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General introduction

Porous carbons are a prominent class of materials with a plethora of technological applications, including energy storage, gas storage, gas sensing, heterogeneous catalysis, and water treatment. Most of these applications involve adsorption/desorption of species on the carbon surface, forming interfaces that dictate the performance of the application. The structure of the carbon influences the interfacial phenomena. Hence the structural characterisation of the carbon and the evolution of its interface with fluids is essential to optimise the performance of the devices used in these applications. However, the disordered structure of the carbon and the complexity of the carbon/fluid interface has rendered their characterisation challenging.

In this thesis, the main focus is set to the energy storage applications of porous carbons, supercapacitors to be specific. Fundamental research on understanding the charging mechanisms and structure-performance relationship in these devices has been actively progressing in the past decade. The recent development of in-situ experimental techniques such as electrochemical quartz crystal microbalance, infrared spectroscopy, scattering experiments and nuclear magnetic resonance spectroscopy has revealed invaluable information about the charging mechanisms in these devices.

Among them, NMR spectroscopy is a remarkable technique as it can provide qualitative and quantitative information on the evolution of the electrode / electrolyte interface upon application of a potential. Thanks to its sensitivity to local environments, this technique allows for the obtention of spectra with two separate resonances corresponding to species confined in the pores of the carbon and free species present in the bulk electrolyte. Several factors occurring at the molecular scale have implications on the spectra, such as the ion organisation, ring-current effects, solvation effects and ion polarizability. A thorough and quantitative interpretation of the NMR spectra requires identifying and gauging the importance of these factors.

Theoretical studies involving molecular simulations and ab initio calculations provide access to an accurate description of microscopic effects. However, experimental timescales cannot be reached with these methods. In our investigations, we employ lattice simulations 

Synthesis methods and porosity

Porous carbons are an interesting class of materials existing in a variety of morphologies. They exhibit excellent properties such as high chemical stability, mechanical strength, good electrical conductivity, low cost and high durability. [START_REF] Pandolfo | Carbon properties and their role in supercapacitors[END_REF][START_REF] Gallo | Carbon nanofibers functionalized with active screen plasma-deposited metal nanoparticles for electrical energy storage devices[END_REF] They are versatile materials with tunable structural features such as pore structure, specific surface area and functionalization. As proposed by the International Union of Pure and Applied Chemistry (IUPAC), porous carbons are classified based on their pore sizes as microporous (<2 nm), mesoporous (2-50 nm), and macroporous (>50 nm). The term "nanoporous carbons" is sometimes used to refer to carbons consisting predominantly of micropores and mesopores. [START_REF] Inagaki | Porous Carbons: Syntheses and Applications[END_REF] Several types of porous carbons with varied morphologies can be synthesised to adapt to different applications. Most of the industrially produced porous carbons are derived from carbonaceous materials such as biomasses, organic polymers, and metal carbides. A traditional way of synthesis involves the carbonisation of organic precursors by heating them at temperatures in the range of 400 • C -1000 • C in an inert atmosphere. This step is followed by an activation step whereby the carbonised material undergoes oxidation reactions with activating agents such as H 2 O, O 2 and KOH. [START_REF] Rodríguez-Reinoso | Activated carbons from lignocellulosic materials by chemical and/or physical activation: an overview[END_REF][START_REF] Wang | KOH activation of carbon-based materials for energy storage[END_REF] The porosity of the carbon depends on the activation agents and reaction parameters (extent of activation, temperature, etc.). Generally, the carbons synthesised using this methodology contain micropores and mesopores. A self-template method has been used to synthesise porous carbons having a narrow pore size distribution. The pore sizes, which are often mesopores, can be tailored by tuning the template size. The template is removed by etching at high temperatures. Carbide-Derived Carbons (CDCs) and Metal-Organic Framework (MOF) derived carbons are examples of porous carbons synthesised using this technique. [START_REF] Gogotsi | Nanoporous carbide-derived carbon with tunable pore size[END_REF][START_REF] Ding | Selfsacrificial template-directed synthesis of metal-organic framework-derived porous carbon for energy-storage devices[END_REF] Methods such as direct pyrolysis of various organic precursors such as copolymers, CO 2 laser scribing technique, microwave carbonisation, and zeolite templating, are also prevalent in producing porous carbons with high specific surface areas. [START_REF] Yin | Synthesis strategies of porous carbon for supercapacitor applications[END_REF] Once carbon materials are synthesised, it is crucial to characterise their structural properties to understand the performance of the materials in practical applications. The characterisation can be made on different levels: local atomistic structure, medium-range porosity, and macroscopic aspects. 

Local atomistic structure

Most porous carbon materials, such as activated carbons, are highly disordered and amorphous in nature. They are mainly composed of sp 2 hybridised carbons forming 6membered rings [START_REF] Petkov | Local structure of nanoporous carbons[END_REF] and a few sp 3 hybridised carbons forming 5-membered 10 or 7-membered rings [START_REF] Forse | New insights into the structure of nanoporous carbons from NMR, Raman, and pair distribution function analysis[END_REF] creating curved layers. However, the precise characterisation of the complex structure of these materials remains a challenge. Numerous characterisation techniques have been applied to gain structural information on these materials. Pair distribution functions (PDFs), which are weighted histograms of atom-atom distances showing the likelihood of finding an atom pair separated by a certain distance, can be extracted from X-ray diffraction and neutron diffraction studies. PDFs of porous carbons usually display peaks consistent with graphitic structures. This is illustrated in Figure 1.1 and suggests a local ordering of atoms very similar to graphite. Typically, the correlations in the PDFs disappear after approximately 1 nm suggesting that carbons are disordered above this length scale. The results obtained from PDFs are in agreement with Transmission Electron Microscopy (TEM) images, which show distorted graphene sheets arranged in a disordered manner. [START_REF] Dash | Titanium carbide derived nanoporous carbon for energy-related applications[END_REF][START_REF] Presser | Carbide-derived carbons -from porous networks to nanotubes and graphene[END_REF] The presence of graphitic domains was also confirmed by Raman spectroscopy: a G-band (∼ 1580 cm -1 ), characteristic of ordered graphene sheets, has been observed for these materials. 12, 14 A D-band (∼ 1350 cm -1 ) is also visible which is associated with the 6 CHAPTER 1. INTRODUCTION disorder in the carbon material. The TEM images reveal that the degree of disorder of the graphene nanocrystals is subjective to the synthesis temperature. Carbons synthesised at low temperatures are generally highly disordered, and with the increase in the synthesis temperatures, the degree of order increases. [START_REF] Petkov | Local structure of nanoporous carbons[END_REF] Concerning the presence of heteroatoms, elemental analyses indicate different amounts of O, H and N depending on the precursor and synthesis techniques used. [START_REF] Bandosz | Activated carbon surfaces in environmental remediation[END_REF] Synthesis techniques, such as activation at high temperature with an acid, [START_REF] Oliveira | The effect of surface functional groups on the performance of graphite powders used as electrodes[END_REF][START_REF] Kim | Impact of the oxygen functional group of nitric acid-treated activated carbon on KOH activation reaction[END_REF] lead to potentially significant amounts of surface functional groups. The effect of their presence on the adsorption and dynamics of the confined electrolyte has not been widely studied, but the existing literature demonstrates that the surface composition significantly impacts the density of the confined electrolyte and its mobility. [START_REF] Sint | Selective ion passage through functionalized graphene nanopores[END_REF][START_REF] Dyatkin | Effect of structural disorder and surface chemistry on electric conductivity and capacitance of porous carbon electrodes[END_REF][START_REF] Dyatkin | Capacitance, charge dynamics, and electrolyte-surface interactions in functionalized carbide-derived carbon electrodes[END_REF][START_REF] Dyatkin | Influence of surface oxidation on ion dynamics and capacitance in porous and nanoporous carbon electrodes[END_REF][START_REF] Dyatkin | Ionic liquid structure, dynamics, and electrosorption in carbon electrodes with bimodal pores and heterogeneous surfaces[END_REF][START_REF] Kerisit | Effects of oxygen-containing functional groups on supercapacitor performance[END_REF] This is not surprising as the surface chemistry influences many properties, including electronic conductivity, pore accessibility and wettability.

Porosity and gas adsorption

On a larger scale, it is essential to characterise the porosity of the materials. The adsorption of gases such as N 2 , Ar, CO 2 on porous carbon has been used to provide information about the porosity of the material. This method can assess a wide range of pore sizes (0.35 nm to more than 100 nm). In a gas sorption experiment, the amount of gas adsorbed measured as a function of pressure at a constant temperature, called the sorption isotherm, is determined. The shapes of the adsorption / desorption isotherms vary with the structural characteristics of the adsorbent.

Several models can be used for the analysis of the adsorption isotherms: Brunauer-Emmett-Teller (BET), [START_REF] Brunauer | Adsorption of gases in multimolecular layers[END_REF] α s plot, [START_REF] Kaneko | Superhigh surface area determination of microporous solids[END_REF][START_REF] Kaneko | Characterization of porous carbons with high resolution α s -analysis and low temperature magnetic susceptibility[END_REF] Barrett-Joyner-Halenda (BJH), [START_REF] Barrett | The determination of pore volume and area distributions in porous substances. I. computations from nitrogen isotherms[END_REF] Dubinin-Radushkevich (DR), [START_REF] Dubinin | The potential theory of adsorption of gases and vapors for adsorbents with energetically nonuniform surfaces[END_REF] Horvath-Kawazoe (HK), [START_REF] Horváth | Method for the calculation of effective pore size distribution in molecular sieve carbon[END_REF] classical density functional theory (cDFT). [START_REF] Dombrowski | Pore size analysis of activated carbons from argon and nitrogen porosimetry using density functional theory[END_REF][START_REF] Neimark | Quenched solid density functional theory and pore size analysis of micro-mesoporous carbons[END_REF] These models differ in the assumptions made for the shape and size of the pores. For example, the BJH theory assumes cylindrical mesopores and no micropores while the BET theory assumes no micropores. The isotherm analysis gives information such as surface areas (BET theory, α s plots), pore volume (DR method, α s plots) and pore-size distribution (BJH method, HK method, DFT method).

Depending on the molecules used to measure the adsorption isotherms and the models adopted to interpret the experimental data, the characteristics of the porosity obtained (accessible surface, PSD, etc.) can vary a lot. [START_REF] Dombrowski | Pore size analysis of activated carbons from argon and nitrogen porosimetry using density functional theory[END_REF][START_REF] Neimark | Quenched solid density functional theory and pore size analysis of micro-mesoporous carbons[END_REF] This demonstrates the ambiguity of the information gathered through such methods.

Application of porous carbon materials

Thanks to their exceptional properties and ease of synthesis, porous carbons find many applications in various technological areas. Porous carbons are potential candidates for applications relevant to environmental remediation. They are used to remove pollutants such as SO 2 , NH 3 , phenol, and dyes, in air and water by electrostatic or non-electrostatic adsorption. [START_REF] Mochida | Marked increase of sulfur dioxide removal ability of poly (acrylonitrile)-based active carbon fiber by heat treatment at elevated temperatures[END_REF][START_REF] Bagreev | Adsorption of SO 2 on activated carbons: The effect of nitrogen functionality and pore sizes[END_REF][START_REF] Guo | Adsorption of NH 3 onto activated carbon prepared from palm shells impregnated with H 2 SO 4[END_REF][START_REF] Moreno-Castilla | Adsorption of some substituted phenols on activated carbons from a bituminous coal[END_REF][START_REF] Ayhan | Agricultural based activated carbons for the removal of dyes from aqueous solutions: A review[END_REF] They are also known for CO 2 capture, which is one of the leading causes of climate change. [START_REF] Wahby | High-surface-area carbon molecular sieves for selective CO 2 adsorption[END_REF][START_REF] Xu | Sustainable porous carbon materials derived from woodbased biopolymers for CO 2 capture[END_REF] Various porous carbon materials are also considered for hydrogen storage. [START_REF] Kim | Novel porous carbons synthesized from polymeric precursors for hydrogen storage[END_REF][START_REF] Chen | High hydrogen storage capacity of rice hull based porous carbon[END_REF][START_REF] Yang | MOF-derived hierarchically porous carbon with exceptional porosity and hydrogen storage capacity[END_REF] Several studies used activated carbons, carbon nanofibres, carbon nanotubes etc., for this purpose. [START_REF] Mohan | Hydrogen storage in carbon materials-a review[END_REF] However, they could not achieve a high enough adsorption capacity so far. Research to improve the hydrogen storage capacity of carbon materials is in progress. [START_REF] Chen | High hydrogen storage capacity of rice hull based porous carbon[END_REF] Adsorption of heavy metals to carbons with surface modifications has been used for the removal of heavy metals such as Pb, Cu and Cr from industrial waste. [START_REF] Huang | Growth of carbon nanotubes on low-cost bamboo charcoal for Pb (II) removal from aqueous solution[END_REF][START_REF] Machida | Lead (II) adsorption onto the graphene layer of carbonaceous materials in aqueous solution[END_REF][START_REF] Monser | Modified activated carbon for the removal of copper, zinc, chromium and cyanide from wastewater[END_REF] Porous carbon membranes of various pore sizes are used to filtrate substances because of their selectivity, permeability and stability to withstand harsh environments. Carbon membranes with pores less than 1 nm are typically used for gas separation. [START_REF] Rao | A comparison of carbon/nanotube molecular sieve membranes with polymer blend carbon molecular sieve membranes for the gas permeation application[END_REF][START_REF] Mahurin | Ammonia-activated mesoporous carbon membranes for gas separations[END_REF] Porous carbons are also used for sensing applications. Indeed, adsorption or application of strain on a carbon-based sensor can be related to an accompanying variation in its resistivity. [START_REF] Bondavalli | Carbon nanotubes based transistors as gas sensors: State of the art and critical review[END_REF][START_REF] Singh | Nanoporous carbons as gas sensors: Exploring the surface sensitivity[END_REF] Porous carbon materials also play a vital role in devices for electrochemical energy storage and conversion such as fuel cells and electrochemical double layer capacitors (EDLCs). Fuel cells convert chemical energy into electricity through redox reactions occurring at the electrodes. Generally, a fuel cell consists of a platinum-containing catalyst on a porous conductive material catalysing the redox reactions at the electrodes. However, proposals are made to replace the Pt-based catalysts with carbon-based-catalysts to mitigate problems such as high cost and weak durability upon contamination of the Ptbased catalysts. [START_REF] Yang | Carbon-based metalfree ORR electrocatalysts for fuel cells: Past, present, and future[END_REF][START_REF] Liu | N-doped porous carbon nanosheets as pH-universal ORR electrocatalyst in various fuel cell devices[END_REF] Carbons doped with heteroatoms such as N, P, and S are promising substitutes due to their durability and low cost. Porous carbons are also used in techniques such as capacitive deionisation, which is a method to remove unwanted salts from brackish water through electrochemical adsorption. [START_REF] Porada | Direct prediction of the desalination performance of porous carbon electrodes for capacitive deionization[END_REF][START_REF] Luciano | Efficiency of capacitive deionization using carbon materials based electrodes for water desalination[END_REF] In this manuscript, we mainly focus on the use of porous carbon materials in energy storage devices such as EDLCs or supercapacitors where they serve as electrode materials. Using these materials has led to the development of much smaller and lighter devices. EDLCs store energy through the reversible adsorption of ions to the electrode surface. For this reason, the capacitances of the EDLCs depend largely on the surface area of the electrode material. Porous carbons are an excellent choice as they provide large surface areas. Furthermore, the structural features of carbon such as pore size can be tailored to CHAPTER 1. INTRODUCTION improve the performance of the device. A detailed description of the working principles of EDLCs and their characterisation follows.

Electrochemical Double Layer Capacitors 1.2.1 Mechanism of double-layer capacitance

An electrochemical double-layer capacitor or supercapacitor stores energy by reversible adsorption of ions at the electrode/electrolyte interface. The main components of this device are two electrodes in contact with an electrolyte (see Figure 1.2). A supercapacitor cell also contains a separator, to prevent short circuits by electrically insulating the two electrodes but allowing the ions to pass, and a current collector, at each electrode to collect the charge developed in the electrodes. When a potential difference is applied between the electrodes, positive species move towards the negative electrode, and vice versa, balancing the charge on the electrode at a local scale. This results in the formation of a double layer of charges at the electrode / electrolyte interface as described by Helmholtz in 1853. [START_REF] Helmholtz | Ueber einige gesetze der vertheilung elektrischer ströme in körperlichen leitern, mit anwendung auf die thierisch-elektrischen versuche (schluss.)[END_REF] According to the Helmholtz 1.2. ELECTROCHEMICAL DOUBLE LAYER CAPACITORS 9 capacitance model, the double layer capacitance is given by:

C = ε r ε 0 A d (1.1)
Here, ε r and ε 0 are the dielectric constants of the electrolyte and the vacuum, d is the effective thickness of the double layer and A is the electrode surface area. This model was later modified by Gouy and Chapman, [START_REF] Gouy | Sur la constitution de la charge électrique à la surface d'un électrolyte[END_REF][START_REF] Chapman | LI. a contribution to the theory of electrocapillarity[END_REF] and Stern [START_REF] Stern | The theory of the electrolytic double shift[END_REF] who suggested the presence of a diffuse layer, in which the electrostatic potential decreases exponentially away from the surface.

The double layers formed at the two electrodes act as two capacitors connected in series. The total capacitance of the supercapacitor system follows the equation:

1 C tot = 1 C + + 1 C - (1.2) 
where C + and C -are the capacitances of the positive and negative electrodes. The capacitance values are normalised by the electrode volume or mass to give volumetric or specific capacitances.

Supercapacitors deliver high power as the energy is stored by fast accumulation / release of charges at the interface. Additionally, as no redox reactions or volumetric changes are involved in the energy storage process, supercapacitors benefit from long cycle lives. Porous carbons usually provide a large surface area for the adsorption of ions. Added to this, the atomic scale separation of charges at the interface, compared to classical capacitors, leads to large capacitances and equivalently large energy densities. With these striking characteristics, supercapacitors have already found applications such as regenerative energy breaking in vehicles, start-stop systems, cranes and supercapacitor light rail trains. However, the energy density is much lower compared to batteries.

The energy stored in an ideal supercapacitor is given by:

E = 1 2 CV 2 (1.3)
where C is the double layer capacitance, and V is the operating voltage. The energy density of the supercapacitor can thus be improved by increasing the capacitance or the cell voltage. The electrolyte stability limits the increase in the cell voltage to increase the energy density. The capacitance increase depends on the charge storage at the electrode / electrolyte interface. Optimising it requires a detailed understanding of the molecular phenomena occurring at the interface. The architecture of the carbon, the ion CHAPTER 1. INTRODUCTION transport properties, the evolution of the electrode / electrolyte interface with the applied potential, etc. can have a large impact on the performance of the device. For an optimized performance of the device, various carbon electrodes and electrolyte combinations have to be studied and screened.

Electrode materials for EDLCs

Several types of carbons are used as electrode materials in EDLCs. Various morphologies are represented in Figure 1.3. Onion-like carbons (OLCs) [START_REF] Portet | Electrochemical performance of carbon onions, nanodiamonds, carbon black and multiwalled nanotubes in electrical double layer capacitors[END_REF][START_REF] Simon | Capacitive energy storage in nanostructured carbonelectrolyte systems[END_REF][START_REF] Portet | Effect of carbon particle size on electrochemical performance of EDLC[END_REF] are zero-dimensional carbons that offer specific surface areas (SSA) in the range 500 -600 m 2 g -1 for ion adsorption. They exhibit a high electrical conductivity. But the specific capacitance is low (around 30 F g -1 ). Carbon nanotubes (CNTs) [START_REF] Simon | Capacitive energy storage in nanostructured carbonelectrolyte systems[END_REF][START_REF] Zhang | Graphene-based materials as supercapacitor electrodes[END_REF][START_REF] Lota | Carbon nanotubes and their composites in electrochemical applications[END_REF] are one-dimensional materials with around 1000 m 2 g -1 SSA that gives a slightly higher average specific capacitance in the range of 50 -70 F g -1 with non-aqueous electrolytes compared to OLCs. However, the synthesis cost for these materials is high. Graphene-based materials [START_REF] Simon | Capacitive energy storage in nanostructured carbonelectrolyte systems[END_REF][START_REF] Zhang | Graphene-based materials as supercapacitor electrodes[END_REF][START_REF] Zhu | Carbon-based supercapacitors produced by activation of graphene[END_REF] are an important class of electrode materials for EDLCs as it potentially leads to extremely high SSA of 2670 m 2 g -1 , for single-layered graphene, and high conductivity. Capacitances around 150 F g -1 were reported for activated graphene with acetonitrile-based electrolytes. Thanks to their low production cost, activated carbons (ACs) [START_REF] Burke | R&D considerations for the performance and application of electrochemical capacitors[END_REF][START_REF] Frackowiak | Carbon materials for the electrochemical storage of energy in capacitors[END_REF] are the most commonly used electrode material in commercial devices. The micropores and macropores generated during the activation step give a high SSA and the capacitive performance of devices with ACs has improved in recent years. Capacitances of more than 200 F g -1 with organic electrolytes have been reported. Nevertheless, surface-terminating functional groups and heteroatoms in the network structure reduce their conductivity. Carbon black is sometimes added to the electrodes to overcome this shortcoming. CDCs [START_REF] Gogotsi | Nanoporous carbide-derived carbon with tunable pore size[END_REF][START_REF] Dash | Titanium carbide derived nanoporous carbon for energy-related applications[END_REF][START_REF] Portet | Impact of synthesis conditions on surface chemistry and structure of carbide-derived carbons[END_REF] are also 1.2. ELECTROCHEMICAL DOUBLE LAYER CAPACITORS 11 an excellent choice of electrode material with a high SSA giving high capacitances. The pore size in these materials can be tailored to obtain a narrow pore size distribution with a mean value in the sub-nanometer range. This makes them ideal models for optimizing electrochemical properties.

Besides carbon materials, other materials such as conductive polymers, metal compounds, and MXenes are also in use. There is also the possibility to functionalize carbon materials with redox functions that can increase the energy density but compromise cyclability and power density. These are not discussed here as it is out of the scope of this thesis.

Electrolytes for EDLCs

A larger electrochemical stability window allowing for an application of high operating potentials and high ionic conductivities are the preferable characteristics of an ideal electrolyte. [START_REF] Simon | Capacitive energy storage in nanostructured carbonelectrolyte systems[END_REF][START_REF] Simon | Perspectives for electrochemical capacitors and related devices[END_REF][START_REF] Ruschhaupt | Determining realistic electrochemical stability windows of electrolytes for electrical double-layer capacitors[END_REF] Aqueous electrolytes (salt dissolved in water) exhibit a narrow electrochemical stability window. The decomposition of water in these electrolytes occurs at ∼1V. Despite this, they have high ionic conductivities up to 400 mS cm -1 rendering good device performances. Additionally, they are easy to prepare and handle, environment-friendly, and cost-effective, making them a good candidate for electrolytes.

Organic electrolytes (salt dissolved in an organic solvent) allow higher operating voltages than aqueous electrolytes, up to 2.7 V, implying a larger energy density. The most commonly used organic solvents are acetonitrile (ACN) and propylene carbonate (PC). Organic solvents are generally more viscous than water, displaying much lower ionic conductivities (∼60 mS cm -1 ) than the aqueous electrolytes lowering the power density. Most of these solvents are flammable and toxic, raising safety concerns. They are also more expensive than aqueous electrolytes. Nevertheless, they are widely used as they provide a good balance of energy and power. Tetraethylammonium tetrafluoroborate (NEt 4 -BF 4 ) in ACN is a typical example of an organic electrolyte used in EDLCs.

Another type of electrolyte that has recently attracted a lot of attention is ionic liquids (ILs). These are molten salts, i.e. solvent-free electrolytes, liquid at room temperature or more, generally below 100 • C. Since the ions are more stable than usual solvents, they exhibit large voltage windows, even above 3V. They are non-flammable and safer compared to organic electrolytes. However, they are highly viscous, displaying very low ionic conductivities of the order of 0.1 mS cm -1 -20 mS cm -1 limiting their use to high temperatures. Selecting an appropriate eutectic IL mixture as an electrolyte is known to improve the performance of the device at low temperatures due to their large stable liquidus temperature range. [START_REF] Tsai | Outstanding performance of activated graphene based supercapacitors in ionic liquid electrolyte from -50 to 80[END_REF] 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-TFSI) is an example of an ionic liquid used in numerous studies. Some of the commonly used electrolytes of various types are illustrated in Figure 1.4.

Factors affecting the performance of EDLCs

Understanding the properties of the electrode and electrolyte materials and the behaviour of the interface under working conditions, which may affect the energy and power density, is crucial for improving the performance of the device. Choosing the right electrode / electrolyte combination is the key to achieving this task. Numerous studies have been conducted in this regard.

Carbons with high specific surface areas and high conductivity are desirable for electrodes in supercapacitor applications. They provide a large area for ion adsorption leading to high capacitance. Initial research work was thus directed at developing carbons with high SSA. However, the positive correlation between SSA and specific capacitance did not hold for carbon materials with large SSA (2000 -3500 m 2 g -1 ). [START_REF] Shi | Activated carbons and double layer capacitance[END_REF][START_REF] Chmiola | Effect of pore size and surface area of carbide derived carbons on specific capacitance[END_REF] Some studies [START_REF] Lin | Correlation of double-layer capacitance with the pore structure of sol-gel derived carbon xerogels[END_REF][START_REF] Salitra | Carbon electrodes for double-layer capacitors I. relations between ion and pore dimensions[END_REF][START_REF] Endo | Capacitance and pore-size distribution in aqueous and nonaqueous electrolytes using various activated carbon electrodes[END_REF] demonstrated that rather than the SSA of the carbon, the surface accessible to the electrolyte is more important as some of the micropores are not accessible to the ions. This implies that the specific capacitance depends on the pore size of the carbon electrode and the molecular dimensions of the electrolyte species. Some studies indicated that pore sizes below 1 nm were too small and inaccessible, especially for organic electrolytes where the sizes of the solvated ions are larger than in an aqueous system. [START_REF] Shi | Activated carbons and double layer capacitance[END_REF][START_REF] Kim | Correlation between the pore and solvated ion size on capacitance uptake of PVDC-based carbons[END_REF] Experiments conducted by Salitra et al. [START_REF] Salitra | Carbon electrodes for double-layer capacitors I. relations between ion and pore dimensions[END_REF] speculated distortion or partial desolvation of the solvation shell of the ions that allows a forced electrosorption to the small pores.

Later, in 2006, Chmiola et al. [START_REF] Chmiola | Anomalous increase in carbon capacitance at pore sizes less than 1 nanometer[END_REF] demonstrated, using CDCs as electrode material and NEt 4 -BF 4 in ACN as the electrolyte, that the ions enter pores of sub-nanometer sizes leading to an anomalous increase in the capacitance despite a decrease in the SSA of the carbon. The solvated ion sizes, in this case, were higher than the pore size, posing a contradiction to the previously existing solvated ion adsorption hypothesis. The anomalous increase in the capacitance was proposed to be due to, at least partly, the closest approach of the ion to the carbon due to partial desolvation in small pores. Some studies supported this argument. [START_REF] Huang | Theoretical model for nanoporous carbon supercapacitors[END_REF][START_REF] Feng | Ion distribution in electrified micropores and its role in the anomalous enhancement of capacitance[END_REF][START_REF] Wu | Complex capacitance scaling in ionic liquids-filled nanopores[END_REF][START_REF] Merlet | On the molecular origin of supercapacitance in nanoporous carbon electrodes[END_REF][START_REF] Merlet | Highly confined ions store charge more efficiently in supercapacitors[END_REF] The capacitive properties of the device are also affected by other pore characteristics of the carbon electrode, such as the shape of the pore, the interconnectivity between pores, and the presence of surface functional groups. Independent studies conducted by Wang et al.. [START_REF] Wang | 3D aperiodic hierarchical porous graphitic carbon material for high-rate electrochemical capacitive energy storage[END_REF] and Noked et al. [START_REF] Noked | The rate-determining step of electroadsorption processes into nanoporous carbon electrodes related to water desalination[END_REF] suggested that hierarchical porous structures would be the best choice for electrode materials as they consist of mesopores that would serve as reservoirs and fast access to the micropores, helping in achieving high adsorption rates. Previous investigations have highlighted that the increase in curvature of the carbon surfaces led to an increased capacitance. [START_REF] Huang | Theoretical model for nanoporous carbon supercapacitors[END_REF][START_REF] Mathijs | Curvature affects electrolyte relaxation: Studies of spherical and cylindrical electrodes[END_REF][START_REF] Yang | Curvature effects on electric-double-layer capacitance[END_REF][START_REF] Feng | Curvature effect on the capacitance of electric double layers at ionic liquid/onion-like carbon interfaces[END_REF][START_REF] Seebeck | Elucidating curvature-capacitance relationships in carbon-based supercapacitors[END_REF] It is proposed that curved boundaries promote ion segregation and as a consequence higher capacitances.

The power of a supercapacitor is given by:

P = V 2 4R (1.4)
where V is the operating voltage and R is the resistance. The power is thus related to the ion transport inside the porous carbon. The thickness of the electrode, usually used as a film in experimental devices, and the particle size affects the ion transport in these devices. [START_REF] Zhu | Carbon-based supercapacitors produced by activation of graphene[END_REF][START_REF] Chmiola | Monolithic carbidederived carbon films for micro-supercapacitors[END_REF][START_REF] Miller | Graphene double-layer capacitor with ac line-filtering performance[END_REF] A reduced particle size implies a smaller ion transport distance. However, in some cases, the reduced pore sizes in the small-sized particles increase the ionic resistance, which results in loss of power performance. 60, 90

Experimental characterisation of the charge storage mechanisms in EDLCs

The electrochemical performance of EDLCs is highly dependent on the precise molecular phenomena at the origin of charge storage, i.e. charge storage mechanisms. Considering the presence of a significant amount of anions and cations in the carbon pores, the charging can occur mainly in three ways [START_REF] Griffin | Ion counting in supercapacitor electrodes using NMR spectroscopy[END_REF] (see Figure 1.5): (i) expulsion of co-ions (ions with the same sign of charge as the electrode surface), (ii) adsorption of counter-ions (ions with CHAPTER 1. INTRODUCTION the opposite sign of charge as the electrode surface) and (iii) ion exchange mechanism where adsorption of counter-ions is accompanied by expulsion of co-ions. The different mechanisms lead to a reduction, an increase or a conservation of the quantity of species inside the pores (designated as "in-pore" in the remainder of the text). All of these mechanisms result in an excess charge inside the pores that balances the electrode charge.

