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General Introduction

If we had the ability to see inside any complex material at the molecular level, what could be seen? If this material stores energy by adsorbing ions at it's surface what dynamics could be observed? Advanced microscopy techniques can be used to monitor nanometer-scale details on static and rigid samples, however only numerical simulations and a few characterization techniques can be used to understand the ionic fluxes at the interface between an electrode and an electrolyte.

Supercapacitors are high power density and highly stable energy storage solutions based on the electro-adsorption of ions at the surface of an electrode. Various characterization techniques have been used to understand these ionic exchanges and several models have been developed to describe them. Among these techniques, electrogravimetric measurements use the combination of electrochemical and microbalance analysis to obtain key information about the exchanged species and the dynamics of the system.

Vertically-oriented nanostructuration of supercapacitor electrodes drastically improves their performances as the accessible electrode surface increases along with good electronic conduction to the current collector. Yet, the electrogravimetric study of supercapacitor electrodes has only been performed with materials deposited in a relatively flat manner on a microbalance. Throughout this Ph.D. work, we have explored the adaptability of electrogravimetric techniques to various types of vertically-oriented nanostructures for supercapacitors and the challenges inherent with such a combination. In some cases we could not overcome these challenges, but in the other cases very valuable information about the ionic exchange mechanisms have been obtained.

Chapter 1: State of the art

Table of contents I. Energy storage and supercapacitors

Storing energy is a prerequisite for living organisms to thrive, as there is no life form consuming energy without storing it in some form. Plants store photons energy in the form of sugar molecules. Animals transform this sugar into highly energetic Adenosine Triphosphate (ATP) molecules to store energy. Human societies thrived as they used new energy-rich materials like coal, petroleum, gas fuels or uranium, which act as both the source and the storage medium for energy. During the 20 th century, electricity became the main transport method to bring energy from the power plants to households. However each of the energy-rich materials used to produce energy requires a low-efficiency transformation in large power plants to produce electricity and cannot be used reversibly to store energy once again. Moreover, such consumption-based energy sources tend to be slowly replaced by renewable forms of energy due to environmental concerns and the urge to cut down CO 2 emissions. Each of these facts triggered a global demand on multiscale energy storage solutions that could reversibly store electricity. This chapter presents a panel of solutions to store electrical energy to then focus on supercapacitor devices. The basic principles that drive these devices will be presented along with the advantages of electrode nanostructuration. To characterize and better understand the electrochemical processes at the interface of supercapacitor electrodes, electrogravimetric techniques will be introduced.

I-1. Storing electrical energy

Storing electrical energy on a large scale is a cornerstone to the energetic transition due to the necessity to solve the gap between intermittent energy production and consumption.

Photovoltaic plants and wind turbines are on the front line of renewable energies due to their rapidly dropping costs, with the disadvantage of being intermittent sources of electric energy [1].

To gradually replace the current power plants with such energy sources, energy storage solutions must be installed at the grid and the household levels. For grid level energy storage, more than 330 MWh must be installed to have enough energy for 10.000 people in USA for 1 day [2]. At the household level, residential utility customers in USA consume an average 30 kWh per day.

For middle scale applications, storing electrical energy allows the use of electrical power in transportation without a connection to the grid. As opposed to conventional fuel engines, electric motors do not emit harmful gases, are much more efficient, last for much longer with no maintenance and allow the use of renewable energies. Electric bikes, cars, trucks and prototype airplanes use batteries to store energy. A typical electric bike will store around 500 Wh of energy, while an electric car stores around 50 kWh to last for 350 km [3]. Renewable hydrogen production, storage and use in fuel cells are others alternatives but with still much higher costs.

In the smaller scale, portable electronic devices have experienced a massive expansion in every domain of modern life that could not have been possible without a portable source of electricity. Such devices, like smartphones, watches, laptops, e-readers, toys, MP3 players, used to work with non-reversible alkaline batteries that had to be replaced regularly. However the huge evolution in the Li-ion battery technology has enabled the use of rechargeable batteries in most of these applications. The stored energy ranges from around 0.1 Wh for watches to around 10 Wh for smartphones and 50 Wh for laptops respectively. Images from [3]- [11].

With recent research progress in the field of wirelessly operating micro-devices, the need to store energy at an even smaller scale arises. Wireless sensor networks (WSNs), implantable medical devices, and active radio frequency identification (RFID) systems, all rely on micrometer scale energy storage solutions directly integrated within the micro-device. Micro-supercapacitors offer a reliable solution for such applications, with many advantages over batteries such as easier integration in microdevices, better cycling lifetime (millions of cycles), ultra-fast chargedischarge rates (ms), excellent efficiency and reversibility, and higher power density [12]. For higher energy density needs, micro-batteries are also being investigated.

