycling Cell capacity: 130 mAh g -1 → 20 mg cathode composite (6 mg LTO) = 0.779 mAh of active material = 2.8 C = 3*10 -5 mol Li + = moles of In converted in InLi according to the hemi-reaction; (Reaction M-IV. 1). From the molar volumes in Reaction M-IV. 1 the maximum volume variation of the stack can be calculated as: Vcell = 0.000237 cm 3 Volumetric Strain vol = Vcell / Vcell vol = = 0.000237 / 0.822 Going back to Equation M-IV. 1, for this system: |∆𝑝| = 𝜀 𝑣𝑜𝑙 • 𝐾 = ( 0.000237 0.822 ) • 21.4 • 1000 = 6 𝑀𝑃𝑎 Therefore, the hydrostatic pressure within the battery can be estimated as |∆𝑝|= 6 MPa and the axial component of the stress as 𝜎 11 = 6 MPa.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table I . 1. List of the main cathode materials used in LIBs 13 .

 I 

				Specific	Output
	Acronym	Cathode	Formula	capacity	voltage
				(mAh g -1 )	(V)
	LCO	Lithium cobalt oxide	LiCoO2	140	3.8
	LMO	Lithium manganese oxide	LiMn2O4	100-120	4.1
	LFP	Lithium iron phosphate	LiFePO4	150-170	3.4
	NCA	Lithium nickel cobalt aluminum oxide	LiNi0.8Co0.15Al0.05O2	180-200	3.7
	NMC	Lithium nickel manganese cobalt oxide	LiNi0.33Mn0.33Co0.33O2	160-170	3.7

1 :

 1 ΔλB,SMF = kT,SMFΔT + kP,SMFΔP ΔλB,MOF = kT,MOFΔT + kP,MOFΔP By combining Equation II. 1 and Equation II. 2 associated with ΔλB,SMF and ΔλB,MOF, the variations of ΔP and ΔT can be decoded: 𝑆𝑀𝐹 ∆𝜆 𝐵,𝑀𝑂𝐹 -𝑘 𝑇,𝑀𝑂𝐹 ∆𝜆 𝐵,𝑆𝑀𝐹 𝑘 𝑇,𝑆𝑀𝐹 𝑘 𝑃,𝑀𝑂𝐹 -𝑘 𝑇,𝑀𝑂𝐹 𝑘 𝑃,𝑆𝑀𝐹

	Equation II. 2:	
	Equation II. 3:	
	Δ𝑃 = 𝑘 𝑇,Equation II. 4:	
	Δ𝑇 =	∆𝜆 𝐵,𝑆𝑀𝐹 -𝑘 𝑃,𝑆𝑀𝐹 Δ𝑃 𝑘 𝑇,𝑆𝑀𝐹

  This suggests that the large amount of heat release at the end of charge/discharge stems primarily from diffusion limitations (e.g., sluggish diffusion of Na). Such a phenomenon can be fundamentally explained by a mathematical model describing transport by Fick's law 107 , which readily applies to the overpotential heat peaks at the single composition Na2V2(PO4)2F3 that separates two biphasic domains (which is not due to HC whose voltage varies continuously with potential; see Supplementary Figure II. 5).Regarding the entropy heat (Figure II. 15b, green), which is an essential component of the overall heat generated since it can be used to track the cell's ageing 108 , was calculated by subtracting the irreversible heat from the rate of heat generation detected by optical sensing. To validate the accuracy of this methodology, we thus measured the entropy change of NVPF/HC reaction in the 18650 cell by the classical potentiometric method (see the calculation details in Methods and the results in Supplementary Figure II. 6 and Supplementary Figure II. 7) and compared it with the entropy data inferred from the optical fiber sensors(Figure II. 16). The results are consistent between both methods, with those obtained by optical sensing conveying clear fidelity enhancement, in addition to the obvious improvement in data collection efficiency, especially regarding the time of the experiment (i.