The development of in-situ characterisation techniques, in which one can probe the electrode / electrolyte interface while applying a potential to a working device, has aided in the study of supercapacitors and elucidating the underlying molecular mechanisms of energy storage. In this context, the electrochemical quartz crystal microbalance (EQCM) technique has been used for quantitative analysis of the adsorption and desorption of species at the electrode / electrolyte interface. [START_REF] Levi | Application of a quartzcrystal microbalance to measure ionic fluxes in microporous carbons for energy storage[END_REF][START_REF] Levi | Electrochemical quartz crystal microbalance (EQCM) studies of ions and solvents insertion into highly porous activated carbons[END_REF][START_REF] Levi | In situ electrochemical quartz crystal admittance methodology for tracking compositional and mechanical changes in porous carbon electrodes[END_REF][START_REF] Tsai | Electrochemical quartz crystal microbalance (EQCM) study of ion dynamics in nanoporous carbons[END_REF] Porous carbon electrodes are deposited on a vibrating quartz crystal. The changes in the resonance frequency of this quartz crystal are detected and are related to the mass changes in the electrode using the Sauerbrey equation. [START_REF] Sauerbrey | Verwendung von schwingquarzen zur wägung dünner schichten und zur mikrowägung[END_REF] Thanks to the high sensitivity of EQCM, mass changes in the nanogram range can be detected using this method.

Initial EQCM studies on activated carbons with aqueous CsCl electrolytes suggested that charge storage occurs through a counter-ion adsorption mechanism. However, the results for aqueous NBu 4 Cl indicated a predominant role of the anions in the charge storage mechanism by counter-ion adsorption in the positive electrode and co-ion desorption in the negative electrode. [START_REF] Levi | Application of a quartzcrystal microbalance to measure ionic fluxes in microporous carbons for energy storage[END_REF] Later EQCM experiments suggested that the charge storage mechanisms depended on the cell voltage. Experiments by Tsai et al. [START_REF] Tsai | Electrochemical quartz crystal microbalance (EQCM) study of ion dynamics in nanoporous carbons[END_REF] on EMI-TSI/CDC supercapacitors indicated that on the positive electrode, an ion exchange mechanism was prevalent at low charge densities, but counter-ion adsorption dominated at high charge densities. However, the counter-ion mechanism was prevalent at the negative electrode over the range of potentials considered. The disadvantage of the EQCM technique is that the variation in the total electrode mass is measured, and the contributions from various species are difficult to determine. A possible solution to this problem is to combine EQCM with electrochemical impedance (ac-EQCM). [START_REF] Escobar-Teran | Gravimetric and dynamic deconvolution of global EQCM response of carbon nanotube based electrodes by Ac-electrogravimetry[END_REF] Infrared (IR) spectroscopy has also been employed in the studies of supercapacitors. [START_REF] Richey | Ion dynamics in porous carbon electrodes in supercapacitors using in situ infrared spectroelectrochemistry[END_REF][START_REF] Richey | Ionic liquid dynamics in nanoporous carbon nanofibers in supercapacitors measured with in operando infrared spectroelectrochemistry[END_REF] The experimental setup measures the absorbance corresponding to the bond vibrations of the electrolyte species. The charging mechanisms can be probed by monitoring the variation of the intensity corresponding to the different species measured during charging. Experiments on EMI-TFSI/CDC systems showed decreased absorbance intensity for cations and anions during charging. This demonstrates that both species entered the nanopores which are at depths inaccessible to the IR photons. Similar experiments with EMI-TFSI and carbon nanofibers 99 exhibited a more significant loss of intensity for anions than cations at the positive electrode suggesting a counter-ion adsorption mechanism. Experiments with activated carbon nanofibers with altered surface chemistry revealed an additional increase in the intensity of cations at the positive electrode suggesting desorption of the cations from the electrode. This hints at an ion-exchange mechanism at the positive electrode. While IR spectroscopy is suitable for exploring qualitatively the trends with a potential, one cannot directly measure the ion changes in the pore, rendering a fully quantitative study challenging.

Small angle X-ray Scattering (SAXS) detects the electron density in the target material and small angle neutron scattering (SANS) uses different scattering properties of various atoms of the target material. SAXS experiments on CsCl, KCl, and NaCl aqueous electrolytes with YP-80 carbon electrodes 100 confirmed that nanopores are occupied by electrolyte species at 0V. The authors could also show by analysing changes in concentrations of species adsorbed in carbon pores with the aid of in-situ X-ray transmission method that the ion-exchange mechanism occurred for all the considered electrolytes. In-situ SANS experiments performed on aqueous H 2 SO 4 electrolytes in activated carbon fabric electrodes indicated that the fluctuations of scattering intensity are mainly due to the migration of the hydrogen-containing species. [START_REF] Boukhalfa | Small-angle neutron scattering for in situ probing of ion adsorption inside micropores[END_REF] Based on these observations, it CHAPTER 1. INTRODUCTION was proposed that the ion exchange mechanism dominated. Similar observations were made for NEt 4 -BF 4 in deuterated ACN electrolyte. [START_REF] Boukhalfa | In situ small angle neutron scattering revealing ion sorption in microporous carbon electrical double layer capacitors[END_REF] In-situ SANS experiments are advantageous for monitoring the electrolyte behaviour as a function of carbon pore size. Large intensity changes were measured for small pores. A disadvantage of this technique is that the scattering intensity depends on the populations of all the electrolyte species.

All techniques described here bring useful information regarding molecular adsorption but are not fully quantitative and often do not allow for a distinction between species.

Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectroscopy is a remarkable technique suited to the studies of supercapacitors. The sensitivity of this technique to the local environments makes it suitable to investigate the structural properties of the carbon and the evolution of the electrode / electrolyte interface. In addition, thanks to its nucleus specificity, it allows for the study of a single electrolyte specie independently of the rest providing helpful information on the charging mechanisms. Moreover, it is a quantitative technique allowing one to quantify the in-pore population changes. NMR spectroscopy studies of supercapacitors are one of the main topics explored in this thesis and will be explained in detail here.

Basic principles of NMR spectroscopy

The NMR experiment Nuclei of many types of atoms having an odd number of protons or neutrons possess a characteristic non-zero nuclear spin, related to the spin quantum number I. There exist 2I + 1 degenerate energy states specified by the magnetic quantum number m I . When a magnetic field is applied to a system containing these nuclei, the energy levels become non-degenerate. If one considers a nucleus with I = [START_REF] Pandolfo | Carbon properties and their role in supercapacitors[END_REF] 2 , in presence of a magnetic field, there are two spin states, with m = 1 2 ,-1 2 , which are aligned parallel or antiparallel, to the direction of the field. The parallel arrangement results in lower energy. The energy gaps between these states are dependent on the applied magnetic field. This favours a slightly larger occupation of the lower energy state at thermal equilibrium resulting in a net magnetisation in the direction of the applied magnetic field.

In the presence of the external magnetic field, the nuclear magnetic dipoles precess around the magnetic field with a characteristic frequency known as the Larmor frequency 1.3. NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY ω 0 . The Larmor frequency is given by:

ω 0 = -γB 0 (1.5)
where γ is the gyromagnetic ratio which is a property of the nucleus studied, and B 0 is the applied magnetic field. We assume that the applied magnetic field is in the z direction.

The magnetic moment (µ) component associated with the precessing magnetic dipole, perpendicular to the magnetic field, is zero without any external perturbations.

In an NMR experiment, a radio frequency pulse perpendicular to the direction of the external magnetic field, close to the Larmor frequency of the nucleus, is applied. This causes the transfer of magnetisation to the XY plane resulting in a non-zero µ xy . After the pulse, the magnetisation vector returns to its original state via a relaxation process. During this process, energy is emitted and measured. The signal obtained is called a Free Induction Decay (FID). A Fourier transformation of this FID signal from time to frequency domain gives the NMR spectra. [START_REF]NMR spectroscopy principles, interpreting an NMR spectrum and common problems[END_REF] 

Chemical shielding

All the nuclei of the same type do not oscillate with the same Larmor frequency. The nearby circulating electrons in the system interact with the applied magnetic field which induces a local magnetic field (B ind ). The induced magnetic field is given by:

B ind = -σ i B 0 (1.6)
where σ i is the chemical shielding for nucleus i. Hence the effective magnetic field felt by each nucleus depends on the local electronic structure and is given by:

B ef f = B 0 + B ind = (1 -σ i )B 0 (1.7)
Consequently, the Larmor frequencies of the nuclei vary. This shift in the NMR frequency is known as the chemical shift. In general, a larger electronic density around the nucleus 'shields' the nucleus from the applied magnetic field, resulting in a lower chemical shift.

This property is crucial in the determination of the structure of molecules. The chemical shifts are conventionally given with respect to the frequency of a reference molecule to remove the dependence on the applied field. The chemical shift for a nucleus i (δ i ) is defined as:

δ i = 10 6 × ω i -ω ref ω ref (1.8)
It is noteworthy that the shielding of the nucleus depends on the orientation of the molecules with respect to the direction of the applied magnetic field. The chemical shielding tensor for nucleus i can be described by:

σ i =    σ i XX σ i XY σ i XZ σ i Y X σ i Y Y σ i Y Z σ i ZX σ i ZY σ i ZZ    (1.9)
Due to their constant motion, the resulting frequencies are averaged out for molecules in solutions, and isotropic chemical shielding is observed.

σ i iso = 1 3 (σ i XX + σ i Y Y + σ i ZZ )B ef f = (1 -σ i iso )B 0 (1.10)
However, in solids, the effect is more prominent and leads to an NMR spectrum with many overlapping resonances. One way to get a better resolution is to spin the sample, at an angle of 54.74 • with respect to the applied magnetic field. This averages out the anisotropic part of the shielding. This method is known as magic angle spinning (MAS).

Ring current effects

As mentioned in 1.1.2, the porous carbons of interest here contain a very large fraction of sp 2 carbons belonging to 6-membered rings with a few 5-and 7-membered rings. These structures are prone to electron delocalisation. Such cyclic delocalisation of electrons in unsaturated cyclic molecules or materials results in special magnetic properties. In the presence of an external magnetic field, the delocalised π electrons circulate, generating a ring current. [START_REF] Pauling | The diamagnetic anisotropy of aromatic molecules[END_REF][START_REF] Lonsdale | Magnetic anisotropy and electronic structure of aromatic molecules[END_REF] This phenomenon, illustrated in Figure 1.6, leads to an induced magnetic field over the plane of the molecule, opposing the applied field. The ring current effect is well known for the hydrogen atoms in benzene molecules, where chemical shifts are observed at higher frequencies compared to hydrogens in cyclohexane. Along similar lines, any specie in proximity to the aromatic surface will experience a shielding / deshielding field. [START_REF] Pople | Proton magnetic resonance of hydrocarbons[END_REF][START_REF] Waugh | Nuclear resonance spectra of hydrocarbons: The free electron model[END_REF] The nature of the ring currents induced depends on the electronic structure of the cyclic molecule considered. In general, a paramagnetic circulation is observed for molecules with 4n π electrons and diamagnetic for molecules with 4n+2 π electrons. [START_REF] Pople | Induced paramagnetic ring currents[END_REF] Paramagnetic currents generate a shielding field and diamagnetic currents generate a deshielding field. [START_REF] Oth | Unsaturated macrocyclic compounds. LXXXIX[END_REF] The magnetic field induced due to the circulation of electrons can thus be used as a probe of the aromaticity of a molecule. Schleyer et al. introduced the concept of using magnetic shielding at the ring centres as a parameter to measure aromaticity. The additive inverse of the computed absolute isotropic magnetic shielding is taken as the Nucleus Independent Chemical Shift (NICS). According to Schleyer, a positive NICS indicates anti-aromaticity (paramagnetic current) and a negative NICS indicates aromaticity (diamagnetic current). [START_REF] Schleyer | Nucleus-independent chemical shifts: a simple and efficient aromaticity probe[END_REF] The addition of a positive or negative charge to an aromatic molecule can cause a change in the sign of the NICS due to increasing paramagnetic shielding arising from electrons or holes added. [START_REF] Oth | Unsaturated macrocyclic compounds. LXXXIX[END_REF][START_REF] Wang | In situ NMR spectroscopy of supercapacitors: Insight into the charge storage mechanism[END_REF] The NICS can be evaluated with modern quantum mechanics programs such as Gaussian. [START_REF] Frisch | Gaussian16 Revision C.01[END_REF] The NICS approach can be used to evaluate the chemical shift that any nucleus would experience due to the ring currents at any chosen point in space, near or on the carbon surface. The advantage of the NICS approach is that the magnetic shielding at a point in space is evaluated by placing a virtual nucleus ("ghost atom") and hence can avoid any contribution to the chemical shift from chemical interaction between the probe specie and the carbon. NICS have been calculated on a grid 113 (see Figure 1.7 for an illustration) or scans over a distance from the geometric centre of the molecule [START_REF] Stanger | Nucleus-independent chemical shifts (NICS): Distance dependence and revised criteria for aromaticity and antiaromaticity[END_REF] to provide information about the overall magnetic properties of the molecule.

Investigations on aromatic molecules such as coronene, circumcoronene, and dicircumcoronene [START_REF] Forse | Ring current effects: Factors affecting the NMR chemical shift of molecules adsorbed on porous carbons[END_REF] showed that for distances larger than 3 Å from the molecule, the absolute NICS values decrease with an increasing distance from the molecule (see Figure 1.7). This is in agreement with the NICS scans from Stangeret al . [START_REF] Stanger | Nucleus-independent chemical shifts (NICS): Distance dependence and revised criteria for aromaticity and antiaromaticity[END_REF] At large distances above 15 Å, NICS was evaluated to be zero. They also observed an increased NICS for larger molecules. The chemical shift observed at 3 Å for the coronene molecule was evaluated to be -4.5 ppm while it is -8 ppm for the larger dicircumcoronene molecule. These findings suggest that the chemical shifts due to the ring currents can be used as a tool to provide structural information about aromatic domains and electronic conductivity.

Chemical exchange effects

The exchange of nuclear spins between chemical environments, where their NMR parameters vary, can affect the lineshape of the NMR spectra. This can happen for example when molecules diffuse in a porous carbon through pores of various sizes which correspond to different environments. To understand the effect of chemical exchange on NMR spectra, one can consider the simple case of exchange between two sites A and B that are chemically dissimilar.

The precession frequency of a nucleus changes as it jumps from one site to the other. Let the difference in the precession frequencies be ∆ν, and the exchange rate between the two sites be k in both directions, assuming identical free energies at these sites. When k << ∆ν, the exchange is in a slow regime, and the individual resonances corresponding to the sites are clearly visible. When k becomes similar to the value of ∆ν, the exchange is said to be in an intermediate regime. In this regime, the resonances corresponding to both sites broaden as the rate constant increases until they coalesce into a broad single peak at k = k coalesce . With a further increase in the rate constant, motional narrowing of the peak occurs. For k >> ∆ν, a sharp single peak is observed and the exchange is said to be in the fast regime. The spectra for all these regimes are illustrated in Figure 1 of the magnetisation starts dephasing quickly as the nuclei jump between the two sites. This causes an enhanced decay of the FID leading to a broadened signal. In the fast intermediate regime, as the transfer between the two sites become more frequent, a full precession occurs only after a few jumps between the sites. In this case, there is not enough time to have a significant phase difference. As the nuclei spend considerable time at both sites within one cycle, an average frequency is observed. As the exchange rate increases the averaging is more pronounced and a narrower peak is observed. Note that in real systems, the nuclei pass between several chemically different environments, corresponding to a large number of sites. While the two-sites model can be solved analytically, it becomes intractable for a large number of chemical environments.

NMR spectroscopy studies of supercapacitors

So far, general considerations on NMR spectroscopy have been discussed. Here, the application of this technique to the case of porous carbons and supercapacitors is discussed.

Investigations of adsorption of species on porous carbon

The studies of the adsorption of ions onto the carbon surface and electrolyte confinement in the carbon pores are highly relevant to the fundamental research on supercapacitors. Early NMR studies of adsorption of species onto porous carbon [START_REF] Harris | A magic-angle spinning NMR study into the adsorption of deuterated water by activated carbon[END_REF][START_REF] Harris | Phosphorus-31 NMR studies of adsorption onto activated carbon[END_REF][START_REF] Shaw | Magic-angle spinning NMR study of the competitive adsorption of an organophosphate and an organophosphonate on activated carbon[END_REF][START_REF] Dickinson | Oxygen-17 and deuterium NMR investigation into the adsorption of water on activated carbon[END_REF] and carbon nanotubes [START_REF] Sekhaneh | High resolution NMR of water absorbed in single-wall carbon nanotubes[END_REF] have reported two resonances, one corresponding to free species (also noted "bulk" or "ex-pore" in the remainder of this thesis) and adsorbed species. The in-pore chemical shifts are systematically shifted to lower frequencies compared to the ex-pore species. Examples of NMR spectra measured for an organic electrolyte in contact with several porous carbons are shown in Figure 1.9. Figure 1.9: Typical NMR spectra obtained for electrolytes in contact with porous carbons. Here the measurement focuses on 19 F, thus the anion species. Adapted from the literature. [START_REF] Forse | Ring current effects: Factors affecting the NMR chemical shift of molecules adsorbed on porous carbons[END_REF] It was proposed that the shift of the adsorbed species arises predominantly from the ring current effects described above. Due to the magnetic fields generated by these ring currents, the chemical shifts of species close to the carbon surface are shifted in the spectrum. The ring current effects are beneficial here, allowing to distinguish between species adsorbed to the carbon surface and their counterparts away from the surface, in large pores or spaces between particles.

Following the general consideration of NMR spectroscopy and in view of the experimental results obtained for the systems of interest here, a typical NMR spectrum can provide three types of information.

• If resolved, the distinct peaks indicate species present in different chemical environ- • The integral of the area under a peak is proportional to the number of species studied. As a result, one can quantify the number of species in the pores and entering / leaving the pores upon application of new experimental conditions (potential, temperature, etc.).

• The linewidth of a peak in the NMR spectra is indicative of the lifetime of a specie at a particular magnetic state. This can in principle be used to monitor the kinetics of adsorption / desorption and diffusion.

One quantity which can be calculated to discuss differences between systems is the difference between the in-pore and bulk resonances:

∆δ = δ in-pore -δ bulk (1.11)
It is clear from Figure 1.9 that ∆δ values are different for different carbons. The chemical shift due to the ring currents is related to the electronic structure of the carbon and is independent of the adsorbent investigated. Previous NMR studies of various organic and ionic liquid electrolyte species adsorbed on the carbon surface show ∆δ in the same range within a difference of ∼1.2 ppm for various species. [START_REF] Forse | NMR studies of adsorption and diffusion in porous carbonaceous materials[END_REF][START_REF] Fulik | Electrolyte mobility in supercapacitor electrodes -solid state NMR studies on hierarchical and narrow pore sized carbons[END_REF][START_REF] Borchardt | Interaction of electrolyte molecules with carbon materials of well-defined porosity: Characterization by solid-state NMR spectroscopy[END_REF][START_REF] Forse | NMR study of ion dynamics and charge storage in ionic liquid supercapacitors[END_REF] This suggests that their chemical shifts primarily arise from the ring current effects. As discussed previously, the shielding effects due to the ring currents are strong when the ions are close to the carbon surface. Consequently, the arrangement of the species in the carbon can impact the measured ∆δ values. Smaller species can approach the carbon surface closer than larger ones. Carbons with small pores also imply a smaller average ion-carbon distance leading to larger ∆δ values. Additionally, as NICS increase with the size of aromatic molecules, higher ordering (crystallinity) is expected to lead to larger ∆δ [START_REF] Forse | New insights into the structure of nanoporous carbons from NMR, Raman, and pair distribution function analysis[END_REF] values.

Apart from ring currents, chemical shifts are also known to be modified by the solvation structure of the adsorbed species. Studies [START_REF] Luo | Dehydration of ions in voltage-gated carbon nanopores observed by in situ NMR[END_REF][START_REF] Gerken | The 19 F NMR shifts are not a measure for the nakedness of the fluoride anion[END_REF] conducted with aqueous electrolytes have indicated that the desolvation of ions upon entering the carbon micropores causes significant variations in the chemical shifts. The chemical shifts of F -and Na + ions were observed to be shifted to lower frequencies upon dehydration. Evidence of chemical shift variations with the concentration of the confined species was also shown in some cases. [START_REF] Fulik | Electrolyte mobility in supercapacitor electrodes -solid state NMR studies on hierarchical and narrow pore sized carbons[END_REF][START_REF] Cervini | Factors affecting the nucleus-independent chemical shift in NMR studies of microporous carbon electrode materials[END_REF] The reason for such variations is still unclear.

In addition to the previously described effects, electrolyte species are constantly moving between various chemical environments. This may cause a motional averaging. This can influence the observed chemical shifts of the in-pore species. [START_REF] Merlet | Lattice simulation method to model diffusion and NMR spectra in porous materials[END_REF] Factors such as the size of the particle, the solvent used, etc., can affect the exchange rate, which may lead to a shift in the ∆δ.

Experimental considerations

NMR experiments to study the evolution of the structural and dynamical properties of the electrode / electrolyte interface in supercapacitor devices require experiments to be performed on charged electrodes. Unlike adsorption studies conducted on neutral electrodes, this requires special considerations. One way to probe the charged electrode is to perform ex-situ MAS NMR experiments on charged electrodes extracted by disassembling supercapacitor cells charged to a specified potential. [START_REF] Borchardt | Interaction of electrolyte molecules with carbon materials of well-defined porosity: Characterization by solid-state NMR spectroscopy[END_REF][START_REF] Deschamps | Exploring electrolyte organization in supercapacitor electrodes with solid-state NMR[END_REF] Ex-situ NMR experiments provide high-resolution spectra. However, cells cannot be observed directly while charging, and there are risks of self-discharge of the capacitor and evaporation of the solvent during electrode extraction.

Another technique is to realise in-situ NMR experiments. [START_REF] Wang | In situ NMR spectroscopy of supercapacitors: Insight into the charge storage mechanism[END_REF] An illustration of this method is provided in Figure 1.10. A specifically designed electrochemical cell is placed inside an NMR detection coil. A constant potential difference is applied between the carbon electrodes, and NMR signals are measured after the system reaches electrochemical equilibrium. This method allows one to study the electrode directly in different charging conditions avoiding any risks of self-discharge or solvent evaporation. Nevertheless, the experiments provide low-resolution spectra, often with strong background noise from the cell components. Recently, in-operando approaches, in which the NMR spectra are measured during dynamic cycling, have also been attempted. [START_REF] Zhou | Operando NMR to study the dynamic charging mechanism of activated carbon supercapacitor electrodes[END_REF] 

Elucidating charging mechanisms of supercapacitors

Valuable insights about the charging mechanisms of supercapacitors have been obtained through NMR studies. Indeed, the integral of the in-pore resonance can provide information about the quantity of in-pore species in the carbon electrodes. Analyzing the variation of the number of in-pore species in response to the potential applied can provide information about the charge storage process and various factors that can affect it.

To follow the variations of in-pore quantities during charging, it is crucial to quantify the in-pore species without an applied potential. Previous NMR studies show that a certain amount of the electrolyte fills the pores even at 0V. In-pore populations of 1.8 mmol g -1 and 1.6 mmol g -1 (moles of ions per mass of carbon) are observed for EMI-TFSI and Pyr 13 -TFSI ionic liquids in the YP50F activated carbon. It was observed that the in-pore ion populations were slightly reduced in these electrolytes by introducing acetonitrile as solvent (1.2 mmol g -1 and 1.1 mmol g -1 for EMI-TFSI/ACN and Pyr 13 -TFSI/ACN, respectively). [START_REF] Forse | NMR study of ion dynamics and charge storage in ionic liquid supercapacitors[END_REF] This is not surprising as the concentration of ions is reduced in the bulk. Organic electrolytes were also known to have high in-pore populations. An in-pore population of 0.86 mmol g -1 is observed for 1.5M PEt 4 -BF 4 /ACN in YP50F. [START_REF] Griffin | In situ NMR and electrochemical quartz crystal microbalance techniques reveal the structure of the electrical double layer in supercapacitors[END_REF] When a potential difference is applied, NMR can be used to monitor in-pore populations and identify which charge storage mechanisms (ion exchange, counter-ion adsorption, co-ion desorption) are at play. The works of Deschamps et al., [START_REF] Deschamps | Exploring electrolyte organization in supercapacitor electrodes with solid-state NMR[END_REF] [START_REF] Forse | NMR study of ion dynamics and charge storage in ionic liquid supercapacitors[END_REF] on Pyr 13 -TFSI/YP50F supercapacitors revealed that the charging occurred primarily by counter-ion adsorption in the positive electrode and co-ion desorption in the negative electrode, with an increased contribution to the charging process from the anions. In this case, the origin of the differences in the behaviour of anions and cations remains unclear. However, similar mechanisms were exhibited by other electrolytes containing TFSI -anions 91 suggesting this could be due to the high mobility of TFSI or its favoured interaction with the carbon surface. The sizes of the pores and ions can also influence the charging mechanism.

CHAPTER 1. INTRODUCTION

An increased contribution of BF - 4 to the electrosorption process was observed in NBu 4 -BF 4 /ACN electrolyte compared to NEt 4 -BF 4 /ACN. This is believed to be due to the large size of the NBu + 4 cation preventing it from entering small pores of the various carbons such as YP50-F, CMK-3 and microporous carbon fibres used in these experiments. [START_REF] Griffin | Ion counting in supercapacitor electrodes using NMR spectroscopy[END_REF][START_REF] Zhang | An asymmetric supercapacitor-diode (capode) for unidirectional energy storage[END_REF] Sometimes, electrolytes show an original behaviour. [START_REF] Dyatkin | Effect of structural disorder and surface chemistry on electric conductivity and capacitance of porous carbon electrodes[END_REF] F NMR spectra of anions in the aqueous NaF/PDC (PDC stands for polyether ether ketone derived carbons) supercapacitor system [START_REF] Luo | Dehydration of ions in voltage-gated carbon nanopores observed by in situ NMR[END_REF] do not show an in-pore resonance for potentials below 0.4V. The high energy barrier associated with the large hydrated ion size prevents them from entering the nanopores at low potentials. At increased potentials, partial dehydration of the anions occurs, allowing them to enter the pores. A counter-ion adsorption mechanism was observed in this case.

In addition to the variation in the in-pore peak intensity, the NMR experiments also displayed variations in the in-pore resonances. [START_REF] Griffin | Ion counting in supercapacitor electrodes using NMR spectroscopy[END_REF][START_REF] Wang | In situ NMR spectroscopy of supercapacitors: Insight into the charge storage mechanism[END_REF][START_REF] Forse | NMR study of ion dynamics and charge storage in ionic liquid supercapacitors[END_REF] The in-pore resonance moved to higher frequencies by a few ppm with an increased applied potential, irrespective of its polarity. This could partly be due to the re-arrangement of the in-pore ions while charging as the ∆δ is dependent on the proximity of the species to the carbon surface. However, the chemical shift variations upon charging were generally large, up to ∼7 ppm 125 in some cases, which cannot be accounted for by the displacements of the ions alone. It was hypothesized that the variation of the chemical shift is primarily due to the variations in the electronic structure of the carbon altering the ring currents. [START_REF] Wang | In situ NMR spectroscopy of supercapacitors: Insight into the charge storage mechanism[END_REF] As previously discussed, the accumulation of holes and electrons while charging increases the paramagnetic contribution to the ring current on the carbon surface. Consequently, the chemical shifts are moved to higher frequencies. This is in qualitative agreement with DFT calculations on model molecules of carbon which changed the sign of the NICS on adding a positive or negative charge. [START_REF] Wang | In situ NMR spectroscopy of supercapacitors: Insight into the charge storage mechanism[END_REF] Furthermore, the ∆δ as a function of the integrated electronic charge was studied for ionic species in a range of electrolytes adsorbed on YP50F carbon. [START_REF] Forse | NMR studies of adsorption and diffusion in porous carbonaceous materials[END_REF] Various electrolytes showed a similar variation of the ∆δ with the electrode charge. This suggests that the chemical shift changes observed are primarily due to the changes in the electronic structure of the carbon during charging.

Experimentally, the chemical shift variations are similar for the positive and negative electrodes. However, DFT calculations show a more significant shift for the negative polarisation than the positive polarization. [START_REF] Wang | In situ NMR spectroscopy of supercapacitors: Insight into the charge storage mechanism[END_REF] The exact origin of the overall variation is thus still ambiguous, and the precise quantification of the chemical shift change with the charge on the carbon surface remains an open question.

Interestingly, the results by Luo et al. [START_REF] Luo | Dehydration of ions in voltage-gated carbon nanopores observed by in situ NMR[END_REF] on aqueous NaF are again an exception. The chemical shift trend reported shows that the chemical shifts for F -ions reached -25 ppm at a potential of 1V. The direction of the trend is reversed in this case, and the magnitude of the chemical shift is large compared to the previous experiments, indicating possible additional effects. The authors also report DFT calculations on Na + , suggesting a decrease in the chemical shift with dehydration of the ion. The chemical shift difference observed for F -is in the range of the results from the DFT calculation. A clear explanation for these results is still missing.

Structure determination of porous carbons using NMR spectroscopy

NMR spectroscopy is well-known for the structure determination of molecules. However, a direct study of the structure of porous carbons through NMR experiments is impossible due to its complex disordered structure and magnetic susceptibility effects. [START_REF] Freitas | On the difficulties and pitfalls with the analysis of solid-state 13 C NMR spectra in graphitic materials[END_REF] The disordered structures of porous carbons lead to the existence of a range of chemical environments making the interpretation of the spectra taxing. More importantly, the aromatic domains present in porous carbons possess a local diamagnetic susceptibility that causes broader resonances in the spectra which cannot be removed, even by highresolution techniques such as MAS NMR spectroscopy. [START_REF] Darmstadt | Solid state 13 C-NMR spectroscopy and XRD studies of commercial and pyrolytic carbon blacks[END_REF][START_REF] Resing | Carbon-13 NMR spectroscopy of the charcoal/4-vinylpyridine system[END_REF][START_REF] Freitas | Magnetic Susceptibility Effects on 13 C MAS NMR Spectra of Carbon Materials and Graphite[END_REF] However, a combination of theoretical and experimental attempts in this regard has provided insights into the structural properties of carbon which will be discussed in this section.

As discussed previously, ring currents serve as an important tool to obtain information on the structure of the carbon. Variations in ∆δ values of adsorbents in different carbons have been associated with their structural properties such as pore size distribution, [START_REF] Borchardt | Interaction of electrolyte molecules with carbon materials of well-defined porosity: Characterization by solid-state NMR spectroscopy[END_REF][START_REF] Cervini | Factors affecting the nucleus-independent chemical shift in NMR studies of microporous carbon electrode materials[END_REF] ordered domain sizes, and curvature. [START_REF] Forse | Ring current effects: Factors affecting the NMR chemical shift of molecules adsorbed on porous carbons[END_REF] Xing et al. [START_REF] Xing | Probing carbon micropore size distribution by nucleus independent chemical shift[END_REF] proposed a method to extract the pore size distributions from the 1 H NMR spectra of water molecules adsorbed onto activated carbons based on the NICS approach. Carbon pores were modelled using slit pores by placing two circumcoronene molecules in parallel. The chemical shift of water molecules confined within these slit pores was evaluated using NICS calculated at various distances along the axis passing through the geometric centres of the circumcoronene molecule. The movement of the water molecule within the slit-pore is assumed to be in the fast regime and a time-averaged shift corresponding to various pore sizes is obtained. Xing et al. applied their model to the determination of pore size distributions for a series of polyether ether ketone-derived carbons. Even though this is a simplistic representation of the real system based on several assumptions, it provided good qualitative agreement with the expected pore size distribution. Later Cervini et al. used this approach and showed that it could provide reasonable agreement with gas sorption analyses. [START_REF] Cervini | Factors affecting the nucleus-independent chemical shift in NMR studies of microporous carbon electrode materials[END_REF] 

CHAPTER 1. INTRODUCTION

In another study, Forse et al. [START_REF] Forse | New insights into the structure of nanoporous carbons from NMR, Raman, and pair distribution function analysis[END_REF] used lattice-based simulations to evaluate the aromatic domain size for a series of porous carbons. The simulations represented the carbon as a collection of slit-pores of sizes chosen to match the pore size distributions obtained from N 2 adsorption studies. The model used information obtained from molecular dynamics simulations to describe the adsorption energy of the species and chemical shifts of species inside the pores were evaluated from NICS calculations. The simulated shifts were then compared against experimental ∆δ values to assess the representative domain size.