To tackle this wide range of needs for electrical energy storage (Fig. I-1), a large variety of methods can be used. Electricity, a flow of electrical charges, can only be stored in its pure form using Superconducting Magnetic Energy Storage (SMES) [13]. However due to high costs and technological challenges this energy storage solution is still rarely used. To store electrical energy in a more practical manner, it needs to be transformed into a more stable form. This can be achieved in several ways (Fig. I-2), which are described as follow: [14]- [22] Images from [14]- [22].

Chapter 1 ֍ State of the art 10 i. Mechanically, with the transformation of electrical energy into mechanical motion with reversible electrical motors that can store the energy in various ways: Using water's potential energy (dams), compressed air energy storage (CAES), inertial energy (flywheels) or strain energy (springs). Except for CAES, such systems have a good transformation efficiency in both directions ( ) but very low energy density.

Flywheels can store around 100 Wh.kg -1 of energy [23]. The Grand Coulee dam in US (168 m high) can deliver 6.495 GW of power with a peak flow of 4300 m 3 .s -1 , which is equivalent to an energy density around 0.4 Wh.L -1 [24]. In the case of CAES, the energy density is much larger (around 50 Wh.L -1 ), however the overall efficiency is lower ( 50%). This efficiency can be increased up to 70% in adiabatic systems that also store the heat produced during air compression [25].

ii. Thermally, by heating a large volume with a resistance or a heat pump. This leads to a good efficiency in the heating process ( ) but a very low efficiency to transform the heat into electricity (up to 40% depending on heat difference between the two thermal sources). The specific heat capacity of liquid water is around 1.2 Wh.L -1 .K -1 [26]. These low energy densities are greatly increased when harnessing the phase change of a material. In liquid air energy storage (LAES), air is cooled down to reach the liquid phase and stored in tanks with energy densities around 180 Wh.L -1 . Sophisticated LAES systems using hot and cold thermal stores are being developed by Highview Power in the UK to store energy from the grid with efficiencies around 70% [27].

iii. Electrochemically, with batteries that store energy through redox reactions between the electrodes and an electrolyte. This is the best-know electrical energy storage solution, with astonishing developments in the field of Li-ion batteries leading to energy densities around 690 Wh L -1 with around 90% efficiency [28]. The main drawbacks of such batteries are the relatively low power densities (around 500 W.kg -1 ) and the capacity loss after around 1000 cycles, especially if the battery is charged and discharged rapidly.

Alternatively, redox flow cells are sometimes used for grid energy storage due to their longer lifetime, but with lower energy density (around 50 Wh.L -1 ) [29]. Electrolysis of water can also be used to produce hydrogen (70-80% efficiency) which can then be transformed back to electricity in fuel cells (40-60% efficiency) [30]. The use of platinum in both electrolysis electrodes and fuel cells and the difficulty to store high pressure H 2

Chapter 1 ֍ State of the art 11 make this solution expensive, but leads to the current highest energy density for storing and restoring electrical energy (around 2500 Wh.L -1 for H 2 at 700 bar).

iv.

Electrostatically, using capacitors that store electrical energy through the electrostatic attraction between charges of opposite sign. Common capacitors, used in electronic circuits, can operate at high voltages (up to 100 V) and power (>10 000 W.kg -1 ) while being very durable, but they have low energy densities (around 0.06 Wh.L -1 for electrolytic capacitors) [31].

For small scale applications, a huge gap can be observed between the highly energetic but low power Li-ion batteries and the low energy but high power electrolytic capacitors. Another kind of energy storage devices, called supercapacitors, fills this gap with an intermediate energy density from 2 to 100 Wh.L -1 while keeping a high power density (>6000 W.kg -1 ).

Supercapacitors belong to both the electrostatic and the electrochemical types of energy storage, with many advantages over batteries [12]:

 They can last millions of cycles with no degradation.

 They can be made from very abundant materials such as carbon and silicon.

 They can operate in a wider range of temperatures, typically from -40°C to 80 °C.

 They do not contain hazardous materials and therefore do not present risks of explosion.

The following work will now focus on this rising energy storage solution that can be categorized into three main families: Electrochemical double layer capacitors (EDLCs), pseudocapacitors and hybrid capacitors (Fig. I-3). [32] Figure I-3: Supercapacitor families, adapted from [32].