II. 15d closely mirrors the heat rate associated with the overpotential term in Figure II. 15b, with namely, the presence of two peaks at identical positions in capacity. e., operando vs. voltage profile variation during the rest period when changing the temperature for each specific SoC). Further exploiting the entropy heat, note that it is mostly negative during the charge (absorbing heat), but positive during the discharge (releasing heat), with a more pronounced variation on the vicinity of the NVPF phase transition at which there is also an overpotential heat contribution attributed to sodium diffusion. Bearing in mind that entropy is associated with structural disorder (Figure II. 15b, inset), the appearance of a peak in the entropy heat profile near the phase transition pertaining to NVPF (Figure II. 15a, inset) 106 is not surprising. Spectacularly, most of the features spotted in the entropy profile variation are linked to structural anomalies (Supplementary Figure II. 8) pertaining to the room-temperature phase diagram of Na3-xV2(PO4)2F3 upon Na removal 106 , which undergoes subtle multiphase transitions and disordered domains. Obviously, further analysis using statistical mechanics and lattice gas model could be used here to better correlate the Na structural ordering-disordering in NVPF with the entropy heat profile curve but it is beyond the scope of this work 109 .

  Results of two cells are provided, see Supplementary Figure II. 6 and Supplementary Figure II. 7).

optique pour le diagnostic des batteries Résumé de la thèse en français

  Les batteries rechargeables, qui constituent l'une des technologies de stockage d'énergie les plus polyvalentes, sont essentielles dans un large spectre d'applications telles que les réseaux électriques, l'aérospatiale, la robotique, l'électronique grand public et les véhicules électriques. Cette dépendance rend la qualité, la fiabilité, la durée de vie et la sécurité des batteries immensément plus importantes que jamais.Les performances des batteries sont principalement régies par la nature et la dynamique de leurs interfaces qui sont basées sur des réactions induites par la température avec des cinétiques imprévisibles. Dans le contexte de la soutenabilité, l'identification des mécanismes de dégradation représente un énorme problème technique pour le diagnostic des batteries, en particulier dans les conditions de fonctionnement. Fait surprenant, bien que la surveillance de la température soit essentielle pour améliorer la durée de vie de la batterie, aujourd'hui, elle n'est pas directement mesurée au niveau de la cellule dans les applications de véhicules électriques, mais seulement au niveau du module, ce qui entraîne des batteries surdimensionnées et sous-utilisées. Par conséquent, la science fondamentale est grandement nécessaire pour fournir une meilleure connaissance/surveillance des paramètres physiques/chimiques de la batterie (température, pression, déformation, réactions parasites) pendant le cyclage afin de comprendre la science derrière les différents phénomènes de défaillance. Des relevés plus précis provenant de techniques d'opérativité interne sont indispensables pour améliorer l'entrée dans les systèmes de gestion de la batterie (BMS), ce qui permet d'étendre les limites de potentiel et de courant à haut degré de conservation, et donc de maximiser l'utilisation de la batterie sous tous ses aspects.Cela souligne la nécessité de surveiller avec précision l'état fonctionnel des batteries et appelle donc au développement de techniques opératoires non invasives qui pourraient injecter des fonctionnalités de détection intelligente dans ces dispositifs électrochimiques dynamiques directement de l'intérieur. La présente thèse de doctorat vise à contribuer au développement de nouveaux outils de diagnostic operando en explorant les fibres optiques à réseau de Bragg (FBG).Les capteurs FBG sont basés sur des modifications périodiques de l'indice de réfraction dans une courte longueur (~5-10 mm) du coeur de la fibre optique, ces perturbations étant connues sous le nom de réseaux de Bragg de la fibre. Ainsi, les capteurs FBG fonctionnent comme un filtre spectral qui ne réfléchit que pour une longueur d'onde