NMR experiments have also been used to characterise the pore volumes of carbons. Integrating the in-pore resonances of carbon samples saturated with liquid adsorbate makes it possible to count the species in the accessible pore volume. The number of species is then divided by the in-pore fluid density to obtain the pore volume. Several experiments confirmed that the pore volume obtained in this way is in good agreement with the gas sorption experiments. [START_REF] Cervini | Factors affecting the nucleus-independent chemical shift in NMR studies of microporous carbon electrode materials[END_REF][START_REF] Xing | Probing carbon micropore size distribution by nucleus independent chemical shift[END_REF] 

Modelling of the disordered porous carbon

From the discussion so far, it is clear that the structural features of the carbon are critical to the performance of the device and that these structural features are challenging to determine. As getting atomistic details of the carbon-based materials is difficult, several idealised simpler models were used, most of them inspired by the TEM images. The most popular model is the graphitic slit-pore model. The slit-pore model is relevant considering the experimental evidence that the disordered carbons consist of graphite-like nanocrystals forming slit-shaped pores. This model consists of parallelly placed graphite slabs separated by various distances defining the pore size.

Even though such an idealization does not capture the distortions and defects in the carbon surface, it has been helpful in modelling adsorption in the pores. Molecular dynamics studies using slit-pore models have been able to assess the influence of pore size on ion adsorption and dynamics for example. [START_REF] Feng | Ion distribution in electrified micropores and its role in the anomalous enhancement of capacitance[END_REF][START_REF] Kirchner | Electrical double layer in ionic liquids: Structural transitions from multilayer to monolayer structure at the interface[END_REF][START_REF] Vatamanu | Molecular dynamics simulation study of the interfacial structure and differential capacitance of alkylimidazolium bis(trifluoromethanesulfonyl)imide [C n mim][TFSI] ionic liquids at graphite electrodes[END_REF][START_REF] Jiang | Dynamics of electrical double layer formation in room-temperature ionic liquids under constant-current charging conditions[END_REF] DFT and Monte-Carlo basedmethods were used to predict the adsorption isotherms for various pore sizes, which could be used to predict the overall isotherm for various materials. [START_REF] Jagiello | Comparison of DFT characterization methods based on N 2 , Ar, CO 2 , and H 2 adsorption applied to carbons with various pore size distributions[END_REF][START_REF] Bhatia | Adsorption of binary hydrocarbon mixtures in carbon slit pores: A density functional theory study[END_REF][START_REF] Cracknell | Modeling fluid behavior in well-characterized porous materials[END_REF][START_REF] Davies | Development and validation of pore structure models for adsorption in activated carbons[END_REF] While the slit-pore model could somewhat effectively predict the adsorption and transport properties for ordered structures such as carbon black and single-walled nanotubes, it failed to predict them for highly disordered carbons. The simple geometry of the slit-pore model lacks the defects and distortions present in the disordered carbon that can affect pore accessibility or cause frictional momentum loss.

A few other idealised models were proposed. Platelet models devised by Segarra and 1.4. MODELLING OF THE DISORDERED POROUS CARBON 29 Glandt 145 described the disordered carbon as a collection of cylindrical nanocrystals, each composed of two perfectly stacked graphene layers. The platelets are randomly oriented, using Monte Carlo simulations, and this arrangement could capture the interconnected porous features in the disordered carbons. However, these models were only partially successful in characterising the adsorption behaviours in porous carbons. Liu and Manson [START_REF] Liu | Molecular modelling of adsorption in activated carbon: comparison of monte carlo simulations with experiment[END_REF] improved this model by modifying the thickness and diameter of the platelets and matching the packing density of actual structures that could give good agreement with the experimental results.

The virtual porous carbon model of Biggs and Agarwal [START_REF] Biggs | Mass diffusion of atomic fluids in random micropore spaces using equilibrium molecular dynamics[END_REF][START_REF] Biggs | Virtual porous carbons: what they are and what they can be used for[END_REF] could reproduce structural, geometrical and chemical heterogeneity in the disordered carbon up to a certain level. They used a hierarchical approach where small polyaromatic domains, constructed from large databases, form the nanocrystals that arrange to form local molecular orientations, which finally assemble into the disordered structure. Nanocrystals are of various shapes and sizes, including chemical defects and distortions. These models have helped in the study of adsorption and diffusion in nanoporous carbons.

Harris et al. [START_REF] Harris | New perspectives on the structure of graphitic carbons[END_REF] proposed a model based on fullerene-like structures consisting of carbon sheets with 5-membered and 7-membered rings forming curvatures in the nanocrystals. These models were used in the adsorption studies for testing the reliability of various methods used to determine the pore size distributions in porous carbons.

The idealised models could capture some of the adsorption and dynamic behaviours of fluids in disordered carbons. Nevertheless, their inherent simplicity limits a detailed understanding of molecular phenomena. Hence the interest in atomistic models of disordered porous carbon has been growing. Using quantum chemical methods such as DFT is accurate in predicting the structure of disordered carbons, but their application is limited to a few hundred atoms. A good carbon model needs to be much larger than this size to include a range of structural features representative of experimental materials. Instead, pseudo-mimetic methods, based on the reactive chemistry of carbon or reconstructive methods that are less expensive than first principle methods, are used to construct atomic models.

Pseudo-mimetic approach

In a mimetic approach, simulations that imitate the actual synthesis procedure of porous carbon are used to build the model. [START_REF] Atmani | From cellulose to kerogen: molecular simulation of a geological process[END_REF] However, an entirely mimetic simulation is out of reach due to the complexity of the reaction mechanisms. Moreover, the time scales of the synthesis are still unattainable with molecular simulations. Alternatively, quench CHAPTER 1. INTRODUCTION molecular dynamics which constitute a pseudo-mimetic approach, are used. In these simulations, a phase transition of carbon from a vapour or liquid phase to a metastable solid disordered material is conducted. [START_REF] Palmer | Atomistic models for disordered nanoporous carbons using reactive force fields[END_REF] Such an approach necessitates the use of a reactive force field, describing carbon-carbon interactions and allowing for bond breaking and generation.

The effectiveness of this approach in modelling realistically porous carbons depends on the reactive force field and the quench rate used in the simulations. Several reactive force fields are available for carbon. [START_REF] De Tomas | Graphitization of amorphous carbons: A comparative study of interatomic potentials[END_REF][START_REF] De Tomas | Transferability in interatomic potentials for carbon[END_REF] The reactive summation state (RSS) force field, reactive empirical bond order (REBO), environment-dependent interaction potential (EDIP), ReaxFF, and Gaussian approximation potential (GAP) are a few of them. The performance of the force field depends on its accuracy and transferability. However, the better ones in terms of accuracy are also more computationally costly. The choice of a suitable force field is hence subject to a compromise between accuracy and computational expense.

Palmer et al. [START_REF] Palmer | Modeling the structural evolution of carbide-derived carbons using quenched molecular dynamics[END_REF] studied the influence of the quench rate on the structure of the carbon models generated. Snapshots of some of the carbon structures obtained by them using various quench rates are shown in Figure 1.11. They demonstrated that high quench rates resulted in amorphous carbons containing only a few polyaromatic structures. A decrease in quench rate resulted in an increase in the local order resulting in fewer but larger graphitic nanodomains. At the slowest quench rate of 2.5 10 12 K s -1 , defective graphene sheets are observed. An increase in the coordination number with a decrease in the quench rates was also observed. A change in the local order is also reflected in the porosity of the material. Palmer et al. also analysed the adsorption behaviours of these models. Increased adsorption at a lower relative pressure was observed for materials obtained at slower quench rates. This was expected due to stronger fluid-carbon interactions at more ordered surfaces. Analysis of the dynamics of argon in the carbon models reveals that their diffusion rates are slower in carbons with both the highest and lowest quench rates compared to intermediate ones. The high ordering of low quench rate carbons offers a stronger fluid-carbon interaction that slows the diffusion. The torturous structure in the high quench rate carbons hinders the motion of argon. [START_REF] Palmer | Adsorption and diffusion of argon in disordered nanoporous carbons[END_REF] The observations of the impact of quench rates on the structure of the generated carbons suggest that the quench rates can be correlated to the synthesis temperature of disordered carbons. The high-temperature synthesis produces more ordered structures. Considering the energetics, the disordered carbons are metastable states at local minima and graphite is at the global minimum in the free energy surface. Fast quench rates trap the carbon at a local minimum with a highly disordered structure. Slower quench rates allow the system sufficient time to relax to deep minima, resulting in more ordered structures close to graphite. Analogously, high synthesis temperature gives the system enough energy to rearrange to form more ordered structures.

Over the years, many models of porous carbons have been obtained through quench molecular dynamics. [START_REF] Palmer | Modeling the structural evolution of carbide-derived carbons using quenched molecular dynamics[END_REF][START_REF] Deringer | Towards an atomistic understanding of disordered carbon electrode materials[END_REF][START_REF] Deringer | Machine learning based interatomic potential for amorphous carbon[END_REF] These models predict structural features of disordered carbons with a reasonable agreement with the experiments. However, the efficiency of these models can be improved by developing force fields with improved accuracy at a reduced computational expense.

Reconstructive approach

In the reconstructive approach, models are generated by refining their structure recursively until they agree with some target experimental data. Reverse Monte Carlo (RMC) is the most popular reconstructive approach. The RMC method is based on a merit function χ 2 which evaluates the agreement between a simulated function, f sim , and an experimental target function, f exp , over a set of data points. 158

χ 2 = i (f sim (x i )) -f exp (x i )) 2
(1.12)

Starting from a random initial structure, an atom is moved randomly at each step to obtain a new structure. The modified structure is accepted according to a probability distribution such as:

p = min(1, exp(-(χ 2 new -χ 2 old )/k B T )) (1.13) CHAPTER 1. INTRODUCTION
This process is repeated until a convergence of the merit function is achieved.

Pair distribution functions, obtained from diffraction experiments, are the most commonly used experimental target functions. However, PDFs do not capture properties such as porosity or surface curvature effectively and several different structures can give the same PDF. This is illustrated in Figure 1.12. Figure 1.12: Illustration of the ambiguity of the atomistic structures obtained using quench molecular dynamics (QMD8x) [START_REF] Palmer | Modeling the structural evolution of carbide-derived carbons using quenched molecular dynamics[END_REF] and hybrid reverse Monte Carlo (HRMC). [START_REF] Palmer | Hybrid reverse Monte Carlo simulations of microporous carbons[END_REF] Structures with very different ring statistics can have PDFs in very good agreement with experiment.

Several improvements to this method were proposed later. One approach is to apply physical or chemical constraints relevant to the studied material, so that unrealistic motifs can be removed. For example, constraints based on coordination number and bond angles can be applied based on the properties of the investigated system. Pikunic et al. modified the merit function by adding a constraints function term C i to the χ 2 term. [START_REF] Pikunic | Realistic molecular models for saccharose-based carbons[END_REF] This method is known as the Constrained Reverse Monte Carlo algorithm. The authors introduced a bond angle constraint of an average bond angle of 120 • and a coordination number constraint to match the experimental average coordination number. The resulting models could capture the desired nature of the carbon and consist of several 5-membered and 7membered rings along with the 6-membered rings. Moreover, these models could achieve excellent agreement with the experimental adsorption studies. However, later studies revealed that these models also consisted of some highly unstable 3-membered and 4-membered rings. This highlights the sensitivity of these models to the chosen constraints to describe the bonding features in the system which may lead to unphysical structures.

A possible solution to this problem is to add a constraint based on the potential energy of the system. [START_REF] Opletal | Hybrid approach for generating realistic amorphous carbon structure using metropolis and reverse monte carlo[END_REF] Minimisation of the energy together with the χ 2 yields more stable structures with the elimination of most of the unrealistic features while producing a decent agreement with the experimental data. This modification of the Reverse Monte Carlo technique is termed Hybrid Reverse Monte Carlo (HRMC). The potential energy of the system can be evaluated by an appropriate choice of a reactive force field. Palmer et al. [START_REF] Palmer | Atomistic models for disordered nanoporous carbons using reactive force fields[END_REF] used RMC and HRMC to reconstruct a QMD-based model and evaluated the properties of the three models. The PDFs of the three models were similar and also similar to the ones obtained for real disordered carbons. Nevertheless, an analysis of their structures suggested that the RMC model performed poorly to capture the morphological features of the QMD model and the resultant structures were amorphous, with a highly unstable structure. The HRMC model has a stable structure that contained curved graphene sheets and could produce a qualitative agreement with the QMD model. However, their pore size distributions were very dissimilar. The PSD of the RMC model contained only small pores and deviated significantly from the target model. The PSDs of HRMC models could produce a decent agreement with that of the target model, even though slight deviations due to the difference in pore accessibility in these models were observed.

The PDFs of the HRMC models were also compared to experimental data for bituminous coal-based carbons. The HRMC models could not reproduce the experimental PDF as well as they did for the PDF of the QMD model. This arises because of the poor quality of the PDFs produced for the experimental carbon. Broader peaks were observed in the experimental PDFs arising from the disordered nature of the carbon which was difficult to match with the HRMC-based model.

The predictive power of these techniques, in general, can be improved by considering much larger cell sizes and more atoms to capture long-range properties. Considering mechanical and thermal properties in addition to the experimental PDFs can aid in this. In addition, the inclusion of heteroatoms such as O, H, and N in the simulations that are commonly found in the disordered carbons can help in improving the structural models.

Objectives of this thesis

In this chapter, we focused on porous carbons which are an important class of materials that finds applications in numerous technologies especially relevant to energy storage and environmental remediation. In this work, we are particularly interested in the applications of porous carbons as electrode materials in supercapacitors. As in these devices, the energy is stored through a surface phenomenon, the performance of these devices is strongly related to the structural features of the carbon such as its accessible surface and porosity. It is crucial to establish the structure-performance relationships in these devices to progress towards better performance.

An accurate characterisation of the morphology of the carbon and the evolution of the carbon/electrolyte interface while charging is critical in this respect. NMR spectroscopy is beneficial in this regard. The NMR spectrum is sensitive to the local environment of the probe. This feature can be utilised to understand the structure of the carbon and the electrode/electrolyte interface. Specifically, the species confined in the carbon pores can be distinguished by this technique, thanks to the ring currents present on the carbon.

With the development of in-situ NMR techniques, it is now possible to study supercapacitors under working conditions. The quantitative nature of the NMR spectroscopy combined with nuclear specificity has been used to gain relevant insights into the charging mechanisms of the device. However, there are many open questions that remain regarding the interpretation of the spectra.

There are several factors that affect the chemical shifts of the in-pore species such as ring currents, ion organisation, pore size distribution, ion-carbon interactions, ion solvation and particle size. On the one hand, the experiments cannot quantify the individual contributions of these factors to the in-pore resonance. On the other hand, even though NMR experiments provide useful information on some of the structural features of disordered carbons such as the domain size, curvature and pore sizes, they fail in the determination of the atomistic structure of carbons. Structural models of disordered porous carbons based on Quench Molecular Dynamics and the Reverse Monte Carlo-based method have helped in the characterization of the carbon to a great extent. However, there is still room for improvement in these methods in terms of accuracy and computational cost.

In this context, this thesis has two main objectives:

• to analyse and quantify the contribution of potential factors affecting the chemical shifts of adsorbed species and provide a detailed interpretation of the NMR data;

• to develop a new method based on constrained Reverse Monte Carlo simulations to determine the structure of the carbon to an atom level accuracy with the help of insights gained from the NMR simulations.

In this thesis, a comprehensive interpretation of NMR spectra based on theoretical methods such as density functional theory, molecular dynamics and mesoscopic simulations, 1.5. OBJECTIVES OF THIS THESIS 35 is attempted. Later, results from preliminary studies of generating atomic models based on a Reverse Monte Carlo method and pair distribution function as input, are presented.

Chapter 2

Multi-scale simulation studies of supercapacitors As discussed in Chapter 1, NMR spectroscopy is a powerful tool for investigations of carbon structures and carbon / electrolyte interfaces. NMR spectra are affected by numerous factors that occur at an electronic or molecular level rendering their interpretation a complex procedure. A multi-scale study is hence highly relevant in understanding and quantifying the impact of various factors affecting the NMR spectra. Here we use a combination of molecular dynamics (MD) simulations and Density Functional Theory (DFT) calculations to understand the phenomena occurring at a local scale. Later we use mesoscopic simulations for the prediction of the NMR spectra extracting information from MD and DFT simulations, thus bridging the gap between the molecular simulations and experiments.

Molecular dynamics simulations 2.1.1 General principles of molecular dynamics simulations

Molecular dynamics is a useful technique to follow the evolution of a system over time by solving Newton's second law of motion governing the particles' motions.

⃗ F i = m i d 2 ⃗ r i dt 2 (2.1)
where ⃗ F i is the force acting on particle i of mass m i , at position ⃗ r i at time t. Solving this equation requires an accurate description of the forces acting on each particle, which includes both bonding and non-bonding interactions between atoms, molecules or particles to reproduce the molecular geometry and the dynamics of the system.

The force acting on a particle i is simply the gradient of the potential energy U ( ⃗ r N ) experienced by the particle, where ⃗ r N =(r 1 ,r 2 ,....r N ). The set of parameters and interatomic potential energy expressions constitute the force field. A range of force fields of varying degrees of complexity is available to describe many systems and the choice of a force field depends on the nature of the system and on the properties one wishes to investigate. A general form of a force field, used for the work in this thesis is as follows:

U ( ⃗ r N ) = bonds 1 2 k b (l -l 0 ) 2 + angles 1 2 k a (θ -θ 0 ) 2 + dihedrals 1 2 k d [1 + cos(nϕ -γ)] + i j>i 4ε ij [( σ ij r ij ) 12 -( σ ij r ij ) 6 ] + i j>i q i q j 4πε 0 r ij (2.2)
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Here, the first three terms correspond to intra-molecular contributions where l, θ and ϕ are the bond length, bond angle and dihedral angle respectively and γ is the phase constant. l 0 and θ 0 stand for the equilibrium bond length and bond angle respectively. k b , k a , k d are the force constants. The last two terms correspond to the Van der Waals (described by the Lennard-Jones potential, noted LJ) and electrostatic inter-molecular interactions respectively. ε ij and σ ij are the LJ parameters and r ij is the distance between two atoms. The force field parameters are obtained by fitting to experimental data such as diffraction techniques, IR, Raman, and NMR spectroscopy; or derived from ab initio or semi-empirical quantum mechanical calculations.

Integration algorithms

To determine the trajectory of the particles in the system, numerical integration of the equations of motion is performed over a small time step ∆t. The integrator used should conserve energy and momentum, be reversible in time and have good stability and accuracy. A simple way to advance from ⃗ r i (t) to ⃗ r i (t + ∆t) is to use a Taylor expansion.

⃗ r i (t + ∆t) = ⃗ r i (t) + d⃗ r i (t) dt ∆t + 1 2! d 2 ⃗ r i (t) dt 2 ∆t 2 + 1 3! d 3 ⃗ r i (t) dt 3 ∆t 3 + o(∆t 4 ) (2.3) Similarly, ⃗ r i (t -∆t) = ⃗ r i (t) - d⃗ r i (t) dt ∆t + 1 2! d 2 ⃗ r i (t) dt 2 ∆t 2 - 1 3! d 3 ⃗ r i (t) dt 3 ∆t 3 + o(∆t 4 ) (2.4)
where o(∆t 4 ) is the local truncation error. Adding equations 2.3 and 2.4, we obtain:

⃗ r i (t + ∆t) = -⃗ r i (t -∆t) + 2⃗ r i (t) + d 2 ⃗ r i (t) dt 2 ∆t 2 + o(∆t 4 ) (2.5)
The velocity of particle i at time t can be expressed as:

⃗ v i (t) = 1 2 ∆t [⃗ r i (t + ∆t) -⃗ r i (t -∆t)] (2.6)
Hence, 2.5 can be modified to obtain the classic Verlet algorithm (1967):

⃗ r i (t + ∆t) = ⃗ r i (t) + ⃗ v i (t)∆t + 1 2 ⃗ a i (t)∆t 2 (2.7)
The most time-consuming step in the MD simulation is the calculation of the forces 40 CHAPTER 2. MULTI-SCALE SIMULATION STUDIES OF SUPERCAPACITORS acting on each particle. The Verlet algorithm has the advantage of necessitating only one evaluation of the forces. The time step is chosen considering the best compromise between the computational time and the minimization of inaccuracies to obtain reliable results, usually between 0.5 fs and 2 fs for common force fields. The simulations are then performed on systems with around 10 3 to 10 6 of atoms for up to a few nanoseconds.

There are other types of integration algorithms in use. The Euler and leap-frog algorithms are similar to the Verlet algorithm. There are also predictor-corrector algorithms where the positions and velocities are predicted and the forces for t + ∆t are evaluated from the predicted positions. Then the difference between the predicted and corrected forces is used to determine the positions and velocities.

Periodic boundary conditions

The computational cost increases proportionally with the number of particles. It is therefore impossible to handle molecular systems at a macroscopic scale. However, limiting the system size may lead to a misrepresentation of the bulk properties. The edge effects in action on particles that are close to the boundary become more prominent with the reduction in the system size altering the energetic and dynamic characteristics of the system.

An effective way to tackle this problem is to use periodic boundary conditions (PBC).

The simulation box of N particles is replicated infinitely in some or all directions so that a particle that leaves the box is reintroduced into the box artificially. This implies that a particle in the main cell is now interacting with the particles in the replicated boxes -and possibly interacting with itself. The infinite number of interactions thereby simulated can lead to a very large computational cost.

For short-range interactions for which the intensity decays rapidly with distance, a spherical truncation is imposed such that only interactions between pairs of particles that are within a distance r c , designated as the cut-off radius, are considered. For instance, r c ≥ 2.5 σ is a good approximation for the Lennard-Jones potential. To account for the excluded interactions a long-range tail correction term U tail to the potential energy can be considered.

For long-range interactions that decay slower, such as electrostatic interactions, an Ewald summation method is commonly used. In this method, each point charge is assumed to have a Gaussian charge distribution of opposite charge of the same magnitude around it which could be evaluated in the real space to be:

U coul,x = 1 2 ij q i q j erfc( √ α r ij ) r ij (2.8)
where, erfc(x) is the error function.

Another compensatory Gaussian distribution to the previously added one is introduced and is evaluated in the Fourier space to be:

U coul,k = 1 2V ⃗ k̸ =0 4π k 2 |ρ( ⃗ k)| 2 exp(-k 2 /4α) (2.9)
where ρ( ⃗ k)

= i q i exp(i ⃗ k⃗ r i )
Finally, the self-interaction of the point charge due to the first added gaussian potential has to be corrected using:

U coul,self = α π 2 i q 2 i (2.10)
The computational cost of the Ewald summation is of the order O(N 2 ) or O(N

2 ) and can be reduced by using a particle-mesh algorithm which involves charge density interpolated on a grid in the reciprocal space. This way the cost is of the order O(N log N ).

Thermodynamic Ensembles

An ensemble is a collection of micro-states of a system that share an identical macroscopic or thermodynamic property such as the number of particles (N), volume (V), or total energy of the system (E). There are several ensembles commonly used in MD simulations. The microcanonical (NVE) ensemble corresponds to isolated systems where the number of particles, volume and total energy are fixed. In practical applications, the systems are not often isolated and evolve to reach an equilibrium with a thermostat at a constant temperature. This can be described by the canonical ensemble (NVT) characterized by a constant number of particles, volume and temperature. In this case, the simulations are coupled with a thermostat that maintains the temperature by periodically modifying the velocities of the particles. It must be noted that the time interval of temperature adjustment should be sufficiently large so that it does not affect strongly the system dynamics. A Nosé-Hoover thermostat [START_REF] Nosé | A unified formulation of the constant temperature molecular dynamics methods[END_REF][START_REF] Hoover | Canonical dynamics: Equilibrium phase-space distributions[END_REF] is commonly used to achieve this by adding a frictional term to the equations of motion thus maintaining constant kinetic energy. It is often necessary to change the volume of the simulation box to reach an equilibrium density prior to constant volume simulations. This is attained by coupling the system to a barostat to maintain constant pressure in an isobaric ensemble (NPT).

Modelling supercapacitor systems

A supercapacitor can be represented by two electrodes separated by the electrolyte. The current collectors and the separator are not included in the simulations. In our study, we consider carbon electrodes and a range of electrolytes that include ionic liquids, organic electrolytes and aqueous electrolytes. Periodic boundary conditions are set only in two directions to avoid undesirable interactions between the electrodes. All simulations are performed using LAAMPS simulation software. 

Modelling the electrolytes

The electrolytes simulated in this work were:

• organic electrolytes: 1-butyl-3-methylimidazolium tetrafluoroborate and tetraethylphosphonium tetrafluoroborate salts dissolved in acetonitrile (BMI-BF 4 /ACN and PEt 4 -BF 4 /ACN);

• a pure ionic liquid: 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) imide (EMI-TFSI);

• aqueous electrolytes: LiCl, RbCl and CsCl in water.

It is essential to choose a force field that can provide a realistic description of the system with a good agreement of the computed properties with the experimental observations. Interactions between various species are described by Lennard-Jones potential and electrostatic interactions. Two approaches can be used for electrolytes: an all-atom model and a coarse-grained model. In an all-atom model, each atom is an interactive site. This method is computationally expensive compared to the coarse-grained approach but gives a better description of the system. In a coarse-grained approach, some atoms are gathered to form a single interactive site. This can reduce the computational cost significantly in the case of large systems even though the description of the liquid is not necessarily very accurate.

In our studies, we have used a coarse-grained model for the BMI-BF 4 /ACN electrolyte where the cation and solvent are described with three sites and the anion is described by a single site considering the centre of mass of each fragment in the molecule. [START_REF] Merlet | New coarse-grained models of imidazolium ionic liquids for bulk and interfacial molecular simulations[END_REF][START_REF] Edwards | A computer simulation study of the dielectric properties of a model of methyl cyanide[END_REF] Note that in the coarse-grained model for BMI-BF 4 /ACN a partial charge of ± 0.78 is used for cations and anions as this adjustment led to a better agreement with experiments. [START_REF] Roy | An improved four-site ionic liquid model[END_REF] The force field parameters used for this electrolyte can be found in the appendix (Table 6.2) For the other electrolytes, we have used an all-atom approach. An OPLS-AA (Optimised Potentials for Liquid Simulations All Atom) force field [START_REF] Jorgensen | Development and testing of the OPLS all-atom force field on conformational energetics and properties of organic liquids[END_REF] is used to model EMI-TFSI [START_REF] Canongia Lopes | Modeling ionic liquids using a systematic all-atom force field[END_REF][START_REF] Lopes | Molecular force field for ionic liquids composed of triflate or bistriflylimide anions[END_REF] and PEt 4 -BF 4 /ACN [START_REF] Canongia Lopes | Modeling ionic liquids using a systematic all-atom force field[END_REF][START_REF] Lopes | Molecular force field for ionic liquids III: Imidazolium, pyridinium, and phosphonium cations; chloride, bromide, and dicyanamide anions[END_REF] following earlier works. For the water molecules in the aqueous electrolytes, an extended simple point charge SPC/E model 172 is used. The set of parameters used for alkali and chloride ions are taken from Koneshan et al . [START_REF] Koneshan | Solvent structure, dynamics, and ion mobility in aqueous solutions at 25 °C[END_REF] 

Modelling the carbon electrodes

Various carbon models were used to model the electrode / electrolyte interface in published works. [START_REF] Palmer | Atomistic models for disordered nanoporous carbons using reactive force fields[END_REF][START_REF] Jeanmairet | Microscopic simulations of electrochemical double-layer capacitors[END_REF] The simplest among them is the planar electrode. Simulations using a graphite electrode have been used previously to investigate the structure and evolution of the electrochemical double layer formed at the interface, [START_REF] Kirchner | Electrical double layer in ionic liquids: Structural transitions from multilayer to monolayer structure at the interface[END_REF][START_REF] Vatamanu | Molecular dynamics simulation study of the interfacial structure and differential capacitance of alkylimidazolium bis(trifluoromethanesulfonyl)imide [C n mim][TFSI] ionic liquids at graphite electrodes[END_REF][START_REF] Jiang | Dynamics of electrical double layer formation in room-temperature ionic liquids under constant-current charging conditions[END_REF][START_REF] Jo | Effects of alkyl chain length on interfacial structure and differential capacitance in graphene supercapacitors: A molecular dynamics simulation study[END_REF][START_REF] Jo | Computer simulation study of differential capacitance and charging mechanism in graphene supercapacitors: Effects of cyanogroup in ionic liquids[END_REF][START_REF] Noh | Understanding the charging dynamics of an ionic liquid electric double layer capacitor via molecular dynamics simulations[END_REF][START_REF] Black | Bias-dependent molecularlevel structure of electrical double layer in ionic liquid on graphite[END_REF][START_REF] Li | Interfaces of dicationic ionic liquids and graphene: a molecular dynamics simulation study[END_REF][START_REF] Uysal | Structural origins of potential dependent hysteresis at the electrified graphene/ionic liquid interface[END_REF] the electrolytes confined in pores of the carbon (slit-pore model) [START_REF] Feng | Ion distribution in electrified micropores and its role in the anomalous enhancement of capacitance[END_REF][START_REF] Feng | Supercapacitor capacitance exhibits oscillatory behavior as a function of nanopore size[END_REF][START_REF] He | Importance of ion packing on the dynamics of ionic liquids during micropore charging[END_REF][START_REF] Mo | Ion structure transition enhances charging dynamics in subnanometer pores[END_REF][START_REF] Qiu | Capacitance performance of sub-2 nm graphene nanochannels in aqueous electrolyte[END_REF][START_REF] Kondrat | Accelerating charging dynamics in subnanometre pores[END_REF] and edge effects on the capacitance. [START_REF] Vatamanu | Molecular dynamics simulation study of the interfacial structure and differential capacitance of alkylimidazolium bis(trifluoromethanesulfonyl)imide [C n mim][TFSI] ionic liquids at graphite electrodes[END_REF][START_REF] Vatamanu | A comparative study of room temperature ionic liquids and their organic solvent mixtures near charged electrodes[END_REF][START_REF] Bedrov | Ionic liquids at charged surfaces: Insight from molecular simulations[END_REF] In our studies, the systems involving planar electrodes have, in general, two sets of three graphene layers separated by 3.38 Å, one on each side of the electrolyte (see Figure 2.3). This representation is used to simulate properties for systems with unconfined electrolytes as well as electrolytes confined in a slit-pore. When the distance between the carbon materials is sufficiently large that the electrolyte has a bulk-like behaviour in the middle of the simulation box, with the appropriate density, the representation can capture the behaviour of the unconfined electrolyte, structure of the double layer and other properties such as differential capacitance. Bringing the electrodes closer to a few nanometers in distance is a primitive but useful way to represent a slit-pore and allows us to study the behaviour of the confined liquid. The dimensions of the graphene layers in x and y directions are 32 Å and 34 Å respectively. Nevertheless, a slit-pore model is not an accurate representation of reality as it does not account for the curvature of the pores [START_REF] Seebeck | Electrical double layer capacitance of curved graphite electrodes[END_REF][START_REF] Vatamanu | Increasing energy storage in electrochemical capacitors with ionic liquid electrolytes and nanostructured carbon electrodes[END_REF][START_REF] Feng | Molecular insights into carbon nanotube supercapacitors: Capacitance independent of voltage and temperature[END_REF] or the interconnection between pores which are known to affect properties such as capacitance. In this study, to have a better representation of the carbon, we have also used two types of disordered carbons generated through quench molecular dynamics which we designate as 'GAP' and 'QMD'. The GAP (Gaussian Approximated Potential) carbon models, 156 are derived using machine learningbased Gaussian Approximated potentials. [START_REF] Deringer | Machine learning based interatomic potential for amorphous carbon[END_REF] The QMD (Quench Molecular Dynamics) carbon models, [START_REF] Palmer | Modeling the structural evolution of carbide-derived carbons using quenched molecular dynamics[END_REF] were generated using a Reactive Summation State force field. [START_REF] Shi | A mimetic porous carbon model by quench molecular dynamics simulation[END_REF] 6.3). 