I-2. History of supercapacitors

The basic principles of electrochemical double layer capacitors (EDLCs) were firstly described by Hermann von Helmholtz, who introduced the electrical double-layer model in 1853 [33]. The idea remained theoretical for a century, until H. Becker developed a "Low voltage electrolytic capacitor with porous carbon electrodes" at General Electric in 1957, without knowing about the electrical double-layer [34]. This work was only continued in 1970 with a patent of an -Electrolytic capacitor having carbon paste electrodes‖ by Donald L. Boos for the Sohio Corporation [35]. Based on activated carbon in a non-aqueous electrolyte, this device was commercialized as a -Supercapacitor‖ in 1971 by the Japanese company NEC as power supply for computer memory. Similar devices were then commercialized by Panasonic in 1978 (the -Gold Capacitor‖) and ELNA in 1987 (the -Dynacap‖) [36].

A lower internal series resistance and higher capacitance was obtained by Brian Evans

Conway's group with RuO 2 electrodes between 1975 and 1980. These 10-100 fold higher energy storage performances were achieved with a combination of electrical double-layer and highly reversible faradaic processes, opening a new branch of supercapacitors: Pseudo-capacitors.

Nevertheless, military research in the Pinnacle Research Institute (PRI) on EDLCs with a lower internal resistance led to the first high power supercapacitors called -PRI Ultracapacitors‖ in 1982. This work was carried on by Maxwell laboratories in 1992 with a renewed interest in supercapacitors for their applications in hybrid vehicles [36].

The third branch of supercapacitors, hybrid capacitors, consists of capacitors with asymmetric electrodes combining electrostatic and electrochemical properties. They were firstly introduced in 1994 with the development of high voltage "Electrolytic-Hybrid Electrochemical

Capacitor" by David A. Evans [37]. Further works in this field by FDK Corporation led to lithium-ion capacitors in 2007 [38]. Nowadays, commercial supercapacitors are available from a number of sources, such as Maxwell Technologies, Panasonic, NessCap, LS Mtron, and le groupe Bolloré as the main involved companies [36].
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I-3. Common applications for supercapacitors

Supercapacitors can provide a large amount of power in a relatively short time, along with a very high number of charge/discharge cycles and a longer lifetime than batteries. These versatile attributes led to their incorporation in a wide range of applications.

In the transportation industry, supercapacitors are used to deliver high bursts of power to electric and hybrid cars and buses, to recover brake energy (Fig. I-4a), to enhance stop-start fuelsaving systems, or to start massive motors in military vehicles among others. In Shanghai, an electric bus uses supercapacitors as it's only means to store energy, with enough capacity to go from one stop to another (3-6 km) and recharging the supercapacitors (50% charge in 30 s and 100% in 80 s) at each stop using a pantograph (Fig. I-4c) [39]. The same principle is used in some tramways to power them in short sections with no overhead line (Fig. I-4d).

An equivalent use of these high power capabilities is made in some hybrid cranes, forklifts and tractors, where supercapacitors are used as energy buffers that are discharged during peak demands in mechanical power (Fig. I-4b) [40], [41].

Grid-level energy management is also an important application field for supercapacitors.

Short high power consumption events on the grid such as the fast charge of an electric vehicle create spikes of electricity demand that reduce the efficiency of the grid. Supercapacitors could be used to efficiently reduce these spikes and obtain much smoother consumption curves [42].

The possibility to easily downscale supercapacitors also leads to their potential application in various types of electronic micro-devices. With the generalization of Radio Frequency Identification (RFID), Micro Electro-Mechanical Systems (MEMS) (Fig. I-4e), biosensors (Fig. I-4f) and implantable medical devices, important developments of such microsystems could appear in the near future. In the context of these developments, maintenance-free energy storage solutions that can be charged fast and deliver large amounts of power would be highly beneficial. [39], [43]- [47] Chapter 1 ֍ State of the art

Combined with energy harvesting devices such as solar, thermal, vibrational, radiofrequency or biological micro-generators, supercapacitors could be used as main energy sources to power the electrical components. Supercapacitors also offer the possibility of on-chip integration on very small surfaces (<0.1 mm²), increasing the ease of development and speed of deployment. Active RFID devices, wireless sensor arrays, implantable micro-sensors and microrobots all require a miniaturized form of energy storage that supercapacitors can provide [12], [48]- [50]. Images from [32], [43]- [47].

