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General Introduction

With the rapid development of the global economy, the consumption of fossil fuels, and the intensification of environmental pollution, there is an urgent need for efficient, clean, and sustainable energy, as well as new technologies related to energy conversion and storage.

Renewable energy sources such as solar, hydro, wind, and tidal energy are the most promising solutions to these problems. However, those renewable sources are intermittent by nature and imply power generation fluctuation: the development of efficient energy storage systems are required to make their use happen. Electrochemical Energy Storage devices have been spotted as an efficient solution to this matter. Among them, electrochemical double layer capacitors (EDLCs), also known as supercapacitors, exhibit high power density (10 kW•kg -1 ) and a relatively low energy density (5 Wh•kg -1 ), which have raised a growing interest of many researchers and have gained substantial market shares over the last decade 1 -EDLCs are based on the reversible physical adsorption of ions at the electrode/electrolyte interface of high surface area porous carbons 2 -As a matter of fact, nowadays they are found in many applications involving power burst and/or energy harvesting: automotive, rail transit, wind power, data centers, and the list goes on [3][4] . However, the supercapacitors' widespan use still suffers from moderate energy density. To go through this limitation, extensive research efforts are being underway to extend energy storage density without cyclability penalty. Although organic carbon/carbon supercapacitors have a wide voltage window and high energy density, organic electrolytes have potential safety hazards and may cause environmental pollution. Therefore, people have been exploring safer and environmentally friendly supercapacitor systems. Aqueous-based carbon/carbon supercapacitors have attracted much attention due to their advantages of safety, environmental protection, and low cost. However, their limited voltage stability (<1.23 V) 5 has long made them rarely used. To push the boundaries, different strategies have been proposed to increase the hydrogen evolution and oxygen evolution overpotentials at the carbon electrode surface 6 . For this purpose, the modification of the carbon/electrolyte interface may be a game changer. At the same time, the development of new experimental techniques to better assess the charge fluxes and distribution at the interface is mandatory, as more efficient interface modification will come along the road.

Therefore, the study of the electrode/electrolyte interface is the key to clarifying the energy storage mechanism. For the interface research, there are various test methods, including infrared, nuclear magnetic resonance, neutron scattering, etc [7][8][9][10] . These test methods can perform in-situ analysis on the morphology, composition, and structure of electrode materials, thereby promoting the optimal design of electrode materials. However, there are relatively few in-situ analysis methods for electrode quality and mechanical properties. The former is related to the specific charge storage process, and the latter determines the cycle stability of electrode materials.

In recent years, electrochemical quartz crystal microbalance (EQCM) has been more and more used for the analysis of electrochemical energy storage electrode/electrolyte interface, because it allows operando monitoring of a set of properties including electrode mass variation, viscosity at the interface and/or of the electrode active material together with the shear modulus, etc [11][12] .

This thesis work has been intended to modify and to study the carbon interface in order to extend the operating voltage in aqueous electrolyte and to shed some light on the charge storage mechanism. The latter involves the use of EQCM to achieve an operando analysis of porous carbon electrode/electrolyte interfaces.

In Chapter Ⅰ, a bibliography covering different aspects will be presented: fundamental principles and development of supercapacitors, different types of electrolytes and active materials currently used in supercapacitors, current EDL investigations closely related to the research path taken by this work, the current charge storage mechanism (through different electrodes, categories of electrolytes and complementary modeling and experimental techniques). It will also present the studies on enhancing the energy density of supercapacitors. The chapter ends with the presentation of the objectives of this thesis.

Chapter Ⅱ deals with the list of chemicals, active materials, and electrolytes tested in this thesis. Different electrochemical analysis techniques, set-up, and material characterization techniques in this work will also be presented.

Chapter III proposes the modification of carbon materials by using two different electrochemical processes, called the surface electro-initiated emulsion polymerization (SEEP) method and the Solid Electrolyte Interface (SEI) formation method, respectively. These methods aim at creating an electronically insulating but ionically conductive artificial passivation layer on the porous carbon surface to modify the carbon/electrolyte interface, thereby increasing the energy density by widening the voltage window.

Improving the fundamental understanding of the charging mechanism is the most effective way to improve the performance of supercapacitors. Therefore, Chapter IV is dedicated to investigating the molecular-scale charging mechanism and ion transport during the operation of supercapacitors. The ion dynamics of Titanium carbide-derived carbons (TiC-CDCs) microporous carbons with different degrees of graphitization in solvated ionic liquid electrolytes will be investigated in real time by EQCM.

Based on Chapter IV, Chapter V is devoted to applying EQCM to track the effects of electrolyte concentration and solvent polarity on the ion flux of carbon materials for electrochemical energy storage applications. This chapter investigated the charge storage mechanism of each material in detail.

The last section summarizes the general conclusions and gives future perspectives inspired by this work.
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Electrochemical capacitors 1.1 Introduction

Since the industrial revolution, the rapid development of the global economy and the continuous increase in population have led to severe environmental pollution, accompanied by a large and increasing consumption of traditional fossil energy such as coal and oil 1 . The utilization of clean and renewable energies such as solar energy, wind energy, geothermal energy, and tidal energy has become one of the key measures to achieve social progress and high-quality economic sustainable development. However, clean renewable energy cannot be (same charging and discharging rate at 100% depth of discharge). For Li-ion batteries, Li plating at the negative electrode is mainly responsible for the decrease in cycle life and the limitation of the charging rate. All the data for generating Figure I-1 come from commercial devices (datasheets or accurate tests). The data for solid-state batteries come from industry roadmaps. The diagonal dotted lines and timescales represent characteristic operation timescales obtained by dividing the energy by the power 2 converted and exported stably like fossil energy, especially for solar and wind energy due to seasonal changes and the alternation of day and night. It is then difficult to directly integrate unbalanced electrical energy output into the grid for utilization. This is why low-cost energy storage devices are needed to store the produced clean electric energy, for further utilization.

Electrochemical capacitors, also known as supercapacitors, have become a rising star in the field of energy storage devices and received significant attention in recent years [3][4] . I-1, it can be seen that compared with traditional capacitors, supercapacitors can store much more energy than conventional capacitors as a result of a charge storage mechanism by ion adsorption on high surface area carbons. In addition, supercapacitors have high coulombic efficiency and long cycle life due to the highly reversible electrochemical behaviors on the electrode surface. In addition, compared with batteries, supercapacitors exhibit higher power density, faster charge/discharge rate, longer cycle life and other advantages. Therefore, supercapacitors can then meet the requirements of applications where high power is needed, that battery cannot.

Combining Ragone plots in Figure I-1 and Table

According to the different energy storage mechanisms, supercapacitors can be divided into electric double-layer capacitors (EDLCs) and pseudocapacitors 5 . The energy storage process of EDLCs mainly relies on the formation of the electrical double layer at the interface between the electrode material and the electrolyte. The charge separation (electrical double-layer) is achieved by electrostatic screening of the charge by ion adsorption, without involving chemical reactions. The charging and discharging process of pseudocapacitors is mainly realized by the fast and reversible redox reactions of electroactive substances. Therefore, supercapacitors are surface/interface energy storage devices and have lower energy density than batteries. 

Electrochemical double-layer capacitors (EDLCs) 1.2.1 Brief history overview of EDLCs

The historical timeline for the development of supercapacitors is shown in Figure 1-2. In the 1740s, Pieter van Musschenbroek, a physicist and mathematician in Leiden, assembled the world's first charge storage device called the Leyden jar by gathering glass jars with metal foil inside and outside, spherical electrodes, and metal chains 7 . According to this structure, it was found that static electricity can be stored at the interface of the solid electrode and the liquid electrolyte. Then the original concept of electric double-layer capacitance was developed. However, the mechanism of electrostatic storage at liquid/solid interface was not understood until the 1880s, when Helmholz studied the charge storage mechanism of value predicted by the conventional theoretical model, and a new mechanism model was then proposed. With the development of nanotechnology and related characterization methods, more information about the mechanism of charge storage in porous carbon supercapacitor electrodes have been further obtained, but there is still work needed to get the whole picture.

Principles and evaluation of EDLCs

As shown in Carbon materials are widely used in EDLCs due to their excellent conductivity, relatively inert electrochemical performance, large specific surface area, and tunable pore structure [19][20][21] . Besides, they are relatively cheap as carbon materials are abundant in nature, have low raw material and processing costs, making commercial applications advantageous compared with other materials 22 . Different kinds of carbon materials with various structures TableI-2 summarizes the examples of these carbon materials used in supercapacitors 17 .

Among those different carbons, activated carbons are the most often found in a commercial device.

0-D Onion-Like Carbons (OLCs)

Carbon onions also called onion-like carbons (OLCs) or multiwalled fullerenes, consisting of multiple concentric fullerene-like carbon sheets, which can be large-scale synthesized by arc-discharge 23 or annealing diamond powder at temperatures above 1200 ℃ in an inert gas or vacuum [24][25][26] . Figure I-5 describes the key structural characteristics of carbon onions. OLCs have a specific surface area between 400 and 600 m²•g -1 without any internal porosity-the porosity originating from the OLC grain packing. As a result, the capacitance of the OLCs-based electrodes is limited to about 40 F•g -127 . However, the entire exposed surface of OLCs can be fully accessible to the electrolyte ions, which also makes the onion carbon have high excellent power ability [28][29] . Besides, some chemical and physical activation methods have been utilized to increase the specific surface area, but without significant improvement 30 . In summary, OLCs could deliver power performance but with low energy density. 

1-D Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs) are slender and hollow one-dimensional carbon materials formed by graphene atomic layers wrapped around the axis or along with the coaxial layer (as shown in Figure I-6) 31 . Carbon nanotubes can be created by rolling up a single sheet of graphene (single-walled carbon nanotubes, SWCNTs) or multiple layers of graphene (multiwalled carbon nanotubes, MWCNTs)), the diameter of the cross-sectional diameter of the nozzle is in the range of 2 to 20 nm, and the length is generally several micrometers to tens of micrometers 32 . Several synthesis routes are used to prepare CNTs, including arc discharge in helium atmosphere 33 , laser ablation 34 , and chemical vapor deposition [35][36] . Due to the unique hollow structure, substantial specific surface area (100 -1000 m²•g -1 ) 37 , good electrical conductivity, excellent chemical stability, and intertwining of CNTs to form nanoscale network structures, carbon nanotubes have been considered as ideal materials for supercapacitor electrode 38 . However, purified CNT powders possess low capacitances ranging from 20 to 80 F•g -1 , which can be attributed to the poorly developed micropore volume of CNTs , as well as the absence of ion adsorption into the tube inner surface [39][40][41] .

Still, CNTs have be used as model electrode materials for supercapacitors to better understand the double-layer formation [START_REF] Shim | Nanoporous carbon supercapacitors in an ionic liquid: a computer simulation study[END_REF][START_REF] Feng | The importance Chapter Ⅰ: Bibliography of ion size and electrode curvature on electrical double layers in ionic liquids[END_REF] .

Figure I-6:

Schematic illustration of single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) 31 .

2-D Graphene

Graphene is a two-dimensional honeycomb sp 2 -hybridized carbon atomic crystal with a thickness of one or several layers of atoms (Figure I-7) [START_REF] Roberts | Continuum plate theory and atomistic modeling to find the flexural rigidity of a graphene sheet interacting with a substrate[END_REF] . In addition to the initial mechanical exfoliation method reported by Gheim and Novoselov [START_REF] Zaytseva | Carbon nanomaterials: production, impact on plant development, agricultural and environmental applications[END_REF] , graphene preparation methods mainly include solvothermal exfoliation [START_REF] Qian | Solvothermal-assisted exfoliation process to produce graphene with high yield and high quality[END_REF] , epitaxial growth method [START_REF] Sutter | How silicon leaves the scene[END_REF][START_REF] Presser | Carbide-derived carbons-from porous networks to nanotubes and graphene[END_REF] , graphite oxide reduction method [START_REF] Times | Boehm's 1961 isolation of graphene[END_REF] , vapor deposition [START_REF] Losurdo | Graphene CVD growth on copper and nickel: role of hydrogen in kinetics and structure[END_REF] , and electrochemical method [START_REF] Low | Electrochemical approaches to the production of graphene flakes and their potential applications[END_REF] . Graphene has an excellent electrical conductivity (electron mobility of 15000 cm 2 •V -1 •s -1 at room temperature) [START_REF] Schedin | Detection of individual gas molecules adsorbed on graphene[END_REF] , an excellent thermal conductivity (5000 W•m -1 •K -1 ), a high strength (tensile strength is 125 GPa and elastic modulus is 1.1 TPa) and a large specific surface area (theoretical value 2630 m 2 •g -1 ) [START_REF] Zhu | Graphene and graphene oxide: synthesis, properties, and applications[END_REF] . All of which making graphene appealing as an electrode material. Supercapacitors based on reduced graphene oxide could achieve capacitance values up to 200 F•g -1 in aqueous electrolytes [START_REF] Wang | Supercapacitor devices based on graphene materials[END_REF][START_REF] Lv | Low-temperature exfoliated graphenes: vacuum-promoted exfoliation and electrochemical energy storage[END_REF] , 100 to 160 F•g -1 in organic electrolytes [START_REF] Zhu | Exfoliation of graphite oxide in propylene carbonate and thermal reduction of the resulting graphene oxide platelets[END_REF][START_REF] Zhu | Carbon-based supercapacitors produced by activation of graphene[END_REF] and 75 F•g -1 in an ionic liquid [START_REF] Vivekchand | Graphene-based electrochemical supercapacitors[END_REF] . Juan Hu et al. [START_REF] Hu | Graphene with three-dimensional architecture for high performance supercapacitor[END_REF] prepared porous graphene with a three-dimensional structure by a modified Hummers method and a simple solvent treatment method, and its specific capacitance value up to 341 F•g -1 . For pure graphene supercapacitors, this is an extremely high capacitance value, indicating that porosification or curling on the basis of graphene can obtain a higher capacitance value than that of pristine graphene, which provides a good foundation for our future research on graphene. In addition, the ideal two-dimensional planar structure of graphene also helps to understand the formation mechanism of the electric double layer [START_REF] Wu | Electrochemical Characterization of Single Layer Graphene/Electrolyte Interface: Effect of Solvent on the Interfacial Capacitance[END_REF][START_REF] Ye | Charge Storage Mechanisms of Single-Layer Graphene in Ionic Liquid[END_REF] . The downside is graphene suffers from restacking issues, resulting in materials with low density (less than 0.5 g•cm -3 ) leading to poor volumetric capacitance.

Figure I-7:

Schematic of the structure of a graphene sheet [START_REF] Roberts | Continuum plate theory and atomistic modeling to find the flexural rigidity of a graphene sheet interacting with a substrate[END_REF] .

3-D Activated carbons (ACs), Carbide-derived carbons (CDCs), templated carbons

Activated carbon (ACs) is the electrode material used by most of the commercial supercapacitor manufacturers, which are generally prepared by physical (thermal) or chemical activation of carbon-containing precursors in a protective gas atmosphere 22 . The pyrolysis process can effectively activate the porous structure in carbon materials. Precursors such as coconut shells, wood, aquatic plants, etc. or synthetic materials such as polymers that can be used to prepare activated carbon. Different processes of pyrolysis and activation often produce ACs with very different structures and pore size distributions resulting in different capacitive properties. While it has been thought the capacitance of activated carbons was only driven by the carbon surface area, but it has turned out this is not the case. Indeed, within a pore size distribution of activated carbon ranging from ultramicropores (<0.7 nm) to mesopores (<10 nm)-which is typical for an activated carbon-not all the pore sizes are equally involved in the charge accumulation process. It is for instance difficult for ions from the electrolyte to enter pores smaller than 0.5 nm-steric limitation; whereas pore greater than 1nm are not the most efficient at storing ions. A sweet spot was found for pores below 1 nm which account for most of the carbon capacitance. This findings were spotted thanks to Carbide-derived carbons (CDCs) materials specifically developed to study the effect of the pore size on the capacitance of porous carbons [START_REF] Chmiola | Anomalous increase in carbon capacitance at pore sizes less than 1 nanometer[END_REF][START_REF] Largeot | Relation between the ion size and pore size for an electric double-layer capacitor[END_REF] . Indeed, the electrochemical properties of TiC-CDC were investigated by Chmiola J. et al., with specific capacitance values as high as 150 F•g -162 , when the average pore size matched the average solvated ion diameter [START_REF] Chmiola | Anomalous increase in carbon capacitance at pore sizes less than 1 nanometer[END_REF][START_REF] Largeot | Relation between the ion size and pore size for an electric double-layer capacitor[END_REF] -electrochemical performances of CDC has been found to be better than that of most other carbons materials (20 -100 F•g -1 ) [START_REF] Chmiola | Double-layer capacitance of carbide derived carbons in sulfuric acid[END_REF] .

Nowadays, CDC materials are used in commercial supercapacitors under the name "curved graphene" by Skelton Tech company. It is worth mentioning as CDCs' average pore size and pore size distribution are tunable (Figure I-8) [START_REF] Chmiola | Anomalous increase in carbon capacitance at pore sizes less than 1 nanometer[END_REF][START_REF] Largeot | Relation between the ion size and pore size for an electric double-layer capacitor[END_REF] , CDC are very interesting as model materials for more fundamental studies.

In recent years, with the continuous development of supercapacitor technology, designing new synthesis routes to accurately control the pore size and pore volume of porous carbons to match the pore size with the ion size and maximize the electrochemical performance of the material has been an important topic. Templated carbons are an excellent option to solve this problem, but for pore size > 1 nm. Templated carbons use inorganic materials as templates, add water-soluble organic compounds (such as sucrose, polyalcohol, propylene, and pitch, etc.) into the pores [START_REF] Kyotani | Formation of highly orientated graphite from polyacrylonitrile by using a two-dimensional space between montmorillonite lamellae[END_REF][START_REF] Kyotani | Formation of a flexible graphite film from poly (acrylonitrile) using a layered clay film as template[END_REF][START_REF] Sonobe | Formation of graphite thin film from polyfurfuryl alcohol and polyvinyl acetate carbons prepared between the lamellae of montmorillonite[END_REF][START_REF] Kyotani | Control of pore structure in carbon[END_REF][START_REF] Fuertes | Template synthesis of mesoporous carbons with a controlled particle size[END_REF] , and then carbonize the organic compounds to obtain carbon materials with single pore size. So far, many carbon materials with controllable pore size have been prepared by this method. The templated carbons prepared by the molecular sieve template have a large specific surface area, which meets the requirements of supercapacitor electrode materials. The capacitance values of the prepared template carbons in aqueous and organic electrolytes can reach 220 F•g -172 and 159 F•g -173 , respectively.

However, the density of these templated carbons is lower than that of CDCs. Macroporous [START_REF] Zhao | Easy synthesis of ordered meso/macroporous carbon monolith for use as electrode in electrochemical capacitors[END_REF] and mesoporous templated carbons [START_REF] Li | Nitrogen enriched mesoporous carbon spheres obtained by a facile method and its application for electrochemical capacitor[END_REF] have also been prepares, but with lower capacitance than CDCs, that are today the most efficient way to control the pore size of the carbons in the 0.6 -1.5 nm range. In addition, organic wastes such as plant residues, animal manure, sewage sludge and food waste are upgraded through carbonization and/or activation processes to produce value-added materials with high surface area, large pore volume and small pore size [START_REF] Yuan | Review on upgrading organic waste to value-added carbon materials for energy and environmental applications[END_REF][START_REF] Kutlar | Carbon-based conductive materials enhance biomethane recovery from organic wastes: A review of the impacts on anaerobic treatment[END_REF] . Biosourced carbon has been shown to be a novel, sustainable, inexpensive, and practical alternative to carbonaceous functional fillers for the development of polymers and composites [START_REF] Zakaria | Core-shell architecture based on bio-sourced porous carbon: the shape formation mechanism at the solid/liquid interface layer[END_REF][START_REF] Chang | A comprehensive review of renewable and sustainable biosourced carbon through pyrolysis in biocomposites uses: Current development and future opportunity[END_REF] .

Electrolyte

Regarding the development of supercapacitors, the electrolyte is one of the critical key factors that affect both the energy (electrochemical stability window) and power (electrochemical stability window and ionic conductivity) EDLC performance. Electrolytes used in supercapacitors can be divided into three categories: aqueous, organic, and roomtemperature ionic liquid electrolytes (RTILs). Aqueous electrolytes have higher ionic conductivities (up to several hundreds of mS•cm -1 ), and lower impedance but lower voltage window (~1.2 V) because of the water electrolysis. Organic electrolytes can provide a wide voltage window (~up to about 3.5 V), but with higher cost and volatility, lower conductivity, and toxicity drawbacks. Room-temperature ionic liquids have chemical and electrochemical stability, low flammability and wide voltage window (~4.5 V), but with limited conductivity (few mS/cm) and high cost.

Aqueous electrolytes

Aqueous electrolytes have been extensively used in R&D for supercapacitors as they are inexpensive and safe. Besides, aqueous electrolytes have high ionic conductivity (0.8 S cm -1 for 1 M H2SO4 at 25 °C and 0.6 S •cm -1 6 M KOH at 25 °C ), which is at least one order of magnitude higher than that of organic or IL electrolytes [START_REF] Zhong | A review of electrolyte materials and compositions for electrochemical supercapacitors[END_REF][START_REF] Aida | Analyses of capacity loss and improvement of cycle performance for a high-voltage hybrid electrochemical capacitor[END_REF] . High ionic conductivity is beneficial for decreasing the equivalent series resistance, leading to excellent power performances. Alkaline, acid and neutral solutions in which KOH, H2SO4 and Na2SO4 are representatives and also the most commonly used electrolytes [START_REF] Wang | Electrochemical profile of nano-particle CoAl double hydroxide/active carbon supercapacitor using KOH electrolyte solution[END_REF][START_REF] Khomenko | High-voltage asymmetric supercapacitors operating in aqueous electrolyte[END_REF][START_REF] Qu | Study on electrochemical performance of activated carbon in aqueous Li2SO4, Na2SO4 and K2SO4 electrolytes[END_REF] . However, the main drawback of aqueous electrolytes is their relatively narrow voltage window (< 1.3 V), limited by the redox decomposition of water [START_REF] Zhang | Effect of aqueous electrolytes on the electrochemical behaviors of supercapacitors based on hierarchically porous carbons[END_REF] . For example, hydrogen evolution occurs at the negative potential of about 0 V vs. SHE, while oxygen evolution occurs at the positive potential of about 1.23 V, resulting in a cell voltage of about 1.23 V for supercapacitors [START_REF] Yu | Electrochemical supercapacitors for energy storage and delivery: fundamentals and applications[END_REF] .