Constant potential Method

For the MD simulations of a supercapacitor, one needs to assign the charges on the electrode. Two methods have been commonly used for this in the literature: a fixed charge method (FCM) and a constant potential method (CPM). [START_REF] Wang | Evaluation of the constant potential method in simulating electric double-layer capacitors[END_REF][START_REF] Scalfi | Molecular simulation of electrode-solution interfaces[END_REF] In the fixed charge method, a constant charge is assigned to all atoms of the electrode. This is commonly done in a homogeneous way so that all the atomic charges are exactly the same and constant during the simulation. However, in reality, the charges on the electrode atoms are dynamic and fluctuate in response to the local electrostatic environment, i.e. the neighbouring electrolyte ions and molecules, and the applied potential. Hence this method does not provide a realistic representation of the interface even though it is computationally less expensive in comparison with the constant potential method.

In the constant potential method, the charges on the carbon atoms are defined through Gaussian functions centred on the atoms. The values of the charges can evolve over time to maintain a constant potential difference. This type of simulation was proposed by Siepmann et al. [START_REF] Siepmann | Influence of surface topology and electrostatic potential on water/electrode systems[END_REF] and later adapted by Reed 196 et al. The charges are considered as additional degrees of freedom and the charge distribution is calculated at each step by minimising the coulombic energy:

U = i q i (t)[ Ψ i ({q j }) 2 + q i (t)κ √ 2π -Ψ 0 ] (2.11)
where q i is the charge carried by the atom i, κ the width of the Gaussian functions,Ψ i ({q j }) is the potential at position i due to all other atoms and ions, the second term represents the interaction of Gaussian with itself and Ψ 0 is the potential applied. The minimisation can be performed using a conjugate gradient method. In the case of rigid electrode atoms, the minimisation can be done using a matrix evaluation to reduce the computational cost.

The CPM is implemented in LAMMPS with the conp module. [START_REF] Wang | Evaluation of the constant potential method in simulating electric double-layer capacitors[END_REF]197 Investigations comparing the FCM and CPM [START_REF] Wang | Evaluation of the constant potential method in simulating electric double-layer capacitors[END_REF][START_REF] Merlet | Influence of solvation on the structural and capacitive properties of electrical double layer capacitors[END_REF] suggest that FCM leads to an inaccurate description of the dynamics of the electrolyte, especially at higher potentials. Also, FCM could not capture the actual structure of the adsorbed electrolyte as the electrode atom charges could not respond to the local fluctuations in the electrolyte charge density. In MD simulations of charging / discharging of a supercapacitor, FCM is known to reach equilibrium faster due to its comparatively lower computational cost and resultant stronger electric fields compared to reality. Nevertheless, it is difficult to assess the potential difference really applied and simulations can lead to unrealistic conditions, for example, the unphysically high temperatures reached during these results can bring in dramatically wrong results.

Note here that in both these models, the carbon electrodes are considered perfect insulating or conducting materials although their electronic properties in experiments deviate from typical insulators or metals. Recently, a Thomas-Fermi model [START_REF] Scalfi | A semiclassical thomas-fermi model to tune the metallicity of electrodes in molecular simulations[END_REF] has been proposed which allows one to tune the metallicity of the electrode using an additional parameter. The use of such a model is out of the scope of the current work but could be interesting in the future.

Extraction of properties from the MD simulations

A large number of properties can be obtained from the trajectories obtained from MD simulations. Some of them relevant to this thesis are described in this section.

Density profiles

The density of a particle in the system is determined by calculating the number of particles in a given volume.

ρ = N V (2.12)
where N is the number of particles in volume V . The density profiles calculated give an idea about the arrangement of ions at the electrode / electrolyte interface. This quantity can also be expressed in terms of free energy:

E(z) -E bulk = -k B T ln ρ(z) ρ bulk (2.13)
In our simulations, we calculate the density profiles along the direction perpendicular to the carbon assuming its variation to be negligible in other directions.

NMR CHEMICAL SHIFTS FROM ELECTRONIC STRUCTURE CALCULATIONS 47

Radial distribution functions

Radial distribution functions, or pair distribution functions, give the probability of finding a particle at a distance r from a reference particle with respect to a homogeneous system. 200 Hence it is possible to calculate the local density variation around a reference particle. One way of calculating the radial distribution function is as follows:

g(r) = dn r 4πr 2 ρ dr (2.14)
where dn r is the number of particles between the shell of radius r and r + dr from the reference particle.

The first minimum of the curve obtained, designated by r cut , represents the radius of the first coordination shell. The average coordination number around a particle can be calculated by integrating the area under g(r) up to this first minimum.

n(r ′ ) = 4πρ r ′ 0 g(r)r 2 dr (2.15)
Another way to determine the coordination number is to count all the particles within r cut , this is what was done in this work.

2.2 NMR chemical shifts from electronic structure calculations

General principles of quantum calculations

To solve a wide range of problems in chemistry and molecular physics, it is necessary to determine the electronic structure and energetics of a system to a high accuracy using the theory of quantum mechanics. This requires solving the Schrödinger equation for a many-electron system. Ĥ

(Ψ) = E(Ψ) (2.16)
The Hamiltonian of a system is described as:

Ĥ = - M A=1 1 2M A ∇ 2 A - N i=1 1 2 ∇ 2 i - M A=1 N i=1 Z A r iA + N i=1 N j>i 1 r ij + M A=1 M B>A Z A Z B r AB (2.17)
where ∇ 2 is the Laplace operator, M A is the mass of nucleus A, Z A and Z B are the nuclear charges of A and B, r iA , r ij , r AB are the electron-nucleus, electron-electron and nucleus-nucleus distances respectively. The equation is written in atomic units. The first two terms correspond to the kinetic energy of the nuclei and the electrons respectively, the following terms correspond to the potential energy of nucleus-nucleus interaction, electron-electron interaction and nucleus-electron interaction respectively.

The Hamiltonian can be simplified by applying the Born-Oppenheimer approximation. This approximation assumes the positions of the nuclei to be fixed relative to the electrons as the nuclei are at least 10,000 times heavier than the electrons allowing for separating the nuclear and electronic wave functions. The electronic Hamiltonian therefore becomes:

Ĥ = - N i=1 1 2 ∇ 2 i - M A=1 N i=1 Z A r iA + N i=1 N j>i 1 r ij (2.18)
The Schrödinger equation can be solved exactly for the hydrogen atom and hydrogenlike atom with a single electron. However, for many-electron systems, the electronic repulsion term becomes troublesome and makes it impossible to find an exact solution to the Schrödinger equation.

Many approximations have been considered to find an approximate solution to this equation. One approach is the independent particle approximation where the N electron system is considered as N one-electron system. The electronic Hamiltonian is written in the form:

Ĥ = - N i=1 ĥ(i) + V (2.19)
where ĥ(i) is the one-electron Hamiltonian,

ĥ(i) = - 1 2 ∇ 2 i - M A=1 - Z A r iA (2.20)
and V represents the electronic interactions given by:

V = N i=1 N j>i 1 r ij (2.21)
The corresponding wave function for the total electronic Hamiltonian can be expressed as the product of the spin-orbital wavefunction of each electron.

Ψ(x 1 , x 2 , ...x N ) = χ 1 (x 1 )χ 2 (x 2 )....χ k (x N ) (2.22)

NMR CHEMICAL SHIFTS FROM ELECTRONIC STRUCTURE CALCULATIONS 49

A wave function must be anti-symmetric to the exchange of two electrons. This can be satisfied by expressing the electronic wave function through a Slater determinant. A Slater determinant for an N electron system occupying k orbitals is given by:

Ψ(x 1 , x 2 , ...x N ) = 1 √ N ! χ 1 (x 1 ) χ 2 (x 1 ) ..... χ k (x 1 ) χ 1 (x 2 ) χ 2 (x 2 ) ..... χ k (x 2 ) . . .. .. . . .. .. χ 1 (x n ) χ 2 (x n ) ..... χ k (x n ) (2.23)
The Hamiltonian based on the independent particle approximation forms the base for methods such as Hartree-Fock, Moller Plesset perturbation theory, Density Functional Theory etc.

The Hartree-Fock approximation considers a set of effective one-electron Hamiltonian represented by the Fock operator:

f (i) = ĥ(i) + V HF (i) (2.24)
where V HF (i) is the average repulsive force experienced by the i th electron due to the rest of the electrons, ie, the Hartree Fock approximation considers the i th electron moving the effective field of the other electrons. The solution to the Hamiltonian is obtained by invoking an iterative self-consistent field approach.

However, as the Hartree-Fock approximation considers a mean field interaction, this method does not include the coulombic correlation which may result in underestimating the energy. Several methods were devised later including the coulombic correlation, such as Moller-Plesset perturbation theory, configuration interaction (CI), coupled cluster (CC) method etc, which are collectively called Post-Hartree-Fock Methods. These methods are out of the scope of this manuscript and hence will not be discussed.

Density Functional Theory

All the methods discussed so far are based on the wave function which is a 3N dimensional quantity, N being the number of electrons. Hence the computational cost for these calculations increases exponentially with the size of the system. One of the alternatives to these approaches is Density Functional Theory which is based on the electron density of the system which is a 3-dimensional quantity, irrespective of the size of the system. This makes it a computationally efficient method compared to the other 50 CHAPTER 2. MULTI-SCALE SIMULATION STUDIES OF SUPERCAPACITORS ab-inito methods and allows one to apply it to larger systems with several hundreds of atoms.

The key idea of DFT is that the energy of a system can be expressed as a functional of the electron density ρ. Thomas and Fermi (1927) adopted a quantum statistical approach on a uniform electron gas and defined the kinetic energy in terms of electron density while treating the nuclear electron and electron-electron interactions classically. This is the first illustration of the determination of the energy using electron density.

Hohenberg-Kohn Theorem

Around 40 years after the Thomas-Fermi theory, Hohenberg and Kohn introduced two theorems on which the modern DFT is based.

The first theorem of Hohenberg-Kohn states that the external potential and hence the ground state energy of a non-degenerate system can be uniquely determined by the ground state electron density ρ(r) and thus the energy of the system is a functional of the electron density.

E[ρ] = ρ(r)v ext (r)dr + F HK [ρ(r)] (2.25) 
where v ext (r) is the external potential and F HK (ρ(r)) is the Hohenberg-Kohn universal functional. The second theorem is based on the variation principle and states that the ground-state energy and density can be determined by the minimization of a functional of the density function.

The proofs of these theorems are explained in detail in the reference. [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF] The Hohenberg-Kohn theorems have shown in an elegant way that the ground state energy and ground state wave function can be determined by the ground state electron density from which all properties can be calculated. However, the theorems do not explain how to determine the universal functional in practice. This was devised a year later by Kohn and Sham.

Kohn-Sham formulation

The energy of the system in its ground state can be partitioned into the kinetic energy of the electrons, the potential energy due to the nuclear-electron interaction which is considered as the external potential and the potential energy due to the electron-electron interaction. Following the Hohenberg-Kohn theorems and the Kohn-sham formalism, the total energy functional can be written as:

E[ρ] = ρ(r)v ext (r)dr + 1 2 ρ(r)ρ(r ′ ) |r -r ′ | drdr ′ + T [ρ(r)] + E XC [ρ(r)] (2.26) 2.2. NMR CHEMICAL SHIFTS FROM ELECTRONIC STRUCTURE CALCULATIONS 51
where T [ρ(r)] is the kinetic energy of a reference non-interacting system with the same density as the real one and E XC [ρ(r)] is the exchange and correlation energy of the interacting system. This problem can be solved self consistently analogously to the Hartree-Fock method considering a set of one particle Schrödinger equations given by:

[- 1 2 ∇ 2 + v ext (r) + 1 2 ρ(r ′ ) |r -r ′ | dr ′ + v XC (r)]ϕ i (r) = ε i ϕ i (r) (2.27)
where ϕ 2 i are the Kohn-sham orbitals and ε i is the energy of the Kohn-Sham orbital ϕ i .

Exchange correlation functionals

All the terms in the Kohn-Sham functional are known except for the exchange-correlation energy term E XC [ρ(r)] limiting the accuracy of this method in practice. Indeed, to use this method, an approximation to E XC [ρ(r)] has to be made. Several approximations of various complexities have been proposed so far and the quest for better approximations is still ongoing. Some of the widely used approximations for the exchange-correlation functional are listed below.

• Local density approximation (LDA): This is the simplest approximation that assumes the energy of the system at a given point is the energy of the homogeneous electron gas of density ρ(r) at that point.

E LDA XC [ρ(r)] = ρ(r)ε XC (ρ(r))d 3 r (2.28)
where ε XC is the exchange-correlation energy per particle for a homogeneous electron gas.

• The generalised gradient approximation (GGA): This approximation is an improvement to the LDA. In this approximation, the gradient of the electron density is also taken into account in addition to the density at a given point giving a more accurate description of the functional.

E GGA XC [ρ(r)] = ρ(r)ε XC (ρ(r), |∇ρ(r)|)d 3 r (2.29)
• The hybrid functionals: These functionals incorporate a contribution from the exact exchange energy E HF X from the Hartree Fock theory calculated as a functional of
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Kohn-Sham orbitals. a general form for these functionals can be expressed as:

E XC = (1 -a)E DF T XC + aE HF X (2.30)
where a is an empirical parameter obtained by comparing properties calculated with an experimental data set. Becke's B3LYP 202 is a popular example of a hybrid functional having three empirical parameters.

The hybrid functionals are fairly accurate and faster compared to the post-HF methods and are used in the studies described in this manuscript.

Basis sets

Electronic structure calculations, using Hartree-Fock or Density Functional theory, start with the description of the electronic wave function which is expressed as a linear combination of a set of one-particle basis functions. The full set of one particle functions from which the wave function can be built is called the basis set. A good choice of a basis set gives a compromise between the computational expense and the accuracy in determining the wave function/density. The basis set can be composed of atomic orbitals which are mostly applied in the case of atomic/molecular systems or plane waves finding its application mostly in the case of periodic systems. Here, we restrict the discussion to basis sets composed of atomic orbitals since the DFT calculations used in this study were all done on molecular systems.

Various types of functions are used to define atomic orbitals. An intuitive choice of atomic orbitals is Slater-type orbitals (STOs) as they are similar to the solution of the Schrödinger equation for hydrogen-like systems.

ϕ ST O (r) = N r n-1 e -ζr (2.31)
ζ is the "exponent" determining the width of the orbital. However, these orbitals do not accurately describe the electron correlations in the case of many-electron systems and are computationally costly.

The STO orbitals can be approximated as a linear combination of Gaussian-type orbitals (GTOs) which are easier to deal with computationally. Gaussian-type orbitals have become a common choice in modern-day electronics structure theory calculations. Gaussian-type orbitals in Cartesian coordinates can be written as: It is common to use the linear combination of several Gaussian functions of the form as in equation 2.32 to form a contracted Gaussian function. A Gaussian function should have a minimum number of primitive Gaussian functions corresponding to the atomic orbitals in the system under consideration. It is common to consider more than one set of primitive functions for each orbital. A double zeta basis set corresponds to two sets of primitive functions for each orbital in the system. A triple zeta if three sets are used and so on. Sometimes the valence electrons are described using more sets of primitive functions compared to the core electrons. Polarization and diffuse functions can also be added to these Gaussian-type functions to account for the polarisation effects and for a better description at large distances.

ϕ GT O (r) = N e -ζr 2 x a y b z c (2.
The basis sets used in the present work are Pople style Gaussian basis sets, in particular 3-21G and 6-31G. These are double split valence basis sets meaning the valence orbital is split into two contracted Gaussian orbitals consisting of 2 and 1 primitive orbitals for 3-21G and 3 and 1 primitive orbitals for 6-31G respectively. Here the core electrons are represented by a single contracted Gaussian function consisting of 3 and 6 primitive functions for 3-21G and 6-31G respectively.

Theoretical calculation of NMR parameters

So far we have discussed the basic theory and implementation of various electronic structure methods. In this work, we are interested in calculating the NMR parameters for electrolyte species adsorbed to a carbon surface. However, it is impossible to consider a full carbon particle (of micrometric size) in DFT due to the computational cost it would represent. Hence model polycyclic aromatic molecules such as coronene, circumcoronene and dicircumcoronene are used to represent the carbon material. These were chosen due to the similar local structures present in the real materials. [START_REF] Forse | Ring current effects: Factors affecting the NMR chemical shift of molecules adsorbed on porous carbons[END_REF][START_REF] Xing | Probing carbon micropore size distribution by nucleus independent chemical shift[END_REF] In this section we will briefly discuss the NMR parameter calculations, particularly magnetic shielding, using ab initio methods.

Calculation of magnetic shielding

As discussed in Chapter 1, an external magnetic field applied to carbonaceous molecules of interest here induces a circulation of electrons which generates a secondary magnetic field itself causing a shielding effect. As a result the local magnetic field experienced by a nearby nucleus at position ⃗ r, e.g. of an adsorbed ion, is a sum of the external and induced magnetic fields.

⃗ B loc (⃗ r) = ⃗ B ext (⃗ r) + ⃗ B ind (⃗ r) (2.33)
According to Biot-Savart's law, the induced magnetic field at position ⃗ s is related to the induced current ⃗ j(⃗ r) through:

⃗ B ind (⃗ s) = - 1 c 2 ⃗ j(⃗ r) × (⃗ r -⃗ s) |⃗ r -⃗ s| 3 d⃗ r (2.34)
where c is the speed of light The magnetic shielding constant σ is the opposite of the ratio between the induced magnetic field and the external magnetic field.

⃗ B ind (⃗ s) = -σ(⃗ s) ⃗ B ext (2.35)
Hence once the induced current density is known, the induced magnetic field and consequently the magnetic shielding constant can be evaluated.

The current density can be evaluated using ab initio methods. The Hamiltonian for a system in the presence of a magnetic field ⃗ B ext can be written by replacing the linear momentum operator ⃗ p by ⃗ p+ ⃗ A ext where ⃗ A ext is the vector potential describing the external magnetic field.

⃗ p ′ = ⃗ p + ⃗ A ext (2.36) Ĥ = ⃗ p ′ 2 2m + V = Ĥ(0) + ⃗ A ext ⃗ p + 1 2 ⃗ A 2 ext (2.37)
A possible choice of ⃗ A ext would be:

⃗ A ext = 1 2 ⃗ B ext × (⃗ r -⃗ R) (2.38)
R is the gauge origin, a constant vector chosen arbitrarily that represents the change of origin of the coordinate system in which the vector potential is defined. Equation 2.37 becomes:

Ĥ( ⃗ B ext , ⃗ R) = Ĥ(0) + 1 2 ((⃗ r -⃗ R) × ⃗ p) ⃗ B ext + 1 8 ( ⃗ B ext × (⃗ r -⃗ R) 2 ) (2.39)
Note here that the equation 2.39 is dependent on the choice of the gauge origin in addition to the external magnetic field. For practical applications, this is a matter of solving the perturbed Hamiltonian which can be done using Hartree-Fock or DFT.
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Once the shielding tensor is determined from the current density, the shielding constant is obtained by averaging the diagonal elements of the shielding tensor.

The gauge origin problem

Although the Hamiltonian and its eigenfunctions are dependent on the choice of the gauge origin, it is preferred if the magnetic shielding is independent of it. The wave function thus has to change with the gauge origin so that the system's properties are gauge invariant. One way to tackle this problem is by considering separate local gauge origins for each atomic orbital, usually centred on the nucleus, rather than a common gauge origin for the molecule. This results in the Gauge Including Atomic Orbitals (GIAO) approach, one of the most common methods used to overcome the gauge origin problem. This method has been used in the calculation of the NMR parameters in this work.

DFT calculations of chemical shift profiles with model molecules of carbon

The DFT calculations of chemical shifts of amorphous carbons or graphene are difficult and computationally expensive. Hence, here we use simpler substitutes to represent the carbon surface. DFT calculations are performed on aromatic model molecules, namely, coronene, circumcoronene and dicircumcoronene. These calculations are implemented in Gaussian09 203 or Gaussian16. [START_REF] Frisch | Gaussian16 Revision C.01[END_REF] The nucleus independent chemical shifts (NICS) are calculated on a line passing through the centre of the model molecule and perpendicular to its plane by placing ions ("ghost atoms") at various distances.Following earlier works, [START_REF] Forse | Ring current effects: Factors affecting the NMR chemical shift of molecules adsorbed on porous carbons[END_REF][START_REF] Moran | Towards graphite: Magnetic properties of large polybenzenoid hydrocarbons[END_REF][START_REF] Kilymis | Efficient prediction of nucleus independent chemical shifts for polycyclic aromatic hydrocarbons[END_REF] a 6-31G(d) basis set and the B3LYP exchange-correlation functional are used. [START_REF] Becke | Density-functional thermochemistry. III. The role of exact exchange[END_REF] Previous calculations have shown that the NICS profiles are affected significantly by the choice of the basis-set. [START_REF] Facelli | Intermolecular shielding from molecular magnetic susceptibility. a new view of intermolecular ring current effects[END_REF] The performance of various basis sets in evaluating NICS is shown in the appendix (Figure 6.4-6.5). The performance of various functionals in predicting the NICS profiles is also validated in the appendix (Figure 6.6-6.8). The results indicate a negligible dependence of the chemical shifts on the functional used, except for the MP2 method.

The electronic structure of the carbon is altered when a charge is applied to the molecule. NICS calculations on charged model molecules are performed to evaluate the chemical shifts of species near the charged carbon surfaces. Gaussian does not offer the possibility to introduce partial charges to the molecule. Hence integral charges are applied and the chemical shifts for charged surfaces are intrapolated from the resulting NICS scans (see chapter 3). 

Lattice simulations for the prediction of NMR spectra

As detailed in Chapter 1, NMR spectra can depend on several factors such as the structure of the interface, dynamics of the electrolyte species, solvation of the ions and ring currents on the carbon surface. The interpretation of NMR spectra can be a tedious task due to the limited understanding of the contribution of such factors occurring at an atomistic scale and having a large impact at the macroscopic scale. Relevant information at an electronic scale, such as the chemical shifts due to ring currents on carbon, and at a molecular scale, such as the structure of the electrode/electrolyte interface and dynamics of the electrolyte species, can be acquired by means of DFT calculations and MD simulations. The length and time scales that can be reached by these methods are limited to a few nanometers and nanoseconds (MD) while the experimental observations are realised on larger scales than this (µm, µs or ms).

Recently, Merlet et al. [START_REF] Merlet | Lattice simulation method to model diffusion and NMR spectra in porous materials[END_REF][START_REF] Belhboub | On the development of an original mesoscopic model to predict the capacitive properties of carbon-carbon supercapacitors[END_REF] have employed lattice simulations to study ion adsorption in porous carbons used in supercapacitors, particularly for the prediction of NMR spectra, 2.3. LATTICE SIMULATIONS FOR THE PREDICTION OF NMR SPECTRA 57 capacitive properties, and diffusion coefficients. This method is advantageous in two ways:

• it includes microscopic information obtained from DFT and MD simulations;

• the calculation of properties uses the moment propagation method which is very computationally efficient. [START_REF] Levesque | Accounting for adsorption and desorption in lattice boltzmann simulations[END_REF][START_REF] Frenkel | Velocity auto-correlation functions in a 2D lattice lorentz gas: Comparison of theory and computer simulation[END_REF] With this method, carbon particles of micrometre sizes can be considered and NMR signals can be simulated on milliseconds timescales thereby reaching experimental scales.

We have used this method for the prediction of NMR spectra and the differences between chemical shifts of adsorbed electrolyte species and chemical shifts of the species in the bulk electrolyte, designated as ∆δ, in carbon-based supercapacitors. In this section, I will describe the main characteristics of this model to calculate the NMR spectrum.

Description of the lattice model

The porous carbon filled with electrolyte is represented by a 3-dimensional lattice. The diffusion of the electrolyte is modelled by considering non-interacting particles performing kinetic Monte Carlo moves on the lattice. The lattice is characterised by a parameter a representing the distance between two adjacent lattice sites. The time taken by a particle to move from one site to an adjacent site is described by ∆t. Obstacles can be assigned to lattice sites which are inaccessible to the electrolyte species depending on the positions of the carbon atoms.

The lattice sites have different energies described based on the quantity of adsorbed species, pore volume and potential applied. A site with a given energy is populated differently depending on the other energies in the lattice. At each timestep, the particles can move to one of the accessible adjacent sites (6 at maximum depending on obstacles) following Monte Carlo acceptance rules. Periodic boundary conditions are applied in all directions. The probability of a particle to move from site i to j with free energies E i and E j respectively at temperature T is determined by:

P (i, j) = exp( -(E j -E i ) k B T ) if E j > E i 1 if E j ≤ E i (2.40)
where k B is the Boltzmann constant. In this way, a transition from a site with higher energy to a site with lower energy is always accepted and the probability of the reverse transition increases with the decrease in energy difference between the sites. To achieve better statistics, a large number of trajectories must be considered. The moment propagation method is used here that allows the sampling of all possible diffusive trajectories to 58 CHAPTER 2. MULTI-SCALE SIMULATION STUDIES OF SUPERCAPACITORS extract effective dynamical properties. [START_REF] Levesque | Accounting for adsorption and desorption in lattice boltzmann simulations[END_REF][START_REF] Frenkel | Velocity auto-correlation functions in a 2D lattice lorentz gas: Comparison of theory and computer simulation[END_REF] This recursive scheme makes it exponentially efficient compared to conventional lattice simulations.

The particles are in different local environments at each lattice site thus experiencing different local magnetic fields. Hence they possess varying resonant frequencies over the course of their motion. It is thus important to provide accurate information on the shielding environment of a particle at a particular lattice site. The FID signal (section 1.3.1) is then simulated by:

G(t) =< e i∆t N n=1 ν i 0 (n) > (2.41)
ν t 0 is the Larmor frequency corresponding to molecules in site i at time t. The Fourier transformation of the signal gives the NMR spectrum.

The Larmor frequencies are in the range of several tens or hundreds of MHz. As mentioned in chapter 1, it is common to use a reference compound and express resonant frequencies of the nuclei as chemical shifts. In the case of NMR experiments on supercapacitors, the frequency of the bulk electrolyte is used as a reference. In the model, the resonance frequency ν i is defined as the difference between the Larmor frequency at site i, ν i 0 and the Larmor frequency of the bulk liquid.

In an NMR experiment the data acquisition time, i.e, the time for which the FID signal is detected is typically between 10 -1 to 10 s before the signal decays away. The acquisition time (AT ) is chosen considering the number of sample points (N P ) collected that determines the resolution of the spectra and the desired spectral width (SW ) which is the range of frequencies studied.

AT = N P SW (2.42)
The spectral width is defined by dwell time (dwt), the time between two acquisition sampling points. In an NMR experiment, the dwell time is typically in the order of 5 µs.

SW = 1 dwt (2.43)
The number of sample points to perform the Fourier transform and the dwell time are decided, in all the simulations performed, to allow for the full decay of the NMR signal. The dwell time and the defined number of steps between two measures dictate the timestep in the simulations. For example, for a dwell time of 5 µs, and for 10 steps between measures, the timestep is in the order of 10 -7 s. For a in the order of 10 -10 m, the diffusion coefficient would then be in the order of 10 -14 m 2 s -1 following D = a 2 /(6∆t).

This value is several orders less than the experimental values for species of interest. A small ∆t so as to reach the experimental parameters implies at least one million steps between measures which are computationally inhibiting. In practice, the diffusion inside the pores is very fast compared to experimental time scales so that NMR lineshapes are sensitive to diffusion between pores and not inside a single pore. This is what motivated the implementation of two scales in the lattice model. [START_REF] Merlet | Lattice simulation method to model diffusion and NMR spectra in porous materials[END_REF] The model is implemented at two different levels: (i) single mesoporous slit-pore and (ii) carbon particle that is a collection of slit-pores. The slit-pore model is useful to understand the implications of the microscopic properties such as ion arrangement and chemical environments explored during the diffusion inside the pore on the chemical shift at a local scale. The carbon particle model allows one to comprehend the effect of the distribution of pores with various pore characteristics in addition to the ion organisation and chemical environment changes. In general, to conduct the simulation, information about the free energy and shielding environment corresponding to each lattice site has to be defined. 

Parametrisation of the slit-pore model

The first step is the designation of the inaccessible sites, free energies and Larmor frequencies corresponding to each lattice site. A slit-pore can be represented by two 60 CHAPTER 2. MULTI-SCALE SIMULATION STUDIES OF SUPERCAPACITORS parallelly placed pore walls with the electrolyte confined between them. This can be represented in the model by two planes of obstacles separated by accessible sites (see Figure 2.7). In systems described in this thesis, the obstacle planes are considered to be perpendicular to the z direction. It is assumed that the free energy profiles and the chemical shift profiles are invariant in the x and y directions. Hence a single site is sufficient in these directions to describe the system as a consequence of the periodic boundary conditions. The number of sites in the z direction is determined according to the desired pore width and the chosen lattice parameter a.

To describe the free energies at each site, ionic densities are extracted from the MD simulations. We use results from the simulations of the supercapacitors using planar electrodes as shown in Figure 2.3(a). The free energy profiles are characterised by peaks representing the organisation of the ions at the carbon / electrolyte interface. Each site is assigned a free energy value from the free energy profile corresponding to the distance of the site to the pore wall. Consequently, a large number of lattice sites in the z direction (a smaller value of a) gives a more precise representation of the system by including more information from the free energy profiles. The number of lattice sites is hence chosen as a compromise between precision and computational expense. It is worth noting here that the lattice parameter can be chosen rather small, due to the invariance in x and y directions, so the accuracy of the model will depend mainly on the accuracy of the MD simulations used.