spécifique, connue sous le nom de pic de longueur d'onde de Bragg (λB). Les capteurs FBG fonctionnent en corrélant la dépendance de la longueur d'onde du signal (λB) avec la température locale (T), la pression hydrostatique (P) et la déformation (ε) du milieu environnant, qui sont des paramètres essentiels pour améliorer la surveillance des batteries. En fait, les capteurs FBG sont une technologie mature utilisée dans de nombreuses applications, notamment dans les secteurs de la construction, de l'assemblage et des infrastructures pour la surveillance de la santé structurelle, les applications aérospatiales et les applications médicales. La raison en est l'immunité aux interférences électromagnétiques, la haute sensibilité temporelle et spatiale, l'isolation électrique et la possibilité de multiplexage. En raison de ces avantages, depuis 2013, les capteurs FBG ont également été mis en oeuvre dans le domaine du stockage de l'énergie. Par exemple, les FBG se sont révélés parfaitement adaptés pour réaliser une visualisation fiable de la température des cellules cylindriques et des poches Liion dans des conditions de travail réelles.En plus d'offrir la possibilité de surveiller l'évolution de la température avec une sensibilité et une résolution spatiale élevées, les FBG sont également sensibles aux variations de déformation. D'où le défi de déconvoluer le signal optique et de l'attribuer correctement aux différents paramètres physiques impliqués. Deux stratégies différentes ont été décrites avec succès pour déconvoluer les signaux ε et T en utilisant deux capteurs parallèles. Tout d'abord, le groupe de Pinto a exploré des capteurs hybrides à fibre optique consistant à coupler un FBG et un capteur à cavité Fabry-Perot, afin de découpler efficacement T et ε dans les cellules de la poche Li-ion. La deuxième approche utilisée est la méthode dite du capteur de référence, qui repose sur deux capteurs FBG fonctionnant en parallèle. Ce faisant, des estimations de l'état de charge des cellules de poche ont été trouvées avec une erreur de moins de 2,5% dans différentes conditions de cyclage (par exemple, à différentes températures de fonctionnement), tout en étant également en mesure de prédire la capacité jusqu'à 10 cycles à l'avance avec une erreur inférieure à 2%. En ayant accès aux variations de déformation, le potentiel d'utilisation des capteurs FBG pour surveiller l'expansion/contraction du volume lors du cyclage de la batterie est clair. Cependant, en dépit des progrès significatifs réalisés en matière de mesure de la déformation, un seul rapport a exploré cette direction. En détail, Bae et al. (PARC) ont comparé dans une cellule liquide à poche Li-ion le signal optique de deux capteurs FBG, l'un implanté et l'autre fixé sur le dessus de l'anode en graphite. La nouveauté de cette étude réside dans le suivi des variations de déformation attribuées aux changements de volume au niveau de l'électrode, qui ont ensuite été traduites en contrainte en utilisant la loi de Hooke. Leurs résultats ont montré que les capteurs FBG implantés sont capables de surveiller les variations de contraintes lors de cycles. En plus des capteurs FBG, d'autres capteurs à base de fibres optiques, tels que les capteurs à ondes évanescentes à fibre optique (FOEWS) et les capteurs nano-plasmoniques (NPS), ont également été utilisés dans le domaine des batteries et rapportés dans la littérature.En conclusion, le développement de la détection optique permet d'accéder à des paramètres physico-thermo-chimiques conjoints qui sont essentiels non seulement pour suivre la chimie dynamique des réactions parasites, mais aussi pour prédire la fin de vie des cellules ou anticiper l'emballement thermique. C'est exactement ce que cette thèse de doctorat aborde via des études opératives électrochimiques et optiques détaillées dans différents systèmes de batteries.Dans un premier temps, nous avons démontré au chapitre II la faisabilité de l'intégration de capteurs FBG à l'intérieur de cellules cylindriques commerciales. Comme preuve de concept, nous nous sommes d'abord concentrés sur les cellules 18650 produites par TIAMAT, basées sur la chimie Na3V2(PO4)2F3/carbone dur (NVPF/HC). Les premiers résultats de ce chapitre