However, in neutral electrolytes, the highest cell voltage could reach 2.2 V thanks to the high overpotential for proton reduction in carbon nanopores [START_REF] Fic | [END_REF] . But the process is not fully reversible and the energy density of these devices is still far below those obtained in 

Room temperature ionic liquids (RTILs)

Ionic liquids-ILs, also known as room-temperature ionic liquids-are composed solely of ions (cations and anions) with melting points below 100 °C97 . In general, ionic liquids have unique potential advantages, including high thermal, chemical and electrochemical stability, negligible volatility, and non-flammability [START_REF] Brandt | Ionic liquids in supercapacitors[END_REF][START_REF] Armand | Ionic-liquid materials for the electrochemical challenges of the future. Materials for sustainable energy: a collection of peer-reviewed research and review articles from Nature Publishing Group[END_REF] . ILs can basically be classified into aprotic, protic and zwitterionic types, depending on their composition [START_REF] Armand | Ionic-liquid materials for the electrochemical challenges of the future. Materials for sustainable energy: a collection of peer-reviewed research and review articles from Nature Publishing Group[END_REF] . Many studies using IL-electrolyte-based supercapacitors have shown that the electrochemical potential window can be beyond 4 V 100-101 , which is much higher than that of organic electrolytes (below 2.7 V)

and aqueous electrolytes (below 1.23 V). However, most ionic liquids suffer from several major drawbacks, such as high viscosity (30-50 cP), low ionic conductivity, and high cost, (A) or a decrease in the distance between the ions and the charged surface results in an increase in the total capacitance. In order to increase the capacitance, a lot of research has been devoted to rampe up the specific surface area of electrode materials 106-109 .

which
However, the Stern model still has limitations in high-concentration electrolytes and/or in ionic liquids because it ignores the effects of ion-ion correlations. To address this issue, the Landau-Ginzburg-Type continuum theory takes into account the EDL structure in ionic liquids, different from those used for solvent-containing electrolytes. In ionic liquids, the absence of solvent molecules for screening the charge between cations and anions results in strong ionic interactions. Under these conditions, EDL exhibited overscreening effects at lower potentials (-0.26 V), while crowding effects were observed at higher polarization potentials, due to different ionic interactions ( 

EDL capacitance of porous carbon electrodes

According to the Equation I-2, the total capacitance of EDLCs can be improved by increasing the specific surface area of electrodes. Porous carbons have been regarded as an attractive candidate for supercapacitor electrodes among various electrode materials due to its large surface area, tunable pore size, and high electrical conductivity and broad chemical stability [111][112][113][114][115] -not to mention they can be made from biosource wastes which make them even more appealing. The application of porous carbon in EDLCs and the formation of EDL However, the low energy density of current supercapacitors limits their widespread applications, so optimizing the structure and performance of porous carbon electrodes is a key to enhance supercapacitors' electrochemical performance. Factors like the specific surface area and pore characteristics (porous volume, pore size, pore size distribution, pore shape…) are also key factors influencing the capacitance performances of porous carbons. As afordmentioned the capacitance of an EDLCs does not correlate only with the specific surface area. As a matter of fact, an activated carbon material with a specific surface area of 2000 m²•g -1 , as the specific capacitance is supposed to be 20 μF•cm -2 , the expected gravimetric capacitance should be as high as 400 F•g -1 . But the actual measured value is nowhere near 117 . Indeed, Wang et al. 118 found out that the relationship between the specific surface area and the specific capacitance was linear at first, but the specific capacitance value reached saturation when the specific surface area reached 1600 m²•g -1 . As a result, increasing further the specific surface area of porous carbons would not significantly enhance the specific capacitance value. It is worth noting most SSA measurements of porous carbons are estimated by the adsorption/desorption isotherms of some probe gas such as N2, Ar, or CO2.

But actually, only a small fraction of the surface can be accessed to ions, due to the sieving of the electrolyte ions by the pores [119][120][121] . On the other hand, high specific surface area improves gravimetric capacitance by providing additional ion adsorption sites. Nonetheless, an excessively high specific surface area would result in a large pore volume caused by micropores, thereby reducing the density and volumetric specific capacitance of porous carbons.

Moreover the pore size distribution impacts the carbon conductivity and ions transport, thereby affecting the EDL formation. So far, a lot of efforts have been made on exploring the relationships between ion and pore size [122][123] To get rid of the ionic solvation shell, Largeot et al. investigated the effect of carbon pore size in solvent-free, neat EMI-TFSI electrolyte [START_REF] Largeot | Relation between the ion size and pore size for an electric double-layer capacitor[END_REF] . Figure I-14 shows the change of normalized capacitance with the CDC pore size in solvent-free EMI-TFSI ionic liquids. A maximum capacitance was obtained when the ion size was similar to the pore size. Therefore, the optimal capacitance should be achieved as long as the pore size of the porous carbon matches the size of the ions. At higher voltages, a maximum capacitance is observed when the ions are expelled from the pore. Further increasing the voltage introduces more counter-ions into the pores, but reduces the capacitance due to entropy effects. For φ > 1.97 V, the area-based number density of ions inside the pore increases as φ increases, which tends to reduce the entropy per unit area. This effect becomes increasingly important as φ increases and tends to hinder the insertion of additional anions into the pores, thereby lowering Cint 139 . 

Solvated electrolytes

Organic solvents can be combined with RTILs to increase ionic conductivity and relative permittivity-viscosity is decreased and ion pairing is suppressed. single-layer graphene (SLG) in a neat EMI-TFSI electrolyte, both used as model materials [START_REF] Ye | Charge Storage Mechanisms of Single-Layer Graphene in Ionic Liquid[END_REF] .

In this study, they observed that the electrode mass did not experience any significant change from potential of zero charge (PZC) to negative polarization, indicating that the applied potential could not bring more species to the SLG surface, resulting in charge storage by reorientation of cations in the compact layer. This was assumed to be due to the strong chemisorption of EMI + cations at the OCP, thanks to - interaction between the cation and the sp² carbon. Differently, the electrode weight decreases from PZC to positive polarization, indicating that the process involves a desorption process of positively charged ionic species (ionic cluster). This study shows different results from the mechanism reported for porous carbon and highlights the role of electrostatic correlations -spontaneous ion adsorption -on the EDL charging. 

2 Ot h e r t e c h ni q u es

Small angle scattering (SAS) techniques

Small angle scattering (SAS) technique refers to scattering in the angular range of 2°-5°.

This technique is used to efficiently characterize microscopic and mesoscopic three-dimensional structures and capture electron density fluctuations or neutrons density difference signal by using X-ray or thermal neutron detectors. In situ small-angle X-ray scattering (SAXS) can track the changes of ion position and concentration during electrochemical operation [188][189][190] by tracking the change of electronic contrast. The results

show that the initial rapid charge neutralization in the porous electrode results in a non-equilibrium ion configuration. Subsequently, charge-neutral equilibrium slowly increases the ion concentration to counter-ion adsorption. A combination of in situ SAXS and atomic modeling has shown that, in addition to concentration changes, local ion rearrangements and partial desolvation exists when ions are confined in carbon nanopores 191 . Indeed, ion rearrangement greatly optimizes and screens the repulsive interactions between counter-ions of the same charges, resulting in preferential occupation of sites in sites with highest degree of confinement. This mechanism naturally explains the conventionally reported phenomenon that the surface-normalized capacitance increases with decreasing micropore size [START_REF] Chmiola | Anomalous increase in carbon capacitance at pore sizes less than 1 nanometer[END_REF]192 .

Infrared spectroscopy (IR)

Infrared In porous carbon, these three forms of charge storage do not necessarily exist independently and may occur simultaneously. At different state of charge, different mechanism can be involved, and this difference is often related to the intrinsic properties of the electrode material, which in turn affects the energy storage performance of the electrode material 124,195 . Factors that affect EDL formation and structure and resulting capacitance include ion structure, ion size, ion-ion interactions, ion-solvent interactions, electrode surface roughness, electrode pore structure, and surface chemistry. The previously mentioned in-situ techniques and simulation methods bring information helping to propose models for ion transport and dynamics in nanoporous carbon electrodes used in supercapacitors, that is of high importance for improving the performance of supercapacitors-rising supercapacitor energy from 10 Wh/kg up to 20 kWh/kg and beyond must come with good understanding of charge storage mechanism.

In the previous sections, we have shown how the capacitance was affected by the carbon structure via the confinement effect, that changes the double layer structure, as well as how the charge storage mechanism (ion fluxes) was affected by the carbon structure. Those results shed some light on how to increase the capacitance to improve the energy density. However, a most rewarding approach consists in enlarging the operating voltage as the energy density change with the square of the voltage. Designing new electrolytes with large potential window stability, high ionic conductivity within a large temperature range is the Holy Grail of researchers from the Li ion battery field. This is highly challenging and there are only few chances that such an electrolyte could be discovered within the next years. Alternatively, the modification of the carbon/electrolyte interface may appear as a promising approach to shift the electrolyte stability window by decreasing the reaction kinetics. The next section will present this approach. As aforementioned, the cell voltage of EDLCs is not only determined by the electrochemical stability window of the electrolyte, but also by the stability of the carbon, that can be affected by the presence or electrochemically active surface functional groups on the carbon surface 200 . For example, commercial EDLCs can reach cell voltage of 3 V in non-aqueous electrolyte by carefully removing oxygen-containing terminals from the porous carbon surface 2 . Kyotani et al. even demonstrated an operating potential of 4.4 V by using mesoporous structures with curved graphene walls prepared by chemical vapor deposition from CH4 on nanoscale sacrificial templates made of alumina particles 201 . His method is not scalable but the neutralization of the carbon dangling bonds on the edge sites shows that improvement could be achieved by controlling the surface chemistry. These studies on model materials provide a scientific basis for designing ultra-stable porous carbon structures with improved properties. In addition, Antonietti's group reports heteroatom-doped carbons known as "noble carbons" obtained by carbonization of organic compounds 202 . These carbons show improved electrochemical stability, relative to oxidation and can lead to significant energy gain as long as their conductivity remains high enough to use them as active materials. An alternative approach is to use low cost, environmentally friendly aqueous electrolytes and try to increase their electrochemical voltage window by lowering the redox reaction kinetics.One 

Modification of the carbon

Surface electroinitiated emulsion polymerization (SEEP): A mechanistic approach

Various coating methods, including "physisorption" or "chemisorption" techniques, have been investigated to synthesize organic or composite layers onto various substrates including carbon 206 . Physical adsorption techniques, such as spray painting, spin coating, and vacuum evaporation, offer a large choice of substrate-layer pairs, but the weak interactions between the coating and the substrate results in coatings having a poor mechanical stability. In contrast, "chemisorption-like" techniques, including plasma polymerization [207][208] , self-assembly [209][210] , and in-situ surface polymerization, appear to be the most efficient method to obtain stable thin films. Among them, the latter appears to be a method of choice for strongly covalently attaching polymer chains to surfaces as ultrathin films. It is essential to distinguish between "grafted to" and "grafted from" surface polymerization processes 211 . The first one involves the bonding of preformed end-functionalized polymer chains to the surface, and the second is also known as surface-initiated polymerization, meaning that polymer growth (initiation and propagation) occurs from the surface 212 .

Cathodic electrografting of activated vinyl monomers (CE) is a single-step electrochemical process that relies on direct electrichemical initiation of the monomer, reduction under cathodic current. Reactive radical-anions immobilized at the electrode is formed. Then, a anionic propagation reactions take place leading to the chain growth from the surface. Bureau et al [213][214][215][216] . specifically described the reaction mechanism of electrografting (Figure I-28) and they s demonstrated the presence of covalent carbon-metal bonds using XPS 215 . The organic films thus obtained are insulating, highly adherent and perfectly conform to the surface. Since electrografting is a cathodic process, it is easily applicable to various metallic surfaces-even low-noble metals such as Fe-and semi-conductors (Si, GaAs), without the risk of oxidizing the substrate.

Meanwhile, electrochemical reduction of diazonium salts has been extensively studied in the past two decades for surface modification purpose, as it is a simple and versatile method for grafting thin organic layers onto carbon [217][218][219] , carbon nanotubes [220][221] , metals 222 Thus, by applying a cathodic current to a mixture containing a diazonium salt and a vinyl monomer dissolved in an electrolyte, polymer chains were successfully grafted on the cathode. This has led to a new powerful process called SEEP for surface electro-initiated emulsion polymerization 212 . developed in 2006, the SEEP process is an electrografting technique that enables the covalent grafting of polymer films from aqueous solutions onto conductive or semiconducting substrates, independent of the water solubility of the monomers used 212,226 . The method is based on electro-initiated free-radical polymerization in an aqueous dispersion medium by reduction of aryldiazonium salts.

The SEEP process combines three techniques: cathodic electrografting, electrochemical reduction of diazonium salts to aryl radicals, and radical polymerization in an aqueous dispersion medium (emulsion or mini-emulsion). Thus, in a biphasic system comprising a diazonium salt, a hydrophobic monomer (methacrylate) and a surfactant in acidic electrolyte (H2SO4), films can be grafted at room temperature within few minutes and several nanometer-thick polymer coatings on substrates can be prepared at moderate cathodic 

Solid electrolyte interphase (SEI) film formation

During the first charge of lithium-ion batteries, the electrode material and the electrolyte react at the solid-liquid interface to form a passivation layer on the surface of the electrode material (Figure I-31) [228][229] . This passivation layer, mainly formed at the negative graphite electrode, is an interface layer with the characteristics of a solid electrode; it is called the Solid Electrolyte Interphase (SEI). The SEI layer is an electronic insulator but an excellent conductor of Li + ; Li + can then be intercalated and extracted into/from the graphite electrode freely through this SEI passivation layer 228,230-231 . The positive electrode does have a film

formation, but at this stage, it is believed that its impact on the battery is far less than the SEI film on the negative electrode surface. The SEI film formed on the graphite anode is about 100-120 nm thick, and mainly contains various inorganic components such as Li2CO3, LiF, Li2O, LiOH, etc. and various organic components such as ROCO2Li, ROLi, (ROCO2Li) 2 and so on 229,[232][233] . In general, the main characteristics of an ideal SEI are as follows: (i) electronically insulating, (ii) high ionic conductivity, (iii) impermeability to solvent molecules/gases, (iv) Overall, artificial SEI-like films have been proven to be an interesting approach for preventing dendrite formation and suppressing interfacial side reactions in metal batteries.

But to the best of our knowledge, this approach has not yet been fully applied to electrochemical double-layer electrode materials-non-faradaic/capacitive based electrode materials. 

Objectives of the thesis

In Sections 1 to 3 of this chapter, we showed that the comprehension of the electrode/electrolyte interface is very important to improve the performance-operating voltage and stability-of materials for electrochemical energy storage applications.

This work has been focused on two main aspects: one has been intended to enlarge de cell voltage of a supercapacitor, thanks to the development of an artificial interface; the second aspect has been devoted to the understanding of the charge mechanism via EQCM.

Regarding the artificial interface, we have used the aforementioned SEEP method to prepare an artificial interface which is aimed at being electronically insulating but ionically conductive. We have already assessed the interest of forming a SEI; a SEI achieved in the same condition as the one formed onto Li-ion batteries' graphite electrode.

Concerning the second aspect, we have been focused on the basic understanding of the charge storage mechanism in porous carbon electrodes-the role of PZC have been for instance of interest. For this purpose, the EQCM technique have used to understand the capacitive charge storage mechanism in three-dimensional, high surface area, nanoporous carbons (TiC-CDCs). More specifically, we have characterized the influence of the local organization of the carbon structure on the capacitive performance of porous by using amorphous and graphitized porous carbons and see if, on top of the carbon pore size, the presence of sp² carbons could result in capacitance increase. We have followed up with investigating the effects of electrolyte ion concentration and solvent nature on the charge storage mechanism in porous carbon with different graphitization degree-it has turned up the PZC was affected. The set of results presented here not only pushed further our basic understanding of the charge storage mechanism in nanoporous carbons, but also proposed new research paths to improve the performance of carbon-based EDL capacitors.

Introduction

This chapter will describe the different carbon materials and electrolytes used in the framework of this thesis. The material characterization techniques will be presented.

Following up, we will introduce the typical electrochemical methods and principles for electrochemical capacitors (ECs) and cell configurations. In addition, the electrochemical quartz crystal microbalance working principle, setups, and cell design will also be introduced in this chapter.

Research chemicals 2.1 Chemicals for the modification of carbon surface

In this thesis, two kinds of synthesizing routes were used to prepare the passivation layer, including the aqueous solution method and the organic solution method. The chemicals are summarized in Table II-1. 

Carbon-based materials

Commercially activated carbons

Two kind of commercial activated carbons was used: an activated carbon powder, the YP-50F, and an activated carbon cloth, the FM10. The YP-50F activated carbon was derived from coconut shells and bought from Kuraray Chemical Co., Japan. The FM10 activated carbon cloth was bought from Chemviron Carbon, UK. Their characteristics will be discussed in this section.

YP-50F

The porosity characteristics of the YP-50F carbon were obtained from an Ar-sorption 

FM10-carbon cloth

This FM10 activated carbon was bought from Chemviron Carbon with the following 

Titanium carbide-derived carbons (TiC-CDCs)

The titanium carbide-derived carbons (TiC-CDCs) were prepared by chlorination of the carbides at different temperatures, 400, 500, 600, 700, 800, 900, 1100, and 1200 °C for 3 hours in a horizontal quartz tube furnace, respectively, following Equation Ⅱ-1 below 1-2 :

Eq. Ⅱ-1

Nanoporous TiC-CDC, with pore size controlled in the 0.6 -1.2 nm range with a high specific surface area (up to 1,700 m 2 •g -1 ) and a large pore volume (up to 1.6 cm 3 •g -1 ), can be prepared, resulting in impressive specific capacitance, thanks to the discovery of the 

Electrolyte

Different ionic liquid-based, organic and aqueous solutions were used as electrolytes: 

Electrochemical characterizations of supercapacitor 4.1 Electrochemical characterization techniques

In this section, the different electrochemical characterization techniques used in the work of this thesis will be introduced. The information that can be extracted from these techniques will also be discussed.

Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is the most common method for electrochemical research. The technique is to perform one or more repeated sweeps over time, by applying the electrode a linear potential sweep, at different rates while recording the current. According to the CV curves, the microscopic reaction process of the electrode surface, the reversibility of the reaction, the electrochemical reaction mechanism, etc. can be assessed. Eq. Ⅱ-2

Where i is the current (A) and ∆E is the operating potential window (V).

CV technique is also a suitable way to determine the operating voltage window of electrode material, as well as the cyclability of the electrochemical capacitors device.

Moreover, the electrode materials in lithium-ion batteries have both Faradaic and non-Faradaic reactions during the charging and discharging process. We can use CV method to figure out which process dominates the entire electrochemical reaction 5 . Adopted from ref 6 .

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is a primary research method in electrochemical measurement technology. It has become a widely used technique for studying electrode process kinetics and surface phenomena at a steady state. In an EIS measurement, the input signal is a small-amplitude (few millivolts) sinusoidal signal of either current or voltage to keep under linear condition. Besides, an EIS measurement is performed over a wide range frequency range, from 10 -6 to 10 4 s.

In this work, a low-amplitude alternating voltage of 5 mV was applied to the working electrode, expressed as:

Eq. Ⅱ-4
Where is the maximum amplitude of the alternating voltage signal (V), is the angular frequency in radian per second, with the relation to frequency ( in Hz) of .

An accompanied sinusoidal current response is recorded:

Eq. Ⅱ-5
Where is the maximum amplitude of response current (A), φ is the phase shift.

According to Ohm's law, the impedance of the resistor system is given: Eq. Ⅱ-6

According to Euler's formula: , the equation II-4 and II-5 can be written as:

Eq. Ⅱ-7

Eq. Ⅱ-8

Then the impedance goes:

Eq. Ⅱ-9

The complex impedance can also be represented as:

Eq. Ⅱ-10

Where is the real part and is the imaginary part of the Z(ω). And the impendence modulus is written as:

Eq. Ⅱ-11

In EIS measurements, the equivalent electrical circuits are often used to described and predict the performance of electrochemical cells. The impedances of three commonly used ideal electrical components in an electrochemical system, like capacitors ( ), ohmic resistors ( ) and inductors, , are described by equation II -10, 11 and 12, respectively.

Eq. Ⅱ-12

Eq. Ⅱ-13

Eq.Ⅱ-14

Where C, R, and L are a capacitance, resistance and inductance, respectively.

To study the electrochemical impedance spectroscopy, a Nyquist plot (Z′′ versus Z′) is commonly used 7 . The X-axis is the real part ( ) and the Y-axis is the imaginary part ( ). 