To describe the frequencies, The NICS profiles obtained from the DFT calculations are used. Here, the circumcoronene molecule is used as the model for the carbon surface. This choice is based on the agreement between simulation and experiment results obtained using a CMK-3 carbon material. [START_REF] Borchardt | Interaction of electrolyte molecules with carbon materials of well-defined porosity: Characterization by solid-state NMR spectroscopy[END_REF] The frequency corresponding to each lattice site is then mapped from the NICS profiles as previously done with the free energy profiles. The NICS profiles are used in cases where the nature of the ion does not affect the chemical shifts and the shifts are originating primarily from the ring currents on the carbon.

Parametrisation of the carbon particle model

In the carbon particle model, the carbon particle is represented by a lattice which represents a collection of slit pores with well-defined sizes (see Figure 2.7). For each lattice site, the pore characteristics, i.e. the pore surface and pore width have to be specified. As for the slit-pore model, one has to provide information about free energy and chemical shift. Finally, the energy barrier associated with the exchange of ions from one lattice site to another also has to be specified.

The sizes of the slit-pores are determined from a realistic pore size distribution obtained experimentally for the carbon particle through adsorption studies. The size is specified between the centres of the carbon atoms. Then one needs to assign the pore surface, i.e. the area of the flat carbon surface that surrounds the electrolyte, to depict the degree of local graphitization in porous carbons. For this, we choose an arbitrary log-normal function with a mean of -0.1 and a standard deviation of 0.25 centred around the area of the circumcoronene molecule (0.981 nm 2 ), as was reported previously. [START_REF] Merlet | Lattice simulation method to model diffusion and NMR spectra in porous materials[END_REF] Free energy at each lattice site can be defined from the ionic density in the associated pore volume. The ionic density profiles extracted from the MD simulations are integrated considering the pore width and then multiplied by the pore surface. Once the free energies are defined, the next step is to determine the chemical shift for each lattice site. An average chemical shift in a pore is determined by taking the weighted average of the NICS profiles for various model molecules with the free energy profiles. The average chemical shift profiles thus obtained are intrapolated to obtain the chemical shifts for a specified domain size. For instance, for a pore with a pore surface S in between the areas of coronene (S coron ) and circumcoronene (S circum ) and pore width R, the chemical shift is defined as follows:

δ i = δ coron (R) + δ circum (R) -δ coron (R) S circum -S coron × (S -S coron ) (2.44)
For a carbon particle model, we do not know the actual distance between two pores or the impact of confinement on the exchange of ions between different environments. However, these factors can affect the lineshape of the NMR spectra. To account for this the model includes the possibility to introduce energy barriers that can decrease the exchange rate between two sites i and j.

The parameters used for the lattice simulations with the slit-pore and carbon particle model are summarised below: System a ∆t (s) dwt (s) N P Slit-pore model 0.5 ( Å) 4.9 × 10 -9 4.9 × 10 -5 5,000 Particle model 1 (arbitrary unit) 5 × 10 -7

5 × 10 -6 50,000

Table 2.1: Details of the parameters used in the lattice simulations for slit-pore model and carbon particle model. For the carbon particle model, the lattice parameter cannot be set precisely (a discussion on this topic can be found in the literature 116 ).
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Conclusions

In this chapter, we have discussed in detail the methods we use for the multi-scale study of carbon / electrolyte systems. We mainly use three methods: Molecular Dynamics simulations, Density Functional Theory calculations and Lattice simulations. We have reviewed the basic concepts of these methods and their implementation relevant to our investigations.

Chapter 3

Mesoscopic simulations of NMR spectra: Electronic structure and adsorbent reorganisation effects In the NMR spectra of an electrolyte in contact with a porous carbon, the peak corresponding to the in-pore species provides information about the in-pore population, the structure of the carbon and ion dynamics to some extent. In-situ [START_REF] Griffin | Ion counting in supercapacitor electrodes using NMR spectroscopy[END_REF][START_REF] Wang | In situ NMR spectroscopy of supercapacitors: Insight into the charge storage mechanism[END_REF][START_REF] Griffin | Solid-state NMR studies of supercapacitors[END_REF][START_REF] Forse | Selective observation of charge storing ions in supercapacitor electrode materials[END_REF] and ex-situ [START_REF] Forse | NMR study of ion dynamics and charge storage in ionic liquid supercapacitors[END_REF][START_REF] Deschamps | Exploring electrolyte organization in supercapacitor electrodes with solid-state NMR[END_REF] NMR experiments have been employed to monitor the variation of the NMR spectra with applied potential for supercapacitor systems using organic electrolytes. A variation in the intensity and an increase in the chemical shift of the in-pore peak were observed with an increase in potential, independently of the polarity of the electrode. STRUCTURE AND ADSORBENT REORGANISATION EFFECTS This could be related to the organisation of the ions inside the carbon pores and the ring currents on the surface of the carbon. Electronic calculations of chemical shifts on positively and negatively charged carbon have revealed an increase in the chemical shift compared to a neutral carbon, in agreement with experimental observations. [START_REF] Forse | Selective observation of charge storing ions in supercapacitor electrode materials[END_REF] Although this could provide a qualitative explanation for the variation in chemical shift, a quantification of the chemical shift including the effect of ion dynamics is relevant. In this chapter, we use the lattice-based simulation technique to predict in situ NMR spectra of various electrolyte species at various potentials. This method has allowed us to investigate separately the effects of ion reorganisation and alteration in the ring currents on the chemical shift, arising due to the charging/discharging of the supercapacitor.

Parametrisation of the lattice model

Lattice simulations are used to simulate the chemical shift between the species inside the pore(s) and those in the bulk electrolyte at various potentials for (i) a slit-pore (ii) a carbon particle.

Parametrisation to simulate NMR spectra of ions confined in a slit-pore

The slit-pore model was adapted to study the effects of ion reorganisation and electronic structure of the carbon at a local scale on the [START_REF] Dyatkin | Effect of structural disorder and surface chemistry on electric conductivity and capacitance of porous carbon electrodes[END_REF] F NMR spectrum of anions in the organic electrolyte BMI-BF 4 in ACN (1.5 M). The aim here is to provide a qualitative analysis of the variation of the spectrum with the potential. A pore width of 20 Å was chosen so that the size is large enough to study the effects of ion reorganisation inside the pore, and also that it is a good representation of the activated carbons, such as YP-50F, that are of interest concerning this study. A 1 × 1 × 41 lattice was considered to represent the slit-pore corresponding to a lattice parameter a equal to 0.5 Å.

To describe the free energies of species at each lattice site, ionic density profiles are extracted from MD simulations performed at 0 V, ±0.5 V, ±1 V, ±1.5 V and ±2 V. [START_REF] Merlet | Influence of solvation on the structural and capacitive properties of electrical double layer capacitors[END_REF] Note that all the MD simulations described in this chapter consist of two sets of three layers of graphene to represent the electrode. The re-organisation effects during the charging / discharging of the model supercapacitor were monitored by analysing the free energy profiles extracted for anionic species at various potentials from the MD simulations. In Figure 3.1 (a), showing anionic free energies as a function of the carbon-anion distance, a reduction in free energy around 4 Å away from the carbon is observed with an increase in the positive potential which suggests increased adsorption of the anions to the surface of the carbon. Consistently, an increase in the free energy at the same distance with the application of an increasingly negative potential indicates desorption of the anions (Figure 3.1 (b)). The free energy values corresponding to all sites in the lattice were mapped from the free energy profiles corresponding to the distance from the carbon. The resonant frequencies corresponding to the ions in each site were evaluated from the NICS profile obtained through the electronic structure calculation. DFT calculations were performed on a neutral circumcoronene molecule or one with a charge of ±1 e used as a model molecule to represent the carbon surface. The choice of the model molecule is based on previous calculations of chemical shifts that provided a good agreement with experimental NICS evaluated for CMK-3 mesoporous carbon with an organic electrolyte. [START_REF] Merlet | Lattice simulation method to model diffusion and NMR spectra in porous materials[END_REF][START_REF] Borchardt | Interaction of electrolyte molecules with carbon materials of well-defined porosity: Characterization by solid-state NMR spectroscopy[END_REF] Note that the surface charge on the carbon atoms at potentials under consideration, from -2 V to 2 V, is much smaller than the charge used for the DFT calculations (the Gaussian software does not allow for partial charges on a molecule). Hence the NICS profiles obtained were intrapolated from the neutral and charged molecules to get the chemical shifts for the corresponding potentials. The chemical shift for the desired surface charge at a distance r from the surface is given by:

δ ∆Ψ (r) = δ neutral (r) + δ charged (r) -δ neutral (r) Q charged × (Q ∆Ψ -Q charged ) (3.1)
where Q charged and Q ∆Ψ are the charges of the model molecule and the charge on the STRUCTURE AND ADSORBENT REORGANISATION EFFECTS carbon surface at the desired potential. This is illustrated in Figure 3.2. 

Parametrisation to simulate NMR spectra of ions adsorbed in a carbon particle

To have knowledge of various effects on the NMR spectra due to ions confined in a carbon particle and the exchange of ions between different environments, a coarsegrained model was employed. The carbon particle is represented by a lattice of size 20 × 20 × 20. It was shown that larger lattices did not bring any changes to the simulated spectra. [START_REF] Merlet | Lattice simulation method to model diffusion and NMR spectra in porous materials[END_REF] In this case, each lattice site is a slit-pore of a given pore size defined such that the pore-size distribution follows the experimental distribution obtained from adsorption studies on the YP-50F activated carbon material 212 (Figure 3.3 (b)). The pore surface was modelled by an arbitrarily chosen log-normal distribution centred around the area of circumcoronene with a mean value of -0.1 and a standard deviation of 0.25 (Figure 3.3 (b)). This selection of the log-normal distribution has proven to provide a good agreement with the experimental results from Cervini et al. [START_REF] Cervini | Factors affecting the nucleus-independent chemical shift in NMR studies of microporous carbon electrode materials[END_REF] and Borchardt et al. [START_REF] Borchardt | Interaction of electrolyte molecules with carbon materials of well-defined porosity: Characterization by solid-state NMR spectroscopy[END_REF] It is also required to provide information about the quantity of ions in the pores and the chemical shift experienced by the ions in each lattice site.

The quantity of ions in a pore is calculated using integrated ionic densities derived from MD simulations performed at various potentials ranging from -2 V to 2 V. Surface To assign a chemical shift value to each lattice site, a weighted average of the NICS profiles across the pore with free energy profiles is used. The chemical shifts are sensitive CHAPTER 3. MESOSCOPIC SIMULATIONS OF NMR SPECTRA: ELECTRONIC STRUCTURE AND ADSORBENT REORGANISATION EFFECTS to the charge on the carbon surface as well as the degree of local graphitization. The NICS profile for a particular pore surface is determined by interpolating the NICS profiles obtained through DFT calculations on coronene (36.2 Å2 ), circumcoronene (98.1 Å2 ) and dicircumcoronene (191.1 Å2 ) as model molecules with a surface charge matching to the potential considered (see equations 2.44 and 3.1).

Testing the relative importance of ion reorganisation and ring currents at various potentials

This study aims at investigating the effects of ion reorganisation and chemical shifts on the total global shift at various cell potentials. To achieve this we consider the variation of one parameter at a time: -to analyse the effect of ion organisation on the spectrum with varying potential, we consider the free energies (or integrated density profiles) for the respective potentials while using the chemical shifts calculated for 0 V; -to investigate the effect of the ring currents, we consider chemical shift profiles evaluated at the respective potentials combined with the free energy profiles (or integrated density profiles for the particle model) at 0 V.

3.2

In-situ NMR spectra of confined species

In-situ NMR spectra of ions adsorbed in a slit-pore

The 19 F in-situ NMR spectra of the BF - 4 ions inside a slit pore for BMI-BF 4 /ACN electrolyte were simulated using the lattice-based method and the relative contributions of the electrolyte re-organisation effects at the interface and the electronic structure of the carbon on the total global shift were assessed. The chemical shift difference (∆δ slit ) of the anions confined in the pores relative to the chemical shift of those in the bulk electrolyte at various applied potentials were evaluated as illustrated in Figure 3.6.

The total shift is increasing linearly with an increase in the applied cell potential. This is consistent with previous studies where the in-pore resonance was moving to larger chemical shifts when a potential is applied, regardless of the polarity. [START_REF] Wang | In situ NMR spectroscopy of supercapacitors: Insight into the charge storage mechanism[END_REF][START_REF] Forse | NMR study of ion dynamics and charge storage in ionic liquid supercapacitors[END_REF][START_REF] Deschamps | Exploring electrolyte organization in supercapacitor electrodes with solid-state NMR[END_REF][START_REF] Griffin | Solid-state NMR studies of supercapacitors[END_REF][START_REF] Forse | Selective observation of charge storing ions in supercapacitor electrode materials[END_REF] An experimental [START_REF] Dyatkin | Effect of structural disorder and surface chemistry on electric conductivity and capacitance of porous carbon electrodes[END_REF] F NMR spectrum for anions in a supercapacitor with NEt 4 -BF 4 /ACN (1.5 M) as electrolyte and YP-50F carbon as electrodes material revealed a chemical difference of +3.7 ppm and +4.4 ppm at 1.5 V for the positive and negative electrodes respectively. [START_REF] Griffin | Ion counting in supercapacitor electrodes using NMR spectroscopy[END_REF] The simulation results for the same cell potential are +2.1 ppm and Figure 3.5: Average chemical shifts for BF - 4 anions in BMI-BF 4 /ACN electrolyte confined in a 2 nm carbon slit-pore with respect to the bulk electrolyte. The individual contributions of the ion organisation effect and the ring current effect are marked using green and red symbols. +3.6 ppm for the positive and negative electrodes. The results from the slit-pore simulations are thus promising and form a solid base to simulate the spectra for a carbon particle model.

The simulations also reveal that the relative contribution to the shifts coming from the ring current effects is dominant compared to that from the ion organisation effects. In addition, the shifts attributable to the ring currents are moving to higher values irrespective of the polarity of the applied potential. This is a consequence of the accumulation of electrons / holes in the electrode surface increasing paramagnetic contribution in both cases.

The chemical shift contribution from the re-organisation effect decreases with a rise in positive potential and increases with a rise in negative potential. This is due to the increase in the anion adsorption to the electrode surface on the application of positive potentials. Hence these ions experience a larger chemical shift due to the ring currents on the electrode as the NICS is a distance-dependent phenomenon. The reverse is true with the application of negative potential, as anion desorption from the electrode surface is enhanced in this case. However, the chemical shift variation is not as evident as in the case of ring currents and is not reflected in the total shift. The total shift at positive potentials is lower than that at negative potentials. It is worth noting here that the contributions due to ring currents and ion organisation are not additive. STRUCTURE AND ADSORBENT REORGANISATION EFFECTS

In-situ NMR spectra of ions adsorbed in a carbon particle

Although the slit-pore model provides a better description of the factors affecting the NMR spectra at a local scale inside a particular pore, this model is not sufficient to provide a quantitative comparison of the chemical shifts to the experimentally available data. For a better interpretation of the spectra, it is necessary to consider the exchange of ions between pores of various sizes which can be realised with a carbon particle model. The global chemical shift (∆δ) of BF - 4 anions in the pores of YP-50F carbon particle, relative to those in the bulk electrolyte, and the contributions from the ring current effects and ion reorganisation effects are depicted in Figure 3.5. As expected from the results of the slit-pore simulations, the chemical shift variations on the application of a potential difference arise mainly from the alteration in the ring currents rather than the reorganisation of the ions. The general trends are in the same direction as for a slit-pore but the contribution from the ion reorganisation is even smaller. The chemical shifts for the positive potentials are lower compared to those at negative potential as observed in the case of slit-pores. From a quantitative point of view, the shifts are larger in the particle model than what is observed for a slit-pore. This is not surprising since a large proportion of the pores in the YP-50F carbon has a pore width less than 2 nm, the chosen pore width for the slit-pore model, (Figure 3.3) resulting in greater chemical shifts.
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The simulated chemical shifts changes at 1.5 V potential relative to 0 V are 8.0 ppm and 5.1 ppm for negative and positive polarities respectively which are much larger compared to 4.4 ppm and 3.7 ppm observed experimentally for anions in NEt 4 -BF 4 /ACN (1.5 M). This variation cannot be fully interpreted as the electrolytes used here are different. It is necessary to compare the simulated results to the experimental results to validate the effectiveness of the model.

For this purpose, lattice simulations were performed with the organic electrolyte PEt 4 -BF 4 /ACN (1.5 M) and YP-50F carbon electrode for which detailed NMR experiments are reported. [START_REF] Griffin | In situ NMR and electrochemical quartz crystal microbalance techniques reveal the structure of the electrical double layer in supercapacitors[END_REF] We have also conducted lattice simulations with the same electrode and with the pure ionic liquid EMI-TFSI, where the solvent effects do not come into play. The results obtained are compared against experiments conducted on Pyr 13 -TFSI electrolyte and YP-50F carbon electrode, [START_REF] Forse | NMR study of ion dynamics and charge storage in ionic liquid supercapacitors[END_REF] i.e. two electrolytes sharing a common anion. As illustrated in Figure 3.7, the lattice simulation provides a good agreement with the experimental results, notably for positive potentials. The simulated chemical shifts for the negative potentials are slightly higher than what is observed experimentally. The slope of the plot, i.e. the variation of the chemical shifts with the applied potential is similar regardless of the electrolyte considered here supporting the idea that the dominant contribution to the global shift is coming from the ring currents in the electrode. This finding is consistent with experimental results obtained on a larger range of electrolytes. [START_REF] Forse | NMR studies of adsorption and diffusion in porous carbonaceous materials[END_REF] The ion adsorption also has an effect that cannot be neglected in the total shift as can CHAPTER 3. MESOSCOPIC SIMULATIONS OF NMR SPECTRA: ELECTRONIC STRUCTURE AND ADSORBENT REORGANISATION EFFECTS be seen at 0 V. It seems that the coarse-grained or all-atom nature of the models used in the MD simulations does not affect significantly the simulated results.

To account for the slight variation observed between the simulated and experimental results for the negative potential a comprehensive analysis of the chemical shifts of species in [PEt 4 ][BF 4 ]/ACN (1.5 M) is carried out. The 31 P and [START_REF] Dyatkin | Effect of structural disorder and surface chemistry on electric conductivity and capacitance of porous carbon electrodes[END_REF] F NMR spectra for the cations and anions were simulated and compared against experiments. Figure 3.8(a) indicates that the lattice model provides a good agreement for anionic species for positive potentials but underestimates the chemical shifts for the cations in positive and negative potentials and anion for negative potentials. The simulated chemical shifts for the anions below -0.5 V potential are deviating from the experimental shifts and follow the chemical shifts of the cations as if they were sharing a similar environment. However, the chemical shift variations with the potential changes for these species are identical except for cations under a negative potential (Figure 3.8(b)). This could be an indication of the inaccurate description of ionic density for the system rather than an error in the NICS calculations. As mentioned before, the quantity of ions in different pore widths has an impact on the chemical shift as the NICS is a distance-dependent quantity. Any discrepancy in describing the distribution of the ions in distinct environments can lead to erroneous results. Here, the lattice simulations for anions and cations are performed independently which means the quantity of ions of a particular type that can enter the pore could be overestimated due to the lack of representation of the presence of the other ions and solvent inside the pore. This could be checked as the lattice model can determine the total quantity of ions adsorbed to the carbon surface. Figure 3.9 gives us a comparison of the relative quantities of ions for various potentials relative to 0 V as estimated by the lattice model and experiments. There is a good agreement between the simulated and experimental quantities except for anions in positive potentials where the model overestimates the quantity of adsorbed ions. The agreement between simulated and experimental shifts is better than the agreement between quantity of ions in the positive electrode. The integrated density profiles computed from the MD simulations can provide information about the environments probed by the ionic species. Figure 3.10(a) suggests that not many ions enter pores of widths below 10 Å except for anions at an electrode potential of +1 V. But as pointed out from the pore size distribution of YP-50F, a large fraction of pores are of widths close to 8.5 Å. Densities close to zero in these pores can imply a smaller shift. From Figure 3.10(b) it can be observed that the in-pore population distribution of the anions at a positive electrode follows closely the pore size distribution of the carbon while in the other cases the population is pretty low in pores below a width of 10 Å. This is consistent with the chemical shift estimation for these species (Figure3.8(a)) where the anions at positive potentials give the best agreement.

Hence the underestimation of the population in pores below 10 Å has resulted in an overestimation in shifts of anions and cations at negative potentials and cations at positive potentials. This led us to conclude that although the reorganisation of the ions in the pores while charging / discharging has a limited effect on the variation of the global shift, STRUCTURE AND ADSORBENT REORGANISATION EFFECTS an accurate description of the distribution of ions in pores of different sizes has a major effect on the actual global shift.

The inaccurate description of the ionic densities could be arising from the use of planar electrodes, without strong confinement, to model the supercapacitor in the MD simulations. To confirm this, an additional MD simulation was conducted at 0 V to determine the in-pore population in a porous carbon having an average pore size of 8.5 Å, the most probable pore size for a YP-50F carbon. For this, a structural model of porous carbon reported by Deringer et al. [START_REF] Deringer | Towards an atomistic understanding of disordered carbon electrode materials[END_REF] with an average pore size of 8.6 Å was used. The simulation box consists of 130 ion pairs and 1200 ACN molecules. Simulations were conducted in the NPT ensemble for 1 ns until the volume of the simulation box was equilibrated. This was followed by a simulation in the NVT ensemble for another 1 ns. These simulations showed that both ions were entering the pores of size 8.6 Å. The in-pore ion population was calculated by counting ions with a centre having a z coordinate between the z coordinates of the two outermost carbon atoms. The actual density in pores of 8.5 Å as predicted with the lattice simulation is 1.24×10 -4 ions Å-3 and 1.21×10 -6 ions Å-3 for anions and cations respectively in contrast to a much higher density of 4.97×10 -4 ions Å-3 for both ions from the molecular simulations. Hence the free energy profiles extracted from MD simulations using planar electrodes without strong confinement can affect the prediction of quantities of ions adsorbed in the small pore by the lattice model. Calculation of free energy profiles in three dimensions to be used in the lattice simulation could lead to a more accurate prediction of the chemical shifts. This will be explored in a later stage.

Conclusions

In this chapter, we have discussed the possibility of generating in-situ NMR spectra and predicting chemical shifts for electrolyte species adsorbed in porous carbons. In this way, we could follow the variation of the chemical shifts for a range of potentials. We showed that the effect of the electronic structure of the carbon is dominant compared to the ion organisation inside the pores. The model was validated by comparing the shifts and the quantities of adsorbed species inside pores to experimental results.

The model could reproduce the variation of the chemical shifts with the potential compared to the experiments. Nevertheless, the simulations could not predict the actual shift in many cases, probably due to the discrepancy of the free energy profiles between the real case and the ones extracted from molecular simulations, as the molecular simulations of the supercapacitor with planar electrodes without strong confinement is not an accurate model compared to the real case.

The use of a realistic porous carbon for the electrode in molecular dynamic simulations and DFT calculations could lead to more accurate results which will be explored at a later stage. Also here the carbons considered do not have any functional group attached, which might also affect the chemical shift and this has to be explored.

CHAPTER 4. MESOSCOPIC SIMULATION OF NMR SPECTRA: AN INVESTIGATION OF ADDITIONAL FACTORS INFLUENCING THE CHEMICAL SHIFTS OF AQUEOUS ELECTROLYTE SPECIES

shifts of the in-pore species. In the case of aqueous electrolytes, in addition to these, several other factors can impact the chemical shift of the confined species. The hydration number of ions in these electrolytes is known to influence the chemical shifts. [START_REF] Luo | Dehydration of ions in voltage-gated carbon nanopores observed by in situ NMR[END_REF][START_REF] Gerken | The 19 F NMR shifts are not a measure for the nakedness of the fluoride anion[END_REF] This means that the dehydration of the ions under confinement in the nanopores can potentially lead to large variations in the chemical shifts. The size of the carbon particle is also significant in determining the chemical shift of the electrolyte species due to exchange between the environments outside and inside of the pores leading to motional averaging. [START_REF] Cervini | Factors affecting the nucleus-independent chemical shift in NMR studies of microporous carbon electrode materials[END_REF] Experiments have shown that the local concentration variation between in-pore and bulk environments can further affect the chemical shift. [START_REF] Fulik | Electrolyte mobility in supercapacitor electrodes -solid state NMR studies on hierarchical and narrow pore sized carbons[END_REF][START_REF] Cervini | Factors affecting the nucleus-independent chemical shift in NMR studies of microporous carbon electrode materials[END_REF] In this chapter, we explore the various factors affecting the chemical shifts of aqueous species and distinguish their contributions to the total global shift. Aqueous electrolytes with various alkali metal ions in contact with polyether ether ketone-derived carbons (PDCs) are chosen for these investigations. These carbon/electrolyte combinations were chosen following the publication of experimental data. [START_REF] Fulik | Electrolyte mobility in supercapacitor electrodes -solid state NMR studies on hierarchical and narrow pore sized carbons[END_REF][START_REF] Cervini | Factors affecting the nucleus-independent chemical shift in NMR studies of microporous carbon electrode materials[END_REF] One advantage of using PDCs in this study is that their pore size distributions depend on the activation conditions which lead to different burn-off values (percentage of mass lost after the activation step). This allows one to explore the effect of porosity on chemical shifts. DFT calculations and MD simulations are used to provide a microscopic description of the system. Lattice simulations are used to predict the chemical shifts of the electrolyte species in contact with carbon particle with a realistic pore size distribution. All the calculations described in this chapter correspond to neutral carbon.

Simulating aqueous electrolytes

A combination of MD simulations, DFT calculations and lattice-based mesoscopic simulations are used to explore the various factors affecting the chemical shifts of species in aqueous electrolytes with alkali metal ions in PDCs relative to the bulk electrolyte.

Molecular Dynamics simulations

A carbon slit-pore model with two graphite slabs placed parallel to each other in the z direction is used. Two geometries representing the unconfined and confined electrolytes are considered. In the first geometry, the graphite slabs are sufficiently far apart (around 10 nm) that the electrolyte contained between them has bulk-like properties in the middle of the simulation box (Figure 2.3(a)). Free energy profiles of various species adsorbed on the carbon are extracted from these simulations. In the second geometry, the graphite slabs represent a slit-pore of size 0.8 nm or 1.1 nm, surrounded by the electrolyte on all sides (Figure 2.3(b)). The sizes of the slit-pores were chosen following the most probable pore widths in the pore size distribution of various PDCs that are obtained experimentally through adsorption studies (see Figure 4.3). Variations in properties of the electrolyte under confinement such as the average hydration number, arrangement of ions etc., were investigated with this geometry.

Aqueous solutions of LiCl (1 M), RbCl (1 M) and CsCl (1 M) are considered. All the electrolytes consist of 60 ion pairs and 3300 water molecules. The length of the box in the z direction for the first geometry is 11.2 nm, 11.5 nm and 11.5 nm for LiCl, RbCl and CsCl respectively. The lengths of the box in the x and y directions are 3.2 nm and 3.4 nm. For the second geometry, the simulation box is cubic with a size of 5.1 nm in all directions for all the electrolytes. All-atom models are used for all the simulated species. [START_REF] Berendsen | The missing term in effective pair potentials[END_REF][START_REF] Koneshan | Solvent structure, dynamics, and ion mobility in aqueous solutions at 25 °C[END_REF] The systems are first simulated in the NPT ensemble at 298 K and 1 atm for 1 ns until a constant volume is reached. This is followed by simulations in the NVT ensemble at 298 K for 20 ns for LiCl and CsCl systems, and 14.5 ns for the RbCl system with the first geometry and 10 ns for the second geometry. A timestep of 1 fs was used. The last 19 ns (12 ns for the RbCl) of the first geometry and the last 9 ns of the second geometry are considered for the analyses.

Density Functional Theory calculations

As the NICS profiles are independent of the nucleus studied, the ones used in the lattice model in the previous chapter are also used here to represent the shielding environment of the ions in the carbon pores. The 'chemical shift profiles' for various alkali metal ions are also computed using Gaussian 112 by placing the ions at various distances from the centre of a circumcoronene as a model molecule representing the carbon surface. These calculations provide information about any ion-carbon interactions that can affect the ring currents and consequently the chemical shifts.

To investigate the effect of the hydration number of the ion on the chemical shifts, several configurations of hydrated ions were extracted from the MD simulations. DFT calculations were performed on them and the chemical shift variation with the hydration number is evaluated by removing the farthest water molecule from the ion one by one from the fully hydrated configuration (here, all the starting configurations have 9 water molecules) until reaching the bare ion. Chemical shifts are calculated at each step (Figure 4.1). This was repeated with several starting configurations so as to study the effect of the exact structure (orientation, water-ion distance) of water molecules in the The chemical shifts of the hydrated ion cluster in the absence/presence of a circumcoronene molecule and under confinement between two circumcoronene molecules are also determined. For this, the hydrated ion is placed at a representative distance from the circumcoronene molecule.

A 3-21G basis set and B3LYP functional are used for determining the chemical shift profiles and the chemical shifts of the hydrated ions considering the computational expense and basis-set availability of heavy ions such as Cs + .

Lattice simulations

A simplified representation of a carbon particle of a given porous material, here PDCs, using a lattice is used to simulate the NMR spectra of various species in the aqueous electrolytes. A 20 × 20 × 20 sized lattice is chosen. Pore size distributions obtained through adsorption studies of PDCs with burn-off values 41%, 50% and 56% are used to determine the sizes of the slit-pores. The pore surfaces in the case of NICS are determined following a log-normal distribution with a mean of -0.1 and a standard deviation of 0.25 similar to the previous work described in Chapter 3 and published works. [START_REF] Merlet | Lattice simulation method to model diffusion and NMR spectra in porous materials[END_REF][START_REF] Belhboub | On the development of an original mesoscopic model to predict the capacitive properties of carbon-carbon supercapacitors[END_REF] The pore surfaces are all equal to the circumcoronene surface in the case of the chemical shift profiles, due to the additional expense of the DFT calculations. However, this does not affect the results significantly (see appendix).

The adsorption of ions in the carbon is described through free energy profiles extracted from the MD simulations for the species of interest with the first unconfined geometry described above. The NICS profiles or the chemical shift profiles obtained through the DFT calculations are used to describe the resonant frequencies of the ion in a lattice site. The effects due to the ring currents (included in the NICS / chemical shift profiles) and
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the ion organization (included in the free energy profiles) are treated separately in this model and their relative importance is analysed. The model does not include explicitly any effects related to the hydration of the ions.

Once the structural features of the carbon, adsorption and shielding environments of the electrolytes are described, the next step is to model the dynamics of the electrolytes in the carbon. Monte Carlo moves are performed on the lattice. The NMR signal is calculated for Li + , Rb + , Cs + and the hydrogen atom in water in various PDCs. The Fourier transform of the NMR signal gives access to the chemical shift of the in-pore species considered relative to their corresponding bulk species.