I-4. Working principles I-4.i. Electrochemical double layer capacitors (EDLCs)

The basic mechanisms governing the overall behavior of a supercapacitor take place at the interface between the electrode and the electrolyte. In the case of EDLCs, except for parasitic reactions there are no net charge transfers between the electrode and the electrolyte. The electrode can be considered as an ideal polarizable electrode, also called a blocking electrode.

When this electrode is dipped into an electrolyte and submitted to an applied potential, an electrical double layer appears at the electrode/electrolyte interface. The applied potential φ e , triggers the apparition of a charge q e at the surface of the electrode, which attracts oppositely charged ions from the electrolyte. These ions are concentrated in a region of the electrolyte close to the electrode, creating an opposite charge q s = -q e near the electrode surface to respects the electric neutrality of the system [51]- [54].

The model created by Hermann von Helmholtz is a first approximation theorizing this system where the attracted ions form a layer at the surface of the electrode called the -Helmholtz layer‖ (Fig I -5a). As this region is composed of two layers of opposite charges, the behavior of the electrode/electrolyte interface is similar to a dielectric capacitor. In this model, the potential varies linearly from φ e at the electrode surface to φ s , the potential in the solution, at a distance d from the surface. By analogy with a dielectric capacitor, the capacitance of this double layer can be calculated using the following equation:

(Eq. I-1)

With the permittivity of free space, the relative permittivity within the Helmholtz layer (often assimilated to that of the electrolyte), S the electrode surface and d the distance between the electrical centers of the opposite charges. Despite the extreme simplicity of this model, it will be shown in the following section that this equation can explain that nanostructuration is one of the main improvement paths for supercapacitors. [52], [53] Chapter 1 ֍ State of the art

In order to enhance this model, the double layer can be described by Gouy and Chapman's model, further improved by Stern and Grahame to take into account the solvation, the diffusion and the adsorption of ions (Fig. I-5b). Indeed, for a real double layer system, ions and solvent molecules are subject to thermal agitation that induces their diffusion, reorganizing them following a Maxwell-Boltzmann distribution. Furthermore, the geometry of ions and solvent molecules, as well as their adsorption (specific or not) to the surface will modify the structure of the double layer. Ions and solvent molecules will thus form a structure on the electrolyte's side of the interface consisting of several layers described in  A second layer composed of solvated ions is located at the closest distance possible to the electrode, at the Outer Helmholtz Plane (OHP).

 A diffusion layer where ions of opposite charge compared to the electrode are attracted by electrostatic interactions and spatially distributed by thermal agitation in the electrolyte.

 Far from the interface, a complete screening of the electrode's charges is obtained with ions from the previous layers. The electrolyte in this region is unmodified compared to the unpolarized state. This model can be simplified by considering the two first layers united as a single charged layer. In this case the potential varies almost linearly from the electrode surface to the OHP, then as a decreasing exponential from the OHP to the unmodified region of the electrolyte where the potential reaches φ s . The overall capacitance C of the electrode can then be estimated as a combination of the capacitance C H due to the Helmholtz layer and the component C d due to the diffusion layer:

(Eq. I-2)

The thickness of the diffusion layer can vary depending on the electrolyte's ionic concentration. It is generally below 10 nm for ionic concentrations above 10 -2 mol.l -1 and often approximated to the electrolyte's Debye length [52], [55]. For planar surfaces, EDLCs can achieve a specific capacitance from 1 to 50 µF.cm -2 depending on the electrode material [51], [55]. However a given material will seldom have a planar surface at the nanometer scale, with porosity and surface roughness that can change the potential at the interface and force the partial desolvation of ions [56], [57]. These structural dependencies, coupled with the difficulty to evaluate the effective relative permittivity and the thickness of the double layer, make the ab initio derivation of specific capacitance for a given material and electrolyte extremely complex [55].

The capacitive behavior of the electrical double layer is linked to the charge accumulation in the electrode, which is directly proportional to the applied potential difference φ eφ s , following the equation:

(Eq. I-3)
where is the charge accumulation and C is the capacitance of the electrode. During the discharge process the ions move in the opposite direction to return to the initial configuration while generating a usable current. An equivalent electrical circuit can be used to describe the overall system, with the capacitances C 1 and C 2 in series and an equivalent series resistance (ESR) (Fig. I-6d). The ESR accounts for the unavoidable resistance of the electrical contacts, the double layer and the electrolyte. For each interface, leakage currents can appear which are taken into account by the parallel resistances R f1 and R f2 . [52], [53] The energy stored in a supercapacitor can be derived using the same equations as conventional capacitors:

(Eq. I-6)

where is the maximal potential difference that can be applied to the electrodes.