Electrochemical Quartz Crystal Microbalance (EQCM)

Electrochemical quartz crystal microbalance (EQCM) is an advanced technique for interfacial characterization. EQCM has been applied in different fields, for example in biology to detect adsorption of proteins and the plating process of metals. The working principle of EQCM is based on converse piezoelectric effect: as a potential is applied to the quartz, a corresponding mechanical strength will be applied on the quartz. As a result, if an alternating potential is applied, a vibration motion will be generated and leading to a transverse acoustic wave perpendicular to the surface of the quartz.

Quartz: A piezoelectric resonator

The working principle of the QCM is based on the piezoelectric effect that occurs in certain crystallographically crystalline materials (called "acentric" materials) [12][13] . The word piezoelectric comes from the Greek word "piezein", which represents "to press," and the electrical current that results from applying mechanical stress to those types of materials.

Piezoelectricity is defined as the electrical generation in response to mechanical stress, or the physical deformation that occurs when electricity is applied to such crystals. In 1880, French physicists Pierre and Jacques Curie discovered this effect by demonstrating that salt crystals could generate electricity when deformed along with certain crystallographic directions 12 .

After one year, they showed that the converse effect is also possible and quartz could be applied in voltage. In addition to being piezoelectric, quartz has a unique combination of properties that make it an ideal candidate for ultrasensitive devices. The quartz used in QCM are most often machined using an "AT-cut", which provides pure thickness-shear mode oscillations where the two surfaces of the crystal move in an antiparallel directions 15 . After cutting, a pair of metal (Gold or titanium) electrodes are evaporated directly on the top and bottom surface of the quartz (Figures II-7a and 7b). When a certain alternating current is applied to the quartz, it oscillates at its resonant frequency II-7c and7d). The quartz is stable at room temperature (25 °C), and the frequency change is tiny with the variation of temperature in 1-3 Hz/°C. In order to obtain accurate experimental data, careful control of measurements conditions should be maintained.

(Figures

Mass Sensitivity of QCM: Sauerbrey equation

The frequency changes of the QCM that occur in crystals can be measured, even with frequency changes of 1 Hz or less in the MHz scope. The frequency is usually in the MHz Accordingly, when a uniform layer of a foreign material is added to the surface of the quartz crystal, the acoustic wave can travel across the interface between the quartz and the layer and propagates through the foreign layer (Figure II-8). This utterly assumes that particle displacement and shear stress are continuous across the interface without viscoelastic loss.

Moreover, it is assumed that the acoustic properties of the foreign layer are the same as the quartz, the system can be considered as a "composite resonator", where the change in . = Eq.Ⅱ-16

Eq.Ⅱ-17

Eq.Ⅱ-18

Where is the electrode weight change (ng), A is the piezoelectrically active area (cm -2 ) and is the sensitivity factor (ng•Hz -1 ) of the crystal (referred to as "calibration constant" and it is determined through the calibration process) .

Chapter Ⅱ: Materials studied and experimental setups 90 Sauerbrey developed EquationⅡ-16 assuming that a small mass deposited to the crystal can be treated as an equivalent change in the mass of the quartz crystal. This means that the equation is only valid when the deposited mass is rigidly adsorbed on the quartz surface with no slip, and the mass loading should not exceed 2% of the mass of the crystal since the relative "non-ideal" contribution of the foreign layer to the overall composite resonator increases.

Equivalent Circuit-Motional resistance

To be able to utilize QCM effectively, understanding QCM behavior in the common environment is necessary. The mechanical properties of the quartz resonator can be described in terms of an electrical equivalent circuit. The Butterworth-Van Dyke (BVD) circuit is widely applied to account for QCM behavior near the resonant frequency 17 

Set-ups

Several configurations were used for electrochemical tests for different analysis purposes. All electrochemical measurements were performed using a VMP3 (Biologic, France), Autolab PGSTAT101 (Metrohm Autolab B.V., The Netherlands) potentiostat or SP-200 potentiostat (Biologic, France).

Swagelok cells

Swagelok cells with 2-electrode and 3-electrode setups were used, such as shown in In chapter Ⅳ, the potential of zero charge value was determined by the minimum capacitance from CV tests achieved in a 3-electrode Swagelok cell, utilizing a TiC-CDC working electrode of 0.8 to 1.3 mg•cm -2 , a silver rod reference electrode and the same over-capacitive loading YP-50F electrode film.

EQCM cells

The EQCM cell is displayed in 

Materials characterization techniques

Scanning electron microscope (SEM)

A scanning electron microscope (SEM) is a type of electron microscope that use for materials surface topography and composition study. The working principle (Figure II-14) of the SEM is that the electron beam emitted by the electron gun, under the action of the accelerating voltage, converges through the magnetic lens system to form an electron optical system with a diameter of 5 nm, which is composed of two to three electromagnetic lenses.

As a result, a thin electron beam is focused on the sample surface. A scanning coil is installed on the final lens, under its action, the electron beam scans on the sample surface. Due to the interaction of the high-energy electron beam with the sample material, various kinds of information are generated as a result: secondary electrons, back-reflected electrons, absorbed electrons, etc. These signals are received by the corresponding detector and converted into brightness of corresponding point depend on the amount of collected electrons, thus producing an electron image 20 . Through the SEM, the surface morphology, particle size shape and size of the sample can be seen intuitively. In this thesis, a JSM-7900F SEM was used to study the surface morphology of the electrodes. 

Transmission electron microscope (TEM)

Transmission electron microscopy (TEM) is an important characterization method to effectively obtain information on the surface (or topography) and interior of a sample. TEM ( The sample preparation method for TEM was as follows: First, a small amount of the test sample was taken and put it in a small beaker containing a solvent. The solvent type can be volatile inorganic or organic solvents such as distilled water, anhydrous ethanol, or acetone.

It depends on the dispersion in the solvent. After fully sonicated, a fine copper wire was used to take 1-2 drops of dispersed droplets onto the special ultra-thin carbon film, and then use it for TEM measurement after natural drying.

Chapter Ⅲ: Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes

Introduction

Aqueous-based supercapacitors (ASCs) are a promising energy storage device due to their fast charge and discharge rate, long cycle life, and green chemistry. However, because of the limited voltage window stability of H2O (1.23 V) [1][2] , ASCs exhibit lower energy density, limiting its wide application. The potential window stability of the H2O solvent is limited by the hydrogen and oxygen evolution at the cathode and anode, respectively, as a consequence of proton reduction, H2O oxidation and carbon oxidation [3][4] . The good news is that the practical stable potential window of solvent water can be broadened by increasing the hydrogen evolution/oxygen overpotential at electrode/electrolyte interface. When an electrode immersed in an aqueous electrolyte is polarized outside the thermodynamic voltage window stability, hydrogen (reduction) or oxygen (oxidation) evolution occurs at the electrode/electrolyte interface due to the direct contact between the electrolyte and the electrode. Aside from the thermodynamic voltage stability, the properties of the electrode surface have a significant impact on the hydrogen/oxygen evolution reaction in aqueous electrolytes. Thus, it is expected a smart modification of the electrode /electrolyte interface may lead to a widening of the operating voltage stability, as it is the case for PbO2, for instance. Accordingly, a drastic increase of the energy density of EDLCs would occur, as it is proportional to the square of the operating voltage.

Among different types of electrode materials, porous carbon materials have a large surface area, excellent electrical conductivity, low cost, stable physicochemical properties, and exhibit a wide range of positive and negative potentials [5][6][7] . A lot of work has been done on the improvement of the cell voltage of EDLCs, and most of them were achieved in neutral aqueous electrolytes. For example, Béguin et al. prepared a 1.6 V supercapacitor by porous carbon electrodes in neutral Na2SO4 aqueous solution 8 , by overbalancing on electrode capacitance and taking advantage of the H2 gas confinement into nanopores. Frackowiak et al 9 . designed a 1.8 V supercapacitor in Li2SO4 aqueous electrolyte, by changing the pH value at the surface of the carbon material and regulating the hydrogen evolution/oxygen overpotential. To achieve this goal, carbon oxidation with nitric acid was used to achieve

Chapter Ⅲ: Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes 101 controllable oxidation of the carbon electrode followed by ammonia adsorption. Ammonia acts as a protective agent to prevent carbon oxidation and electrolyte decomposition by forming functional groups, which in turn induces a self-controlled pH gradient in the capacitor system and forms a protective layer on the electrodes, resulting in a higher overpotentials of solvent decomposition 9 . However, experiments have also found that the capacity of high-voltage window carbon/carbon supercapacitors will gradually de solvent

water's practical stable potential window se, mainly associated with parasitic oxidation redox reaction at the positive electrode 4,[10][11] . The by-products of the electrolyte decomposition produced at the positive electrode further block the pores, resulting in a decrease in the capacity of the positive electrode and an increase in resistance 4,10,[12][13] . To tackle this issue, Béguin et al. proposed to deactivate the carbon surface active sites by oxidizing the carbon surface with hydrogen peroxide, so that a 1.9 V symmetric aqueous carbon-based supercapacitor cell could be prepared with a modest loss of capacitance or increased resistance during long cycling 4 . However, this approach needs to keep the positive electrode potential below a maximum (1.9 V) to limit the oxidation, and 15% of the capacitance is lost after 5,000 cycles. It is then still highly challenging to obtain a stable, high-voltage potential window for EDLCs operating in aqueous electrolytes. The first one, called surface electro-initiated emulsion polymerization (SEEP) method, is based on the reaction of porous carbon surface with reactive radical species in solution through a new covalent grafting process in which diazonium salts are used to initiate the polymerization of vinyl monomers in solution and form a polyphenylene-like layer on the surface of carbon material [16][17][18][19] . In this case, the diazonium salt, butyl methacrylate, surfactant, and vinyl acrylate are introduced into an acidic solution and a cathodic polarization is applied to carbon electrode to form a passivation film.

The second method, called the solid-state interface (SEI) formation method, relies on the formation of the Solid Electrolyte Interphase occurring on Li-ion battery anode. During the Chapter Ⅲ: Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes 103 first charge in lithium-ion battery, the electrolyte is reduced at the surface of the negative (graphite) electrode and forms a passivation layer covering the surface of the electrode material [20][21] . Many studies have shown that the use of mixed organic solvent/inorganic/ionic liquid electrolytes can result in the formation of uniform and stable SEI films, thereby improving the cycling stability of electrode materials [22][23][24][25] . We propose to use this approach to prepare a passivation layer on the porous carbon electrode, to further shift the negative electrode overpotential of water reduction toward even more cathodic potentials-doing so, hydrogen evolution will be less likely to occur.

Designing an artificial passivation layer onto porous carbon electrode

2.1 The surface electro-initiated emulsion polymerization (SEEP) method

The SEEP method

The surface electro-initiated emulsion polymerization (SEEP) method was first developed in Deniau's group and further improved 16,18 . A scheme of the experimental setup and mechanism is presented in area blank carbon cloth (B-CC), while a silver quasi-reference electrode and a graphite rod counter electrodes were used.

The mechanism of SEEP can be divided into three steps 16,18 : i) an electrochemical initiation leading to the reduction of protons and diazonium cations; ii) the formation of nitrophenyl and hydrogen radicals with simultaneous formation of polynitrophenylene (PNP) NO2 sublayers, followed by the propagation; (iii) chain transfer/termination of PBMA oligoradicals on the aromatic ring of the PNP sublayer. The following takes this mechanism as an example to illustrate the (BMA; SDS) SEEP process involving NBD salts in detail 16,18 .

Electrochemical reduction near the polarized electrode generates free radicals, and the initiation step begins, nitrophenyl radicals from the NBD salt near the cathode (reaction 1) are produced, which immediately grafts to the electrode surface (reaction 2). Furthermore, excess nitrophenyl radicals leads to the thickening of the grafted layer (reactions 3 and 4), resulting in the formation of a poly-aryl sublayer (noted as PNP). addition-elimination on the aromatic ring 16 .

Chapter Ⅲ: Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes 107 acidic solution, so the protons in the solution will also participate in certain reactions. A portion of the hydrogen radicals will generate gaseous hydrogen (reaction 5), and another portion may participate in the initiation of radical polymerization of BMA (reactions 6-7), leading to PBMA radical formation. PBMA radicals can then directly react with PNP (reactions 8,9) 18 . At the same time, H radicals can also react and form the terminations on the PNP layer.

SEEP is a straightforward one-pot, water-based, and efficient method to functionalize different substrates, such as gold 16 or MWNTs 17 . This method can be extend to any polymer that can be grown by a free-radical mechanism. In our case, we used the SEEP method to synthesize hydrophobic PBMA polymers to investigate whether the as-modified carbon material exhibit a wider voltage window in aqueous electrolyte.

Film formation onto porous carbon electrode

Butyl methacrylate (BMA, 99%), sodium dodecyl sulfate (SDS, 99%), and 4-nitrobenzene diazonium tetrafluoroborate (NBD, 97%), vinyl acrylate (VA, <600 ppm MEHQ as inhibitor), H2SO4 (99%) were purchased from Sigma Aldrich and used as received.

Glassy carbon rods 7 × 50 mm were obtained from Alfa Aesar. In the 2 nd cycle, the diazonium reduction effect was still visible, but not as significant as in the 1 st cycle. No more observable frequency change exists between -0.2 V vs. Ag and -0.4 V vs. Ag from the 3 rd cycle until the 5 th cycle. At the same time, during the reduction of protons, the frequency decreases, and the intensity of this phenomenon is almost the same in each

Chapter Ⅲ: Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes 109 cycle. During proton reduction, the frequency of each cycle decreases significantly even though the diazonium reduction is almost negligible (especially after the 2 nd cycle). Therefore, hydrogen radicals play an essential role during each electrochemical cycle, whereas the effect of nitrophenyl radicals generated by the reduction of diazonium cations on film formation has a significant impact only in the 1 st and 2 nd cycles. These results are close to those reported in the literature 16 , and greatly help for the subsequent electrochemical cycle coating on carbon cloth. is building-up, following the mechanism described above 18,26 . The coating is insoluble in water and acts as an insulating barrier to electron transfer, drastically decreasing the redox reaction kinetics. From the amount of charge flowing through the cell (Figure Ⅲ-4b, 4d and 4f), it can also be seen a higher charge is observed for the first cycle and then a continuous charge is observed in line with a continuous film growth upon cycling, as expected. These results show that with the continuous increase of the number of CV curves, an insulating film is continuously formed on the surface of the carbon cloth. In addition, it could be seen that the current intensity and the amount of charge passing through the electrodes after 20 cycles of electrode are significantly lower compared to the electrodes coated for 10 cycles and 30 cycles, suggesting better blocking properties. .

SEM observation of SEEP-CC

The indicating a successful SEEP method grafting polymers on carbon cloth. In addition, a small amount of S element appeared, which could come from the surfactant.

Developing a Solid Electrolyte Interphase on porous carbon electrodes

In the second approach, we mimic the SEI film formation occurring at the first irreversible reduction cycle at the negative electrode of a Li-ion battery. The first step consists in the cathodic polarization of the carbon cloth (CC) electrode in a Li-ion containing electrolyte to prepare the SEI layer onto the carbon surface. We used a conventional LiTFSI/EC-DMC electrolyte but we added 1M EMITFSI with the aim to promote EMI + ionic conductivity in the passive layer, the final electrolyte for test being an aqueous solution of 1M EMIHSO4 to be consistent with the work from Olarte et al 15 .

Film formation onto porous carbon electrode

1-ethyl-3-methyl imidazolium hydrogen sulfate (EMIHSO4), ethylene carbonate (EC, 99%), and dimethyl carbonate (DMC, 99%) were purchased from Sigma Aldrich. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMITFSI, 99%) were purchased from Solvionic (Toulouse, France). Except for LiTFSI, which needs to be dried under a vacuum oven at 80 °C for 24 h, the other reactants were used as received. LiTFSI salt was dissolved in EMITFSI, and EC/DMC (1:1 in volume ration) to prepare 1 M electrolyte. The two-electrode Swagelok cells were assembled in a glove box (moisture <0.1 ppm, oxygen <0.1 ppm) under argon using the cleaned B-CC and lithium metal foils as working and counter electrodes, respectively. Then, the two-electrode setup was removed from the glove box, and electrochemical tets were done using a VMP3 potentiostat (Biologic, France). After all experiments, the obtained samples were rinsed with ethanol and dried in a vacuum oven at 100 °C for 3 h. from the open-circuit potential (OCP) of 3 V vs. Li at the first scan down to 0.05 V vs. Li. In the first cycle, a broad, irreversible cathodic peak corresponding to the reduction of the electrolyte was observed as expected. However, the reduction occurs within a large potential window (3 down to 0.2 V vs Li), differently from graphite in LiPF6 in EC/DMC electrolyte (below 1 V vs Li) [27][28] . CVs at 1 mV•s -1 of the blank (raw) carbon cloth (B-CC) in electrolytes with the same solvents but different salts (EMITFSI, LiTFSI and LiPF6) at the same concentration (1M) were recorded to figure out the origin of this broad cathodic peak. Figure

As shown in

III-6b shows that this large peak only appears in cells containing EMITFSI-but it is worth

noting that broad peak add up to an overall important background current. Indeed, differently from graphite anode, the reduction of LiPF6 in EC/DMC electrolyte (LP30) is also achieved within a broad potential range, starting at about 3 V vs Li. Below 1 V vs Li, peaks related to the reduction of DMC and PC are visible 29 . This suggests that the presence of surface groups onto the high surface area carbon is responsible for the irreversible cathodic process above 1

V vs Li. The peak at 0.5 V vs Li could be due to the reduction of the EMI + cation, as shown in Figure Ⅲ-6b. Such experimental results are consistent with the formation mechanism of the SEI layer, that is, a small amount of polar aprotic solvent in the electrolyte undergoes a reduction reaction and combines with lithium ions to form a SEI layer 21,30 . After the SEI film was formed, the cathodic current increased rapidly down to 0.05 V vs. Li, where Li-ion intercalation occurs in graphite electrodes 22 . However, in the case of amorphous (nongraphitic) porous carbon, the cathodic reduction observed at low potential after the first cycle is more likely coming from the electrolyte reduction at such highly negative cathodic 

SEM images of SEI-CC

Similarly, SEM observations and EDS analysis were carried out before and after the SEI 

Electrochemical characterizations

The electrochemical performance of SEEP-modified carbon cloth (noted as SEEP-CC)

and SEI-modified carbon cloth (noted as SEI-CC) were investigated using a conventional two-or three-electrode set-up in Swagelok cells, where the coated carbon cloth is used as a working electrode (glass carbon rod is a current collector), with an Ag/AgCl reference electrode. An over capacitive counter electrode of porous carbon (25 mg•cm -2 ) was prepared by mixing a YP50F activated porous carbon powder (95 wt.%) and poly-tetrafluoroethylene (5 wt.%) solution. The electrolyte was a 1M H2SO4 or EMIHSO4 in DI water, and one layer of 130-μm-thick porous glass fibers (Whatman GF/A) was used as a separator. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed using a VMP3 potentiostat. EIS (Bio-Logic SA) was performed at open circuit potential with a 10 mV amplitude between 10 mHz and 200 kHz.

SEEP-treated electrodes

A series of electrochemical characterizations were performed to evaluate the electrochemical performance of SEEP-CC electrode in 1M H2SO4 electrolyte. water is reduced and a pseudocapacitive contribution associated with the reversible adsorption of hydrogen within the pores of the carbon material adds to the double layer contribution 31 . A distinct hump appeared at 0.35 V vs. Ag/AgCl during the anodic scan due to the electro-oxidative process of the stored hydrogen 32 . The pseudocapacitance due to reversible hydrogen storage may contribute effectively to the total capacitance of the electrode. Negative currents increase sharply from potentials below -0.45 V vs. Ag/AgCl, indicating H2 gas evolution. Finally, we can estimate that the stable potential window of B-CC electrode in 1M H2SO4 is about 1 V.

The electrochemical results of the CC after SEEP treatment is different. After 10 cycles of SEEP grafting, as shown in Figure Ⅲ-8a, the electrode shows an oxidation redox bump, but the peak intensity is weaker than that of B-CC and shifted to higher potential. As the cathodic potential was extended to more negative values, the potential of the hydrogen evolution reaction shifts to a more negative potential compared to B-CC (-0.2 V vs. Ag/AgCl).

These results show that the surface of the carbon electrode is passivated confirming the presence of a passive layer, resulting in an increased overpotential for proton reduction and higher potential for electro-oxidative process of the stored hydrogen. Then, the electrode still maintains part of its capacitive storage, indicating that the film may not fully cover the electrode surface; another explanation could be that the ionic conductivity is kept high is increased after SEEP grafting as the result of the presence of the film. The most remarkable point is that the impedance of the SEEP-treated carbon is much higher than the raw carbon cloth, thus confirming the presence of an insulating layer on the electrode surface. The high frequency loop could be assigned to the impedance of the carbon/film interface, with the ionic diffusion through the film visible at low frequency.

In summary, it appears that the SEEP method fails to produce a passive layer that could significantly improve the electrochemical performance. Indeed, the SEEP film prepared from 10 CV cycles shows an increase of the cathodic overpotential for H2 gassing but with limited capacitance. A non-conformal film deposit is assumed to explain the capacitive-like behavior, that will not meet the requirements to fully passivate the electrode. Further passivation by increasing the cycle number during the film formation process leads to a resistive coating onto the electrode, with large operating potential window but extremely poor capacitance. The problem we are facing here is the lack of sufficient film ionic conductivity to maintain a decent capacitance activity by preparing the film by the SEEP process. Indeed, the process was found out to efficiently passivate the surface of the carbon but the as formed film is not ion conducting.

SEI-modified electrodes

The this indicates that the electrode potentials are shifted to a slightly more negative value for the SEI-treated cell, which also means that the overpotential of the hydrogen evolution reaction has been increased.