concernaient la mise en oeuvre minutieuse de deux capteurs optiques afin de découpler avec une grande précision les changements de longueur d'onde associés aux variations de température et de pression en ajustant deux morphologies de fibres différentes, un résultat qui n'avait pas encore été atteint par les premiers efforts de détection optique des piles. La surveillance conjointe de T et P a permis de repérer la formation de l'interphase d'électrolyte solide (SEI), une étape cruciale pour la durée de vie de la cellule. En outre, nous avons étudié comment placer plusieurs capteurs pour fonctionner comme un calorimètre optique et surveiller la chaleur générée par la cellule, ce qui permet d'évaluer les événements chimiques tels que la formation d'une interphase d'électrolyte solide ou les paramètres thermodynamiques. La méthode a été validée avec deux techniques classiques: la calorimétrie isotherme conventionnelle et la comparaison avec le potentiel enthalpique. Enfin, le criblage de différentes formules d'électrolyte a été exploré, dans le but d'identifier rapidement les meilleurs processus de formation des batteries commerciales et de concevoir des systèmes de gestion thermique des batteries avec une sécurité accrue.Dans le chapitre II, nous nous sommes concentrés sur les cellules 18650 basées sur la chimie Naion, grâce aux cellules produites et fournies par TIAMAT. Cependant, l'étape suivante consiste à généraliser cette approche à la fois vers la technologie Li-ion et vers différentes configurations de cellules (par exemple, les cellules à poche). En effet, les véhicules électriques d'aujourd'hui sont alimentés par des batteries Li-ion. Cependant, il n'y a pas de consensus clair sur le format de cellule (cylindrique, prismatique ou à poche) qui dominera le marché à long terme. Alors que les cellules cylindriques sont préférées pour certaines applications en raison de leur adaptabilité à la production de masse et de la commodité de la standardisation des tailles, l'utilisation des cellules à poche est aujourd'hui privilégiée grâce à leur flexibilité, leur transfert thermique et leur optimisation globale, ce qui les place en tête du marché automobile. Compte tenu de la diversité des configurations commerciales des cellules, il est nécessaire d'étendre la technique de calorimétrie optique développée des cellules cylindriques aux cellules à poche. Par conséquent, le chapitre III a exploré la viabilité de la mise en oeuvre des capteurs FBG dans les cellules en poche, en tenant compte des différences de configuration géométrique.À cette fin, nous avons utilisé des cellules commerciales Li-ion à poche sans électrolyte et à enroulement plat achetées auprès de LiFUN (Chine), offrant ainsi la liberté non seulement de choisir l'électrode et l'électrolyte souhaités, mais permettant également l'étude des cycles de formation. Pour les tout premiers cycles, nous avons étudié les événements thermiques liés à la formation de l'interphase électrolyte solide/électrolyte cathodique. En comparant des Li[NixMnyCoz]O2 (NMCs) avec différentes teneurs en Ni, nous avons découvert que non seulement l'électrolyte choisi, mais aussi la morphologie des matériaux cathodiques jouent un rôle crucial dans la formation d'une bonne SEI/CEI, permettant ainsi d'améliorer les performances de cyclage à long terme. En étudiant les NMCs riches en Ni-(les candidats les plus prometteurs pour les véhicules électriques en raison de leur haute capacité), nous avons révélé que les particules cathodiques monolithiques monocristallines présentent des avantages par rapport à leurs homologues polycristallins conventionnels lorsque le même électrolyte est utilisé. Cependant, lors du criblage de l'effet de différents additifs d'électrolyte, les événements thermiques obtenus pour les électrodes de Li[Ni0.6Mn0.2Co0.2]O2 (NMC622) étaient du même ordre de grandeur que pour le Li[Ni0.5Mn0.3Co0.2]O2 monocristallin (NMC532). Ces résultats mettent en évidence le rôle crucial de l'ingénierie entre cathode/électrolyte. Enfin, la calorimétrie optique a été explorée non seulement pour les oxydes en couches, mais aussi dans d'autres structures telles que les matériaux spinelle (LiMn2O4, LMO) et olivine (LiFePO4, LFP).