Interpreting chemical shifts of adsorbed aqueous species 4.2.1 Ring currents and ion reorganisation effects: a lattice model based investigation

The 1 H, [START_REF] Ding | Selfsacrificial template-directed synthesis of metal-organic framework-derived porous carbon for energy-storage devices[END_REF] Li, [START_REF] Seebeck | Elucidating curvature-capacitance relationships in carbon-based supercapacitors[END_REF] Rb, [START_REF] Freitas | On the difficulties and pitfalls with the analysis of solid-state 13 C NMR spectra in graphitic materials[END_REF] Cs NMR spectra for LiCl, RbCl, and CsCl electrolytes in PDCs with different burn-off values were simulated and chemical shifts (∆δ NICS ) of in-pore species relative to bulk species were predicted using the lattice model. The information on ion organisation and adsorption is obtained from the free energy profiles. The shielding environments of the ions at the lattice sites were described by the NICS profiles obtained from DFT calculations. The experimental pore size distributions are also included. Any possible interactions or charge transfers between the ion, water molecules, and carbon are ignored at this stage. The predicted chemical shifts are compared against experimental chemical shifts obtained by Cervini et al. [START_REF] Cervini | Factors affecting the nucleus-independent chemical shift in NMR studies of microporous carbon electrode materials[END_REF] (Figure 4.2).

In general, the predicted ∆δ NICS for all the species considered decrease with an increase in the burn-off value of the PDCs. The trend is in agreement with the experiments. DFT calculations indicate that the average NICS is larger for smaller pore sizes. [START_REF] Forse | Ring current effects: Factors affecting the NMR chemical shift of molecules adsorbed on porous carbons[END_REF][START_REF] Xing | Probing carbon micropore size distribution by nucleus independent chemical shift[END_REF] The pore size distributions for the PDCs considered show a large fraction of pores around 0.8 nm, 1.1 nm and a broader distribution of pores in the range 2-3 nm (Figure 4.3). A larger burn-off value only increases the relative proportions of the pores in the 2-3 nm range and does not change the pore sizes themselves. Hence it is expected to observe a decreased ∆δ NICS for carbons with higher burn-off.

A slight increase in the ∆δ NICS of all the considered species is observed at a burnoff value of 50% compared to that of 56%. A better understanding of this observation demands knowing the distribution of ions in various environments in addition to the pore size distribution. [START_REF] Sasikumar | Mesoscopic simulations of the in situ NMR spectra of porous carbon based supercapacitors: electronic structure and adsorbent reorganisation effects[END_REF] A larger quantity of adsorbed ions in smaller pores implies a larger chemical shift. The distribution of Li + ions in the considered carbons (Figure 4.3), obtained using the lattice model, reveals that the fraction of ions occupying pores sizes between 1.9 nm and 3.2 nm is larger for the PDC with a burn-off value of 56% compared to the one with a burn-off value of 50%. The distributions are similar for other species considered. Consequently, the ∆δ NICS observed for various species in the 50% burn-off carbon are higher.

The lattice model could reproduce the trends observed in the experiments satisfactorily. However, the variation of the ∆δ NICS values with the increase in the burn-off value, i.e. the slope of the curve is slightly overestimated for the simulations compared to the experiments. This discrepancy might come from the hypotheses made in the lattice model regarding the NICS calculated through DFT such as the averages across the NICS profiles calculated for different aromatic molecules, positions at which the NICS are calculated close to the carbon surface, etc. [START_REF] Merlet | Lattice simulation method to model diffusion and NMR spectra in porous materials[END_REF][START_REF] Sasikumar | Mesoscopic simulations of the in situ NMR spectra of porous carbon based supercapacitors: electronic structure and adsorbent reorganisation effects[END_REF] This could also be due to the differences in carbon structures considered. The pore size distributions reported in the published work of Cervini et al. [START_REF] Cervini | Factors affecting the nucleus-independent chemical shift in NMR studies of microporous carbon electrode materials[END_REF] are not from the same series of carbons as the ones used for the NMR experiments. Overall the lattice model provides a good qualitative agreement with the experiments regarding the variation of the chemical shifts with the porosity of the carbon.

The lattice model predicts the highest absolute chemical shifts in various PDCs for 1 H compared to the cations considered ( 7Li, 87 Rb, 133 Cs). A small difference of 1-2 ppm is observed between 1 H, [START_REF] Ding | Selfsacrificial template-directed synthesis of metal-organic framework-derived porous carbon for energy-storage devices[END_REF] Li, and 87 Rb / [START_REF] Freitas | On the difficulties and pitfalls with the analysis of solid-state 13 C NMR spectra in graphitic materials[END_REF] Cs. This can be a consequence of the ion organisation at the electrode / electrolyte interface as the NICS profiles used to describe the shielding environments in these cases are independent of the nucleus studied. The NICS increases as the species move closer to the carbon surface. The free energy profiles for hydrogen and the cations at the interface extracted from MD simulations (Figure 4.4) indicate that the hydrogen atoms come closer to the carbon followed by Li + and by Rb + / Cs + . The free energy profiles for the Rb + and Cs + are similar and their chemical The lattice model could predict the chemical shifts of 1 H and [START_REF] Ding | Selfsacrificial template-directed synthesis of metal-organic framework-derived porous carbon for energy-storage devices[END_REF] Li satisfactorily compared to the experiments. Nevertheless, the chemical shifts for Rb + and Cs + are underestimated noticeably by 4-5 ppm by the lattice model compared to the experiments. This indicates that the ion organisation at the interface and the resulting distribution in the pores cannot explain the chemical shifts of these species.

We know from Chapter 3 that the effect of the ring currents on the carbon can be dominant, compared to the ion organisation regarding the global shifts. The electronic structure of the carbon could be altered due to specific interactions or charge transfer between the alkali metal ions and the carbon. Subsequently, a large change in the total shift could be expected. These effects are neglected in the NICS profiles used so far in the lattice simulations. shift profiles for Na + and K + are also included for completeness. Evidently, for distances smaller than 0.6 nm, the chemical shifts for various species deviate increasingly from NICS as the ions get closer to the carbon surface. The deviations are negligible for Li + and become increasingly larger with an increase in the ion size corresponding to an increase in polarizability. The chemical shifts become more negative for ions from Li + to Rb + in the series with a deviation of -0.2 ppm and -3.7 ppm for Li + and Rb + respectively at
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0.35 nm. The case of Cs + is strikingly different from the other ions and the chemical shift increases from the NICS by 10.7 ppm at 0.35 nm.

The origin of the deviation of the chemical shifts of ions from NICS is not well understood. Ring currents are sensitive to the surface charge. Any charge transfer from the ion to the aromatic molecule can alter the ring currents and therefore the chemical shifts. [START_REF] Sasikumar | Mesoscopic simulations of the in situ NMR spectra of porous carbon based supercapacitors: electronic structure and adsorbent reorganisation effects[END_REF] The Bader [START_REF] Bader | Atoms in molecules[END_REF][START_REF] Lu | Multiwfn: a multifunctional wavefunction analyzer[END_REF] and Mulliken charges 112 on the cations and carbon atoms in the cation-circumcoronene system were evaluated. The calculations are done for cations at a distance of 0.35 nm from the centre of the circumcoronene molecule. The results show evidence of limited charge transfer of 0.03 e maximum between the cations and the circumcoronene molecule. Previous investigations of interactions of various ions with aromatic molecules have suggested a small change in the ring current. Interestingly, this change is not much affected by the nature of the ion. [START_REF] Güell | Aromaticity analysis of lithium cation/π complexes of aromatic systems[END_REF][START_REF] Rodríguez-Otero | Cation-π and anion-π interactions: Changes in aromaticity upon complexation[END_REF][START_REF] Mary | Effect of counterion on the reactivity, stability, aromaticity and charge distribution in mono-and polyphosphacyclopentadienide ions -a theoretical investigation[END_REF] The variations in the ring currents due to the presence of an ion can be analysed by calculating NICS(1). [START_REF] Chen | Nucleusindependent chemical shifts (NICS) as an aromaticity criterion[END_REF] NICS(1) is the chemical shift for the ion-circumcoronene system, at 0.1 nm away from the centre and below the plane of the circumcoronene molecule, on the side opposite to the ion (see Figure 4.6). In this configuration the effects of ring values obtained using chemical shift profiles are similar to the ones obtained with NICS profiles and they do not explain the experimental chemical shifts observed for Rb + and Cs + ions. The free energy profiles for these ions have the first minimum at a distance of 0.6 nm from the carbon surface. This indicates that not many ions approach carbon closer than this distance. The ion-carbon interactions are negligible and the deviation of the chemical shifts from NICS is not significant at these distances. Hence it is expected that the variations in the chemical shifts due to ion-carbon interactions do not bring significant changes in the simulated ∆δ values.

It was previously shown in Chapter 3 that in some cases the representation of the elec- MD simulations of electrolytes confined in slit pores of widths 0.8 nm and 1.1 nm were considered. The simulations with the slit-pore of width 0.8 nm do not show any evidence of any of the cations (Li + , Rb + and Cs + ) entering the pore. In the case of the slit-pore of width 1.1 nm, it was observed that the Li + , Rb + and Cs + ions entered the pore and occupied preferentially the centre of the pore, approximately 0.55 nm away from the carbon surface as the water molecules surrounded the ions and lined the pore walls. This is depicted in Figure 4.8 for the CsCl / H 2 O system. Similar observations are made for LiCl and RbCl in water systems. Following these considerations, no major shift is expected from the specific ion-carbon interactions.

Hydration effect on chemical shifts

DFT calculations of Na + and F -ions have demonstrated that the chemical shifts of the ions are largely affected by their hydration number. [START_REF] Luo | Dehydration of ions in voltage-gated carbon nanopores observed by in situ NMR[END_REF][START_REF] Gerken | The 19 F NMR shifts are not a measure for the nakedness of the fluoride anion[END_REF] This effect is not included in the lattice simulations. The adsorption of ions in nanopores is often accompanied by their dehydration and is dependent on the energy barrier associated with the hydration energy of the ion for a given pore size. [START_REF] Luo | Dehydration of ions in voltage-gated carbon nanopores observed by in situ NMR[END_REF][START_REF] Beckstein | Not ions alone: Barriers to ion permeation in nanopores and channels[END_REF] Large ions such as Cs + and Rb + are polarizable ions with lower hydration energy than smaller ions such as Li + . Therefore, their hydration shells are more prone to distort and break upon entering a pore. This may result in a significant variation in the chemical shifts. In addition, water molecules can have strong interactions with the ions which, in the vicinity of the carbon, may affect the interactions of the ions with the carbon and the carbon itself thus altering the ring currents and the chemical shifts. To explore the effect of these factors, we focus on Cs + ions (similar results are expected for Rb + , which is verified for a number of analyses).

First, we investigate the potential effect of dehydration of the confined species upon entering the small pores on the chemical shift. The variation of the chemical shifts with hydration number is assessed by extracting four different configurations from MD simulations. Starting with configurations with 9 water molecules, water molecules are sequentially removed and the chemical shift of the ion relative to the bare ion is calculated at each step (Figure 4.1). Using several starting configurations, we can also assess the importance of the exact structure of water molecules (ion-water distance, orientation) in the hydration shell for a given hydration number in determining the chemical shifts. shift variation with dehydration is prominent, are rarely present in the systems, both confined and bulk species included. More importantly, the hydration number distributions are the same for confined and bulk species. This implies that the extent of dehydration in these species is minimal, happening only for a few ions. Additionally, the MD simulations indicate that the Cs + ions mostly reside at the centre of the pore in a fully hydrated state while the water molecule lines the pore walls (Figure 4.8). Hence the chemical shift arising from the hydration number of the ion can be neglected.

However, Figure 4.9 also shows that for a given hydration number, the difference in the arrangement of the water molecules in the hydration shell of the ion can result in a chemical shift variation as large as 75 ppm. Any variation in the structure of the hydration shell would be reflected in the pair distribution function. PDFs for Cs + -O and Cs + -H are calculated from the MD trajectories. The pair distribution functions do not provide any evidence of any significant difference in the local environment of the ions. Hence a variation of the chemical shift arising from the reorientation of the water molecules can To ease the comparison between in-pore and bulk ions, the curves are normalised by the height of the first peak.

be neglected. Overall, any difference in ∆δ due to variation in hydration number can be ruled out.

Even though there is no evidence for dehydration of the ions or reorientation of the water molecules under confinement, the hydration shell of the ion, in the vicinity of the carbon, may influence the ion-carbon interaction. Fully and partially hydrated cation complexes are extracted from MD simulations and the chemical shifts of the ions next to a circumcoronene molecule were computed. The distance of the Cs + is set to be 0.35 nm for the partially hydrated state, as this is the closest distance of approach of the ion to the carbon. For a fully hydrated state, the ion-carbon distance is set to 0.45 nm, a commonly observed distance from the MD simulations. To investigate chemical shift trends in a slit-pore one more circumcoronene is added so that the distance between the two circumcoronene molecules is 1.1 nm. For a thorough understanding of the trends, the chemical shift calculations of bare ions in presence of one circumcoronene molecule or a slit-pore are also performed. Similar calculations are repeated with Li + and Rb + . Desolvation of the Li + ions is not observed in the MD simulations. In this case the distance between Li + and the closest carbon is set to be 0.41 nm. The calculated chemical shifts for partially and fully hydrated Cs + ion and hydrated Li + and their respective bare cations with and without confinement are shown in Figure 4.12. Detailed results for all ions can be found in the appendix (Figures 6.10-6.14).

The chemical shift difference between the partially hydrated Cs + in vacuum and confined in a 1.1 nm slit-pore, where the closest ion-carbon distance is 0.35 nm, is -13.0 ppm. This value is much larger than the experimental value but is much closer to it than a simple NICS or bare ion estimation (which is estimated to be 3.7 ppm for the same position in the slit-pore with respect to the ion in vacuum). For a fully hydrated Cs + ion, the chemical shift difference between vacuum and under confinement in the slit-pore is -3.2 ppm. This difference is smaller than the chemical shift difference of -6.3 ppm for the bare ion. Similar trends are observed for Rb + .

The chemical shift difference between vacuum and slit-pore for hydrated and bare Li + ions are respectively -6.7 ppm and -6.8 ppm respectively. The effect of the hydration sphere of the ion on the chemical shift is negligible. This supports the idea that the NICS or the chemical shift profiles are sufficient to predict the experimental ∆δ for the in-pore Li + ions with respect to the bulk species. For Cs + and Rb + ions, clearly, the effect of the hydration shell is significant and NICS or the chemical shift profiles are not enough to predict the experimental ∆δ values.

Previous NICS(1) calculations on the bare ions suggest that the ring currents cannot be the origin of such large chemical shifts. The NICS(1) calculations are repeated for the partially dehydrated Cs + ion placed 0.35 nm away from the circumcoronene molecule. For the partially hydrated Cs + ion, the computed NICS(1) is -14.3 ppm compared to -13.9 ppm for the bare ion. It is evident that the hydration shell does not alter the ring currents on the carbon surface to bring a significant change in the chemical shift.

CHAPTER 4. MESOSCOPIC SIMULATION OF NMR SPECTRA: AN INVESTIGATION OF ADDITIONAL FACTORS INFLUENCING THE CHEMICAL SHIFTS OF AQUEOUS ELECTROLYTE SPECIES

The relationship between the local structure and the chemical shift of large polarisable ions such as Cs + and Rb + is still ambiguous. A better understanding of this necessitates considering a large number of configurations of the hydrated ion and a more realistic representation of the nanopores. Such a study can be computationally demanding and is not attempted here. However, our investigations with a few configurations indicate that chemical shifts (∆δ) in the range of 9-11 ppm relative to the bulk can be attained, which is close to the experimental observations, when the fully or partially hydrated ions are confined in a nanopore.

Conclusions

In this chapter, we have explored the factors affecting the chemical shifts for the series of alkali metal ions in aqueous electrolytes under confinement in nanoporous carbons. First, the chemical shifts ∆δ for the in-pore ions relative to the bulk species in PDCs are predicted and compared with experimental chemical shifts with the help of lattice simulations. The importance of pore size distribution, ion organisation and the ring currents on the carbon surface were analysed. The lattice model could satisfactorily predict the chemical shifts of Li + ions and hydrogen atoms in water. The lattice model does not include the solvent effects and was not sufficient to interpret the chemical shifts for large polarisable ions such as Cs + and Rb + . DFT calculations on ion-water configurations extracted from the MD simulations suggest that the hydration effects are prominent for polarizable alkali metal ions. MD simulations suggest that the dehydration and reorientation of the hydration shell are minimal for these ions under confinement. Nevertheless, the DFT calculations indicate that the local arrangement of the water molecules for ions in the vicinity of the carbon is crucial to reproducing the experimental chemical shifts. This could be consistent with NMR experiments showing that the concentration of Cs + ions in the CsCl aqueous electrolyte affects the 133 Cs NMR spectra. A detailed study considering a wide range of ion water configurations in the bulk and in the vicinity of the carbon could improve our understanding of the relationship between the local structure of the hydration sphere of the ion and chemical shifts for ions under confinement. In addition to the diffusion of ions between pores inside a particle, thus experiencing different environments, the ions can diffuse in and out of the particle. This effect, which can be designated as in-pore / ex-pore exchange, is evaluated to be at least two orders of magnitude faster than intra-particle diffusion. [START_REF] Griffin | Ion counting in supercapacitor electrodes using NMR spectroscopy[END_REF][START_REF] Fulik | Electrolyte mobility in supercapacitor electrodes -solid state NMR studies on hierarchical and narrow pore sized carbons[END_REF] The in-pore / ex-pore exchange, and as a result the NMR spectra through motional averaging, might be affected by the particle size of the carbon. Indeed, the presence of an exchange peak associated with the ex-pore peak and its broadening upon reduction in the particle size was previously shown. [START_REF] Cervini | Observing solvent dynamics in porous carbons by nuclear magnetic resonance: Elucidating molecular-level dynamics of in-pore and ex-pore species[END_REF] It was proposed that the diffusion paths from the inside to the surrounding bulk electrolyte are shorter for smaller particles, resulting in a faster exchange and hence a broader peak. However, the exchange process is complex, with different dynamic processes involved that may affect the measured NMR spectra. Here, we use lattice simulations to quantify and compare the chemical shifts for various particle sizes.

Including a bulk electrolyte region in the lattice simulations

To investigate the effects of particle size on the chemical shifts (∆δ), a simplistic representation of a carbon particle surrounded by electrolyte is realised using a lattice of size 20×20×20. The parametrisation of the lattice is similar to the particle model described in previous chapters (Chapters 2, 3, 4). The lattice is composed of a set of slit pores following a realistic pore size distribution obtained from experimental adsorption studies or the application of Poreblazer 222 to an in-silico generated structure. Polyether ether ketone-derived carbons (PDCs) with 41% and 56% burn-offs and a Gaussian approximated potential based model carbon, GAP-930, 156 are considered.

After initializing the pore properties in the usual way, the lattice is divided into two regions representing the carbon particle and the bulk electrolyte. The size of the particle is specified in lattice units. All sites in the lattice whose distances from the origin are above the specified size are considered to be the bulk electrolyte (see Figure 11). Particle sizes ranging from 6 to 16 lattice units are considered. The sizes below six are not considered as the carbon particle of this size is too small to capture the pore size distribution completely, leading to misrepresented porosities in the particle. Sizes above 16 represent the particle itself without or with little bulk electrolyte and hence cannot capture the in-pore-ex-pore exchange.

Figure 5.1: Schemes illustrating (a) the lattice representation of the carbon particle (in red) and the electrolyte (in green), (b) the implementation of the 2-site model with homogeneous values for the chemical shifts in sites corresponding to electrolyte (green) and the carbon particle (red) and, (c) the implementation of a realistic carbon particle model with a single value for the chemical shifts in sites corresponding to electrolyte (green) and varying chemical shifts in sites corresponding to the carbon particle (various shades of red).

IMPLEMENTATION AND VALIDATION OF THE CARBON / BULK MODEL 95

The next step is to determine the free energies and Larmor frequencies at each lattice site. For the carbon particle, the free energies are determined from the integrated densities corresponding to the pore volume extracted from the MD simulations. The electrolytes BMI-BF 4 (1.5 M)/ACN and LiCl (1 M)/H 2 O are considered. Note that a coarse-grained approach is used for the MD simulations with BMI-BF 4 /ACN and an all-atom approach for LiCl/H 2 O. The integrated density corresponding to the bulk electrolyte for the largest possible pore is considered for the sites representing the bulk electrolyte. The actual quantity of ions in each lattice site varies with the pore surface.

The chemical shifts of sites representing the bulk electrolyte are assigned to zero. The chemical shifts for the lattice sites corresponding to ions inside the carbon particle are implemented in two ways.

• 2-site model: All lattice sites representing the particle are assigned an equal shift.

Here, the [START_REF] Dyatkin | Effect of structural disorder and surface chemistry on electric conductivity and capacitance of porous carbon electrodes[END_REF] F NMR spectrum for the BF - 4 anions in BMI-BF 4 /ACN in GAP-930 carbon is considered. A constant shift of -7.2 ppm is chosen. This value was calculated through an initial lattice simulation where all lattice sites are pores (i.e. the same representation as in previous chapters). The average chemical shift of the fluorine atom in such a BMI-BF 4 /ACN -GAP-930 carbon system is -7.2 ppm. Note here that for a simpler representation, the pore surfaces are all set to be the area of the circumcoronene molecule and, the pores all have equal free energies corresponding to the largest possible pore.

• Realistic carbon particles: a weighted average of NICS profiles (from DFT) with the free energy profiles (from MD simulations) is used to assign the resonant frequencies at each site as detailed in Chapters 2 and 3.

Implementation and validation of the carbon / bulk model

Fast dynamics

To validate the proposed model, a test case, where the chemical shifts corresponding to the in-pore BF - 4 anions are set to -7.2 ppm, is considered. This case is equivalent to a two-site exchange model. [START_REF] Levitt | Spin dynamics: basics of nuclear magnetic resonance[END_REF] The test calculation is first conducted without any specific energy barrier to slow down the diffusion of species between lattice sites. The predicted NMR spectra for various particle sizes ranging from 6-16 lattice units are shown in Figure 5.2. The spectrum shows a single peak, suggesting fast dynamics between the EFFECTS Figure 5.2: 19 F NMR spectra of BF - 4 anions in the BMI-BF 4 /ACN system, in the 2-site configuration, for various particle sizes. The chemical shifts of the species in the sites corresponding to the particle are set to a constant value of -7.2 ppm. in-pore and ex-pore environments.

For the smallest size considered, the chemical shift is evaluated to be -0.74 ppm, close to the chemical shift of the bulk electrolyte. As the particle size increases, the chemical shift moves to larger absolute values reaching -7.1 ppm at 16 units closer to the in-pore peak position. Here, the chemical shift variation with the particle size is primarily due to and the ratio between the quantities of the in-pore and ex-pore species (in red). (b) The full width at half maximum obtained for the spectra corresponding to various particle sizes. The red line indicates the size at which the fraction of sites corresponding to the particle and that to the electrolyte are equal. the variation in the total quantities of in-pore and ex-pore species, and particularly the ratio between those. Since the size of the lattice is constant, an increase in the particle
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size increases the quantity of in-pore species, shifting the spectrum closer to the in-pore resonance value of -7.2 ppm. Figure 5.3 shows that the chemical shift evaluated by the lattice model is in good agreement with the shift evaluated simply by considering the ratio of the in-pore and ex-pore quantities.

Regarding the shape of the spectra, the peak broadens going from a particle size of 6 units until a size of 10 units, and then sharpens. As expected, the maximal line broadening happens when the fraction of sites corresponding to the carbon particle and those corresponding to the electrolyte are equal (see Figure 5.3).

Slow dynamics

To understand the chemical shift variation with the particle size and the exchange of ions between the particle and the surrounding bulk electrolyte better, slower dynamics were investigated. This is done using an additional barrier of 11.8 kJ mol -1 for diffusion between lattice sites. [START_REF] Merlet | Lattice simulation method to model diffusion and NMR spectra in porous materials[END_REF] The value of the energy barrier is set somewhat arbitrarily based on experimental results from Borchardt et al. [START_REF] Borchardt | Interaction of electrolyte molecules with carbon materials of well-defined porosity: Characterization by solid-state NMR spectroscopy[END_REF] The diffusion coefficients of the ions are decreased by a factor of 10 compared to a zero energy barrier. The simulated NMR spectra for various particle sizes are shown in Figure 5 For the smallest size considered, 6 units, a single peak is observed at -0.03 ppm. As the size increases the peak broadens and shifts to lower frequencies. More importantly, a second peak is visible at around -6.3 ppm at a particle size of 7 units. With the increase in particle size, the second peak gradually sharpens while the first peak broadens. Both peaks move to lower frequencies with the increased size. Following the validation of the model, the effect of the particle size on the chemical shift of fluorine for the BMI-BF 4 /ACN electrolyte in contact with a more realistic GAP930 carbon particle was studied. The simulations were conducted in the fast-exchange regime. Results are show in Figure 5.5. The evaluated chemical shift differences (∆δ) and the line shape of the NMR spectra differ significantly from that predicted for a 2-site model for various particle sizes. The chemical shift varied from -0.01 ppm to -6.42 ppm as the particle size increased from 6 units to 16 units. Consistent with the 2-site model, a shift to lower frequencies is observed with the increase in particle size in this case.

Interestingly, two peaks are observed (Figure 5.6) in the case of a particle with a size of 15 units suggesting a slow exchange between the in-pore and ex-pore environments. This could also possibly be due to the high in-pore to ex-pore ratio. Indeed, in some cases, the peak for in-pore ions might simply be hidden under the ex-pore peak.

LiCl/H 2 O -PDCs

The 1 H NMR spectra for the LiCl aqueous electrolyte in contact with PDCs with burnoff values 41% and 56% were also simulated as a function of the particle size (Figure 5.7). Similar to the previous systems, as the size increases, the chemical shifts move to lower frequencies in both PDCs considered. The chemical shift variation was highest for the 41% burn-off owing to the larger fraction of small pores in the carbon compared to the PDC with 56% burn-off value. The PDC with 56% burn-off value showed sharper peaks than the one with 41% which might be arising from a different spread of environments in these systems. Two separate peaks corresponding to the ex-pore and in-pore environments were visible for sizes 13-15 units in the case of PDC with 41% burn-off. 

Conclusions

The particle size effects on the position and resolution of the peak corresponding to the in-pore species are investigated by means of lattice simulations. This is implemented by the inclusion of a region corresponding to the bulk electrolyte in the particle model described in the previous chapters. The size of the particle is systematically varied and the change in the NMR spectrum is tracked. A two-site model with constant shifts assigned to the sites representing the carbon particle was considered to check the validity of the model. Later, [START_REF] Dyatkin | Effect of structural disorder and surface chemistry on electric conductivity and capacitance of porous carbon electrodes[END_REF] F NMR spectrum for BMI-BF 4 /ACN -GAP-930 carbon system and 1 H NMR spectrum for LiCl/H 2 O -PDCs (BO = 41%, 56%) systems are simulated. In general, the chemical shift moves to lower frequencies with an increase in particle size. A wider peak for carbons with 41% burn-off was observed suggesting that the different spread of environments may affect the spectra. This work opens the door for much more systematic studies on the effect of particle size on the NMR spectra of adsorbed species.

Chapter 6

Reverse Monte Carlo modelling of disordered carbon using additional constraints from NMR experiments The characterization of porous carbons is crucial for understanding the molecular mechanisms and thereby optimising the performance of the materials for various applications. As discussed in chapter 1, current techniques such as adsorption isotherms and Reverse Monte Carlo (RMC) based methods using pair distribution functions provide interesting but ambiguous models for pore size distributions and atomistic structures. CARBON USING ADDITIONAL CONSTRAINTS FROM NMR EXPERIMENTS Since NMR is sensitive to a number of local properties, often anisotropic, NMR data could be used to reduce the ambiguity of the models. This chapter introduces the idea of including constraints from NMR experiments in RMC modelling to improve the accuracy of structure determination. Figure 6.1 illustrates this idea. Figure 6.1: Scheme representing the structure determination of a fullerene molecule with traditional RMC and including additional information from NMR. Using only traditional constraints, the obtained structure is defective, with the NMR constraints, a better model is reached.

Development of RMC technique for structure determination of porous carbons

The RMC technique was initially designed for the determination of the structure of liquids. [START_REF] Mcgreevy | Reverse monte carlo simulation: a new technique for the determination of disordered structures[END_REF] In this reconstructive approach, the aim is to obtain the structure of a system of interest so that is consistent with a set of experimental data, generally pair distribution functions derived from the diffraction experiments, and following a set of chosen constraints. The reliability of the traditional RMC method in its simplest form in determining the disordered structures is still criticised as it fails to provide a unique solution. Moreover, the occurrence of unrealistic patterns, such as 3-members rings for carbon structures, is highly probable. Specific constraints can be set to improve the models but too many constraints may result in the structure getting trapped in an intermediate, non-optimal, local minimum.

The traditional RMC technique could be modified to include the NMR data to obtain a more accurate model. To achieve this, we develop the method starting from the traditional RMC approach. The code is currently written in python 3. We note that while there are available codes for RMC, such as RMC profile, 224 the source codes are not necessarily available or adapted for easy inclusion of NMR constraints. We have thus decided to test the feasibility of this approach using our own code. The first step is the generation of the initial structure. The user needs to specify the number of atoms N and the density. The density of the considered system dictates the cell size. N atoms are placed in a cell at random positions. Note here that only carbon atoms are considered; the presence of any heteroatoms is ignored at this point. All simulations are described using a cubic cell and periodic boundary conditions are applied. The initial structure is verified to obey a minimum approach distance constraint, i.e., the distances between atom pairs do not fall below a pre-defined distance of the closest approach determined by their shortest feasible bond length. Here, the minimum distance used is 1.2 Å

Reverse Monte Carlo algorithm

The interatomic distances in the initial structure are computed and the pair distribution function g(r) is calculated:

g(r) = n(r) 4πr 2 drρ (6.1)
where n(r) is the number of atom pairs separated by a distance between r and r + dr averaged over all atoms. Subsequently, the difference between the calculated g sim (r) and the experimental g exp (r), for a given experimental data set, is determined through the merit function χ 2 old :

χ 2 old = N i (g sim (r) -g exp (r)) 2 (6.2)
Then, one atom is displaced randomly. The new configuration is validated in order to obey the minimum approach distance constraint. If not, the structure is discarded, and a new atom is displaced randomly until this constraint is satisfied.

The new merit function χ 2 new is evaluated similarly to equation 6.2.

• If the new error function is less than the old one, i.e. χ 2 new < χ 2 old , the move is accepted.

• If not, the move is rejected or accepted with a probability function which is inversely proportional to the change in merit function ∆χ [START_REF] Gallo | Carbon nanofibers functionalized with active screen plasma-deposited metal nanoparticles for electrical energy storage devices[END_REF] 

= χ 2 new -χ 2 old .
If the move is rejected, a new atom is displaced randomly and the process starts again. Once a move is accepted the new merit function becomes the old merit function. The process is repeated until a convergence of the merit function is achieved. If successful, the final configuration is consistent with the experimental diffraction data. In practice, we usually set a maximum number of moves in case the χ 2 function does not converge. The outline of the RMC algorithm is given in Figure 6.2.