These results show that porous carbon electrodes have been successfully passivated with an electronic insulating and ionically conductive film prepared by the SEI method. SEI coated CC can effectively increase the overpotential for hydrogen evolution, thereby increasing the voltage window of aqueous supercapacitors. The operating voltage of 2-electrode cells assembled with a negative SEI-treated electrode was slightly improved, with a lower current density at a maximum potential of 1.5V. However, the capacitive storage was also affected with a capacitance decrease of about 20% as a result of the presence of the film. In conclusion, the modification strategy of electrode surface physicochemical properties proposed in this chapter, has been validated as a proof of concept. Still, further work is needed and will consist in further improvement of the hydrogen gassing overpotential by improving the ionic conductivity of the passive layer and decreasing the electronic conductivity.

This approach may offer interesting opportunities for the development of energy storage devices with low cost, safety and environmental protection, and high electrochemical performance.

Conclusion

In this study, we successfully prepared passivation films on carbon electrodes by two different routes, named SEEP method and SEI method, respectively. In the SEEP method, while the passivation film may fully covers the surface of the electrode, the carbon electrode do not shows capacitive properties but a resistive behavior, suggestion a lack of ionic conductivity of the layer. Following these results, a modified SEI formation process was used to prepare a SEI passivation film into the surface of carbon cloth to expand the negative Such increase of the cathodic overpotential for H2 gassing is attributed to the formation of a passive SEI-layer ionically conductive but electronically insulating. A cell voltage close to 1.5 V was obtained in 1M EMIHSO4 with a slightly higher coulombic efficiency (95.2% for SEI-coated CC vs 94.3% for blank CC), as a result of the increased overpotential for H2

gassing. The results achieved are encouraging yet further improvements are needed: higher passivation and higher ionic conductivity; water molecule exclusion via a more hydrophobic layer could be an added value. Those results confirm the strategy of porous carbon material passivation provides guidelines to develop aqueous carbon/carbon supercapacitors operating at higher voltage, and this strategy can also be used to broaden the voltage window of other aqueous energy storage devices.

Introduction

Electrochemical double-layer capacitors (EDLCs) store the charge in the double layer by electrostatic adsorption of electrolyte ions on the surface of high surface area porous carbon electrodes [1][2][3][4] . As shown in Chapter Ⅰ, nanoporous TiC-CDC with pore size controlled in the 0.6 -1.2 nm range with a high specific surface area (up to 1,700 m 2 •g -1 ) and a large pore volume (up to 1.6 cm 3 •g -1 ) can be prepared, resulting in impressive specific capacitance thanks to the discovery of the confinement effect and the associated ion partial desolvation in nanopores 2,[5][6][7] . Since that time, tremendous efforts have focused on the understanding of charge storage mechanisms in porous carbon electrodes, especially the ion fluxes in confined nanopores 2,[8][9] , which affects the ion-population inside the pores and the charging rate [10][11] .

Previous studies have suggested three main charge mechanisms in EDLCs, as the result of the ion dynamics occurring at the electrode/electrolyte interface with i) counter-ion adsorption, ii) ion-exchange, and iii) co-ion desorption process [11][12] . However, how the local carbon structure affects the charging mechanisms remains poorly understood to date. Addressing this question needs to use an electrochemical tool that can track the ion fluxes at the carbon / electrolyte interface, such as the electrochemical quartz crystal microbalance (EQCM) described in Chapter Ⅰ, that can detect an electrode mass change under polarization with an accuracy of  1 ng•cm -2 as firstly shown by Levi et al. 13 using porous carbon. Our group demonstrated the potential of EQCM to quantitatively measure the number of anionic and cationic species adsorbed in microporous carbon electrodes during charge and discharge 14 .

The results show that the charge storage mechanisms in positive polarization is driven by ion exchange behavior, whereas for negative polarization is cation adsorption dominates [14][15] .

More recently, we studied the electrical double layer (EDL) charge storage mechanism of two-dimensional (2D) single layer graphene (SLG) used as model material in both neat ionic liquid and solvated electrolyte, with the help of electrochemical quartz crystal microbalance (EQCM) technique. We found that the charging mechanisms of EDL are highly dependent on the interactions between the ions and the carbon [16][17] . However, to the best of our knowledge, there is no experimental work about how the local structure of three-dimensional carbon affects the charging mechanisms. More specifically, the question is:

does only the pore size matter or does the local ordering of the porous carbon affects the charge storage mechanism and then the capacitance?

As previous works have demonstrated that the local structures of TiC-CDCs are highly dependent on the synthesis temperatures, such materials turn out to be relevant to study the influence of the local structure on the charging mechanism. TiC-CDCs prepared at temperatures less than 700 ℃ are amorphous. A short-range structural ordering starts to show-up in TiC-CDCs prepared in a temperature range from 800 to 1000 ℃, while longer-range structural ordering (graphitization) occurs when the synthesis temperature is higher than 1000 ℃ [18][19] . It is worth noting the porosity of TiC-CDC prepared at the temperature of 800 ℃ (CDC-800) and 1100 ℃ (CDC-1100) is similar 20 . Therefore, in this work, we selected these two TiC-CDCs prepared at 800 °C and 1100 °C, termed as CDC-800

and CDC-1100, respectively -with similar porous volume and pore size but different degrees of graphitization -so different local structures -to study the ion dynamics in non-aqueous electrolyte by EQCM. The comparison between these two CDC should lead to a better understanding of carbon local structure-ion dynamics correlation in porous carbon.

Experimental

Materials

Carbide-derived carbon (CDCs)

CDC is produced by selective extraction of metal atoms via physical (e.g., thermal decomposition) or chemical (e.g., halogenation) processes, that transforms the carbide structure into pure carbon. In this thesis work, CDC-800 and CDC-1100 samples were prepared by chlorination at 800 °C and 1100 °C, respectively, and further used as model materials. After chlorination, CDCs were annealed under H2 atmosphere for 1 h at 600 °C to remove the Cl species trapped inside the porous network and reduce the dandling bonds. PSD was calculated from adsorption isotherms at 77K using a 2D-NLDFT model by Saeius software from Micromeritics equipment. The isotherm and PSD information for these two materials can be found in Figure II-3 (see Chapter Ⅱ), and the corresponding textural parameters can be found in Table II-4 (see Chapter Ⅱ).

Electrolytes

2M 1-ethyl-3-methylimidazolium bis(trifluoromethane-sulfonyl)imide (EMI-TFSI) dissolved in acetonitrile (ACN) was used as the electrolyte. Effective ion size in ACN (nm) 22 1-ethyl-3-methylimidazolium 

(

EQCM cell configuration

As shown in Figure IV-2, the electrochemical cell was assembled in a glove box (moisture <0.1 ppm, oxygen <0.1 ppm) under argon using the coated quartz crystal, a silver rod and a platinum foil as working, reference and counter electrode, respectively. EQCM electrochemical measurements were conducted using a Seiko QCM922A system combined 

PZC analysis of CDCs

The electrochemical characterizations of these two carbon electrodes were achieved in a three-electrode cell in 2M EMI-TFSI/ACN electrolyte. Figure IV-5 presents the Cyclic voltammograms (CVs) of CDC-800 and CDC-1100 electrodes recorded at a scan rate of 5 mV•s -1 , from -1 V to +1.5 V vs. Ag wire. Both electrodes show rectangular and symmetric CV plots, characteristic of a capacitive charge storage mechanism (double layer charge/discharge). The calculated gravimetric specific capacitance for the CDC-800 and CDC-1100 electrodes is 100 F•g -1 and 75 F•g -1 at a scan rate of 5 mV•s -1 , respectively. These values are similar to those previous results [7][8][9]29 . Our previous results using CDC materials have shown that the microporous volume below 1.1 nm is responsible for the capacitive charge storage in CDC carbons 2,5,8,[30][31][32] . This is confirmed by the present results, since the capacitance of the CDC-800 is 33% higher than that of CDC-1100, as the result of a 38% increase of porous volume below 1.1 nm (increase from 0.39 cc•g -1 to 0.55 cc•g -1 ). The PZC values for CDC-800 and CDC-1100 electrodes are about +0.2 V vs. Ag and +0.4 V vs. Ag, respectively. The PZC refers to the potential at which the net charge of the electrode is zero, in other words, the potential where there is no strong interaction between the carbon surface and the electrolyte ions. Solid evidence from nuclear magnetic resonance experiments and molecular dynamics simulations has confirmed that CDC nanopores are filled with ions and solvent molecules when immersed inside the electrolyte, even without any applied potentials 11 . In the present situation, the more positive PZC value obtained for the CDC-1100 carbon evidences a more negatively charged surface vs CDC-800, that is ascribed to specific spontaneous interactions/adsorption between anions and carbon surface 14,17 . 

EQCM analysis of CDCs

In a next step, CDC-800 and CDC-1100 porous carbons have been electrochemically tested using EQCM in 2M EMITFSI in can electrolyte under potentiodynamic conditions. 

Conclusion

In summary, we used EQCM to understand the charging mechanisms in TiC-CDC electrodes with different degrees of graphitization for capacitive charge storage applications (supercapacitors). Two CDC carbons were prepared by heat treatment of TiC powders under Cl2 atmosphere at different temperatures: CDC-800 (800 °C synthesis temperature) and CDC-1100 (1100 °C temperature). Both carbons achieve similar porous volume and pore size distribution, while the CDC-1100 prepared at a higher temperature of 1100 ℃ shows a more graphitized local carbon structure. The PZC of the CDC-1100 was found to be more positive (+0.4 V vs. Ag wire) than the CDC-800 (+0.2 V vs. Ag wire), evidencing the presence of a more negative charge on the carbon surface of the CDC-1100 sample at OCV.

Electrochemical results showed a dominant ion-exchange charge storage mechanism during negative polarization or the CDC-1100 sample, while the CDC-800 sample showed symmetrical counter-ion charge storage process, as expected. A stronger interaction between the ion and graphitized carbon surface is proposed to explain the above difference, which is supported by the PZC values of the two carbons. Such a difference in the ion fluxes connected to the change in the PZC value is important for the capacitive storage mechanism as it may affect the kinetics of the charge storage mechanism. These results are also important beyond the energy storage field, such as capacitive water desalination, as the ion removal is maximized only during the counter ion adsorption process but not for the ion-exchange mechanism.

Chapter Ⅴ: Further understanding of the ions and solvents effect on the ion dynamics in porous carbon

Introduction

During the past recent years, EQCM has been used to track the ion and solvent molecule fluxes in nanoporous carbons used in EDLC electrodes, as well as the mechanism of ion adsorption in nano-confined spaces [1][2][3] , to improve the design of optimized nanoporous materials for the next-generation high-energy-density EDLCs [4][5][6][7] . It was shown that the solvation number of the ions and the ion-solvent interactions play a crucial role in the electrochemical activity of the species [8][9][10][11][12] . For example, Mielczarek et al. analyzed by EQCM the ion fluxes at various porous carbon electrodes in alkali metal cations (Na + , K + , and Rb + ) and iodide-containing electrolytes 10 . The results show that the solvation number is strongly influenced by the electrolyte composition and the concentration of available water molecules in the electrolyte cannot be ignored 10 which is attributed to the change in the interaction between SLG and EMI + cations 5 . As shown in FiguresⅤ-1c and 1d, the presence of solvent molecules can shield the electrostatic interactions between cations and anions of the EMI-TFSI ionic liquid, reducing the specific EMI + cation/SLG interaction, thereby reducing the double layer thickness by eliminating the overscreening effect 13 . This results in a change of ion adsorption mechanism, offering the possibility for counter-ion adsorption on the SLG electrode surface as the surface is not anymore saturated with EMI + cations. Overall, electrolyte ionic species, pure ionic liquids, and solvent effects have a great influence on the energy storage behavior of electrode materials. Several studies have also shown that solvent polarity plays an important role in the solvation and desolvation of ions during adsorption in porous carbon electrodes 14,15 .

However, the role of solvent polarity in the charge storage mechanism of EDLC electrodes remains to be elucidated [15][16] . EQCM could offer the possibility to establish correlation between solvents properties and ion adsorption mechanism, which is important for understanding the electrochemical capacitive behavior of carbon electrodes for EDLCs applications. Following the results of Chapter Ⅳ, this chapter presents a more detailed study of the effects of the nature of the ions and organic solvents on the ion adsorption in porous carbon electrodes with different degrees of graphitization. EQCM measurements were carried out in electrolytes with different ion concentrations and solvents, to track the ionic dynamics in the confined pores. The results of this work will provide valuable strategies for optimizing the design of electrodes and organic electrolytes for EDLC applications.

Materials and techniques

Materials

Carbide-derived carbon (CDCs)

In this chapter, CDC-800 and CDC-1100 samples continue to be used as the electrode material, and more information can be found in Chapter-Ⅳ.

Electrolytes

2M/16mM 1-ethyl-3-methylimidazolium bis(trifluoromethane-sulfonyl)imide (EMI-TFSI) dissolved in acetonitrile (ACN)/propylene carbonate (PC) were used as electrolytes. Table V-1 summarizes the structures, longest and shortest dimensions of the EMI + cation, TFSI -anion, and the effective ionic size in acetonitrile in confined CDC nanopores. In addition, the structure and size of acetonitrile and propylene carbonate are also [17][18][19] Effective ion size in ACN (nm) 20

displayed in Table V-1.

Physical characterization

The porosity information could be found in Chapter -Ⅱ, and high-resolution TEM images were displayed in Chapter -Ⅳ, respectively.

Electrochemical measurement

For the PZC evaluation, 3-electrode Swagelok cells were assembled in Ar conditions (see Chapter-Ⅳ). The experimental sample preparation process in this chapter is similar to that in Chapter-Ⅳ. EQCM data were processed with the Sauerbrey' equation. The sensitivity factor of the coated quartz was obtained by performing Ag deposition experiments. Several cycles were run before starting EQCM measurements to start with a stable, reproducible electrochemical signal.

Results and discussion

PZC analysis of CDCs

Similar to Chapter -Ⅳ, the PZC was first measured at the minimum value of capacitance during CVs in the different electrolytes. In the following, the study will done using different The first electrolyte is meant to emphasize the solvent interaction. Last, another solvent was studied to observe if any specific change occurred on the charge interaction with the carbon surface. Indeed, the PC exhibit a higher dielectric constant than ACN.

Electrochemical characterizations in 16mM EMI-TFSI/ACN elec electrolyte

This first set of experiments was performed a diluted electrolyte, it is to say with EMI-TFSI concentration of 16mM in ACN. Both electrodes exhibit a typical capacitive behavior with a well pronounced depression at the PZC-indeed, it is expected in diluted electrolyte the capacitance decrease strongly, as the Gouy-Chapman capacitance contribution is no longer negligeable [21][22] , leading to a 'butterfly shape' of the voltammogram. From those curves, maximum gravimetric capacitances are 86 F•g -1 and 80 F•g -1 at 5 mV•s -1 , respectively for the CDC-800 and CDC-1100 electrodes. It worth mentioning for 2M EMI-TFSI/ACN electrolyte (see Figure IV-5), the butterfly shape is often referred to as the capacitive contribution of carbon electrodes, which was assigned to the voltage-dependent electron charge carrier density at the Fermi level in carbon materials (CNT-or graphene-like carbons) 12 . In the present case, this might be the result of the electrosorption process that allows for better accessibility of the small pore size at higher potential 23 -also, the Gouy-Chapman contribution is voltage dependent as opposed to the Helmholtz capacitance.

The calculated gravimetric specific capacitance for the CDC-800 and CDC-1100 electrodes is 100 F•g -1 and 75 F•g -1 at a scan rate of 5 mV•s -1 in 2M EMI-TFSI/ACN electrolyte, respectively. It can be seen that the concentration does not have a huge impact on the capacitance values at such slow scan rate (for porous carbon electrodes). The PZC values for CDC-800 and CDC-1100 electrodes were found to be +0.2 V vs. Ag and +0.2 V vs. Ag, respectively. In 2M EMI-TFSI/ACN, the PZC values for CDC-800 and CDC-1100 electrodes were measured at +0.2 V vs. Ag and +0.4 V vs. Ag, respectively. The decrease in the electrolyte concentration did not change the PZC value of the CDC-800 electrode but, differently, had an impact on the CDC-1100 electrode as it shifts from +0.4 V vs. Ag to +0.2

V vs. Ag with decreasing the electrolyte concentration. Such change on the PZC is likely attributed to the change in the interactions between the CDC-1100 carbon and TFSI -anions, where the lower concentration could lead to a decrease in the amount of TFSI -anions adsorbed on the carbon surface and the associated negative surface charge, resulting in a decrease of the PZC 5, 8, 24 .

Electrochemical characterizations in 2M EMI-TFSI/PC electrolyte

In this part, we used the ionic liquid EMI-TFSI as a salt in two different solvents, 

EQCM analysis

EQCM study was achieved onto CDC-800 and CDC-1100 carbons in the two different To check the quality of the EQCM data, the motional resistance was tracked during the experiments. The recorded motional resistance results are shown in Figures V-4c and4d. The change of motional resistance for CDC-800 and CDC-1100 are minimal in the entire test potential range, with a change of 1% and 6% relative to the change of frequency, respectively.

The motional resistance of both electrodes is stable, which means that the Sauerbrey's equation applies to this potential range (gravimetric mode of the EQCM).

Figures V-4a and 4b mainly show a frequency decrease from PZC to negative and positive polarizations. However, a slight frequency increase occurred during the sweep from PZC to negative with the CDC-800 carbon, which is not visible with the CDC-1100 sample.

Additionally, the observed hysteresis between positive and negative scans may be due to the different kinetics of ion adsorption and desorption processes [25][26] . According to the Sauerbrey's equation, a decrease in frequency corresponds to an increase in mass, which confirms the counter-ion adsorption around the PZC. 

Conclusion

In this study, we qualitatively investigated the effect of electrolyte concentration and solvent polarity on the charge storage mechanism in porous carbons with different degrees of graphitization. Our results showed the nature of the electrolyte together with the local structure of the carbon affected the PZC and in turns the charge mechanism. As a matter of fact, for the CDC-800 electrode with low degree of graphitization, the electrolyte concentration and solvent polarity did not have a great influence on its energy storage mechanism. Indeed, the PZC is kept more or less constant (in the +0.25 -+0.3 V vs. Ag range). As consequence, whatever the electrolyte studied here, the overall charge storage mechanism relies on a counter-ion adsorption from the PZC to positive and negative polarizations; although some variation in solvation may occur.

On the other hand, different results were obtained for the highly graphitized CDC-1100 carbon. By decreasing the electrolyte concentration (from 2M down to 16mM EMI-TFSI in ACN), the PZC was shifted from +0.4 V vs. Ag to +0.2 V vs. Ag, and the ion-exchange region observed in high concentration electrolyte ("U-shape" behavior) disappeared. This was attributed to the weakening of the interactions between TFSI -ions and carbon surface at low concentrations, which in turn leads to a counter-ion adsorption process during both positive and negative polarizations. The overall energy storage mechanism has changed from counter-ion adsorption and ion-exchange process ("U-shape" ) to counter-ion adsorption ("V-shape") behavior, which also means that the highly graphitized CDC-1100 carbon only has a stronger interaction with TFSI -anions in concentrated electrolyte. Finally, when replacing ACN solvent with PC, the PZC decreases from +0.4 V vs. Ag down to +0.3 V vs.

Ag and only a counter-ion adsorption process was observed in PC-based electrolytes for the CDC-1100 sample. This could be related to the effective shielding of electrostatic interactions between ions by strongly polar solvent pairs, which in turn decreases the interaction between TFSI -ions and the sp² carbon surface.

These results suggest that the electrode PZC may be preponderant in the charge mechanism. The synthesis condition of the carbons, its surface modification and the electrolyte composition may drastically change the charge mechanism and the electrode performances. The development of a positive electrode with very low PZC, and the opposite for the negative electrode is expected to lead to higher capacitances and lower kinetic limitations, as a pure counter-ion charge compensation is expected. Further studies including different electrolytes, carbon modification and modeling are needed to strengthen further our knowledge regarding the role of PZC on carbon electrode charge storage mechanism.

General conclusions and perspectives

This 

Energy density improvement via surface modification

In Chapter III, we used the SEEP and SEI methods to build a passivation film, with ionic conductivity but electronic insulation properties, on a porous carbon cloth-based electrode to shift water splitting to higher overpotential, thereby broadening the operating potential range of the carbon cloth electrode. The SEEP method turned out to be successful to prepare passivation film, completely covering the electrode surface; however, the modified carbon cloth electrode does not exhibit capacitive but resistive behavior, which means that the passivation film lacks ionic conductivity. A fallback strategy was then to get inspired from what is notoriously known regarding Li-ion graphite electrode, by designing a SEI passivation film onto the surface of the porous carbon cloth electrode, as it is well known to act as a passivation layer while keeping the ionic conductivity. Compared to the unmodified carbon cloth electrode, the presence of the SEI layer on the porous carbon cloth results in an enlarged potential window in the cathodic region, from -0.20 V vs. Ag/AgCl (pristine carbon) to -0.95 V vs. Ag/AgCl (SEI coated-carbon). This increase in cathode overpotential for For the less graphitized CDC-800 carbon, electrolyte concentration and solvent polarity have little effect on its ion dynamics. In fact, PZC remains more or less constant in different whatever the electrolyte studied (in the range of +0.25 -+0.3 V vs. Ag). As a result, the overall charge storage mechanism remains a counter-ion adsorption process on both sides (positive and negative polarizations) of PZC.