	M Cp Détection Mass Specific heat capacity
	𝑈 𝐻	Enthalpy potential
	H	Enthalpy
	∆𝐻	Enthalpy change
	𝑛	number of electrons involved in the electrode reaction
	𝐹	Faraday's constant
	S	Entropy
	Ω	number of available microstates
	kB	Boltzmann constant
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Materials & Methods

Preparation of cells. The NVPF/HC 18650 cells were obtained from TIAMAT company. Cells were hermetically sealed with and without electrolyte filling. Those with electrolyte filling were used as the control group to examine the fibers' impact on electrochemistry, while those without electrolytes were taken for the fiber insertion as detailed later. The coin cells of NVPF/HC were prepared in a 2032 format with two glass fiber separators (GF/D, Whatman) in an Ar-filled glove box. The electrodes were made as above with active material ratios of 92% and 94% for NVPF and HC, respectively. The current collectors were Al foils for both NVPF and HC. The typical loadings of NVPF and HC were 14.3 and 6.9 mg cm -2 , respectively. The diameter of the electrodes was 1.27 cm. All electrodes were dried overnight in the Büchi oven under vacuum at 80 o C before transfer into the glove box.

Electrolyte preparation. The composition of NP30 was 1 M NaPF6 (Stella, Japan) in EC (Mitsubishi chemical, Japan) -DMC (Sigma Aldrich, >99%, anhydrous, or BASF, USA) (v.:v.=1:1). 1M NaPF6 in DMC was also used to see the effect of cyclic co-solvent. The one with additives was NP30 with the addition of 1.25, 2.5, and 7.5 wt.% of NaODFB (as synthesized previously in our group) 202 , TMSPi (TCI Chemicals), and VC (Sigma), respectively.

Fabrication of microstructured optical fiber (MOF).

The single-ring suspended fiber was fabricated using the stack-and-draw method previously reported by Htein et al. 203 The first step consists of the selection of an outer tube with inner/outer diameter (ID/OD) of 14/16 mm. A germanium-doped core rod with a diameter of 1 mm was suspended using a supporting tube with ID/OD of 5.9/6.6 mm. Furthermore, note that five additional tubes with the same dimension than the supporting tube but shorter in length were stacked at the end of the preform to support the structure and center the core rod. The preform was then drawn into fiber using our custom-made drawing tower without applying pressure, at a temperature of ~1920 °C and fiber tension below 0.7 N. In addition to the core and cladding, note that the acrylate coating is easily dissolved in LP30. Consequently, the polyimide-coated optical fiber was selected for the internal FBGs.

Fabrication of MOF-FBG. Gratings were inscribed in the MOF using 248 nm excimer laser (COHERENT BraggStar M), and phase mask with pitch of 1072.33 nm. The energy of the excimer laser was set to 70 mJ, the repetition rate was set to 20 Hz, the scan velocity to 0.05 mm/s, and an apodization function was used to ensure good quality gratings. All the FBGs presented in this manuscript are 6 mm long, with Bragg wavelength centered around 1555 nm. C-rates such as C/10, the obtained shape of 𝑸 ̇ from optical sensing mirrors that obtained by isothermal calorimetry, with some differences related to matters of cell configuration. Nevertheless, it is clear that 𝑸 ̇ measured by isothermal calorimetry looks more like 𝒒̇ from optical sensing method at high C-rates. This insight illustrates that the cell's accumulated heat, ignored in conventional isothermal calorimetry on small cells, can be a substantial part of the internal energy stored within a cell, particularly at high rates such as C/2 and 1 C. Thus, using operando calorimetry via optical sensing allows us not only to monitor the heat production in 18650 under real working conditions, but also to decouple the heat flow (𝒒) ̇ and the heat accumulation (𝑴𝑪 𝒑 𝒅𝑻
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𝒅𝒕