Inclusion of information from NMR experiments

to the traditional RMC approach

Examples from the literature

The inclusion of additional sets of experimental data can improve the efficiency of the RMC technique. NMR spectroscopy provides valuable information on the structure of the carbon materials which could be used as constraints in the RMC method. Ambro- [START_REF] Presser | Carbide-derived carbons -from porous networks to nanotubes and graphene[END_REF] C NMR spectra obtained for similar real carbon structures. A similar approach could be implemented in the RMC method. The fraction of different carbon types could be evaluated at each step and a histogram of their corresponding chemical shifts could be used to define the merit function.

An example of using NMR constraints in a different type of material has been reported. RMC simulations of spinel-type lithium metal oxides were used to assess the local ordering of cations in a series of complex materials. [START_REF] Pigliapochi | Structural characterization of the li-ion battery cathode materials LiTi x Mn 2-x O 4 (0.2 ≤ x ≤ 1.5): A combined experimental 7 Li NMR and firstprinciples study[END_REF] In particular, traditional RMC would lead to a peak at 0 ppm not seen in experiments. RMC simulations with a constraint to remove this peak, i.e. rejecting all moves leading to a shift at 0 ppm, lead to structures in good agreement with experiments. It is worth noting that the structure determination benefited from data from X-ray diffraction to determine the phases in presence.

Fast evaluation of chemical shifts

The use of NMR constraints is also only possible if a computationally cheap way to calculate the chemical shifts is available. The chemical shifts used can be the ones of the carbon atoms themselves or of adsorbed species. A step towards this was made at the CIRIMAT by Dimitrios Kilymis who developed a tight-binding model to predict the NICS in the vicinity of small aromatic molecules, to go beyond the series of coronenes used so far. [START_REF] Kilymis | Efficient prediction of nucleus independent chemical shifts for polycyclic aromatic hydrocarbons[END_REF] This model is computationally more than one order of magnitude faster than DFT calculations, without being fully optimised. The larger the molecule, the more efficient the tight-binding model is compared to DFT. This model is still being improved to deal with disordered carbons and could be used to evaluate the NICS in an RMC scheme with a relatively large number of atoms.

The addition of the experimental NMR data and constraints extracted from them is yet to be implemented in the RMC model. Validation of the traditional RMC approach for determining the structure of carbon is aimed before the inclusion of the NMR data. The model will be used to determine the structures of small molecules before it is scaled to determine the structures of large disordered carbons. In the next section, the progress in the implementation of the RMC-based model is discussed in details. To implement and validate the approach, tests on very small systems, for which the structures are completely known, are used. Pair distribution functions are calculated on initial 2, 3, 5 and 20 (C 20 fullerene) atoms structures and used as "experimental" data, later designated as "target" data. These structures are then "forgotten" as if they were unknown to see if the RMC algorithm can resolve them.

Implementation and importance of acceptance criterion

For all the "molecules" used as test set, initial structures are created using the packmol software. [START_REF] Martínez | Packmol: A package for building initial configurations for molecular dynamics simulations[END_REF] Only a constraint on minimum approach distance is applied. Attempts to resolve the structures using the "experimental" PDFs as constraints are done using the algorithm described in section 6.1.2.

Several functions were considered to determine the acceptance / rejection of a move in case the χ 2 2 function increases. The acceptance probabilities tested are gathered in table 6.1. for ∆χ 2 > 0 σ 0.05 Table 6.1: Various acceptance probabilities explored to determine the acceptance / rejection of an RMC move. v indicates variable. recover the correct distance with 2 atoms, while it fails to do so in the rest of the systems. The acceptance ratio is very poor in the 3, 5 and 20 atom cases. Looking closer at the evolution of χ 2 , the merit function attains convergence for all the molecules except C 20 . This suggests that the structural evolution is trapped in a local minimum. To address CARBON USING ADDITIONAL CONSTRAINTS FROM NMR EXPERIMENTS this problem, a few modifications to the probability function are examined.

Acceptance criterion

A parameter β is introduced in the probability function. Trials were conducted by varying its value. Our results suggest that the best β parameter depends on the number of atoms. What works for one structure may not work for another.

Another trial with an acceptance probability inversely proportional to the relative error, with the inclusion of the β parameter, was considered. The results were similar to the previous trial. The β value was then increased by a factor of 10 after a certain number of steps. The rate of variation was changed and tested. A varying β value could not improve the agreement of the predicted and target PDFs compared to a fixed β.

Finally, a normal distribution function [START_REF] Mcgreevy | Reverse monte carlo simulation: a new technique for the determination of disordered structures[END_REF] was also considered but did not show better results.

This study shows the complexity of setting up a correct acceptance criterion even for simple systems. In order to minimise the merit function and arrive at a reasonable carbon model, it is necessary to optimise the acceptance criterion for the RMC move and the parameters involved.

Conclusions and perspectives

A basic framework of the RMC approach following the traditional RMC method has been developed and tested on small molecules of known structures. Several probability functions and associated parameters were tested for optimising the acceptance criterion. As none of the functions considered could minimise the merit functions, more functions and parameters have to be explored and optimised. After achieving this step, information from NMR experiments and local chemical shifts calculated using a tight-binding model or DFT calculations will be used to try to refine carbon models that can reproduce properties of the disordered porous carbons.

General conclusion

The main objective of this thesis is to determine various factors affecting the NMR spectra of species electrosorbed on the surface of disordered porous carbons. NMR experiments have been applied to study the charge storage mechanisms in supercapacitor devices and have provided useful insights about the same. The NMR spectra of electrolyte species in these devices have displayed a distinct resonance corresponding to the species that are confined in the pores of the carbon electrode. This resonance is generally shifted to lower frequencies compared to that of the free bulk species. This chemical shift ∆δ is primarily due to the ring currents present on the surface of the carbon. However, there are several other factors that can affect the ∆δ values. The impact of these factors on the spectra is not yet completely understood.

In this work, we have used a combination of MD simulations, DFT calculations and lattice simulations to analyse and understand the importance of various factors that affects the chemical shifts of the adsorbed species. At first, The in-situ NMR spectra for electrolyte species in supercapacitor systems were simulated at various applied potentials were simulated using the lattice simulations. The simulations consider the effect of ring currents on the surface of the carbon and the ion organisation effects from information obtained from DFT calculations and MD simulations respectively. Our simulations could reproduce the experimental chemical shifts obtained for a series of organic/ionic-liquid electrolytes in YP-50F carbon. Moreover, we analysed the relative importance of the ring current effects and the ion organisation effects on the chemical shift of these species. Our results show that the variation of the chemical shift on the application of the potential arises mainly from the variation of the electronic structure of the carbon. However, the simulated spectra for a series of aqueous alkali metal chloride solutions in PDCs displayed a large deviation from the experimental observations, especially for more polarisable ions such as Rb + and Cs + . This suggests that additional factors other than the ring currents and the ion reorganisation effects are prominent in these cases. Factors such as ion-carbon interactions, solvent effects, and ion polarization effects were explored using a combination of MD simulations and DFT calculations. Our investigations indicate that the hydration structure of the ions has a large impact on the chemical shifts of more polarisable ions. The inclusion of water molecules in the vicinity of the carbon is crucial for the exact quantification of the chemical shifts in this case.

Next, we investigated the effect of the particle size on the position and resolution of the in-pore peak in the NMR spectra. The particle size affects the exchange of ions between the in-pore and ex-pore environments. Modifications were made in the lattice model to incorporate a region corresponding to the bulk to capture the particle size effects. In general, the chemical shift was observed to move to lower frequencies with an increase in particle size.

The structure of the carbon has an important role in advocating the device's performance. We propose a reverse Monte Carlo-based method to develop models for disordered porous carbon by incorporating information from the NMR spectra. Preliminary results on the application of the method to small molecules are discussed.

To conclude, we have investigated factors affecting the chemical shifts of the confined species in porous carbon materials. Our results could improve the understanding of the experimental NMR spectra including quantification of the chemical shift arising from factors such as ring currents and ion organisation. We also propose to use this information from the NMR data to develop carbon models for disordered porous carbons. However, there are still open questions regarding the NMR spectroscopy such as the effect of concentration of the electrolyte, a detailed understanding of the complex exchange phenomenon in the carbon and its effects on the lineshape of the spectra, etc, that needs to be addressed. Lattice simulations using real carbon structures including information on ionic density and chemical shifts in 3 dimensions are in prospect. This can allow precise quantification of the chemical shifts of adsorbed species and thus improve our understanding of the spectra.

- Nucleus Independent Chemical Shifts for the coronene molecule with charge +1/-1 or 0 were calculated using various functionals and basis sets and compared against that using B3LYP/6-31G(d) -the most commonly used method/basis set. NICS values were computed at various distances along axis passing through the molecular center.

Performance of various basis sets in evaluating NICS

NICS were computed with different basis sets sets using B3LYP functional.All the basis sets give similar trend except the simpler basis sets STO-3G and 3-21G. Hence the basis set seems to have little influence on the NMR results. Calculations show very good agreement at distances larger than 3 Å, i.e. all distances explored by adsorbed species. To validate our choice of basis set 6-31G(d) used in the NICS calculations in this work, total isotropic shift, as well as diagonal components of shielding tensor, were compared against a more accurate basis set cc-pVTZ as reference. The agreement is found to be good with a maximum deviation of around 0.25 ppm, for distances greater than 3 Å.

Performance of various functionals in evaluationg NICS

Chemical shifts were also computed using various hybrid functionals which include B3LYP, B3PW91, M06-2X, PBE, HSEH1PBE and post-HF MP2 method with a 6-31G(d) basis set. All the functionals except MP2 give similar results, especially at distances above 3 Å. Calculations using MP2 deviate significantly from the results obtained using other hybrid functionals. One of the possible reasons for this could be the charge on the molecule studied.

An additional calculation was performed for neutral coronene using MP2/6-31G(d). The NICS values using MP2/6-31G(d) are in agreement with B3LYP/6-31G(d). Comparison of components of shielding tensor calculated using MP2 and B3LYP shows good agreement in case of a neutral molecule For charged molecule, the σ XX and σ Y Y components are in good agreement but σ ZZ exhibits very poor agreement. This is reflected in the total isotropic shift. Use of circumcoronene molecule to define the pore surface for a slit-pore in the particle model As a consequence of the size effect seen for the NICS, the molecule used to define the pore surface of the slit pores in the particle model has an impact on the shift observed. Figure 6.9 shows the chemical shift at various potentials while using coronene, circumcoronene, dicircumcoronene or a distribution of areas centred on the area of circumcoronene to define the pore surface. It is noteworthy that the use of circumcoronene only or a distribution around its area does not affect the results significantly. On the contrary, the use of other molecules lead to large variations in both the shift values and the slope of the variation with potential. Interestingly, as can be seen in the main text, circumcoronene gives a good agreement for both the values and slopes. Nevertheless, this molecule will not necessarily be the best option for other porous carbons. [START_REF] Forse | New insights into the structure of nanoporous carbons from NMR, Raman, and pair distribution function analysis[END_REF] Effect of hydration and ring currents on the chemical shift for Li + 

Résumé

Les carbones poreux sont une classe intéressante de matériaux existant dans une variété de morphologies. Ils présentent d'excellentes propriétés telles qu'une grande stabilité chimique, une bonne résistance mécanique, une bonne conductivité électrique, un faible coût et une grande durabilité. Ce sont des matériaux polyvalents dont les caractéristiques structurales, comme la structure des pores, la surface spécifique et la fonctionnalisation, sont modulables. Plusieurs types de carbones poreux avec des morphologies variées peuvent être synthétisés pour s'adapter à différentes applications. La plupart des carbones poreux produits industriellement sont dérivés de matériaux carbonés tels que des polymères organiques, des matériaux issus de la biomasse et des carbures métalliques. Plusieurs techniques, à savoir la carbonisation-activation, les répliques de zéolites, l'auto-réplique, la technique de gravure au laser CO 2 , et la carbonisation par micro-ondes, sont communément utilisées dans la production de carbones poreux à surface spécifique élevée.

Condensateurs à double couche électrochimique

Les EDLC stockent de l'énergie par adsorption réversible d'ions à l'interface électrode / électrolyte. Lorsqu'une différence de potentiel est appliquée entre les électrodes, les espèces positives se déplacent vers l'électrode négative, et vice versa, équilibrant la charge sur l'électrode à une échelle locale. Il en résulte la formation d'une double couche de charges à l'interface électrode / électrolyte. Les supercondensateurs fournissent une puissance élevée car l'énergie est stockée (et libérée) par l'accumulation (et la libération) rapide des charges à l'interface. De plus, comme aucune réaction d'oxydoréduction n'intervient dans le processus de stockage de l'énergie, les changements volumétriques sont très limités et les supercondensateurs bénéficient d'une longue durée de vie. Les carbones poreux offrent généralement une grande surface pour l'adsorption des ions. De plus, la séparation des charges à l'échelle atomique à l'interface, à des distances bien plus faibles que celles des condensateurs classiques, conduit à de grandes capacités et à des densités d'énergie équivalentes. Grâce à ces caractéristiques remarquables, les supercondensateurs ont déjà trouvé des applications telles que la récupération d'énergie de freinage dans les véhicules, les systèmes start-stop, les grues et les trains légers à supercondensateurs. Toutefois, la densité énergétique est beaucoup plus faible que celle des batteries.

Plusieurs types de carbones, dont les oignons de carbone, les nanotubes de carbone, le graphène, les carbones activés et les carbones dérivés, sont utilisés comme matériaux d'électrode dans les EDLC. Pour les électrolytes, plusieurs types sont considérés : aqueux, organiques et liquides ioniques. La compréhension des propriétés des matériaux d'électrode et de l'électrolyte et du comportement de l'interface dans des conditions de travail, qui peuvent affecter la densité d'énergie et de puissance, est cruciale pour améliorer les performances des dispositifs. Les carbones à surface spécifique élevée et à haute conductivité sont souhaitables pour les électrodes dans les applications de supercondensateurs. Ils offrent une grande surface pour l'adsorption des ions, ce qui entraîne une capacité élevée. Les propriétés capacitives du dispositif sont également affectées par d'autres caractéristiques des pores de l'électrode de carbone, telles que la forme et la taille des pores, la connectivité entre les pores et la présence de groupes fonctionnels de surface.

La performance des EDLC dépend fortement des mécanismes précis du stockage de charge. La charge peut être stockée principalement de trois façons : (i) expulsion des coions (ions avec une charge de même signe que la surface de l'électrode), (ii) adsorption des contre-ions (ions avec une charge de signe opposé à celle de l'électrode) et (iii) mécanisme d'échange d'ions où l'adsorption des contre-ions est accompagnée de l'expulsion des co-ions. Tous ces mécanismes entraînent un excès de charge à l'intérieur des pores qui compense la charge de l'électrode.

Le développement de techniques de caractérisation in-situ a facilité l'étude des supercondensateurs en fonctionnement et a fourni des informations précieuses sur les mécanismes de charge et sur la structure de l'interface électrode-électrolyte. La microbalance à quartz électrochimique (EQCM) a été utilisée pour mesurer les flux d'ions sous un potentiel appliqué et identifier les facteurs qui l'influencent, tels que la taille moyenne des pores ou la nature de l'électrolyte. Les techniques de diffusion telles que la diffusion des rayons X aux petits angles (SAXS) ou la diffusion des neutrons aux petits angles (SANS) ont permis de sonder la structure de l'électrode de carbone ainsi que l'adsorption et la désolvatation des ions au cours de la charge/décharge. Toutes ces techniques apportent des informations utiles concernant l'adsorption moléculaire mais ne sont pas entièrement quantitatives et ne permettent souvent pas de distinguer les espèces.

Spectroscopie par résonance magnétique nucléaire (RMN)

La spectroscopie RMN est une technique remarquable adaptée à l'étude des supercondensateurs. La sensibilité de cette technique aux environnements locaux permet d'étudier les propriétés structurales du carbone et l'évolution de l'interface électrode / électrolyte. De plus, grâce à la spécificité de son noyau, elle permet l'étude d'une espèce indépendamment des autres, fournissant ainsi des informations utiles sur les mécanismes de charge. De plus, il s'agit d'une technique quantitative permettant de mesurer précisément les populations d'espèces adsorbées dans les pores.

Comme mentionné précédemment, les carbones poreux qui nous intéressent ici contiennent une très grande fraction de carbones sp 2 appartenant à des cycles à 6 atomes. Ces structures sont sujettes à la délocalisation des électrons. En présence d'un champ magnétique externe, les électrons π délocalisés circulent, générant un courant de cycles conduisant à un champ magnétique induit. Toute espèce à proximité de la surface aromatique subira donc un champ de blindage / déblindage. Le calcul du déplacement chimique indépendant du noyau (NICS, Nucleus Independent Chemical Shift) peut être utilisé pour évaluer le déplacement chimique qu'un noyau dans ces conditions. Le NICS peut être calculé avec des programmes modernes de mécanique quantique tels que Gaussian. Des études sur des molécules aromatiques telles que coronène, circumcoronène et dicircumcoronène ont montré que pour des distances supérieures à 3 Å de la molécule, les valeurs absolues du NICS diminuent avec l'augmentation de la distance à la molécule. Il a également été montré que les NICS augmentent avec la taille de la molécule aromatique considérée. Ces résultats suggèrent que les déplacements chimiques dus aux courants de cycles peuvent être utilisés comme un outil pour fournir des informations structurales sur les domaines aromatiques et la conductivité électronique.

Les études de l'adsorption des ions sur la surface du carbone et du confinement de l'électrolyte dans les pores du carbone sont très importantes pour la recherche fondamentale sur les supercondensateurs. Les spectres RMN d'électrolytes en contact avec des les carbones poreux montrent deux pics, l'un correspondant aux espèces libres (espèces "bulk" ou "ex-pore") et l'autre aux espèces adsorbées ("in-pore"). Ceci est visible dans la figureFigure 1. Les déplacements chimiques in-pore sont systématiquement décalés vers des fréquences plus basses par rapport aux espèces ex-pore. La différence de déplacement chimique entre in-pore et ex-pore (∆δ) est une quantité utile pour analyser les mécanismes de charge et la structure du carbone. Il a été proposé que les valeurs de ∆δ sont affectées principalement par les courants de cycles. Comme discuté précédemment, les effets de blindage dus aux courants de cycles sont forts lorsque les ions sont proches de la surface du carbone. Par conséquent, l'arrangement des espèces dans les pores du carbone peut avoir un impact sur les valeurs de ∆δ mesurées. En dehors des courants de cycles, il est connu que les déplacements chimiques sont modifiés par la structure du solvant autour de l'espèce adsorbée. Des études, menées avec des électrolytes aqueux, ont indiqué que la désolvatation des ions lors de leur entrée dans les micropores du carbone provoque des variations significatives des déplacements chimiques. Des variations du déplacement chimique en fonction de la concentration de l'espèce confinée ont également été mises en évidence dans certains cas.

En plus des effets décrits précédemment, les espèces électrolytiques se déplacent constamment entre différents environnements chimiques. Cela peut provoquer des fusions de pics dans les spectres RMN. Des facteurs tels que la taille de la particule et le solvant utilisé peuvent affecter la dynamique des échanges entre in-pore et ex-pore, ce qui peut conduire à un décalage du ∆δ.

Des expériences de RMN in-situ et ex-situ d'électrolytes organiques ont révélé des changements d'intensité et des variations du déplacement chimique des résonances in-pore avec le potentiel appliqué. Un certain nombre d'études ont montré que les résonances inpore se déplaçaient vers des déplacements chimiques plus élevés, indépendamment de la polarité de l'électrode. Ces variations peuvent provenir de la réorganisation des ions dans les pores, de l'altération des courants de cycles dans l'électrode de carbone pendant la charge, ou d'une combinaison des deux. Une étude RMN in situ de l'électrolyte aqueux NaF dans des carbones nanoporeux a montré une tendance inverse, avec des résonances inpore se déplaçant vers des déplacements chimiques plus faibles à mesure que le potentiel augmente, pour certains des noyaux étudiés et des potentiels appliqués. Dans ce cas, l'influence de la spéciation (et en particulier du nombre de solvatation) rend l'image microscopique plus complexe. L'interprétation des spectres RMN est, par conséquent, à la fois riche et complexe, et distinguer les contributions des facteurs mentionnés cidessus est une tâche essentielle pour une meilleure compréhension du comportement des espèces à l'échelle locale.

Des calculs utilisant la théorie de la fonctionelle de la densité (DFT) sur des molécules aromatiques chargées ont montré que le NICS varie de valeurs négatives près de la surface pour les molécules neutres à des valeurs positives pour les molécules chargées, indépendamment de la charge positive ou négative imposée. Ceci est qualitativement cohérent avec les observations expérimentales mais l'ampleur de l'effet n'est pas comprise à ce jour. Les calculs DFT, bien qu'ils soient des outils puissants pour estimer les NICS, ne prennent en compte que des structures de carbone et des charges de surface simplifiées et ne permettent pas de considérer facilement la dynamique des ions dans des mésostructures complexes. Les simulations de dynamique moléculaire (MD) sont potentiellement mieux adaptées à de telles études.

Les simulations MD ont été utilisées précédemment pour étudier divers phénomènes tels que la structure et l'évolution de la double couche électrochimique formée à l'interface, les électrolytes confinés dans les pores du carbone et les effets de bord sur la capacité. Cependant, les échelles de longueur et de temps qui peuvent être atteintes par ces méthodes sont limitées à quelques nanomètres et nanosecondes alors que les observations expéri-mentales sont réalisées sur des échelles plus grandes (µm, µs ou ms).

Simulations sur réseau

Récemment, Merlet et al. ont utilisé des simulations sur réseau pour étudier l'adsorption des ions dans les carbones poreux utilisés dans les supercondensateurs, notamment pour la prédiction des spectres RMN, des propriétés capacitives et des coefficients de diffusion. Cette méthode est avantageuse car elle inclut des informations microscopiques obtenues à partir de simulations DFT et MD. Dans cette méthode, le calcul des propriétés utilise la méthode de propagation des moments qui est très efficace sur le plan informatique et permet d'échantillonner toutes les trajectoires de diffusion possibles pour extraire les propriétés dynamiques effectives. Avec cette méthode, des particules de carbone de taille micrométrique peuvent être modélisées et les signaux RMN peuvent être simulés sur des échelles de temps de l'ordre de la milliseconde, atteignant ainsi les échelles expérimentales. Nous avons utilisé cette méthode pour la prédiction des spectres RMN et par conséquent des valeurs de ∆δ.

Les déplacements chimiques peuvent être évalués à deux échelles différentes : (i) un pore en fente ayant une taille de pore bien définie, et (ii) une particule de carbone avec une distribution de la taille des pores réaliste (voir Figure 2). La diffusion de l'électrolyte est 

Spectres RMN d'électrolytes organiques

La première étude menée concerne les déplacements chimiques de diverses espèces, dans une série d'électrolytes organiques et de liquides ioniques purs, adsorbées sur le carbone YP-50F. L'importance relative des courants de cycles et de l'adsorption ionique sur la valeur globale de ∆δ lors de l'application d'un potentiel a été évaluée pour ces systèmes. Pour ce faire, nous considérons la variation d'un paramètre à la fois avec le potentiel :

• Pour analyser l'effet de l'organisation des ions sur le spectre à un potentiel donné, nous considérons les énergies libres (ou les profils de densité) pour le potentiel considéré tout en utilisant les déplacements chimiques calculés pour 0V ;

• Pour étudier l'effet des courants de cycles, nous considérons les profils de déplacements chimiques évalués pour le potentiel considéré combinés aux profils d'énergie libre à 0V.

Le spectre RMN in-situ 19 F a été simulé et les valeurs de ∆δ des espèces BF - 4 ont été évaluées pour un pore en fente.

Nos résultats (voir Figure 3) révèlent que la contribution relative des courants de cycles est dominante par rapport à celle de l'organisation ionique. De plus, les variations attribuables aux courants de cycles se déplacent vers des valeurs plus élevées indépendamment de la polarité du potentiel appliqué. Ceci est une conséquence de l'accumulation d'électrons / trous dans la surface de l'électrode qui augmente la contribution paramagnétique dans les deux cas. La contribution au déplacement chimique provenant de la réorganisation diminue avec une augmentation du potentiel positif et augmente avec une augmentation du potentiel négatif. Ceci est dû à l'augmentation de l'adsorption des anions sur la surface de l'électrode lors de l'application de potentiels positifs. Par conséquent, ces ions subissent un déplacement chimique plus important en raison des courants de cycles sur l'électrode, car le NICS est un phénomène dépendant de la distance. L'inverse est Bien que le modèle des pores en fente fournisse une meilleure description des facteurs affectant les spectres RMN à une échelle locale à l'intérieur d'un pore particulier, ce modèle n'est pas suffisant pour fournir une comparaison quantitative des déplacements chimiques avec les données expérimentales disponibles. Pour une meilleure interprétation des spectres, il est nécessaire de considérer l'échange d'ions entre les pores de différentes tailles, ce qui peut être réalisé avec un modèle de particule de carbone. Les résultats et les tendances observés pour le modèle de particules de carbone sont similaires à ceux observés pour le modèle de pores en fente. Les résultats simulés (voir Figure 4) sont en bon accord avec les décalages expérimentaux, surtout aux potentiels positifs, bien que les simulations semblent sous-estimer les variations aux potentiels négatifs. Il a été démontré que la variation du déplacement chimique avec le potentiel suit de près celle observée expérimentalement. De plus, cette variation est similaire pour les différents électrolytes considérés, ce qui indique que les résultats de la RMN pourraient être principalement les conséquences de courants de cycles. 

Déplacements chimiques au sein des électrolytes aqueux

Suite à nos recherches sur les électrolytes organiques et les liquides ioniques, nous avons également considéré les électrolytes aqueux. Pour cette étude, nous avons considéré des solutions de CsCl (0.1M, 1M, 2M), RbCl (1M) et LiCl (1M, 2M) comme électrolytes et des carbones dérivés de "polyether ether ketone" (PDC) de différentes porosités comme électrodes. L'un des avantages de l'utilisation des PDC dans cette étude est que la distribution de la taille des pores dépend des conditions d'activation qui conduisent à différentes valeurs de burn-off (pourcentage de masse perdue après l'étape d'activation). Cela permet d'explorer l'effet de la porosité sur les déplacements chimiques.

Les simulations sur réseau sont utilisées pour prédire les déplacements chimiques des espèces d'électrolyte en contact avec la particule de carbone neutre. Les spectres RMN de [START_REF] Ding | Selfsacrificial template-directed synthesis of metal-organic framework-derived porous carbon for energy-storage devices[END_REF] Li, 87 Rb, [START_REF] Freitas | On the difficulties and pitfalls with the analysis of solid-state 13 C NMR spectra in graphitic materials[END_REF] Cs et 1 H ont été simulés et les déplacements chimiques ont été comparés aux déplacements chimiques expérimentaux évalués par Cervini et al. Des simulations MD ont été réalisées sur les électrolytes susmentionnés avec des électrodes planes pour extraire les profils d'adsorption à utiliser dans les simulations sur réseau. Les profils NICS obtenus à partir de calculs DFT de molécules modèles sont utilisés pour déterminer les déplacements chimiques des molécules ou ions à chaque site du réseau. Les distributions expérimentales de la taille des pores sont également incluses. Les effets dus aux courants de cycles (inclus dans les profils NICS / déplacements chimiques) et à l'organisation ionique (inclus dans les profils d'énergie libre) sont traités séparément dans ce modèle et leur importance relative est analysée. Le modèle n'inclut pas explicitement les effets liés à l'hydratation des ions.

En général, les ∆δ NICS prédits pour toutes les espèces considérées diminuent avec une augmentation de la valeur de burn-off des PDC (voir Figure 6). Cette tendance est en accord avec les expériences. Les calculs DFT indiquent que le NICS est plus grand pour les tailles de pores plus petites. Les distributions de la taille des pores pour les PDCs considérés montrent une grande fraction de pores autour de 0.8 nm, 1.1 nm et une distribution plus large de pores dans la gamme 2-3 nm. Une valeur de burn-off plus élevée augmente seulement les proportions relatives des pores dans la gamme 2-3 nm et ne change pas les tailles de pores elles-mêmes. Par conséquent, on s'attend à observer une diminution de ∆δ pour les carbones avec un burn-off plus élevé.

Le modèle sur réseau reproduit les tendances observées dans les expériences de manière satisfaisante. Cependant, la variation des valeurs ∆δ NICS avec l'augmentation de la valeur du burn-off, c'est-à-dire la pente de la courbe, est légèrement surestimée pour les simulations par rapport aux expériences. Cette divergence pourrait provenir des hypothèses faites dans le modèle sur réseau concernant les NICS calculés par DFT, comme distances inférieures à 0,6 nm, les déplacements chimiques des différentes espèces s'écartent de plus en plus de la NICS à mesure que les ions se rapprochent de la surface du carbone. Les déviations sont négligeables pour Li + et deviennent de plus en plus grandes avec l'augmentation de la taille de l'ion correspondant à une augmentation de la polarisabilité. Les déplacements chimiques deviennent plus négatifs pour les ions de Li + à Rb + avec une déviation de -0,2 ppm et -3,7 ppm pour Li + et Rb + respectivement à 0,35 nm. Le cas de Cs + est étonnamment différent des autres ions et le déplacement chimique augmente de 10,7 ppm par rapport au NICS à 0,35 nm.

Les variations des courants de cycles dues à la présence d'un ion peuvent être analysées en calculant la valeur de "NICS(1)", le déplacement chimique pour le système ion-circumcoronène, à 0,1 nm du centre et sous le plan de la molécule de circumcoronène, du côté opposé à l'ion (voir Figure 8). Les valeurs de NICS(1) impliquent une petite variation des Les simulations sur réseau sont répétées avec les profils de déplacements chimiques calculés (CSP) pour les ions Li + , Rb + et Cs + afin d'évaluer l'importance des variations de déplacement chimique provenant des NICS sur les valeurs de ∆δ. Les valeurs de ∆δ obtenues en utilisant les NICS (∆δ NICS ) et les CSP (∆δ CSP ) sont similaires et n'expliquent pas les déplacements chimiques expérimentaux observés pour les ions Rb + et Cs + . En fait, ce n'est pas surprenant car peu d'ions s'approchent du carbone à une distance inférieure à 0,6 nm. Les interactions ion-carbone sont négligeables et la déviation des déplacements chimiques par rapport à la NICS n'est pas significative à ces distances.

Des calculs DFT publiés sur les ions Na + et F -ont démontré que les déplacements chimiques des ions sont largement affectés par la structure de leur sphère d'hydratation. L'adsorption des ions dans les nanopores est souvent accompagnée de leur désolvatation. Les grands ions tels que Cs + et Rb + sont des ions polarisables avec une énergie d'hydratation plus faible que les ions plus petits tels que Li + . Par conséquent, leurs sphères d'hydratation sont plus susceptibles de se déformer et de se défaire à l'entrée de l'ion dans un pore. Cela peut entraîner une variation significative des déplacements chimiques. En outre, les molécules d'eau peuvent avoir de fortes interactions avec les ions qui, à proximité du carbone, peuvent affecter les interactions des ions avec le carbone, modifiant ainsi les courants de cycles et les déplacements chimiques.