On the other hand, for CDC-1100 carbon, which possesses a high degree of graphitization, different charge storage mechanisms were observed. With decreasing electrolyte concentration, that is, from 2M to 16mM EMI-TFSI/ACN electrolyte, a transition of PZC from +0.4 V vs. Ag to +0.2 V vs. Ag was observed, and the ion-exchange region observed in high concentration electrolyte ("U-shape" behavior) disappeared. This could be attributed to the weakened interaction between TFSI -anions and the carbon surface at low concentrations, allowing the process of counter-ion adsorption during positive and negative polarization. Similar effect was observed when PC solvent was used instead of ACN solvent:

PZC drops from +0.4 V vs. Ag to +0.3 V vs. Ag and CDC-1100 carbon exhibited only counter-ion adsorption process in PC-based electrolyte. This may be related to the electrostatic interaction between the strongly polar solvent pair effectively shielding ions, which in turn reduces the interaction between the TFSI -anions and the sp² carbon surface.

All those results have demonstrated even further the key role of PZC in the charge storage mechanism. Its modification, via carbon surface modifications, electrolyte formulation and/or carbon synthesis, should enable to tune the charge storage mechanism, the charge density and the charge transport kinetic. Positive electrodes with low PZC and negative electrode with high PZC should lead to higher charge density and faster rate constant and it enable pure counter-ion mechanism, thus more efficient charge balance and transference number as the carbon electrodes are made more selective.

Obviously, even though this work gave some clues regarding the importance of surface modification to enhance the operating cell voltage, it also showed the importance of the PZC.

Yet, there lot of interesting studies have to be done to push further and to better understand and tune the carbon/electrolyte interface and several questions remain open. For instance, in the study of the charge storage mechanism of the electrode, how do the molecular structure and the interaction between molecules affect the charging mechanism? How does the charge storage mechanism switch from counter-ion adsorption to an ion-exchange process?

How does the polarity of the solvent affect the interaction between ions and electrodes? Does surface modification or doping of carbon materials have an effect on the charge storage mechanism? What is the effect of graphitization degree on the energy storage mechanism of other carbon materials? To better solve these problems, in addition to improving the in situ technology, the assistance of computational simulation and modeling technology is also needed. If different techniques can be combined to probe the same electrode/electrolyte system, it would be very beneficial to explore more complete EDL charge storage mechanisms.

It is worth mentioning, one paper on these results has been published 4 , while another is still in preparation. Sur la base du chapitre IV, le chapitre V est consacré à l'application de l'EQCM pour suivre les effets de la concentration de l'électrolyte et de la polarité du solvant sur le flux ionique des matériaux en carbone pour les applications de stockage d'énergie électrochimique.

Introduction générale

Ce chapitre détaille le mécanisme de stockage de charge de chaque matériau.

La dernière section résume les conclusions générales et donne les perspectives inspirées par ce travail.

Chapitre Ⅰ

Les condensateurs électrochimiques, également connus sous le nom de supercondensateurs, sont devenus une étoile montante dans le domaine des dispositifs de Une approche consiste à modifier l'interface électrode/électrolyte en concevant une couche de passivation ioniquement mais électroniquement isolante sur la surface du carbone, augmentant ainsi la tension de la cellule en déplaçant la réduction et/ou l'oxydation de l'électrolyte vers des surtensions plus élevées (figure 3). 

Chapitre Ⅲ

Les électrolytes aqueux sont très efficaces pour les applications de supercondensateurs.

Cependant, en raison de la stabilité limitée de la fenêtre de tension de H2O (1,23 V) [3][4] . Les supercondensateurs aqueux présentent une densité d'énergie plus faible, ce qui limite leur application à grande échelle. La stabilité de la fenêtre de potentiel du solvant H2O est limitée par l'évolution de l'hydrogène et de l'oxygène à la cathode et à l'anode, respectivement, à la suite de la réduction des protons, de l'oxydation de H2O et de l'oxydation du carbone. [8][9] . La bonne nouvelle est que la fenêtre de potentiel solvant peut être élargie en augmentant le surpotentiel d'évolution de l'hydrogène/oxygène à l'interface électrode/électrolyte. Comme nous l'avons discuté dans le chapitre Ⅰ (Figure 3), si nous pouvons régler les propriétés physico-chimiques de la surface de l'électrode de carbone pour supprimer les réactions d'évolution de l'hydrogène/oxygène pour augmenter les surtensions de ces réactions, il devrait être possible d'élargir la fenêtre de tension des supercondensateurs aqueux à base de carbone.

Inspirés par les recherches d'Olarte et al. 10 nous proposons de modifier l'interface carbone/électrolyte en créant une couche de passivation artificielle électroniquement isolante mais ioniquement conductrice sur la surface du carbone poreux en utilisant deux processus électrochimiques différents.

Le premier, appelé méthode de polymérisation en émulsion électro-initiée en surface (SEEP), elle est basé sur la réaction de la surface du carbone poreux avec des espèces radicalaires réactives en solution par un nouveau processus de greffage covalent dans lequel des sels de diazonium sont utilisés pour initier la polymérisation de monomères vinyliques en solution et former une couche de type polyphénylène sur la surface du matériau en carbone. [11][12][13][14] . La deuxième méthode, appelée méthode de formation d'interface à l'état solide (SEI), repose sur la formation de l'interphase d'électrolyte solide qui se produit sur l'anode de la batterie Li-ion. Pendant la première charge dans une batterie lithium-ion, l'électrolyte est réduit à la surface de l'électrode négative (graphite) et forme une couche de passivation recouvrant la surface du matériau de l'électrode [15][16] . Nous proposons d'utiliser cette approche pour préparer une couche de passivation sur l'électrode en carbone poreux, afin de déplacer davantage la surtension de l'électrode négative de réduction de l'eau vers des potentiels encore plus cathodiques ; ainsi, le dégagement d'hydrogène sera moins susceptible de se produire.

Résultats

Une série de caractérisations électrochimiques a été réalisée pour évaluer les performances électrochimiques de l'électrode SEEP-CC dans un électrolyte 1M H2 SO4 . La 

Chapitre Ⅳ

Les carbones poreux sont largement utilisés comme matériaux d'électrode pour les EDLC en raison de leur excellente conductivité électrique et de leur surface spécifique (SSA) élevée 19 . Les carbones dérivés du carbure de titane (TiC-CDC) sont des carbones poreux avec une distribution étroite de la taille des pores et une structure et une taille de pores accordables, obtenus par gravure sélective des atomes de Ti par traitement au chlore à une température > 400 °C. [20][21] . Il est possible de préparer des TiC-CDC nanoporeux dont la taille des pores est contrôlée dans la plage de 0,6 à 1,2 nm, avec une surface spécifique élevée (jusqu'à 1 700 m 2 •g -1 ) et un grand volume de pores (jusqu'à 1,6 cm 3 •g -1 ), ce qui donne une capacité spécifique élevée grâce à la découverte de l'effet de confinement et de la désolvatation partielle des ions dans les nanopores 1,[22][23][24] . Depuis lors, des efforts considérables ont été déployés pour comprendre les mécanismes de stockage de charge dans les électrodes de carbone poreux, en particulier les flux d'ions dans les nanopores confinés [24][25][26] qui affecte la population d'ions à l'intérieur des pores et le taux de charge 7,27 . Des études antérieures ont suggéré trois mécanismes de charge principaux dans les EDLC, résultant de la dynamique ionique se produisant à l'interface électrode/électrolyte avec i) l'adsorption du contre-ion, ii) l'échange d'ions et iii) le processus de désorption du co-ion. Plusieurs études ont également montré que la polarité du solvant joue un rôle important dans la solvatation et la désolvatation des ions pendant l'adsorption dans les électrodes de carbone poreux 35,36 . Cependant, le rôle de la polarité du solvant dans le mécanisme de stockage de charge des électrodes EDLC reste à élucider [36][37] . EQCM pourrait offrir la possibilité d'établir une corrélation entre les propriétés des solvants et le mécanisme d'adsorption des ions, ce qui est important pour comprendre le comportement capacitif électrochimique des électrodes de carbone pour les applications EDLCs. Une étude plus détaillée des effets de la nature des ions 

Conclusions

Cette thèse vise à comprendre les mécanismes se déroulant à l'interface carbone/ électrolyte dans les électrodes de supercondensateurs, qui sont des systèmes de stockage électrochimique de l'énergie.

Dans un premier temps, nous sommes intéressés à l'amélioration la densité d'énergie des supercondensateurs, en augmentant la tension de fonctionnement par la modification de l'interface carbone/électrolyte. L'objectif est ici de créer des couches de passivation sur le carbone poreux, afin d'augmenter la surtension de dégagement de l'hydrogène donc 
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Figure I- 1 :

 1 Figure I-1: Trends towards greater power for batteries and a specific energy for electrochemical capacitors (arrows), blurring the boundaries between the two as the trends approach the star. Dashed lines represent zones where the cyclability of the device is altered in the case of symmetric cycling

Figure I- 2 :

 2 Figure I-2: The development timeline of supercapacitors 10 .

Figure I- 3 ,

 3 a supercapacitor mainly comprises two carbon electrodes with high surface area separated by a separator immersed in an electrolyte. The working principle of such devices is charge accumulation within the electric double-layer-the EDL-capacitor under polarization: the electrode attracts the oppositely charged ions from the electrolyte through electrostatic interaction, and forms an interface layer between the electrode and the electrolyte-the EDL-that is equal to the charge on the electrode surface and opposite in sign-anions at the positive electrode, cations at the negative electrode. During the discharge, the opposite occurs: electrons are transferred through the external wire to from the negative to the positive electrode, resulting in desorption of ions from the surface of the carbon electrodes. Before detailing in the next section 1.4, the structure of the double layer capacitance, we will start by presenting the basic principle of a carbon-based electrical double layer capacitor (EDLC).
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 313 Figure I-3: Illustration of the energy storage principle of an EDLC 11 .

  for EDLCs applications, which include 0-dimensional (0-D) onion-like carbon, 1-dimensional (1-D) carbon nanotubes, 2-dimensional (2-D) Graphene, and 3-dimensional (3-D) porous carbons (carbide-derived carbons, activated carbon and templated carbon).
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 5 Figure I-5: Typical features of carbon onions 24 .

Figure I- 8 :

 8 Figure I-8: Transmission electron microscopy images of CDC produced at (a) 600 ℃ and (b)
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 10 Figure I-10: (a) Overscreening effect at moderate voltage and (b) crowding effect at high voltage 1, 110 .
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 12 Figure I-12: (a) Correlations between normalized capacitance and average pore size in an electrolyte containing 1.5M TEABF4 dissolved in ACN. Schematics of solvated ions residing in pores with a distance between adjacent pore walls: (b) >2 nm, (c) 1-2 nm, and (d) <1 nm.

Figure I- 13 :

 13 Figure I-13 : Schematics of ion confinement in carbon pores. Ion size: TEA + (0.67 nm) and BF4 - (0.47nm) 126 .
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 14817 Figure I-14: Plots of specific capacitance normalized by SSA as a function of average pore size

Figure I- 18 :

 18 Figure I-18: Anomalous capacitance behavior. (a) differential capacitance per unit surface area as a function of voltage for few values of pore width (L); (b) differential capacitance as a function of the pore width for zero electrode polarization 62-63,135 . (c) differing ionic composition inside pores as a function of voltage and correlating integral capacitance. Blue circles depict counter-ions, and red circles depict co-ions 139 .
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 197 Figure I-19: Illustration of the filled nanotube with periodic boundary conditions. (a) The nanotube model. (b) Cross-sectional configuration perpendicular to the nanotubes, the blue balls depict the TEA + cations, the green balls represent the BF4 -anions, and the stick figures show the PC molecules 152 .

Figure I- 22 :

 22 Figure I-22: (a) Electrode mass change versus charge density during the polarization of SLG on gold substrate in neat EMI-TFSI recorded at 50 mV s -1 . Inset: scheme showing the ion fluxes on SLG surface during polarization. The free EMI + cations are in blue, the free TFSI -anions are in red, and
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  spectroscopy (IR) is a type of absorption spectroscopy used to study the ion dynamics in the pores of electrode materials at the molecular scale. Elabd et al. employed in situ infrared spectro electrochemistry to study the ion dynamics of carbide-derived carbons (CDCs) and onion-like carbons (OLCs) in EMI-TFSI electrolyte (Figure I-24) 193 . They provided direct experimental results of the cations and anions of EMI-TFSI entering and leaving the CDC pores during charge/discharge, and the ability of organic solvents to enter and exit the nanopores depending on the concentration of the ionic liquid. These in-situ methods reveal different dependencies of the ion/charge storage mechanism on electrolyte salt concentration, pore size, and ion properties.

Figure I- 24 :

 24 Figure I-24: (a) Schematic diagram of the spectroelectrochemical experiment with the supercapacitor on the ATR crystal of the FTIR spectrometer and (b) magnified view of the crystal/electrode interface showing the sampling depth into the working electrode in the range of 0.4-1 μm. (c, d) Illustration of ions in electrodes consisting of porous CDC particles and exohedral OLC particles on a gold current collector. (e) Infrared spectra of pure EMI-TFSI (no gold) and CDC on gold with and without EMI-TFSI 193 .

/electrolyte interface to enhance the energy density 3 . 1

 31 Passivation modification at carbon/electrolyte interfaceAs mentioned above, most research has focused on achieving high capacitance (C) values, and various electrode materials have been developed. Metal oxide electrodes, in particular, have attracted much attention in recent years, mainly because they store energy through reversible Faradaic redox reactions and have much higher specific capacitances than carbon materials with double-layer charge storage[196][197][198] . Differently, much less progress has been achieved on increasing the potential window (V), as it involves many factors: the nature of the electrolyte, the moieties content, active material's surface terminations… So far, the main strategy to increase the voltage window of supercapacitors is to use more stable electrolytes. As shown in Figure I-25, the water reduction and oxidation reactions taking place at the cathode and anode, respectively, limits the voltage window of aqueous electrolytes to about 1.2 V 199 . Organic solvents are more resistant to decomposition and thus can achieve higher voltages (up to 3 V). For the same reason, Ionic liquids can achieve cell voltage beyond 3 V. Overall this is a tradeoff as those gain in voltage stability come at the cost of lower ionic conductivities, which leads to lower power performances.

Figure I- 25 :

 25 Figure I-25: Schematics of a water-splitting cell, showing a cathode (left) and an anode (right) separated by a gas-impermeable ion-exchange membrane (middle) 199 .

Figure I- 26 :

 26 Figure I-26: Surface modification of porous carbon electrodes (passive layer, for instance) to enlarge the operating voltage window. The electronically insulating passive layer (orange color) blocks the electron transfer at the electrolyte/carbon interface (double red arrows), and allows for ion transfer (double green arrows). The electrical percolation is ensured by the carbon grains in the volume of the

Figure I- 27 :

 27 Figure I-27: (a) CV curves of symmetrical supercapacitors with ACC and ai-ACC electrodes showing the increase in voltage. The specific capacitance was normalized with respect to the weight of active material. The second y axis plots the coulombic efficiency for each cycle at given voltage, the maximum charging voltage is retained for a coulombic efficiency of 95%. (b) Floating test for ai-ACC by applying 1.8 V during 2 h 30 and recording the capacitance retention after each cycle show the good stability at high potentials. The inset in B shows the recording capacitance retention in floating test for ACC electrodes which shows a stable behavior at 1 V and a high loss in capacitance retention at 1.8 V 203 .

  and semiconductors (Si, ITO and diamond) 211,223-224 . As shown in Figure I-29, the mechanism involves an aryl radical, which is generated by the electroreduction of a diazo precursor combined with the cleavage of diazo. The resulting aryl radicals are covalently bonded to the substrate via carbon-metal bonds 225 .

Figure I- 28 :

 28 Figure I-28: Proposed mechanism showing the competition between grafting on the surface of the cathode and polymerization in solution. Top: Reduction of the monomer gives a radical anion that grafts to the cathode to give a metastable grafted anion. The grafted anion can react with another monomer to propagate the grafted polymer chain. Bottom: The grafted anion may also be ejected from the surface and free the radical anion in solution. The radical anion evolves by radical-radical

Figure I- 29 :

 29 Figure I-29: Principle of surface grafting by diazonium salts 225 .

  currents (Figure I-30a) 227 . Considering that the deposited layer is rigid and there is no viscoelastic change at the electrode interface, the information of the frequency change can be recorded by electrochemical quartz crystal microbalance (EQCM), and then the mass change trend during the whole reaction process can be obtained to have an idea of the weight of the film deposited (Figure I-30b) 227 .

Figure I- 30 :

 30 Figure I-30: (a) Composition of the initial mini-emulsion system in the electrochemical cell. (b) quartz frequency variation versus time for successive CV cycles in SEEP of butyl methacrylate in miniemulsion (4 cycles/-1.0V/10mV•s -1 ) on gold substrate. Insert: zoom of the 1 st cycle 227 .

Figure I- 31 :

 31 Figure I-31: Schematic illustration of the solid electrolyte interphase (SEI) forming at battery anodes 228 .

  mechanical and chemical stability, and (v) thin and compact 229,234-235 . The efficient passivating properties of the SEI passive layer, for drastically decreasing the electrolyte reduction reaction kinetics, inspired the research community. As shown in Figure I-32, Nian et al. demonstrated that an artificial Li3PO4 SEI layer, with high Young's modulus, could suppress Li dendrite growth and reduce side reactions between Li metal and organic electrolytes 236 . Nikhilendra et al. reported about the formation of water-protective SEI on the surface of Li metal using ionic liquid electrolytes, which was efficient during further cycling of Li metal in water-containing organic electrolytes. This SEI was also successfully used to cycle lithium in air-containing organic electrolytes (Figures I-32a and 32b) 237 . Seoung et al. designed an artificial Mg 2+ -conducting interface on Mg anode, successfully addressing the anodic and cathodic requirements of the electrolyte, and demonstrated highly reversible Mg chemistry in an antioxidant electrolyte. The artificial interface enables reversible cycling of Mg/V2O5 total cells in aqueous carbonate-based electrolytes (Figure I-33) 238 .

Figure I- 32 :

 32 Figure I-32: Schematics of different Li anode structures. a) Li metal-and b) Li3PO4 -modified Li metal anodes during SEI formation and cycling 236

Figure I- 33 :

 33 Figure I-33: (a) First 50 cycles post artificial solid-electrolyte interphase transplantation (AST) in 1 vol% H2O-containing 1 M LiTFSI/PC test electrolyte for dry (black), wet (red), and no (blue) ionic liquid electrolytes SEI. (b) A schematic representation of AST performance mechanism 237 . (c) schematic of a Mg powder electrode coated with the artificial Mg 2+ -conducting interphase, and the proposed structure for the artificial Mg 2+ -conducting interphase based on XPS, TOF-SIMS and TGA

  isotherm measured at 77 K (Figure II-1a). The specific surface area was estimated using Brunauer-Emmett-Teller (BET) method (1732 m 2 •g -1 ). The cumulative adsorption pore volume (PSD) was calculated from the isotherm by using the 2D non-local density functional theory (2D-NLDFT) model by Saeius software, from Micromeritics equipment. They are shown in Figure II-1b. The calculated average pore size is 0.9 nm and the microporous volume-pore size below 2 nm-was measured at 0.71 cc•g -1 . Besides, other YP-50F's characteristics provided by the supplier are also presented in Table II-2.

Figure II- 1 :

 1 Figure II-1: Porosity characteristics of the YP-50F carbon: (a) Ar sorption isotherm collected at 77K and (b) cumulative adsorption pore volume calculated from the NLDFT model.

  characteristics as shown in Figure II-2 and Table II-3. The porosity characteristics of the FM10 carbon cloth were obtained from Ar-sorption isotherm measured at 77 K (Figure II-2a). The cumulative adsorption pore volume (PSD) was calculated from the isotherm by using the 2D-NLDFT model is shown in Figure II-2b. The calculated average pore size is around 0.99 nm and the NLDFT specific surface area was estimated to be is 964 m 2 •g -1 . It was also mentioned the microporous volume (< 2 nm) was measured at 0.42 cc•g -1 . Besides, other FM10's characteristics provided by the supplier are also presented in Table II-3.

Figure II- 2 :

 2 Figure II-2: Porosity characteristics of the FM10 carbon cloth: (a) Ar sorption isotherm collected at 77K and (b) cumulative adsorption pore volume calculated from the NLDFT model.

  Figures Ⅱ-3b: both carbons show similar CPV. More specifically, the porous volume obtained at pore size below 1.1 nm was measured at 0.554 cc g -1 and 0.397 cc g -1 representing 79% and 63% of the total microporous volume of the CDC-800 and CDC-1100 carbons, respectively.

Figure II- 3 :

 3 Figure II-3: Ar adsorption isotherm profile at 77 K and (d) cumulative pore volume distributions of TiC-CDC synthesized at (black line) 800 ℃ and (blue line) 1100 ℃, respectively.

  Figure II-4b, ohmic losses are addressed by adding a equivalent series resistance (RS): the sum of the ionic resistance of the electrolyte (in the separator) and all the resistances of the electrodes (material and contact resistance). Regarding the leakage current, a leakage resistance (RF), in parallel to the Cdl, stands for those side reactions leading to a charge transfer across the electrode/electrolyte interface. In such cases, the resulting I -V plot is shown in Figure II-4c.

Figure II- 4 :

 4 Figure II-4: Equivalent circuit models and corresponding cyclic voltammograms of (a) ideal double-layer capacitor; (b) capacitor in parallel with leakage resistance; (c) and simplified supercapacitors model taking leakage resistance and equivalent series resistance into account.

  Measurements are made at different frequencies, which are usually between 1 MHz and 10 mHz. The Nyquist plots of an ideal resistor, capacitor, and a R-C circuit (see Figure II-3) are presented in Figure II-5. As shown in Figure II-5a, the Nyquist plot is a straight vertical

Figure II- 5 :

 5 Figure II-5: Nyquist plot of (a) an ideal double-layer capacitor; (b) capacitor with equivalent or real series; (c) a more complex model also considering Faradaic leakage resistance (RF) and equivalent series resistance (Rs).