) from the total rate of heat generation (𝑸 ̇). ), whilst it has been demonstrated that a considerable amount of accumulated heat is stored at high C-rates, the rest period should be considered to compute the waste heat in isothermal calorimetry. On the contrary, for the optical sensing method, the rest period will not be considered. To explain why, we recall the definition of the lost electrical work, ∮ 𝒄𝒚𝒄𝒍𝒆 𝑰 (𝑽 -𝑼)𝒅𝒕. In parallel, the energy balance equation (neglecting the heat ), see Equation II. 9. The integration of the energy balance equation (Equation II. 9) over one cycle gives ∮ 𝒄𝒚𝒄𝒍𝒆 𝑸 ̇𝒅𝒕 = ∮ 𝒄𝒚𝒄𝒍𝒆 𝑰 (𝑽 -𝑼)𝒅𝒕 + ∮ 𝒄𝒚𝒄𝒍𝒆 𝒒 𝑷 ̇𝒅𝒕, where the reversible entropy-related heats during the charge and discharge cancel each other. This equation provides the key for the comparison between the waste heat (∮ 𝒄𝒚𝒄𝒍𝒆 𝑸 ̇𝒅𝒕) and the lost electrical work (∮ 𝒄𝒚𝒄𝒍𝒆 𝑰 (𝑽 -𝑼)𝒅𝒕). As it can be seen, the parasitic heat (∮ 𝒄𝒚𝒄𝒍𝒆 𝒒 𝑷 ̇𝒅𝒕) should not be considered in Equation II. 9 if we want the lost electrical work and the waste heat to be equal. In practical scenario, the parasitic heat is complicated to decouple from 𝑸 ̇ during the charge and discharge. However, during the rest periods, where the current is defined to be 0, according to the energy balance equation, 𝑸 ̇ is equal to 𝒒 𝑷 ̇, which means that the heat recorded during the rest by optical sensing is solely parasitic heat. Therefore, the waste heat calculated by optical sensing will only consider the charge and discharge areas, without considering at all the heat measured by optical sensing during the resting periods.

Supplementary

Supplementary Figure II. 5. The separate contributions of NVPF and HC electrodes to the heat flow rate of a

full NVPF/HC cell by isothermal calorimetry. To identify the separate contributions of NVPF and HC to the heat rate generated in a NVPF/HC full cell, the heat flow rate of a, HC/Na and b, NVPF/Na half coin cells were tested by isothermal calorimetry at 40 ºC during the 2 nd (blue solid lines) and 3 rd (orange dash lines) charges of the cells. The electrolyte used was NP30. The results revealed that the heat peak presented in the middle of the charge and discharge of NVPF/HC full cell come solely from the NVPF electrode, as exhibited in NVPF/Na half cell, meanwhile, there is no peak in this position for HC/Na half cell. This is also consistent with the electrochemical curves for the half cells. On the other hand, the heat peaks in NVPF/HC full cell at the end of charge and discharge present contribution from both NVPF and HC electrodes. However, it is revealed that the heat contribution from NVPF (~20 mW g -1 NVPF) is considerably larger at this point than the heat released from HC (~4 mW g -1 HC). This is in conjunction with the fact that the mass of NVPF is nearly twice than for HC in the full cell, thus, being the contribution of HC to the heat of full cell significantly lower than the one from NVPF. To do so we measure the voltage profile variation during the rest period when changing the temperature from 25 ºC → 15 ºC → 25 ºC. This abrupt temperature cooling and heating steps produce an up and down staircase variation in the voltage variation from its baseline (a). The baseline was subtracted to obtain the real voltage variation (b). Note that the Y-axis voltage scale was modified between a and b. The as-shown voltage plateau was linearly fitted (with a slope of zero, red solid line) to get dU(x) with a dT of 10 ºC. Hence having such a value, the entropy of reaction can easily be derived according to Equation M-II. 6. ) and artificial graphite as the negative electrode were purchased from LiFUN Technology (China). For the shake of comparison, all LiFUN cells have the exact same negative electrode material and composition. Pouch cells with LiMn2O4 (LMO) positive electrode and graphite as negative electrode were received from Hunan Haoman New Energy Technology Co., Ltd. The current collectors for positive and negative electrodes were Al and Cu foils, respectively. The cells were stored in desiccator (VWR). Prior to be cycled, they were dried under vacuum at 80 ºC overnight to remove any residual moisture. Electrochemical tests. The galvanostatic cycling was performed with a BCS-810 or MPG2 potentiostat (Bio-Logic, France) at a constant temperature of 25 ºC inside temperature-controlled climatic chambers (Memmert, accuracy ±0.1 ºC). The C-rate was calculated using the active mass of the positive electrode. The voltage window was set as 3.0 V -4.2 V for NMC532, NMC622 and NMC811 unless specified; 3.0 V -4.4 V for LMO; and 2.5 V -3.65 V for LFP.