Pour explorer l'effet de ces facteurs, nous nous concentrons sur les ions Cs + . La variation des déplacements chimiques en fonction du nombre d'hydratation est évaluée en extrayant quatre configurations différentes des simulations MD. En commençant par des configurations avec 9 molécules d'eau, les molécules d'eau sont retirées une par une et le déplacement chimique de l'ion par rapport à l'ion nu est calculé à chaque étape. En utilisant plusieurs configurations de départ, nous pouvons également évaluer l'importance de la structure exacte des molécules d'eau (distance ion-eau, orientation) dans la sphère d'hydratation pour un nombre de solvatation donné. Les résultats sont donnés dans la Figure 9. Après avoir initialisé les propriétés des pores de la manière habituelle, le réseau est divisé en deux régions représentant la particule de carbone et l'électrolyte libre / non confié. La taille de la particule est spécifiée en unités du réseau. Tous les sites du réseau dont la distance par rapport à l'origine sont supérieures à la taille spécifiée sont considérés comme étant l'électrolyte libre. Des tailles de particules allant de 6 à 16 unités sont considérées.

Pour la particule de carbone, les énergies libres sont déterminées à partir des densités ioniques extraites des simulations MD. Les électrolytes BMI-BF 4 (1.5 M) /ACN et LiCl (1 M) / H 2 O sont considérés. Les déplacements chimiques des sites représentant l'électrolyte libre sont égaux à zéro. Les déplacements chimiques des sites du réseau correspondant aux ions à l'intérieur de la particule de carbone sont attribués de deux manières.

• Dans un premier temps, on attribue le même déplacement à tous les sites du réseau.

Un déplacement chimique de -7,2 ppm est choisi en considérant le déplacement chimique moyen du fluor dans le système BMI-BF 4 /ACN -GAP-930 (simulations sur réseau préliminaires). Notez ici que pour une représentation plus simple, les pores sont tous également peuplés avec des énergies libres correspondant au plus grand pore possible. Ce modèle est appelé modèle à 2 sites.

• Pour une représentation de particule de carbone réalistes, une moyenne pondérée des profils NICS (issus de la DFT) avec les profils d'énergie libre (issus des simulations MD) est utilisée pour attribuer les déplacements chimiques à chaque site.

Pour la validation du modèle, les spectres pour différentes tailles de particules pour le modèle à 2 sites sont analysés (voir Figure 12). Pour la plus petite taille considérée, le déplacement chimique est évalué à -0,74 ppm, proche du déplacement chimique de l'électrolyte libre. Au fur et à mesure que la taille de la particule augmente, le déplacement chimique passe à des valeurs absolues plus importantes, atteignant -7,1 ppm à 16 unités. Ici, la variation du déplacement chimique en fonction de la taille des particules est principalement due à la variation des quantités totales des espèces in-pore et ex-pore. En ce qui concerne la forme des spectres, le pic s'élargit à partir d'une taille de particule de 6 unités jusqu'à une taille de 10 unités, puis devient plus étroit. Ceci est attendu suivant les modèles analytiques existant pour des échanges entre deux sites.

Pour mieux comprendre la variation du déplacement chimique en fonction de la taille de la particule et de l'échange d'ions entre in-pore et ex-pore, une dynamique plus lente a été étudiée. Pour ce faire, on utilise une barrière énergétique supplémentaire pour la diffusion entre les sites du réseau. Un deuxième pic est alors visible à environ -6,3 ppm pour une taille de particule de 7 unités. Avec l'augmentation de la taille des particules, le second pic devient progressivement plus étroit tandis que le premier pic s'élargit. Les deux pics se déplacent vers des fréquences plus basses avec l'augmentation de la taille.

Après la validation du modèle, l'effet de la taille des particules sur le déplacement chimique du fluor pour l'électrolyte BMI-BF 4 /ACN en contact avec le carbone GAP930 a été étudié. Les différences de déplacement chimique évaluées (∆δ) et la forme de ligne des spectres RMN diffèrent significativement de celles prédites pour un modèle à 2 sites pour différentes tailles de particules. En accord avec le modèle à 2 sites, un déplacement vers des fréquences plus basses est observé avec l'augmentation de la taille de la particule dans ce cas. Des calculs des spectres RMN pour un électrolyte aqueux en contact avec les PDC ont aussi été effectués. Les tendances sont similaires à celles du système BMI-BF 4 / ACN.

Vers la détermination de la structure des carbones poreux D'après la discussion menée jusqu'à présent, il est clair que les caractéristiques structurales du carbone, essentielles pour comprendre et améliorer les performances des dispositifs, sont difficiles à déterminer. Comme il est difficile d'obtenir des détails atomistiques des matériaux à base de carbone, plusieurs modèles simplifiés ont été utilisés par le passé. Le modèle le plus populaire est le modèle graphitique à pores en fente. Ce modèle est pertinent compte tenu de la preuve expérimentale que les carbones désordonnés sont constitués de nanocristaux de graphite formant des pores en forme de fente. Ce modèle consiste en des plaques de graphite placées parallèlement et séparées par différentes distances définissant la taille des pores. Même si cette idéalisation ne rend pas compte des distorsions et des défauts de surface du carbone, elle a été utile pour modéliser l'adsorption dans les pores.

Les études de dynamique moléculaire utilisant des modèles de pores en fente ont permis d'évaluer l'influence de la taille des pores sur l'adsorption et la dynamique des ions, par exemple. Néanmoins, leur simplicité inhérente limite la compréhension détaillée des phénomènes moléculaires. C'est pourquoi l'intérêt pour les modèles atomistiques de carbones poreux désordonnés s'est accru.

Deux méthodes importantes ont été utilisées pour générer des modèles atomistiques : l'approche pseudo-mimétique et l'approche reconstructive. Dans l'approche pseudo-mimétique, une transition de phase du carbone, d'une phase vapeur ou liquide, à un matériau solide métastable désordonné est réalisée. Une telle approche nécessite l'utilisation d'un champ de forces réactif. Ce champ de forces décrit les interactions carbone-carbone et permet la rupture et la formation de liaisons. L'efficacité de cette approche pour modéliser des carbones poreux de manière réaliste dépend du champ de forces et de la vitesse de trempe utilisée dans les simulations. Dans l'approche reconstructive, les modèles sont générés en affinant leur structure de manière récursive jusqu'à ce qu'ils soient en accord avec certaines données expérimentales cibles.

La méthode de Monte Carlo inverse (RMC) est l'approche reconstructive la plus populaire. La méthode RMC est basée sur une fonction de mérite χ 2 qui évalue l'accord entre une fonction simulée, f sim , et une fonction cible expérimentale, f exp , sur un ensemble de données. À partir d'une structure initiale aléatoire, un atome est déplacé aléatoirement à chaque étape pour obtenir une nouvelle structure. La structure modifiée est acceptée avec une certaine probabilité. Les fonctions de distribution de paires, obtenues à partir d'expériences de diffraction, sont les données expérimentales les plus couramment utilisées. Cependant, les PDF ne rendent pas compte efficacement de propriétés telles que la porosité ou la courbure de surface et plusieurs structures différentes peuvent donner la même PDF.

Comme la RMN est sensible à un certain nombre de propriétés locales, souvent anisotropes, les données RMN pourraient être utilisées pour réduire l'ambiguïté des modèles. La technique RMC traditionnelle pourrait être modifiée pour inclure les données RMN afin d'obtenir un modèle plus précis. Pour y parvenir, nous développons la méthode en partant de l'approche RMC traditionnelle. Le code est actuellement écrit en python 3. Nous notons que, bien qu'il existe des codes disponibles, tels que RMC profile, les codes sources ne sont pas nécessairement disponibles ou adaptés à une inclusion facile des contraintes RMN. Nous avons donc décidé de tester la faisabilité de cette approche en utilisant notre propre code. L'algorithme mis en oeuvre pour déterminer la structure des carbones est présenté ci-dessous .

La technique RMC est testée sur de très petits systèmes, pour lesquels les structures sont complètement connues. Les fonctions de distribution de paires sont calculées sur des 

Conclusions

Pour conclure, nous avons étudié les facteurs affectant les déplacements chimiques d'espèces confinées dans des carbone poreux. Nos résultats pourraient améliorer la compréhension des spectres RMN expérimentaux, y compris la quantification du déplacement chimique résultant de facteurs tels que les courants de cycles et l'organisation des ions. Nous proposons également d'utiliser ces informations issues des données RMN pour développer des modèles atomistiques pour les carbones poreux désordonnés. Cependant, il reste encore des questions ouvertes concernant la spectroscopie RMN, comme l'effet de la concentration de l'électrolyte, une compréhension détaillée du phénomène d'échange complexe dans le carbone et ses effets sur la forme des spectres. Des simulations sur réseau utilisant des structures réalistes de carbone, incluant des informations sur la densité ionique et les déplacements chimiques en 3 dimensions, sont une perspective possible. Cela for ∆χ 2 > 0 σ 0.05 Table 1: Différentes probabilités explorées pour déterminer l'acceptation / le rejet d'un mouvement.

peut permettre une quantification précise des décalages chimiques des espèces adsorbées et ainsi améliorer notre compréhension des spectres. 

ABSTRACT

The need for environmental remediation and the quest for clean energy sources has increased in recent times. Porous carbon materials play a crucial role in realising this, thanks to their interesting properties. Specifically, these materials exhibit a variety of morphological features and pore structures that are currently being investigated for significant applications such as energy storage, gas storage, and water treatment.

In this work, the emphasis is put on porous carbons used as electrodes in supercapacitor devices. In these devices, the energy is stored by reversible adsorption of ions on the electrode surface. Several experimental efforts have been put forward to understand the molecular mechanisms involved in the charge storing process. NMR spectroscopy is an incredibly useful technique in this regard. NMR experiments demonstrated that species adsorbed on carbon could be distinguished from those in the bulk electrolyte. The different chemical shifts of the adsorbed species are the result of a combination of factors such as ring currents on the surface of the carbon, ion organisation in the carbon pores, solvent effects and particle size effects. The relative importance of these factors on the chemical shift primarily occurring at a microscopic scale is still not well understood from the experiments.

We use molecular dynamics simulations, density functional theory calculations and lattice simulations to gain a deeper understanding of the factors affecting the chemical shifts. Our results suggest that, in the case of organic electrolytes and pure ionic liquids, the ring currents present on the carbon surface have a dominant contribution compared to the ion organisation in carbon pores. For aqueous electrolytes involving large polarizable ions, the solvent effects become dominant and the knowledge of the orientation of water molecules in the hydration shell of these ions is essential for a quantitative prediction of the chemical shifts. We also explored the effect of carbon particle size on chemical shifts. Indeed, the particle size can affect the exchange of ions between the pores and the bulk electrolyte, and consequently the NMR spectra. Our preliminary results suggest that the chemical shift increases upon an increase in particle size.

The structural characterisation of the carbon is equally important to improve the efficiency of the devices. We have proposed the first steps of a reverse Monte Carlobased method including information from NMR experiments for an accurate structure determination of porous carbons.
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 11 Figure 1.1: PDF measured experimentally for a carbide-derived carbon, representative of PDFs observed for many porous carbons, and illustration of the most common atom-atom distances observed. Adapted from the literature.11

Figure 1 . 2 :

 12 Figure 1.2: Scheme representing the double layer formation in EDLCs. Porous carbons are commonly used as active materials for the electrodes. When a potential difference is applied between the electrodes, ion adsorption, compensating the charge building up on the electrodes, occurs.
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 13 Figure 1.3: Illustration of various porous carbon types used as electrode materials in EDLCs.
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 14 Figure 1.4: Illustration of some of the typical electrolytes used in EDLCs.
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 15 Figure 1.5: Illustration of possible charging mechanisms in supercapacitors. Adapted from the literature. 91
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 16 Figure 1.6: Scheme depicting ring currents and the induced magnetic field in benzene molecule.

Figure 1 .

 1 Figure 1.7: a) Front and b) side views of a coronene molecule for which NICS values are calculated at ghost atoms positions (grey dots). c) NICS calculated on a line perpendicular to the molecule and going through its centre.
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 818 Figure 1.8: Scheme depicting the variation in the NMR lineshape with the exchange rate. Figure adapted from the literature.116
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 3 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY 23 ments.
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 110 Figure 1.10: Illustration of in-situ NMR experiments. a) Scheme describing the positioning of the specifically designed electrochemical cell in the NMR setup. The electrodes are separated in space to be able to probe a single electrode at a time. b) Photography of the experimental electrochemical cell. c) Photography of the NMR magnet at the University of Cambridge where such an in-situ system is available.
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 111 Figure 1.11: Snapshots of some of the atomistic structures obtained by Palmer et al. 154 using quench molecular dynamics simulations with the RSS force field. Fast quench rates lead to much more disordered structures than slow quench rates.
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Figure 2 . 1 :

 21 Figure 2.1: General representation of model supercapacitors used in the MD simulations described in this work. The black material represents the carbon and the balls of various colours show the atoms in electrolyte species. Periodic boundary conditions are set only in the x and y directions to avoid unrealistic interactions.
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 22 Figure 2.2: Illustration of the coarse-grained model for BMI + and BF - 4 ions.

Figure 2 . 3 :

 23 Figure 2.3: Representations of (a) a model supercapacitor and (b) a slit pore using planar carbon structures.

  Figure 2.4 presents the carbon structures used in this study. The carbon structures are rigid in all the simulations considered. The Lennard-Jones parameters are taken from the works of Cole et al. (Table

192

 192 

Figure 2 . 4 :

 24 Figure 2.4: Representation of the porous carbons used in this study: (a) GAP2 (replicated in 3 dimensions) (b) GAP930 and (c) QMD1x.[START_REF] Palmer | Modeling the structural evolution of carbide-derived carbons using quenched molecular dynamics[END_REF][START_REF] Deringer | Towards an atomistic understanding of disordered carbon electrode materials[END_REF] 
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 25 Figure 2.5: Aromatic molecules used to calculate nucleus independent chemical shifts or shifts of species adsorbed on a carbon surface (e.g. Li + , Cs + ).
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 26 Figure 2.6: Scheme of a representative system for the calculation of chemical shift profiles.

Figure 2 . 7 :

 27 Figure 2.7: Schematic representation of (i) a single slit pore and (ii) a particle in the lattice model. The discrete sites in the lattice are separated by a distance a. In the slit-pore model, red spheres indicate inaccessible sites and green dots accessible sites. In the carbon particle model, all sites are accessible.
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 31 Figure 3.1: Free energy profiles for BF - 4 anions in [BMI][BF 4 ]-ACN (1.5M) at (a) the positive electrode and (b) the negative electrode for various applied potential differences.The notation "Cell voltage -2 V" indicates that the carbon surface considered is the one of the negative electrode for a potential difference of 2 V between the positive and negative electrodes.

Figure 3 . 2 :

 32 Figure 3.2: NICS values at various distances are obtained from DFT calculations using circumcoronene as a model molecule. The NICS profiles corresponding to the applied potential are obtained by intrapolating NICS values of the neutral and charged molecules.

Figure 3 . 3 :

 33 Figure 3.3: Pore surface (a) and pore size (b) distributions are used to define the pore surface and width in the particle model.

Figure 3 . 4 :

 34 Figure 3.4: Integrated (a) density profiles calculated for various potentials and (b) chemical shift profiles relative to the bulk electrolyte for BF - 4 with the use of various model molecules.

Figure 3 . 6 :

 36 Figure 3.6: Average chemical shifts for BF - 4 anions in [BMI][BF 4 ]/ACN confined in YP-50F carbon particle in reference to the bulk electrolyte. The individual contributions of the ion organisation effect and the ring current effect are marked in green and red symbols.

Figure 3 . 7 :

 37 Figure 3.7: Comparison of the average chemical shifts for anions in various electrolytes inside YP-50F carbon electrodes relative to the bulk electrolyte obtained through experiments and simulations.

Figure 3 . 8 :

 38 Figure 3.8: (a) Comparison of the average ∆δ values for anions and cations in YP-50F carbon electrodes relative to the bulk electrolyte ([PEt 4 ][BF 4 ]/ACN) obtained through experiments and simulations. (b) Same as (a) but given with respect to the values at 0 V.

Figure 3 . 9 :

 39 Figure 3.9: Comparison of relative quantities of adsorbed ions obtained from lattice model and experiments for the same electrolyte. The quantities of adsorbed ions for a given potential are given relative to the same at 0V.

Figure 3 . 10 :

 310 Figure 3.10: Integrated ionic density profiles for PEt 4 -BF 4 ]/ACN at 1 V (a) and corresponding distributions of the ions in the pores obtained with the carbon particle model (b).
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 4 MESOSCOPIC SIMULATION OF NMR SPECTRA: AN INVESTIGATION OF ADDITIONAL FACTORS INFLUENCING THE CHEMICAL SHIFTS OF AQUEOUS ELECTROLYTE SPECIES hydration shell on the chemical shift.

Figure 4 . 1 :

 41 Figure 4.1: Scheme representing the sequential removal of water molecules for the DFT calculations to evaluate the effect of the hydration number. The water molecule that is farthest from the Cs + is removed at each step.

Figure 4 . 2 :

 42 Figure 4.2: Average chemical shifts of in-pore cations and hydrogen in various electrolytes relative to their respective bulk species. Filled symbols represent the experimental chemical shifts and open ones represent the predicted shifts

4. 2 .

 2 Figure 4.3: (a) Pore size distribution values for different burn-off values (BO) considered in this work. (b) Distribution of Li + ions in the pores of different sizes.

Figure 4 . 4 :

 44 Figure 4.4: Free energy profiles of hydrogen and alkali metal cations at the interface with carbon, extracted from MD simulations.

  These effects are investigated through chemical shift calculations of the ions at various distances from the circumcoronene model molecule using DFT. The resulting chemical shift profiles for the series of alkali metal ions are shown in Figure 4.5. The chemical

Figure 4 . 5 :

 45 Figure 4.5: Chemical shift profiles of alkali metal cations in the vicinity of a circumcoronene molecule.

Figure 4 . 6 :

 46 Figure 4.6: Scheme depicting the NICS and chemical shift variations (between the bare ion and the ion in the vicinity of the aromatic molecule, extracted from the chemical shift profiles) for different ion-circumcoronene systems.
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 248 Figure 4.8: Density profiles of Cs + , H and O relative to their respective bulk density along the z direction for the slit-pore model. The grey vertical lines represent the positions of the carbon layers.
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 49410 Figure 4.9: Variation of chemical shifts of Cs + with the hydration number, calculated through DFT. Different colours correspond to different starting configurations of Cs + ions and their hydration shells extracted from MD simulations.

CHAPTER 4 .

 4 Figure 4.11: Cs-O and Cs-H pair distribution functions calculated inside a 1.1 nm slit pore and in the bulk.To ease the comparison between in-pore and bulk ions, the curves are normalised by the height of the first peak.

4. 2 .Figure 4 . 12 :

 2412 Figure 4.12: Scheme depicting the chemical shift variations for different ion-watercircumcoronene systems corresponding to various local environments for the Cs + and Li + ions.
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 53 Figure 5.3: (a) Comparison of chemical shifts evaluated using the lattice model (in black)and the ratio between the quantities of the in-pore and ex-pore species (in red). (b) The full width at half maximum obtained for the spectra corresponding to various particle sizes. The red line indicates the size at which the fraction of sites corresponding to the particle and that to the electrolyte are equal.
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 54 Figure 5.4: 19 F NMR spectra of BF - 4 anions in the BMI-BF 4 /ACN system for the 2-site model with the electrolyte species exhibiting slower dynamics.
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 985 MESOSCOPIC SIMULATION OF NMR SPECTRA: PARTICLE SIZE EFFECTS 5.3 Application to more realistic carbon particles 5.3.1 BMI-BF 4 /ACN -GAP930
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 55 Figure 5.5: (a) 19 F NMR spectra of BF - 4 anions in the BMI-BF 4 /ACN-GAP930 system for various particle sizes. (b) Comparison of chemical shifts evaluated for fluorine in the BMI-BF 4 /ACN-GAP930 carbon system (in black) and those evaluated for a 2-site model (in red).
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 56 Figure 5.6: 19 F NMR spectrum of BF - 4 anions in the BMI-BF 4 /ACN-GAP930 for the particle of size 15 units where two peaks are visible.
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 571005 Figure 5.7: 1 H NMR spectra of water molecules in LiCl/H 2 O-PDC systems with burn off values 41% (left) and 56% (right).
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 110311 DEVELOPMENT OF RMC TECHNIQUE FOR STRUCTURE DETERMINATION OF POROUS CARBONS Generation of the initial structure
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 62 Figure 6.2: Scheme representing a traditional RMC algorithm, using pair distribution functions, implemented to determine the structure of disordered carbons.
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 3 Implementation and validation of the RMC technique 6.3.1 Strategy for the validation

  Parameter Parameter value P = min(1, exp(-∆χ 2 )) --P = min(1, exp(-β∆χ 2 )) β 0.0001, 0.001, ..., 100, 1000 P = min(1, exp(-β ∆χ 2
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 363 Figure 6.3: Left: Target (blue) and predicted (orange) PDFs for systems consisting of 2, 3, 5, and 20 atoms. The number of iterations, acceptance ratio and simulation time are given for each system. Right: Evolution of χ 2 for the same systems.
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 64 Figure 6.4: NICS calculated at various distances using various basis-sets and B3LYP functional for coronene molecule with a charge -1 e (left) and +1 e (right).
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 65 Figure 6.5: Comparison of the isotropic chemical shifts and the diagonal components of the shielding tensor computed for B3LYP functional using 6-31G(d) and cc-PVTZ basis sets.

Figure 6 . 6 :

 66 Figure 6.6: NICS calculated at various distances using various functionals and 6-31G(d) basis set for coronene molecule with a charge -1 e (left) and +1 e (right).
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 67 Figure 6.7: NICS calculated at various distances using various functionals and 6-31G(d) basis set for neutral coronene molecule.

Figure 6 . 8 :

 68 Figure 6.8: Comparison of the isotropic chemical shifts and the diagonal components of the shielding tensor computed for B3LYP and MP2 method using 6-31G(d) basis set.

Figure 6 . 9 :

 69 Figure 6.9: Chemical shifts simulated through the particle model for [BMI][BF 4 ]-ACN at various potentials for different molecules used to define pore surfaces.
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 610611 Figure 6.10: Scheme depicting the chemical shift variations due to the hydration shell of the ion and ring currents on the carbon for Li + .
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 612613 Figure 6.12: Scheme depicting the chemical shift variations due to the hydration shell of the ion and ring currents on the carbon for fully hydrated Cs + .

Figure 6 . 14 :

 614 Figure 6.14: Scheme depicting the chemical shift variations due to the hydration shell of the ion and ring currents on the carbon for fully hydrated Rb + .

Figure 1 :

 1 Figure 1: Spectres RMN typiques obtenus pour des électrolytes en contact avec des carbones poreux. Ici, la mesure porte sur 19 F, donc sur l'espèce anionique BF - 4 .

Figure 2 :

 2 Figure 2: Représentation schématique (i) d'un pore en fente et (ii) d'une particule de carbone. Les sites discrets du réseau sont séparés par une distance a. Dans le modèle de pore en fente, les sphères rouges indiquent les sites inaccessibles et les points verts les sites accessibles. Dans le modèle de particule de carbone, tous les sites sont accessibles.

Figure 3 :

 3 Figure 3: Valeurs de ∆δ des anions BF - 4 pour l'électrolyte [BMI][BF 4 ]/ACN en contact avec un pore en fente de 2 nm. Les contributions individuelles de l'organisation des ions et des courants de cycles sont indiquées par des symboles verts et rouges.

  Il est nécessaire de comparer les résultats simulés aux résultats expérimentaux pour valider la performance du modèle. À cette fin, des simulations sur réseau ont été réalisées avec l'électrolyte organique [PEt 4 ][BF 4 ]/ACN (1,5 M) et l'électrode en carbone YP-50F pour laquelle des expériences RMN détaillées ont été menées précédemment. Nous avons également considéré des simulation avec le liquide ionique pur [EMI][TFSI], où les effets du solvant n'entrent pas en jeu, et l'électrode de carbone YP-50F, dont les résultats sont comparés aux expériences menées sur l'électrolyte [Pyr 13 ][TFSI] et l'électrode de carbone YP-50F, c'est-à-dire deux électrolytes partageant un anion commun.

Figure 4 :

 4 Figure 4: Comparaison des valeurs de ∆δ des anions dans divers électrolytes à l'intérieur des électrodes de carbone YP-50F, obtenues par des expériences et des simulations.

Figure 5 :

 5 Figure 5: Déplacements chimiques moyens des cations et de l'hydrogène de l'eau dans divers électrolytes aqueuxs. Les symboles remplis représentent les valeurs expérimentales et les symboles vides représentent les valeurs calculées.

Figure 6 :

 6 Figure 6: Distributions de la taille des pores pour différentes valeurs de burn-off considérées dans ce travail.

Figure 7 :

 7 Figure 7: Profils de déplacement chimique des cations alcalins au voisinage d'une molécule de circumcoronène.

Figure 8 :

 8 Figure 8: Schéma décrivant les variations de NICS et déplacements chimiques (entre l'ion seul et l'ion à proximité d'une molécule aromatiques, extrait des profils de déplacements chimiques) pour différents systèmes ion-circumcoronène.

Figure 9 :

 9 Figure 9: Variation des déplacements chimiques de Cs + avec le nombre d'hydratation, calculée par DFT. Les différentes couleurs correspondent aux différentes configurations de départ des ions Cs + et de leurs sphères d'hydratation extraites des simulations MD.

Figure 10 :

 10 Figure 10: Schéma illustrant les variations du déplacement chimique pour différents systèmes ion-eau-circumcoronène correspondant à divers environnements locaux pour les ions Cs + et Li + .

Figure 11 :

 11 Figure 11: Schémas illustrant (a) la représentation de la particule de carbone (en rouge) et de l'électrolyte libre (en vert), (b) la mise en oeuvre du modèle à 2 sites avec des valeurs homogènes pour les déplacements chimiques dans les sites correspondant à l'électrolyte (vert) et à la particule de carbone (rouge) et, (c) la mise en oeuvre d'un modèle réaliste de particule de carbone avec une valeur unique pour les déplacements chimiques dans les sites correspondant à l'électrolyte (vert) et des déplacements chimiques variables dans les sites correspondant à la particule de carbone (diverses nuances de rouge).

Figure 12 :

 12 Figure 12: 19 F spectres RMN des anions BF - 4 dans le système BMI-BF 4 / ACN, dans la configuration à 2 sites, pour différentes tailles de particules. Les déplacements chimiques des espèces dans les sites correspondant à la particule sont fixés à une valeur constante de -7,2 ppm.

Figure 13 :

 13 Figure 13: Schéma représentant la détermination de la structure d'une molécule de fullerène avec la RMC traditionnelle et en incluant des informations supplémentaires provenant de la RMN. En utilisant uniquement les contraintes traditionnelles, la structure obtenue est défectueuse, avec les contraintes RMN, on obtient un meilleur modèle.

Figure 14 :

 14 Figure 14: Schéma représentant un algorithme RMC traditionnel, utilisant des fonctions de distribution de paires, mis en oeuvre pour déterminer la structure de carbones désordonnés.

Figure 15 :

 15 Figure 15: Gauche : PDF cible (bleu) et prédite (orange) pour des systèmes composés de 2, 3, 5, 20 atomes. Le nombre d'itérations, le taux d'acceptation et le temps de simulation sont donnés pour chaque système. A droite : Évolution du χ 2 pour les mêmes systèmes

  

  

  

  

  

  

  

  

  

  reporting ex-situ experiments on NEt 4 -BF 4 /ACN and two different activated carbon electrodes, suggest ion exchange mechanisms in both positive and negative electrodes. Similar observations were made by Wang et al. 111 through in-situ NMR experiments of the anions for the same electrolyte. Experiments performed by Forse et al.

  Here a, b and c control the angular momentum. If the sum of a, b and c is 0, it represents an s-type orbital. If it is 1, it represents a p-type orbital, if it is 2, a d-type orbital and so on.

	2.2. NMR CHEMICAL SHIFTS FROM ELECTRONIC STRUCTURE	
	CALCULATIONS	53
		32)

  6.2. INCLUSION OF INFORMATION FROM NMR EXPERIMENTS TO THE TRADITIONAL RMC APPROACH 105 zio et al. 225 calculated, using DFT, the chemical shifts corresponding to all carbon atoms present in three model carbons generated with quench molecular dynamics. The chemical shifts of carbons with different coordination numbers are significantly different. The shift also depends less evidently on next-nearest neighbours. The model carbons models were validated by comparing the histograms obtained by counting various types of sites in the model carbons against

Table 6 . 2 :

 62 Details of the coarse-grained model for BMI-BF 4 /ACN. See references.[START_REF] Merlet | New coarse-grained models of imidazolium ionic liquids for bulk and interfacial molecular simulations[END_REF][START_REF] Edwards | A computer simulation study of the dielectric properties of a model of methyl cyanide[END_REF][START_REF] Roy | An improved four-site ionic liquid model[END_REF] 

			0.0	0.0	0.0	86.81	4.51	3.24	-0.7800
	ACN	N	0.0	0.0	0.0	14.01	3.30	0.42	-0.398
		C	0.0	0.0	2.210	12.01	3.40	0.42	0.129
		Me	0.0	0.0	4.970	15.04	3.60	1.59	0.269
	Lennard-Jones parameters for carbon atoms			
			System site M(g mol -1 ) σ i ( Å) ε i (kJ mol -1 )	
			Carbon C	12.01	3.37	0.23		

Table 6 .

 6 3: Lennard-Jones parameters for the carbon atoms. See reference.[START_REF] Cole | The interaction between noble gases and the basal plane surface of graphite[END_REF] Performance of various basis-sets and methods in calculating NMR shifts for coronene molecule

Une fois les matériaux synthétisés, il est crucial de caractériser leurs propriétés structurales pour comprendre leurs performances dans des applications pratiques. La plupart des matériaux carbonés poreux, tels que les charbons actifs, sont hautement désordonnés et amorphes par nature. Les expériences de diffraction, les images de microscopie électronique à transmission et les expériences de spectroscopie Raman suggèrent que les carbones poreux sont principalement composés de carbones hybridés sp 2 , formant des cycles à 6 atomes de carbon, et de quelques carbones hybridés sp 3 , formant des cycles à 5 ou 7 atomes de carbone générant de la courbure. À plus grande échelle, des mesures d'isothermes d'adsorption sont utilisées pour obtenir des informations sur les surfaces accessibles, le volume des pores et la distribution de la taille des pores. Cependant, la caractérisation précise de la structure complexe de ces matériaux reste un défi. Grâce à leurs propriétés exceptionnelles et à la facilité à les synthétiser, les carbones poreux trouvent de nombreuses applications dans divers domaines technologiques, notamment la capture du CO 2 , la déionisation capacitive, les piles à combustible et les condensateurs à double couche électrochimique (EDLC) ou supercondensateurs. Ce travail de doctorat est principalement focalisé sur l'application EDLC.
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Chapter 4

Mesoscopic simulation of NMR spectra: An investigation of additional factors influencing the chemical shifts of aqueous electrolyte species From chapter 3, it is clear that the ring currents in the carbon material have a dominant contribution to the chemical shifts of in-pore species relative to bulk species in the case of organic electrolytes or pure ionic liquids. The ion organisation at the electrode / electrolyte interface and the porosity of the carbon can also affect the chemical

Appendix

Force field parameters of the coarse-grained model for BMI-BF 4 /ACN electrolyte