Figure

  Figure II-6a, corresponding to the charge transfer resistance (Rct). At low-frequency range, a vertical (or near-vertical) line is obtained for pseudocapacitive materials while a 45⁰ line generally achieved in battery-type materials. A semi-circle loop at high frequency can also be observed in Figure II-6c, which originates from the current collector/carbon electrode interface, instead of the charge transfer resistance 10 . Besides, this semi-circle loop could be removed by proper elaboration of the current collector 10 .

Figure II- 7 :

 7 Figure II-7: (a) Top and (b) bottom side of the quartz. (c) A schematic illustration of the strain-induced in an AT-cut crystal on the application of AC voltage. (d) A schematic representation of how vibration amplitude varies with the distance (r) from the center of the sensor 14 . Adopted from nanoscience website.

  range and is inversely proportional to the crystal thickness (2 ). The resonant frequency of the transverse acoustic wave ( ) is expressed as below 16 : = Eq.Ⅱ-15 Where is the transverse velocity in AT-cut quartz (3.34 × 10 4 m•s -1 ), is the density of quartz (2.648 g•cm -3 ) and is the shear modulus of quartz (2.947× 10 11 g•cm -1 •s -2 ).

  thickness due to the foreign layer is considered equivalent to the change in the thickness of the quartz crystal. As shown in Figure II-7, is the thickness of the additional film. After that, a fractional change in thickness ( ) then results in a fractional change in frequency ( ). The well-known Sauerbrey equation can be derived by combining with Equation II-13, 14, and 15, as shown in Equation II-16.

Figure II- 8 :

 8 Figure II-8: Schematic illustration of the transverse shear wave in a quartz 16 .

  (Figure II-9): the inertial mass of the quartz is represented by an inductance ( ), the quartz compliance by a capacitance ( ), and the energy dissipated during oscillation by a resistance ( ). These three equivalent components describe the motional branch of the equivalent circuit. An additional capacitance ( ), in parallel, represents the effective quartz capacitance , connections, holder, and the quartz crystal.

Figure II- 9 :

 9 Figure II-9: Butterworth-Van Dyke (BVD) equivalent circuit of a quartz crystal resonator. Adopted from ref 18 .

Figure II - 10 :

 10 Figure II -10:A schematic representation of typical EQCM equipment. Adopted from ref6 .

Figure II- 11 .

 11 FigureII-11. Electrode materials were placed onto a current collector, a separator is placed between the two electrodes to avoid short circuit. The separator is a 25 μm-thick porous cellulose. Two stainless steel pistons are used as contacts and connected to the electrochemical workstation. In the 3-electrode cell, a reference is added. When using non-aqueous electrolyte, all the cells were assembled in a glove box under Ar atm (< 1 ppm H2O and O2 contents).

Figure II- 11 :

 11 Figure II-11: (a) 3-electrode and (b) 2-electrode Swagelok cell.

Figure II- 12 :

 12 Figure II-12: (a) Schematic of the SEEP method cell setup. (b) A side view of the cell setup.

Figure II- 13 .

 13 Figures II-13a, 13b and 13c-overall structure and all the components of the EQCM cell are displayed. After assembling all the components in air, the cell was put into a small fibox (AUTOMATIK). The electrolyte required to fill the electrolyte tank was around 6-12 mL (conducted in glove box under Ar atm). The counter (Pt coil) and reference electrodes (Ag wire) are mounted in a top casing.

Figure

  FigureII-13d shows the side view of the cell setup. After placing the EQCM cells and adding a certain amount of electrolyte, each electrode were connected to the wires in the fibox in the glove box. Then, the fibox with the EQCM cell is transferred outside the glove box, while the atmosphere in the fibox remained argon and can be operated in air. For some experiments requiring the use of organic and ionic liquid electrolytes, this EQCM cell worked perfectly flawlessly. The length, width and height of the fibox were 12.8, 7.5 and 10 cm respectively.

Figure II- 13 :

 13 Figure II-13: (a) Scheme of EQCM cell setup. (b) The components for EQCM cell. (c) The internal structure of the cell setup. (d) A side view of the cell setup.

  An energy dispersive spectrometer (EDS, XFLASH 6-60) can be used to analyze the type and content of elements in the measured area inside the sample, and is usually used in conjunction with an electron microscope. According to the different test interval, it can be divided into surface scan, line scan and point scan.

Figure II - 14 :

 14 Figure II -14: Schematic diagram of the SEM working principle 20 .

  -15) is to project an electron beam emitted by an electron gun onto a thin sample after being accelerated and concentrated. The electrons collide with atoms in the sample and change the original direction of motion, resulting in scattering. The size of the scattering angle is related to the density and thickness of the measured sample. After the magnification of the electromagnetic lens, images with different brightness and darkness are formed. In this thesis, a JEOL 2100F TEM (JEOL, Tokyo, Japan) was used to study the information on the surface and interior structure of the electrodes.

Figure II - 15 :

 15 Figure II -15: Schematic diagram of the instrumental setup of TEM 21 .

  Another approach was proposed by targeting the negative electrode, whose potential undergoes smaller change during cycling than the positive electrode. Therefore, in recent years, researches on improving the voltage window of supercapacitors by widening the potential window scanned by the negative electrode have received extensive attention. A first strategy is to increase the hydrogen evolution overpotential. Through the aerobic pyrolysis strategy, many basic functional groups (such as C=O and C-O) were introduced onto the surface of porous carbon, which extended the potential lower limit of porous carbon negative electrodes to -1.4 V vs SCE, corresponding to an overpotential of -300 mV14 . As mentioned in the first chapter, Olarte et al. developed a new strategy to widen the potential window by designing artificial interfaces (ai) on carbon-based electrodes that blocks electronic charge transfer but allows for ionic conductivity15 . The (ai) was prepared by sol-gel chemistry and deposited onto the carbon surface by casting. As a result, a cell voltage of about 1.8 V was Chapter Ⅲ: Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes 102 obtained in 1M EMIHSO4 aqueous electrolyte in a symmetric carbon/carbon cell 15 . As we discussed in Chapter Ⅰ (Figure Ⅰ-26), if we can tune the physicochemical properties of the carbon electrode surface to suppress the hydrogen/oxygen evolution reactions to increase the overpotentials of these reactions, it should be possible to widen the voltage window of aqueous carbon-based supercapacitors. Inspired by the research of Olarte et al., we propose to modify the carbon/electrolyte interface by creating an electronically insulating but ionically conducting artificial passivation layer onto the porous carbon surface by using two different electrochemical processes.

Figure Ⅲ- 1 .Figure Ⅲ- 1 :

 11 Figure Ⅲ-1: Schematic representation of the SEEP process, where the working (carbon) electrode is

Figure Ⅲ- 2

 2 Figure Ⅲ-2 below summarizes the whole process 16 . It shows the chemical mechanism of PBMA chains linkage (reactions 5 to 9) on the polyaryl sub-layer (formed during reactions 1 to 4) by an addition -elimination on the aromatic ring. The whole system is carried out in an

Figure Ⅲ- 2 :

 2 Figure Ⅲ-2: Chemical mechanism of PBMA chains linkage on the polyaryl sublayer by an

  FM10 activated carbon cloth (B-CC) purchased from Chemviron was used as the porous electrode, which was sequentially ultrasonically cleaned in acetone, deionized water (DI water), and ethanol for 10 min, and finally placed in a vacuum oven overnight. Miniemulsions were obtained by adding 50 mL of the 0.01M H2SO4 in deionized water (DI water) solution, SDS (9 mM), and the BMA monomer (0.7 M). The obtained mixture solution was then submitted to a sonication treatment in ice bath for 15 min. Then the microemulsion was immediately transferred into the three-electrode electrolysis cell, and kept under stirring together with a continuous N2 bubbling inside the cell-it also allows for O2 (a radical polymerization inhibitor) removal.Eventually, NBD (2 mM) and VA (0.1 M) were added to the stirred solution. N2 flow was maintained throughout the electrochemical process while magnetic stirring was stopped during the experiment. A Potentiostat SP200 from BioLogic Science Instruments was used to Chapter Ⅲ: Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes 108 conduct the electrochemical syntheses. Cyclic voltammetry was used to perform the electrochemical polarization of the B-CC working electrode. After all experiments, the obtained samples were rinsed with acetone and finally placed in a vacuum oven for 12 h at 100 °C.Before carbon cloth coating, we used EQCM to monitor the appropriate coating voltage range. The EQCM allows the simultaneous measurement of electrochemical parameters (such as current or charge) and changes in the mass of the electrode surface through changes in the resonant frequency of the quartz crystal. Therefore, a decrease in mass corresponds to an increase in frequency and vice versa. The above-prepared miniemulsion solution was added to the EQCM cell, and the cell was placed in a closed fibox. Among the cell, 9 MHz quartz was connected as a working electrode, and then the Ag and platinum electrodes were used as the reference and counter electrode, respectively. Next, cyclic voltammetry was performed at a scan rate of 5 mV•s -1 for 10 cycles in the voltage range from 0 V vs. Ag to -0.7 V vs. Ag. Five electrochemical cycles were selected for splitting, in which the voltage and current changes, and the frequency changes versus time are shown in Figures Ⅲ-3a, 3b, and 3c, respectively. Due to the limited electrolyte capacity of the EQCM cell, the selected voltage range is between 0 V vs. Ag to -0.7 V vs. Ag. It can be seen from Figure Ⅲ-3a that a high degree of cathodic polarization process occurs on the working electrode after voltage values less than -0.6 V vs. Ag. Figure Ⅲ-3b shows a voltage, time, and frequency graph from the 1 st to the 5 th circle. It can be found that the change of the frequency of the 1 st cycle is the most significant among all the cycles, close to 20 Hz. From the 2 nd to the 5 th cycle, the frequency change value is close to 10 Hz. If we focus on the 1 st cycle (Figure Ⅲ-3c), two regions can be clearly distinguished: i) from -0.2 V vs. Ag to -0.4 V vs. Ag, the first mass increase can be attributed to the diazonium reduction, and ii) then from -0.4 V vs. Ag to -0.7 V vs. Ag, an important mass change occurs in the proton reduction range and almost stops at -0.7 V vs. Ag.

Figure Ⅲ- 3 :Figure Ⅲ- 4 :

 34 Figure Ⅲ-3: CVs (a) and frequency variation versus time (b) from 1 st cycle to 5 th cycle recorded by EQCM on 9MHz gold quartz at the scan rate of 5 mV•s -1 in an acidic aqueous solution containing 9mM SDS, 2mM NBD, 0.7M BMA, 0.1M VA, 10mM H2SO4 after argon bubbling. (c) Detailed 1 st cycle information in these 5 cycles.

  B-CC and the SEEP-CC electrodes with 20 grafting cycles were further observed by SEM, as shown in Figures Ⅲ-5. Figures Ⅲ-5a and 5c shows the carbon fiber bundles of the B-CC electrode, the diameter of the carbon fibers being about 3 μm (Figure Ⅲ-5c). The carbon fibers show a smooth surface. After SEEP treatment, (Figures Ⅲ-5b and 5d), the surface of the SEEP-CC carbon fibers becomes obviously rough with a cloud-like morphology, and the diameter increased to about 5 μm (Figure Ⅲ-5d). These observations strongly support the successful construction of polymers on carbon cloth surfaces. EDS analysis of the film were made to get access to the elemental composition (Figures Ⅲ-5d and

Figure Ⅲ- 5 :

 5 Figure Ⅲ-5: SEM images of blank carbon cloth (a and c) and after SEEP passivation treatment achieved by 20 grafting cycles (b and d) electrodes in different magnification. EDS analysis for (e) B-CC and (f) SEEP-CC coated sample showing the presence of all elements in the corresponding carbon cloths.

  Figure Ⅲ-6a, the cells were scanned at a scan rate of 1 mV•s -1 for 4 cycles

  potential and/or to Li plating. The anodic scan shows the irreversibility of that cathodic process with a low coulombic efficiency, not only at the second but also during the subsequent cycles. The change of the anodic and cathodic charge during the cycles, except for the first cycle corresponding to the SEI film formation, shows a similar trend (Figure Ⅲ-6c). This further supports the irreversible electrolyte reduction during the cathodic process with eventually a small contribution coming from Li plating and stripping during the anodic scan. The overlap of the CV curves shows that steady-state was reached right after the first cycle. The electrochemical polarization was stopped after 4 cycles, where a dense, insoluble SEI film is supposed to be formed on the carbon cloth surface. Electrochemical impedance Chapter Ⅲ: Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes 115 spectroscopy measurements were performed at the same 1.5 V vs. Ag voltage value before (B-CC) and after the four CV cycles (SEI-CC) to characterize the SEI film formed in 1M EMITFSI plus LiTFSI/EC-DMC electrolyte and results are shown in Figure Ⅱ-6d. The comparison of EIS results before (B-CC) and after SEI film formation shows that the impedance of the B-CC is much smaller than that of the electrode with SEI film, as the result of the passivation of the SEI-CC electrode with a typical Warburg like behavior at low frequency.

Figure Ⅲ- 6 :

 6 Figure Ⅲ-6: (a) CVs (4 cycles) for carbon cloth cycled between 3 V and 0.05 V vs. Li at the scan rate of 1 mV•s -1 in 1M EMITFSI plus LiTFSI/EC-DMC mixed electrolyte. (b) CVs (1 st cycle) for carbon cloth cycled between 3 V and 0.05 V vs. Li at the scan rate of 1 mV•s -1 in 1M EMITFSI/EC-DMC (black line), LiTFSI/EC-DMC (red line) and LiPF6/EC-DMC (blue line) mixed electrolyte, respectively. (c) Charge vs. time and potential vs. time transients during SEI process from 1 st cycle to 4 th cycle at the scan rate of 1 mV•s -1 . (d) Nyquist plots of B-CC (blank carbon cloth, without any SEI deposit) and SEI-CC electrodes measured at 1.5 V vs. Li, respectively (inset:

  formation process on the carbon cloth. SEM image (Figure Ⅲ-7) of the surface of carbon cloth revealed the presence of a coating deposited onto the carbon fibers in 1M EMITFSI plus LiTFSI/EC-DMC mixed electrolyte (Figures Ⅲ-7a and 7b) compared to the neat electrode (B-CC, Figures Ⅲ-5a and 5c). EDS analysis of the film were made to get access to the elemental composition in Figure Ⅲ-7c. As expected, EDS detected the same elements of C, N, O, F, Na, and Al for B-CC (Figure Ⅲ-5e) and SEI-CC samples but the content of N, O and F elements for SEI-CC increased significantly; and S element also appeared, which is consistent with the formation of a SEI.

Figure Ⅲ- 7 :

 7 Figure Ⅲ-7: SEM images (a and b) of SEI-CC electrode showing a homogeneous coating with no evident macroporosity. EDS analysis for (c) SEI-CC coated sample showing the presence of all elements in the corresponding carbon cloths.

Figure Ⅲ- 8 shows

 8 the B-CC and SEEP-CC electrodes' CV responses at the same scan rate of 5 mV•s -1 . CVs show a different behavior for B-CC and SEEP-CC: B-CC (blank carbon cloth) electrode (black solid lines in Figures Ⅲ-8a, 8b and 8c) exhibit a gradual decrease in the negative potential cut-off towards dihydrogen evolution. The maximum positive potential was set slightly higher than the water oxidation potential value (~0.8 V vs. Ag/AgCl). If the negative potential cut-off is higher than the water reduction value, a typical rectangular voltammogram assigned to a double-layer charge storage process is obtained. Below -0.2 V vs. Ag/AgCl, Chapter Ⅲ: Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes 118

  enough to allow for electrochemical activity. As shown in Figure Ⅲ-8b, the SEEP-treated electrode after 20 cycles shows a highly resistive behavior, indicating that the electrode surface is blocked following the deposit of a poorly electronically and ionically conducting film. Likewise, the electrode after 30 cycles (Figure Ⅲ-8c) shows a similar behavior. Those observations support the capacitive-like CV in Figure 8a may be the result of a non-conformal film coating on the electrode surface.

Figure Ⅲ- 8 :

 8 Figure Ⅲ-8: CV curves in a 3-electrode configuration at a scan rate of 5 mV•s -1 for B-CC (Black solid line) and SEEP-CC with (a) 10 cycles, (b) 20 cycles, and (c) 30 cycles in 1M H2SO4 electrolyte.

Figure Ⅲ- 9 :

 9 Figure Ⅲ-9: Nyquist plots of B-CC and SEEP-CC electrodes measured at OCP of 0.45 V. Ag/AgCl and 0.3 V. Ag/AgCl, respectively (inset: magnified high frequency region).

  electrochemical performance of the SEI-CC electrode formed at the scan rate of 1 mV•s -1 in 1M EMITFSI plus LiTFSI/EC-DMC mixed electrolyte was achieved at 5 mV•s -1 in aqueous 1M EMIHSO4 electrolyte (Figure Ⅲ-10a). Both CVs (SEI-CC and B-CC electrodes) exhibit a capacitive signature; moreover, the SEI-CC sample still maintains an important capacitive contribution. The most striking difference between the two samples is visible in the cathodic region. The cathodic current response for the SEI-CC sample is far lower than the B-CC electrode, and the hydrogen evolution overpotential extends from -0.20 V vs. Ag/AgCl at the B-CC electrode to -0.95 V vs. Ag/AgCl at the SEI-CC electrode (0.75 V) due Chapter Ⅲ: Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes 121 to the presence of the SEI layer. In addition, it can also be observed that the current density value of the B-CC electrode (-44 mA•cm -2 ) is almost three times higher than that of SEI-CC (-14 mA•cm -2 ) at the same potential of -0.95 V vs. Ag/AgCl. Differently, no oxygen evolution overpotential could be observed during anodic polarization, despite slightly different values of the current measured for the SEI-CC (14 mA•cm -2 ) and B-CC (21 mA•cm -2 ) samples at +0.8 V vs. Ag/AgCl. Meanwhile, the CV curves of SEI-CC recorded at different scanning rates ranging from 5mV•s -1 to 200 mV•s -1 between -0.9 V vs. Ag/AgCl and +1 V vs. Ag/AgCl are shown in Figure Ⅲ-10b. The shape of the CV curves was well maintained without major distortion from the capacitive signature, even at the highest speed case of 200 mV•s -1 , highlighting the high-rate capability of the SEI-CC electrode.

Figure Ⅲ- 10 :

 10 Figure Ⅲ-10: Electrochemical performance of the B-CC and SEI-CC electrodes in 1 M EMIHSO4 electrolyte: (a) CV curves of B-CC and SEI-CC electrodes at 5 mV•s -1 ; (b) CV curves of SEI-CC electrode recorded at different scan rates in 1 M EMIHSO4 electrolyte; (c) Nyquist plots of B-CC and

Figure Ⅲ-10cFigure Ⅲ- 11 :

 11 Figure Ⅲ-10c shows the EIS diagram of B-CC and SEI-CC carbon materials tested at open circuit potential by two-electrode Swagelok cell. The high frequency intercepts of the two electrodes are almost the same, indicating that the two electrodes have similar seriesresistance that includes the bulk electrolyte resistance, the intrinsic resistance of the active material, the contact resistance between the active material and the current collector and the resistance of the passive layer. The presence of the SEI-like layer on the electrode surface can be seen in the medium frequency range, where the SEI-CC electrode is shifted along the x-axis to higher resistance as the result of the increase ionic resistance due to the presence of the film. As a whole, the EIS plot of the SEI-CC electrode shows a larger impedance due to the presence of the SEI layer compared to the B-CC electrode, but still shows a capacitive behavior. These results suggest the successful formation of a stable SEI film on the carbon cloth yet ionic conductor. A high cathodic overpotential for H2 evolution thanks to poor electronic conductivity.

Chapter Ⅲ :

 : Modification of the carbon/electrolyte interface to increase the energy density of porous carbon electrodes 125 potential window. Compared to non-modified carbon cloth electrodes, the presence of an SEI layer onto the porous carbon cloth results in an expanded potential window in the cathodic region, from -0.20 V vs. Ag/AgCl (raw carbon) to -0.95 V vs. Ag/AgCl (SEI-coated carbon).

  were dried in a vacuum oven at 80 °C overnight. The loading mass of TiC-CDC was controlled around 30 to 40 μg•cm -2 to stick within the linear region of the Sauerbrey equation as follows: Eq. Ⅳ-1 Bare quartz with no coated samples (Figures Ⅳ-1a and 1b) and the dried quartz after spray coating TiC-CDC material are shown in Figure IV-1c.

Figure IV- 1 :

 1 Figure IV-1: AWSensors quartz crystal: (a) Front and (b) back sides of crystal electrode patterns; (c) quartz crystal with carbon deposition after drying overnight.
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Figure IV- 4 :

 4 Figure IV-4: High-resolution TEM images of TiC-CDC synthesized at (a) 800 ℃ and (b) 1100 ℃.

Figure IV- 5 :

 5 Figure IV-5: CVs of CDC-800 (a) and CDC-1100 (b) film electrodes at the scan rate of 5mV•s -1 in 2M EMI-TFSI/ACN electrolyte.

Figures

  Figures IV-6a and 6b show the CVs and EQCM (resonant frequency change) responses of CDC-800 and CDC-1100 deposited on the Au-quartz electrodes, in 2M EMI-TFSI/ACN electrolyte at a scan rate of 10 mV•s -1 ; the current and frequency changes are shown as dash and solid lines, respectively. Here also, CVs of both CDC-coated quartz electrodes exhibit a rectangular box shape, associated with a capacitive behavior (no redox reaction). For the
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Figure IV- 8 :

 8 Figure IV-8: Electrode mass change versus charge during the polarization of CDC-800 (a) and CDC-1100 (b). Red dashed lines are the theoretical mass change of neat ions calculated from Faraday's law. Black and blue solid line shows the measured mass change.