Formation protocol and degassing step in pouch cells. The cells were cycled after leaving them for 12h at open-circuit voltage inside the oven at 25 ºC to ensure not only complete electrolyte wettability of the electrodes and the separator, but also a constant temperature environment for the FBG sensors. First, we performed a protocol that consisted of cycling the cells at C/10 rate for 5 charge-discharge cycles. Cells were then transferred back into an argon-filled glovebox and opened to remove any gas generated during the formation processes and subsequently resealed under vacuum. Finally, the cells were cycled again at C/10 rate in the so-called stabilization cycles to ensure good electrochemical performance after degassing. Regardless the sample, the discharge capacity showed an increase when comparing its performance before/after degassing (Supplementary Figure III. 6).

Long-term cycling. Long-term cycling tests were performed in degassed pouch cells after 3 cycles at C/10. Thus, for the long-term experiments, the cells were cycled at a rate of C/3 for both charge and discharge (CCCV charge, CC discharge) with a charge cut-off current of C/20, following the protocols specified somewhere 213 .

Optical measurement. The optical signals were recorded with optical interrogators, including LUNA Si255 (Micron Optics, USA) and FBGuard1550 (Safibra, Czech). The wavelength accuracy/resolution of both interrogators is 1 pm, according to the specifications. The single and multiplexed SMF-FBGs were purchased from IDIL (France) and SAMYON (China). The commercial FBG sensors (10 mm length, 150 μm diameter) were purchased from IDIL (France) and SAMYON (China), and temperature-calibrated before the usage. The sampling period of the interrogator was set to be one second.

Temperature FBG calibration after cell assembly and prior to the formation cycles. Prior to be cycled, a temperature-calibration which consisted of varying the oven-temperature from 35 to 15 ºC in steps of 5 ºC while recording the λB position at each fixed T was performed to have accurate rate responses for the three FBG sensors (kT,internalFBG, kT,surfaceFBG, and kT,ambientFBGl). Next, the cells were formatted by cycling them at C/10 rate for 5 charge-discharge cycles. Finally, we performed the current pulse test to get the Rin, Rout and MCp parameters, thus allowing to transform temperature variations into heat rate evolution upon cycling.

Baseline for temperature derived from FBG sensors. To ensure good temperature acquisition by the FBG sensors, 4h OCV were set up after each charge and discharge step. Thus, 25 ºC were ensured before the start of any electrochemical process. . From such a fit, values of 𝑅 𝑖𝑛 , R out , and 𝑀𝐶 𝑃 were taken as 1.08 K W -1 , 5.66 K W -1 , and 33.2 J K -1 , respectively. All the tests were done at 25 ºC, the same temperature where the battery is cycled to be under the same cycling conditions.

Finally, having defined these parameters for each cell, the temperatures evolution monitored for the different pouch cells can be transformed into both 𝑄 ̇ and 𝑞̇ under any electrochemical conditions. 