  Figures Ⅴ-1a and 1b, the electrode mass does not change significantly from PZC to more negative charges, indicating that the applied potential cannot bring more species to the SLG surface, thus likely implying ionic recombination in the dense layer. This is explained by the strong interactions existing between the imidazolium ring of the EMI + cations and the sp 2 carbons of the SLG, by - stacking. However, the electrode weight decreases linearly with Q ≥ 0, suggesting a charging mechanism based on the desorption of positively charged ionic species: the strong interactions between the cations and the SLG results in a co-ion desorption during the positive polarization.Wu et al. subsequently reported a shift of PZC from -0.2 V vs. Ref. to 0.1 V vs. Ref. after adding acetonitrile solvent to the neat EMI-TFSI electrolyte,

Figure Ⅴ- 1 :

 1 Figure Ⅴ-1: (a) CV and EQCM frequency response and (b) electrode mass change versus charge during the polarization of SLG on gold substrate in neat EMI-TFSI recorded at 50 mV•s -1 . Inset: scheme showing the ion fluxes on SLG surface during polarization. The free EMI + cations are in blue, the free TFSI -anions are in red, and the positively charged ion-species are in shadow, respectively 8 . (c) CV and EQCM frequency response at 30 mV•s -1 and (d) electrode mass change vs. charge at 10 mV•s -1 during the polarization of SLG on Au electrode in 2M EMI-TFSI/ACN electrolyte 9 .



  16mM EMI-TFSI in ACN  2M EMI-TFSI in PC.

  Figure V-2 shows the cyclic voltammograms (CVs) recorded at a potential scan rate of 5 mV•s -1 for CDC-800 and CDC-1100 electrodes from -1 V vs. Ag wire to +1 V vs. Ag wire.

Figure Ⅴ- 2 :

 2 Figure Ⅴ-2: CVs of CDC-800 (a) and CDC-1100 (b) film electrodes at the scan rate of 5mV•s -1 in 16mM EMI-TFSI in CH3CN (ACN) electrolyte.

  acetonitrile and propylene carbonate (PC), to study the effect of the dipolar moment (d = 3.92 D, ands 4.9 D for acetonitrile and PC, respectively) and dielectric constant (ε = 37.5 and 64.9 for acetonitrile and PC, respectively). As shown in FigureV-3, the PZC values for CDC-800 and CDC-1100 electrodes are about +0.3 V vs. Ag and +0.3 V vs. Ag, respectively. The same PZC value means that the specific spontaneous interaction/adsorption between the anion and the carbon surfaces of the two carbons is similar.

Figure Ⅴ- 3 :

 3 Figure Ⅴ-3: CVs of CDC-800 (a) and CDC-1100 (b) film electrodes at the scan rate of 5mV•s -1 in 2M EMI-TFSI/PC electrolyte.

  electrolytes (16mM EMI-TFSI/ACN and 2M EMI-TFSI/PC), to get further information about the charge storage mechanism. The cyclic voltammograms (CVs) and EQCM results of CDC-800 and CDC-1100 tested at room temperature in 16mM EMI-TFSI/ACN at a scan rate of 10 mV•s -1 are presented in Figure V-4. The current and frequency changes are shown as dash and solid lines, respectively. Both Figures V-4a and 4b exhibit a characteristic capacitive behavior with rectangular CV profiles.

Figure Ⅴ- 4 :

 4 Figure Ⅴ-4: CV and EQCM frequency response of CDC-800 (a) and CDC-1100 (b) coated Au electrodes in 16mM EMI-TFSI/ACN electrolyte at the scan rate of 10 mV•s -1 . The corresponding change of motional resistance versus potential during polarization of CDC-800 (c) and CDC-1100 (d) porous carbon electrode in 16mM EMI-TFSI/ACN electrolyte at a scan rate of 10 mV•s -1 , respectively.

Figure Ⅴ- 5

 5 below shows the frequency change of the CDC-800 samples in 2M EMI-TFSI/ACN (Chapter IV) and 16 mM EMI-TFSI/ACN electrolytes (Figure V-4a). The results in the 16mM EMI-TFSI/ACN electrolyte are consistent with the 2M EMI-TFSI electrolyte ones: an overall frequency linear increase while the electrode potential is increased/decreased vs PZC-which tends to prove that the low concentration electrolyte does not affect the frequency change trend. The only difference is the smaller value of the frequency change just below the PZC value during negative polarization (see Figure Ⅴ-5a), which could be attributed to the effect of the number of solvated molecules and lower ion flow rate. In FigureⅤ-5b, the frequency change of the CDC-1100 electrode was also found to be smaller from PZC to positive and negative directions. The difference is due to the decrease of the anion-carbon interactions as deduced from the PZC values. Interestingly, the ion-exchange zone, observed for high concentration, has vanished (flat-zone observed in the 2M EMI-TFSI/ACN electrolyte, see Figure V-5b).

Figure Ⅴ- 5 :

 5 Figure Ⅴ-5: Comparison of EQCM frequency response of CDC-800 (a) and CDC-1100 (b) coated Au electrode in different concentrations of EMI-TFSI/ACN electrolytes. The black

Figure Ⅴ- 7 :

 7 Figure Ⅴ-7: CV and EQCM frequency response of CDC-800 (a) and CDC-1100 (b) coated electrodes in 2M EMI-TFSI/PC electrolyte at the scan rate of 30 mV•s -1 . CV and EQCM frequency response of CDC-800 (c) and CDC-1100 (d) coated electrodes in 2M EMI-TFSI/ACN electrolyte at the scan rate of 30 mV•s -1 .

Figure Ⅴ- 9 :

 9 Figure Ⅴ-9: Electrode mass change versus charge during the polarization of CDC-800 (a) and CDC-1100 (b) in 2M EMI-TFSI/PC electrolyte at the scan rate of 30 mV•s -1 . Electrode mass change versus charge during the polarization of CDC-800 (c) and CDC-1100 (d) in 2M EMI-TFSI/ACN electrolyte at the scan rate of 30 mV•s -1 . The black and blue solid lines represent the CDC-800 and CDC-1100 electrodes, respectively.

  thesis aims at improving the energy density of EDLCs by modifying the carbon/electrolyte interface. In a first step, we focused on the interface modification via the creation of a passivation layer on the porous carbon surface to improve the operating voltage window by two different methods: a cathodic electrografting process called electro-initiated emulsion polymerization (SEEP), and by the formation of a Solid Electrolyte Interphase (SEI), inspired from what occurs at a Li-Ion negative electrode. The goal was here to increase the hydrogen evolution overpotential on the carbon electrode to widen the voltage window in the aqueous electrolyte. A second part of this PhD was devoted to modify the carbon / electrolyte interface by playing with the carbon local structure and the electrolyte composition to see the impact on the ion fluxes upon carbon polarization, thanks to the use an Electrochemical quartz crystal microbalance (EQCM). Needless to say, improving the basic understanding of the ion adsorption and desorption behavior at the porous carbon electrode/electrolyte interface is one of the key to target better surface modification strategies.

  stockage d'énergie et ont fait l'objet d'une attention particulière ces dernières années.4 . En exploitant les diagrammes de Ragone de la figure1, on peut voir que par rapport aux condensateurs traditionnels, les supercondensateurs peuvent stocker beaucoup plus d'énergie grâce à un mécanisme de stockage de charge par adsorption d'ions sur des carbones à haute surface. De plus, les supercondensateurs ont une efficacité coulombique élevée et une longue durée de vie en raison des comportements électrochimiques hautement réversibles à la surface de l'électrode. En outre, par rapport aux batteries, les supercondensateurs présentent une densité de puissance plus élevée, un taux de charge/décharge plus rapide, une durée de vie plus longue et d'autres avantages. Par conséquent, les supercondensateurs peuvent répondre aux exigences des applications nécessitant une puissance élevée, ce que la batterie ne peut pas faire. Selon les différents mécanismes de stockage de l'énergie, les supercondensateurs peuvent être divisés en condensateurs électriques à double couche (EDLC) et en pseudocondensateurs.4 . Le processus de stockage d'énergie des condensateurs à double couche électrique repose principalement sur la formation d'une double couche électrique à l'interface entre l'électrode et l'électrolyte. La séparation des charges (double couche électrique) est obtenue par un écran électrostatique de la charge par adsorption ionique sans impliquer de réactions chimiques. Le processus de charge/décharge des pseudo-condensateurs est principalement réalisé par les réactions d'oxydoréduction rapides et réversibles des substances électroactives. Par conséquent, les supercondensateurs sont des dispositifs de stockage d'énergie de surface/interface qui n'utilisent pas entièrement les matériaux électroactifs et ont une densité énergétique inférieure à celle des batteries.

Figure 1 :

 1 Figure 1 : Tendances vers une plus grande puissance pour les batteries et une énergie spécifique pour les condensateurs électrochimiques (flèches), les frontières entre les deux s'estompant à mesure que les tendances se rapprochent de l'étoile. Les lignes pointillées représentent les zones où la cyclabilité du dispositif est altérée dans le cas d'un cyclage symétrique (même taux de charge et de décharge à 100% de profondeur de décharge). Pour les batteries Li-ion, le plaquage de Li à l'électrode négative est principalement responsable de la diminution de la durée de vie en cycle et de la limitation du taux de charge. Toutes les données pour générer la Figure 1 proviennent de dispositifs commerciaux (fiches techniques ou tests précis). Les données relatives aux batteries à semi-conducteurs proviennent des feuilles de route de l'industrie. Les lignes pointillées diagonales et les échelles de temps représentent les échelles de temps de fonctionnement caractéristiques obtenues en divisant l'énergie par la puissance 1 .

Figure 2 :

 2 Figure 2 : Schéma d'une cellule de séparation de l'eau, montrant une cathode (à gauche) et une anode (à droite) séparées par une membrane échangeuse d'ions imperméable aux gaz (au milieu). 2 .

Figure 3 :

 3 Figure 3 : Modification de la surface des électrodes de carbone poreux (couche passive, par exemple) pour élargir la fenêtre de tension de fonctionnement. La couche passive électroniquement isolante (couleur orange) bloque le transfert d'électrons à l'interface électrolyte/carbone (doubles flèches rouges), et permet le transfert d'ions (doubles flèches vertes). La percolation électrique est assurée parles grains de carbone dans le volume de l'électrode (flèches rouges) et par le contact direct de l'électrode de carbone avec le collecteur de courant.6 .

Figure 4 :

 4 Figure 4 : Différents mécanismes de charge possibles dans des nanopores de carbone initialement remplis d'électrolyte : mécanismes d'adsorption de contre-ions, d'échange d'ions et de désorption de co-ions 7 .

figure 5

 5 figure 5 montre les réponses CV des électrodes B-CC et SEEP-CC à la même vitesse de balayage de 5 mV•s-1. Les CV montrent un comportement différent pour les électrodes B-CC et SEEP-CC : l'électrode B-CC (tissu de carbone vierge) (lignes noires pleines dans les figures 5a, 5b et 5c) présente une diminution progressive de la coupure du potentiel négatif vers l'évolution du dihydrogène. Le potentiel positif maximal a été fixé légèrement plus haut que la valeur du potentiel d'oxydation de l'eau (~0,8 V par rapport à Ag/AgCl). Si la coupure

Figure 5 :

 5 Figure 5 : Courbes CV dans une configuration à 3 électrodes à une vitesse de balayage de 5 mV•s -1 pour B-CC (ligne noire continue) et SEEP-CC avec (a) 10 cycles, (b) 20 cycles, et (c) 30 cycles dans un électrolyte 1M H2SO4.

Figure 6 :

 6 Figure 6 : Performance électrochimique des électrodes B-CC et SEI-CC dans un électrolyte EMIHSO4 1 M : (a) courbes CV des électrodes B-CC et SEI-CC à 5 mV•s -1 ; (b) courbes CV de l'électrode SEI-CC enregistrées à différents taux de balayage dans un électrolyte EMIHSO4 1 M ; (c) tracés de Nyquist des électrodes B-CC et SEI-CC mesurés à des OCP de 0. 15 V vs Ag/AgCl et -0,8 V vs Ag/AgCl, respectivement (encadré : région haute fréquence agrandie).

Figure 7 :

 7 Figure 7 : Courbes CV de supercondensateurs symétriques avec des électrodes B-CC/B-CC (ligne noire) et de supercondensateurs asymétriques avec des électrodes SEI-CC/B-CC (ligne rouge) de 0 V à -1,5 V (a) ou +1. 5 V (b) dans un électrolyte EMIHSO4 1M à la vitesse de balayage de 5 mV•s -1 ; potentiel enregistré en fonction du temps de la cellule complète (ligne noire), de l'électrode positive (ligne rouge) et de l'électrode négative (ligne bleue) dans les supercondensateurs à base de

Figure 8 :

 8 Figure 8 : CV des électrodes à film CDC-800 (a) et CDC-1100 (b) au taux de balayage de 5mV-s -1 dans un électrolyte 2M EMI-TFSI/ACN.

Figure 10 :

 10 Figure 10 : Changement de masse de l'électrode en fonction de la charge pendant la polarisation du CDC-800 (a) et du CDC-1100 (b). Les lignes pointillées rouges représentent le changement de masse théorique des ions purs calculé à partir de la loi de Faraday. Les lignes pleines noires et bleues montrent le changement de masse mesuré.

Figure 11 :

 11 Figure 11 : (a) réponse en fréquence CV et EQCM et (b) changement de masse de l'électrode en fonction de la charge pendant la polarisation de SLG sur un substrat d'or dans un EMI-TFSI pur enregistré à 50 mV-s -1 . En médaillon : schéma montrant les flux d'ions sur la surface de SLG pendant la polarisation. Les cations libres de l'EMI + sont en bleu, les anions libres de la TFSI -sont en rouge et les espèces d'ions chargés positivement sont en ombre, respectivement 29 . (c) Réponse en fréquence CV et EQCM à 30 mV•s -1 et (d) changement de masse de l'électrode en fonction de la charge à 10 mV•s -1 pendant la polarisation de SLG sur une électrode Au dans un électrolyte 2M EMITFSI/ACN 38 .

Fi g u r e 1 2 :

 2 C o m p ar ais o n d e l a ré p o ns e e n fré q u e n c e E Q C M d e l'é l e ctr o d e A u r e vê t u e d e C D C-8 0 0 ( a) et C D C-1 1 0 0 ( b) d a ns diff é r e nt es c o n c e ntr ati o ns d' é l e ctr ol yt es E MI-T F SI/ A C N. L es li g n es n oir es et bl e u es r e pré s e nt e nt u n t a u x d e b al a y a g e d e 1 0 m V •s -1 d a ns u n é l e ctr ol yt e E MI-T F SI/ A C N 1 6 m M. L es li g n es r o u g es et v ert es r e pré s e nt e nt u n t a u x d e b al a y a g e d e 1 0 m V •s -1 d a ns u n é l e ctr ol yt e E MI-T F SI/ A C N 2 M. L a fi g ur e 1 3 m o ntr e l a v ari ati o n d u p oi ds d e l'é l e ctr o d e ( ∆ ) p ar r a p p ort à l a c h ar g e p ass é e d a ns l'é l e ctr o d e ( ) p e n d a nt l a c h ar g e i o ni q u e e n v olt a m p é r o mé tri e c y cli q u e. C o m m e l e m o ntr e l a fi g ur e 1 3 a, l'é l e ctr o d e C D C-8 0 0 d a ns l'é l e ctr ol yt e E MI-T F SI/ A C N 1 6 m M (li g n e n oir e c o nti n u e) pr é s e nt e u n e a u g m e nt ati o n d e m ass e p e n d a nt l es p ol aris ati o ns p ositi v es et n é g ati v es, c e q ui c orr es p o n d à u n m é c a nis m e d e st o c k a g e d e c h ar g e pri n ci p al e m e nt diri g é p ar l' a ds or pti o n d e c o ntr e-i o ns. P o ur u n e p ol aris ati o n p ositi v e ( Q > 0), l a m ass e m ol é c ul air e a p p ar e nt e c al c ul é e est d' e n vir o n 1 9 7 g •m ol -1 , c e q ui est i nfé ri e ur à l a m ass e m ol é c ul air e d u T F SI -( 2 8 0 g •m ol -1 ). P e n d a nt l e pr o c ess us d e p ol aris ati o n n é g ati v e, l e p oi ds m ol é c ul air e c al c ul é est d e 7 2 g •m ol -1 , c e q ui est t o uj o urs i nfé ri e ur à c el ui d es i o ns E MI + ( 1 1 1 g •m ol -1 ). C el a s u g g è r e q u' u n e p etit e p arti e d es c o-i o ns est e x p uls é e d es p or es e n m ê m e t e m ps q u e l' a ds or pti o n d u c o ntr e-i o n.

Figure 13 :

 13 Figure 13 : Comparaison du changement de masse de l'électrode en fonction de la charge pendant la polarisation de l'électrode d'Au revêtue de CDC-800 (a) et de CDC-1100 (b) dans différentes concentrations d'électrolytes EMI-TFSI/ACN. Les lignes noires et bleues représentent un taux de balayage de 10 mV•s -1 dans un électrolyte EMI-TFSI/ACN 16 mM. Les lignes rouges et vertes représentent un taux de balayage de 10 mV•s -1 dans un électrolyte EMI-TFSI/ACN 2M.

Figure 14 :

 14 Figure 14 : Changement de masse de l'électrode en fonction de la charge pendant la polarisation du CDC-800 (a) et du CDC-1100 (b) dans un électrolyte EMI-TFSI/PC 2M au taux de balayage de 30 mV•s -1 . Changement de masse de l'électrode en fonction de la charge pendant la polarisation du CDC-800 (c) et du CDC-1100 (d) dans un électrolyte EMI-TFSI/ACN 2M au taux de balayage de 30 mV•s -1 . Les lignes solides noires et bleues représentent les électrodes CDC-800 et CDC-1100, respectivement.

  de la cellule. Nous avons utilisé des méthodes de type électro-greffage (SEEP) et passivation spontanée (SEI) par une « solid electrolyte interface » (SEI) pour construire un film de passivation conducteurs ioniques mais isolants électroniques sur l'électrode en carbone. La dernière approche (SEI) s'est révélée prometteuse.Ensuite, nous avons étudié le mécanisme de stockage de charge en analysant les flux ioniques pendant le fonctionnement des supercondensateurs en préparant des carbones microporeux avec différents degrés de graphitisation. Leurs caractérisations électrochimiques ont été menées dans des électrolytes à base de liquides ioniques solvatés, à l'aide de la microbalance à quartz électrochimique (EQCM). La dernière partie a été consacrée à l'application de l'EQCM pour suivre les effets de la concentration de l'électrolyte, des espèces ioniques et de la polarité du solvant sur le flux ionique des matériaux en carbone pour les applications de stockage d'énergie électrochimique. Ces travaux nous ont permis de mettre à jour l'existence de mécanismes d'adsorption inique différents en fonction de la composition de l'électrolyte et du carbone.

  

  

  

  

  

  

  

Table I - 1 :

 I1 Comparison of the typical capacitor, EDLCs, and battery characteristics6 .

	Characteristics	Capacitors	EDLCs	Batteries
	Examples	Al, Ta oxide,	Activated carbon in H2SO4	Lead acid, Li-ion, and
		condenser	or NEt4BF4/ACN	Ni-MH
	Storage mechanism	Electrostatic	Electrostatic	Chemical reaction
	Specific energy (Wh•kg -1 )	<0.1	1 -10	20 -50
	Specific power (W•kg -1 )	>>10000	500 -10000	<1000
	Discharge time (td)	10 -6 -10 -3 s	Seconds to minutes	0.3 -3 h
	Charge time (tc)	10 -6 -10 -3 s	Seconds to minutes	1 -5 h
	Efficiency (td/tc)	~1	0.85 -0.99	0.7 -0.85
	Vmax	High	<3V	low
	Cycle life (cycles)	>> 106 (>> 10 years)	>106 (> 10 years)	~1500 (< 3 years)

Table I -
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2: Different carbon structures used in EDLCs with onion-like carbon (OLC), carbon nanotubes, graphene, activated carbons, and carbide-derived carbons
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2. Charge storage mechanisms and ion transport: from modeling to in situ techniques 2.1 Theoretical approaches

  

	Computational modeling techniques, such as Monte Carlo (MC), molecular dynamics
	(MD), and density functional theory (DFT), have been widely used in exploring the energy
	storage mechanism of nano/microscale porous electrode materials 132-133 . In particular, MC
	and MD have emerged as powerful techniques for understanding the electrochemical
	behavior of supercapacitors 134-136 . MC simulations are based on statistical average and cannot
	deliver information about ion dynamics 137 . MD simulations 138 can accurately describe the
	interaction between the electrode/electrolyte interface during the charge-discharge process at
	the molecular scale, providing a theoretical explanation of charge mechanisms that may be
	difficult to obtain from experiments.

2.1.1 Solventless environment: room temperature ionic liquids (RTILs)

  

	different sizes 147 . After that, Fedorov and Kornyshev 148 performed MD simulations of RTILs
	modelled as primitive dense Lennard-Jones spheres with symmetric ion size between charged
	walls to address the EDL structure in dense RTILs. The capacitance versus potential curve
	follows a 'bell shape' consistent with the MFT predictions. An overscreening effect was
	especially prominent near the point of zero charge (PZC) and the maximum overscreening
	coincided with the maximum capacitance. In addition, the overscreening effect was
	suppressed at high electrode polarisation following the onset of the lattice saturation effect.
	RTIL simulations on planar surfaces provide valuable insight into the structure of the EDL
	and help explain the experimental changes observed in differential capacitance 149-150 .
	Chmiola et al. experimentally observed an anomalous increase in capacitance in pores
	with diameters of less than 1 nm. The following study by Largeot et al. using the neat
	EMI-TFSI, showed a large increase in capacitance for a pore diameter which closely matched
	the ion size. MC simulation studies evidenced that the creation of a superionic state was
	responsible for the anomalous increase in capacitance 135,151 . In the simulations, the RTILs
	electrolyte used a restricted primitive model in which the ions were symmetric hard spheres
	with point charges. As shown in Figure I-18a, the capacitance of the narrow hole rises sharply
	as a function of voltage, and then drops to zero as the voltage increases. The capacitance peak
	is caused by saturation of the total ion density, which occurs before the pores are completely
	filled with counter ions. This MC simulation is in good agreement with experimental
	results 62-63 , which provides credibility for the model (Figure I-18b). Another MD simulations
	using a more accurate coarse-grained model in DMIMBF4 electrolyte examined the effect of
	RTILs have a wider voltage window vs. aqueous and organic electrolytes, and a large voltage on the charge storage mechanism using various pore size 139 . Different ion
	number of computational simulation techniques were carried out using ionic liquids organization in pores were observed by varying the voltage, as shown in Figure I-18c. At low
	electrolytes 134, 139-140 -the absence of solvent molecule make the computational time shorter. voltages, charge storage is achieved by exchanging ions in the pores with counter ion in bulk.
	Several simulations highlight the effects of ion size, ion size asymmetry, surface charge
	density, and ion shape asymmetry on the interface structure and capacitance 141-146 . Kornyshev
	introduced a mean field theory (MFT) based on the Poisson-Boltzmann lattice gas model,
	which takes into account the so-called 'lattice saturation effect', a constraint on maximum
	ionic packing density, as well as being able to describe RTILs with cations and anions of

Table II -

 II 

	Chemicals 4-nitrobenzene diazonium tetrafluoroborate Butyl methacrylate Vinyl acrylate Lithium bis(trifluoromethanesulfonyl)im ide Acetone Sulfuric acid Deionized water Ethanol Aldrich Sodium dodecyl sulfate Abbreviation Structure Source NBD Aldrich BMA Aldrich VA SDS Aldrich LiTFSI Aldrich CH3COCH3 Aldrich H2SO4 2H + SO4 2-Aldrich H2O -Lab-made EtOH CH3CH2OH VWR Nitrogen N2 -Lab-made	Purity 97 % 99 % 98.5 % 99.95% 99.5 % 99 % 18 megohm.cm 96 % 99 %

1: Research chemicals used for the modification of carbon surface

Table II - 2 :

 II2 Characteristics of YP-50F activated carbon

	Normal properties	YP-50F
	Surface area, m 2 •g -1	1500-1800
	PH	7-10
	Particle size (μm)	5-20
	Ash content (wt %)	1 max
	Moisture content (wt %)	3 max

Table II - 3 :

 II3 Characteristics of FM10 carbon cloth activated carbon

	Construction	1/1 plain weave
	Normal properties	FM10 carbon cloth
	Surface density, g•m -2	120
	Ethyl acetate activity, %ww	33-42
	Carbon tetrachloride activity, %ww	55-70
	Air permeability cm 3 /cm 2 /sec at 10mm w.g.	100
	Thickness (mm)	0.5

Table II -

 II 

	Chlorination	NL-DFT	Microporous volume,	Mesoporous	Total
	temperature	SSA	<2 nm (cc•g -1 )	volume	volume(cc•g -1 )
	(℃)	(m 2 •g -1 )		(cc•g -1 )	
	800	1479	0.697	0.151	0.848
	1100	1526	0.638	0.206	0.837

4: CDC porosity measurements using Ar gas sorption technique.

  Table IV-1 summarizes the structures, longest and shortest dimensions of the EMI + cation and TFSI -anion, and the effective ionic size in acetonitrile in confined CDC nanopores. In addition, the structure and size of acetonitrile are also displayed in Table IV-1.

Table IV -
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1: Structure and size of the EMI + cation, TFSI -anion and acetonitrile (AN) solvent in this chapter 2.

2. Electrochemical cell setup 2.2.1 Quartz crystal electrode preparation

  

	Type of ions	Structure	Max/min length
			(nm) 9, 21

Homogenous slurries containing 90 wt.% carbon material and 10 wt.% polyvinylidene fluoride (PVDF) binder in N-Methyl-2-pyrrolidone (NMP) were prepared and spray-coated onto 1-in.-diameter Au-coated AT-cut quartz crystal (AWSensors, 9MHz, 1.28 cm 2 ). The

Table Ⅴ - 1 :

 Ⅴ1 Structure and size of the EMI + cation, TFSI -anion, acetonitrile (ACN) solvent, and

	propylene carbonate (PC) solvent in this chapter	
	Type of ions	Structure	Max/min length
			(nm)

  'augmentation des surtensions de dégagement d'hydrogène et de dégagement d'oxygène des électrodes de carbone peut étendre le potentiel d'électrode 3 et ainsi élargir la fenêtre de tension de fonctionnement des supercondensateurs carbone/carbone aqueux.

	investigations EDL actuelles étroitement liées à la voie de recherche empruntée par ce travail,
	le mécanisme actuel de stockage de charge (à travers différentes électrodes, catégories
	Avec le développement rapide de l'économie mondiale, la consommation de d'électrolytes et techniques complémentaires de modélisation et d'expérimentation) , ainsi que
	combustibles fossiles et l'intensification de la pollution environnementale, il existe un besoin les études sur l'amélioration de la densité énergétique des supercondensateurs. Le chapitre se Face à la demande massive de stockage d'énergie, il est urgent de comprendre en urgent d'énergie efficace, propre et durable et de nouvelles technologies de conversion et stockage de l'énergie. Les sources d'énergie renouvelables telles que l'énergie solaire, profondeur le mécanisme de stockage d'énergie des différents dispositifs de stockage termine par la présentation des objectifs de cette thèse.
	hydraulique, éolienne et marémotrice constituent les solutions les plus prometteuses à ces d'énergie électrochimique et de développer de nouveaux matériaux et systèmes de stockage Le chapitre Ⅱ présente la liste des produits chimiques, des matériaux actifs et des
	problèmes. Cependant, l'électricité produite par ces sources renouvelables doit être stockée d'énergie. Bien qu'il existe de nombreux types de dispositifs de stockage d'énergie électrolytes testées dans cette thèse. Les différentes techniques d'analyse électrochimiques, de
	efficacement pour répondre à la demande d'énergie, car la production d'électricité est très électrochimique, leurs processus de stockage d'énergie de base peuvent être divisés en deux mise en place, et de caractérisations des matériaux dans ce travail sont également présentées.
	fluctuante. catégories : l'adsorption/désorption d'ions à l'interface et les réactions chimiques. Par Le chapitre III propose la modification des matériaux en carbone en utilisant deux
	conséquent, l'étude de l'interface électrode/électrolyte est la clé pour clarifier le mécanisme de procédés électrochimiques différents, appelés respectivement la méthode de polymérisation En tant que nouveau type de dispositif de stockage d'énergie, les condensateurs stockage d'énergie. Pour la recherche sur l'interface, il existe diverses méthodes d'essai, en émulsion électro-initiée en surface (SEEP) et la méthode de formation d'interface électrochimiques à double couche (EDLC), également appelés supercondensateurs, notamment dans l'infrarouge, la résonance magnétique nucléaire, la diffusion des neutrons, électrolyte solide (SEI). Ces méthodes visent à créer une couche de passivation artificielle présentent une densité de puissance élevée (10 kW•kg -1 ) et une densité d'énergie relativement etc. Ces méthodes de caractérisation permettent d'effectuer une analyse in situ de la électroniquement isolante mais ioniquement conductrice sur la surface du carbone poreux faible (5 Wh•kg -1 ), suscitant l'intérêt de nombreux chercheurs. 1 . Du côté des applications, ils morphologie, de la composition et de la structure des matériaux d'électrode, favorisant ainsi afin de modifier l'interface carbone/électrolyte pour augmenter la densité d'énergie en combinent le double avantage des condensateurs diélectriques (puissance de sortie élevée) et d'analyse in situ de la qualité et des propriétés mécaniques des électrodes. La première est des batteries (stockage d'énergie élevé) tout en autorisant un large éventail d'applications la conception optimale de ces derniers. Cependant, il existe relativement peu de méthodes élargissant la fenêtre de tension.
	comme l'automobile, le transport ferroviaire, l'énergie éolienne, les centres de données et de liée au processus spécifique de stockage de la charge, et la seconde détermine la stabilité du L'amélioration de la compréhension fondamentale du mécanisme de charge est le moyen
	nombreux autres domaines. Cependant, l'utilisation des supercondensateurs est limitée, et des cycle des matériaux d'électrode. Les EDLC sont basés sur l'adsorption physique réversible le plus efficace pour améliorer les performances des supercondensateurs. Par conséquent, le
	efforts de recherche considérables sont en cours pour atteindre des capacités de stockage des ions à l'interface électrode/électrolyte des carbones poreux à haute surface spécifique. 4 . chapitre IV est consacré aux études du mécanisme de charge à l'échelle moléculaire et du
	d'énergie plus élevées comparable à celles batteries sans sacrifier leur densité de puissance et Ces dernières années, la microbalance électrochimique à cristal de quartz (EQCM) a été transport des ions pendant le fonctionnement des supercondensateurs. La dynamique ionique
	leur stabilité de cyclage. Bien que les supercondensateurs carbone/carbone organiques aient progressivement utilisée pour analyser l'interface électrode/électrolyte du stockage d'énergie des carbones microporeux dérivés du carbure de titane (TiC-CDCs) avec différents degrés de
	une large fenêtre de tension et une densité d'énergie élevée, les électrolytes organiques électrochimique, car elle permet de contrôler in situ une série de propriétés, notamment la graphitisation dans des électrolytes liquides ioniques solvatés est étudiée en temps réel par
	présentent des risques potentiels pour la sécurité et peuvent provoquer une pollution masse de l'électrode, la viscosité, le module de cisaillement, etc. 5 . Cette thèse a pour but EQCM.
	environnementale. C'est pourquoi des supercondensateurs plus sûrs et respectueux de d'utiliser l'EQCM pour réaliser une analyse in-situ des interfaces électrode/électrolyte en
	l'environnement sont explorés. Les supercondensateurs carbone/carbone aqueux suscitent une carbone poreux, puis de fournir des suggestions constructives pour l'amélioration des
	grande attention en raison de leurs avantages en termes de sécurité, protection de performances des matériaux de stockage d'énergie.
	l'environnement et la faible coût. Cependant, limités par le faible potentiel stable (<1,23 V) 2-3
	de l'eau solvatée dans l'électrolyte, la faible fenêtre de tension de fonctionnement limite Dans le chapitre Ⅰ, une bibliographie couvrant différents aspects est présentée : les
	l'amélioration de la densité énergétique des supercondensateurs carbone/carbone aqueux. principes fondamentaux et le développement des supercondensateurs, les différents types
	d'électrolytes et de matériaux actifs actuellement utilisés dans les supercondensateurs, les
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  performance capacitive des pores en utilisant des carbones poreux amorphes et graphitisés et nous verrons si, en plus de la taille des pores du carbone, la présence de carbones sp² pourrait entraîner une augmentation de la capacité. Nous conclurons en étudiant les effets de la concentration en ions de l'électrolyte et de la nature du solvant sur le mécanisme de stockage de la charge dans le carbone poreux avec différents degrés de graphitisation. Les résultats présentés ici ont non seulement poussé plus loin notre compréhension fondamentale du mécanisme de stockage de charge dans les carbones nanoporeux, mais ont également proposé de nouvelles voies de recherche pour améliorer les performances des condensateurs EDL à base de carbone.

	Dans ce chapitre, nous avons montré que la compréhension de l'interface électrode/électrolyte est essentielle pour améliorer les performances des matériaux destinés aux applications de stockage d'énergie électrochimique. Dans ce travail, nous avons concentré sur deux aspects principaux. Le premier concerne le développement d'une stratégie pour améliorer la tension de la cellule. Nous utiliserons la méthode SEEP pour préparer des films artificiels électroniquement isolants mais ioniquement conducteurs de type SEI pour passiver les matériaux en carbone. Dans un deuxième temps, nous nous concentrerons sur la compréhension fondamentale du mécanisme de stockage de charge dans les électrodes de carbone poreux. Nous utiliserons la technique EQCM pour comprendre le mécanisme de stockage de charge capacitif dans les carbones nanoporeux tridimensionnels à haute surface spécifique (TiC-CDCs). Plus précisément, nous caractériserons l'influence de l'organisation locale de la structure du carbone sur la Chapitre Ⅱ

Ce chapitre a décrit les différents matériaux carbonés et électrolytes utilisés dans le cadre de cette thèse. Les techniques de caractérisation des matériaux seront présentées. Dans la foulée, nous introduirons les méthodes et principes électrochimiques typiques des condensateurs électrochimiques (CE) et les configurations de cellules. En outre, le principe de fonctionnement de la microbalance à cristal de quartz électrochimique, les configurations et la conception des cellules seront également présentés dans ce chapitre.

  ). Si la coupure du potentiel négatif est supérieure à la valeur de réduction de l'eau, on obtient un voltammogramme rectangulaire typique attribué à un processus de stockage de charge en double couche. En dessous de -0.2 V vs. Ag/AgCl, l'eau est réduit et une contribution pseudo-capacitive associée à l'adsorption réversible d'hydrogène dans les pores du matériau carbone s'ajoute à la contribution de la double couche17 . Une bosse distincte est apparue à

	0,35 V vs. Ag/AgCl pendant le balayage anodique en raison du processus électro-oxydatif de
	l'hydrogène stocké. 18 . La pseudo-capacité est due au stockage réversible de l'hydrogène peut
	contribuer efficacement à la capacité totale de l'électrode. Les courants négatifs augmentent
	fortement à partir de potentiels inférieurs à -0,45 V vs Ag/AgCl, indiquant un dégagement de
	gaz H2 . Enfin, nous pouvons estimer que la fenêtre de potentiel stable de l'électrode B-CC
	dans 1M H2 SO4 est d'environ 1 V.
	suffisamment élevée pour permettre une activité électrochimique. Comme le montre la figure
	5b, l'électrode traitée par SEEP après 20 cycles présente un comportement hautement résistif,
	ce qui indique que la surface de l'électrode est bloquée suite au dépôt d'un film peu
	conducteur électroniquement et ioniquement. De même, l'électrode après 30 cycles (figure 5c)
	présente un comportement similaire. Ces observations confirment que la CV de type capacitif
	de la figure 8a peut être le résultat d'un revêtement de film non conforme à la surface de
	l'électrode.

Les résultats électrochimiques du CC après traitement SEEP sont différents. Après 10 cycles, comme le montre la figure 5a, l'électrode présente une pic d'oxydoréduction, mais l'intensité du pic est plus faible que celle du B-CC et il se décale vers un potentiel plus élevé.

Comme le potentiel cathodique a été étendu à des valeurs plus négatives, le potentiel de la réaction d'évolution de l'hydrogène se déplace vers un potentiel plus négatif par rapport au B-CC (-0,2 V par rapport à Ag/AgCl). Ces résultats montrent que la surface de l'électrode de carbone est passivée confirmant la présence d'une couche de passivation, ce qui entraîne un surpotentiel accru pour la réduction des protons et un potentiel plus élevé pour le processus électro-oxydatif de l'hydrogène stocké. Ensuite, l'électrode conserve une partie de son stockage capacitif, ce qui indique que le film ne couvre peut-être pas entièrement la surface de l'électrode ; une autre explication pourrait être que la conductivité ionique est maintenue

  7, 28 . Cependant, la façon dont la structure locale du carbone affecte les mécanismes de charge reste mal comprise à ce jour.Récemment, nous avons étudié le mécanisme de stockage de charge de la double couche électrique (EDL) du graphène à couche unique bidimensionnel (2D) utilisé comme matériau modèle dans un liquide ionique pur et un électrolyte solvaté, à l'aide de la technique de microbalance électrochimique à cristaux de quartz (EQCM). Nous avons constaté que les mécanismes de charge du SLG dépendent fortement des interactions entre les ions et les carbones[29][30] . Cependant, la situation est beaucoup plus complexe dans les carbones poreux 3D, et il n'y a pas de travail sur la façon dont la structure locale du carbone tridimensionnel affecte les mécanismes de charge, mais des études de modélisation31 . Comme les travaux

	Résultats
	Les caractérisations électrochimiques de ces deux électrodes de carbone ont été réalisées
	dans une cellule à trois électrodes dans un électrolyte 2M EMI-TFSI/ACN. La figure 8
	présente les voltammogrammes cycliques (CV) des électrodes CDC-800 et CDC-1100
	enregistrés à un taux de balayage de 5 mV•s -1 , de -1 V à +1,5 V par rapport au fil d'Ag. Les
	deux électrodes présentent des courbes CV rectangulaires et symétriques, caractéristiques
	d'un processus capacitif (charge/décharge en double couche). Les valeurs de PZC pour les
	électrodes CDC-800 et CDC-1100 sont d'environ +0,2 V par rapport à l'Ag et +0,4 V par
	rapport à l'Ag, respectivement. Le PZC désigne le potentiel auquel la charge nette de
	précédents ont démontré que les structures locales des TiC-CDCs dépendent fortement des
	températures de synthèse, ces matériaux s'avèrent être une plateforme matérielle pertinente
	pour obtenir des données expérimentales concernant l'influence de la structure locale sur les
	mécanismes de charge. Les TiC-CDCs préparés à des températures inférieures à 700 ℃
	possèdent principalement des microstructures désordonnées. En fait, un ordre structurel à
	courte portée commence à apparaître dans les TiC-CDCs préparés à partir de la gamme de
	température de 800-1000 ℃, tandis qu'un ordre structurel à plus longue portée (graphitisation)
	se produit lorsque la température de synthèse est supérieure à 1100 ℃ 32-33 . Il est intéressant
	de noter que la porosité du TiC-CDC préparé à la température de 800 ℃ (CDC-800) et de
	1100 ℃ (CDC-1100) est similaire 20 . Par conséquent, nous avons sélectionné ces deux
	TiC-CDC préparés à 800 °C et 1100 °C, appelés CDC-800 et CDC-1000, respectivement,
	avec un volume poreux et une taille de pore similaires mais des degrés de graphitisation

différents -donc des structures locales différentes -, pour explorer la dynamique des ions dans l'électrolyte non aqueux par EQCM. La comparaison entre ces deux CDC devrait permettre de mieux comprendre la corrélation entre structure locale et dynamique ionique dans le carbone poreux. l'électrode est nulle, en d'autres termes, le potentiel auquel il n'y a pas de forte interaction entre la surface du carbone et les ions de l'électrolyte. Des preuves solides issues d'expériences de résonance magnétique nucléaire et de simulations de dynamique moléculaire ont confirmé que les nanopores CDC sont remplis d'ions et de molécules de solvant lorsqu'ils sont immergés dans l'électrolyte, même sans aucun potentiel appliqué. Dans la situation actuelle, la valeur PZC plus positive obtenue pour le carbone CDC-1100 met en évidence une surface plus négativement chargée par rapport au CDC-800, qui est attribuée à des interactions/adsorptions spontanées spécifiques entre les anions et la surface du carbone.

Fi g u r e I-1 5: S c h e m ati c pl ots of ( a) el e ctri c d o u bl e-c yli n d er c a p a cit or wit h m es o p or es a n d ( b) el e ctri c wir e-i n-c yli n d er c a p a cit or wit h mi cr o p or es 1 2 9 . ( c) S c h e m ati c of a s a n d wi c h c a p a cit or 1 3 1 .
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General conclusions and perspectives

General conclusions and perspectives hydrogen evolution is attributed to the formation of an ionically conducting but electrically insulating passive SEI layer. A cell voltage close to 1.5 V was obtained in 1M EMIHSO4 due to the increased overpotential of H2 gassing. The strategies proposed in this chapter may provide new insights to prepared aqueous high-voltage energy storage devices beyond supercapacitors.

Charge storage mechanisms understanding of microporous carbon materials

We used EQCM to analyze the ion adsorption and desorption behaviors at the porous carbon electrode/electrolyte interface. Two different porous carbons (TiC-CDC) were used for this study, both obtained from the chloration of titanium carbide powders precursor: one was obtained at 800 ℃ (CDC-800), the other at 1100 ℃ (CDC-1100). Both carbons have similar pore size and porous volume, but the CDC-1100 shows a more graphitic microstructure. Results presented in Chapter Ⅳ show that a counter-ion adsorption process mainly controls the charge storage mechanism in the CDC-800 sample, while a counter-ion adsorption and an expanded ion-exchange process were observed for the CDC-1100 in 2M ethyl-methyl imidazolium, bis-trifluoro methane sulfonyl imide (EMI-TFSI) in CH3CN (ACN) solvent, noted as EMI-TFSI/ACN electrolyte. This can be explained by a strong interaction of graphitized carbon with TFSI -anions resulting in different potential of zero charge (PZC) values. Indeed, the PZC of the CDC-1100 was found to be more positive (+0.4 V vs. Ag) than the CDC-800 (+0.2 V vs. Ag), evidencing the presence of a more negative charge on the carbon surface of the CDC-1100 sample at open circuit voltage (OCV). These measurements suggested a strong, spontaneous interaction between the anions (TFSI -) and graphitic carbon. These results, together with previous ones obtained with SLG-based electrodes, highlight the key role of the PZC on the electrochemical behavior of porous carbons.

To go further, different electrolytes were also studied: one made of ethyl-methyl imidazolium, bis-trifluoro methane sulfonyl imide (EMI-TFSI) in CH3CN solvent (ACN), but at a low concentration (16mM), the other made of EMI-TFSI 2M in propylene carbonate (PC).