Scanning Electron Microscopy (SEM)

A high-resolution scanning electron microscope (Oxford Instruments) was used to examine the morphology of the different NMC cathode materials. Electrode samples were prepared by cutting a small portion of the positive electrode from as-received pouch cells, and mounting onto adhesive carbon tape. Energy-dispersive X-ray spectroscopy (EDX) of the pellets was performed under an acceleration voltage of 10 kV. Lithium titanate (Li4Ti5O12, LTO) electrodes were prepared adapting the experimental protocol from Singh et al. 214 . using 87.9 % LTO, 4.8 % Super P conductive carbon black (Csp, 99 %) and 7.2 % polyvinylidene fluoride type PVDF-HFP 1800 2801-00 (Kynar) which was dissolved in 6 mL of 1methyl-2-pyrrolidone (N-methyl-2-pyrrolidone, NMP, 99.5 %, Sigma-Aldrich Chemie GmbH) with a resulting concentration of 36 mg L -1 . The LTO and the carbon black were hand-mixed in a mortar before adding the dissolved PVDF binder under continuous stirring. The slurry was then casted by hand onto aluminum foil (99.95%) using a doctor blade (thickness of 100 µm). After drying at 80 ºC for 1 h the electrodes were punched using a 11 mm punch, resulting in electrodes of 250 ± 5 µm thickness and mass loading of 4.5 ± 0.1 mg cm -2 . Before passing the electrodes to the glovebox, they were again dried at 100 ºC for 12 h in a B-585 vacuum oven (BüchiLabortechnik AG, Germany). 750 µL of 1 M Lithium(I) Bis(trifluoromethanesulfonyl)imide (Li+(CF3SO2)2N-, LiTFSI, obtained from Solvay and used as received) in 1:1 dioxolane (DOL) dimethyl ether (DME) (99.9 %, Solvionic) were used as liquid electrolyte (H2O < 15 ppm), as suggested by Bridel et al. and Santhosha et al. 164,215 .
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Preparation of the Si-based electrodes, Li metal electrodes and non-aqueous LiPF6-based electrolyte solution.

Microparticle-sized silicon powder (micro-Si, 1 -5 µm, Alfa Aesar) and nanoparticle-sized silicon powder (nano-Si, 40 nm) were used as active materials. Super P conductive carbon black (Csp, 99 %) was purchased from Alfa Aesar and poly(acrylic acid) (PAA, Mw ≈ 450,000) was obtained from Sigma Aldrich. The silicon anodes were prepared through a slurry coating process. Silicon active material (micro-Si or nano-Si), Csp and PAA, were first hand-milled in air in a weight ratio of 2:1:1, and milliQ water was then added to the powder mix to achieve a dry mass ratio between 15 -25 %. After 24 hours stirring, the homogeneous slurry was casted onto copper foil (99.9%, thickness

Internal stress estimation from linear strain approximation 154,184 .

In a very simple approach, this model enables to estimate the maximum stress that a given cell configuration would experience based on the volumetric changes of the electrode materials during operation. This approximation works under two assumptions:

1) Full constraint of the battery within the volume of the testing cell.

2) Mechanical properties of the full battery (represented as the Bulk Modulus K) approximated as the mechanical properties of the SE (LPS in our case, KLPS = 21.4 GPa), given that the SE is the main volumetric component of the stack.

Therefore, the variation of hydrostatic pressure within a fully constrained solid-state battery containing LPS as solid electrolyte can be expressed as: In (𝑉 ̃𝐼𝑛 = 15.7 cm 3 mol -1 ) + Li + + e -→ InLi (𝑉 ̃𝐿𝑖𝐼𝑛 = 23.6 cm 3 mol -1 )

After alloying reaction, the anode composition is the following: 0.94 mmol InLi + 0.61 mmol In.

Taking into account the molar volumes of reagent and product in Reaction M-IV. 1, the total anode volume results:

VA-Tot = 0.0316 cm 3 of In/InLi The procedure was done with a hydraulic press inside the glovebox, at 1 ton cm -2 for 30 seconds. The FBG sensor is totally embedded within the cathode composite. Equivalent thermal resistance between the cell surface and the ambient 𝑅 𝑖𝑛 Equivalent thermal resistance between the centre and surface of the cell
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