Moreover, the theoretical maximal power output of the supercapacitor while retaining 50% efficiency can be derived from the equivalent circuit:

(Eq. I-7) The accumulation of charges at an electrode/electrolyte interface is one of the simplest ways to store electrical energy reversibly. Unlike most battery systems, EDLCs can be discharged with no lower potential limit to prevent electrode degradation and perform millions of charge/discharge cycles while retaining most of their capacitance. Furthermore, as the underlying mechanism is simply based on the movement of ions from the electrolyte to the electrode surface, EDLCs can be charged and discharged very fast and thus provide large power densities.

I-4.ii. Pseudo-capacitors

The term pseudo-capacitance, introduced initially by Conway [58], is used to describe electrode materials that display a capacitive behavior and store charges with electronic transfers (faradaic reactions) rather than the electrostatic accumulation of ions in an electrical double layer.

Fast reversible redox reactions are possible with a variety of electrode materials that can achieve much higher energy densities than EDLCs by allowing faradaic reactions to occur simultaneously with the double layer mechanisms. The most common pseudo-capacitive materials are transition metal oxides and metal nitrides (RuO 2 , MnO 2 , VN, TiN…), hydroxydes and electroactive conductive polymers (PEDOT, PPy, PANi…). For example ruthenium oxide, that has been extensively studied in literature due to its large capacitance, can reach oxidation states between +II and +IV in contact with a proton conductive electrolyte [53]. An applied potential will trigger successive redox reactions of the RuO 2 electrode to switch from an oxidation state to another, allowing an electrochemical accumulation of stored charges near the surface. In the case of RuO 2 , the stored charge depends linearly on the applied potential, with no redox peaks observed on a cyclic voltammogram. The higher capacitance that these mechanisms allow compared to EDLCs often come at the cost of the ionic exchange kinetics, with faradaic reactions being slower than electrostatic attraction of ions. Moreover, a small proportion of parasitic irreversible reactions can intervene and slowly degrade the electrode at each cycle. This means that pseudo-capacitors will typically provide less power density and last for less cycles than EDLCs.

Pseudo-capacitive materials store energy using faradaic mechanisms, making the frontier between pseudo-capacitors and batteries very thin. In order to distinguish both energy storage fields, Thierry Brousse et al. have proposed that a material could be called -pseudo-capacitive‖ if the charge stored depends linearly of the applied potential [59]. If this linearity is respected, the Pseudo-capacitance can also be found as an extrinsic behavior in materials that could be used in bulk as battery electrodes, but exhibit pseudo-capacitive properties once used in thin layers (Fig. [60]. [59] et [60] Supercapacitor Battery 

I-8)

I-5. Electrolytes for supercapacitors

The characteristics of a supercapacitor device are strongly linked to both electrode and electrolyte composition. The electrochemical and thermal stability, the ion concentration, the ionic conductivity, the toxicity and the inflammability of the electrolyte drive a large part of the overall properties of a supercapacitor. For a given set of electrodes, the choice of the proper electrolyte is restricted to electrically insulating and chemically inert solutions with a good wettability of the electrode surface.

The electrochemical stability window of the electrolyte determines the maximal operating potential . According to Eq. I-6 and Eq. I-7, the energy and power densities of a supercapacitor are proportional to and can thus be greatly increased with a larger electrochemical window. The ionic conductivity of the electrolyte, which drives the ESR, is directly linked to the maximal power density.

Aqueous, organic and ionic liquids-based electrolytes are the three main classes of electrolytes used for supercapacitor applications. Their respective properties are presented in Adapted from [START_REF] Gaboriau | Nanostructures de silicium par croissance chimique catalysée : une plateforme pour des applications micro-supercondensateurs[END_REF].

Aqueous electrolyte solutions are the most convenient to use, with many examples in literature of acidic (for example sulfuric acid), basic (using potash) or neutral solutions (Na 2 SO 4 , KCl, etc.) used for supercapacitors. The higher ionic conductivity of aqueous electrolytes leads to higher specific capacitance values and lower ESR, however the electrochemical stability window of such electrolytes is small compared to organic solutions: 0.5-1 V.

Organic electrolytes are composed of a salt dissolved in an organic solvent such as propylene carbonate (PC) or acetonitrile (ACN). Their ionic conductivity is lower than that of aqueous electrolytes, leading to lower specific capacitance and higher ESR. This is compensated by an electrochemical window around three times larger than aqueous electrolytes: 2.5-3 V. The thermal stability is also wider, with demonstrated operation of supercapacitors at -40°C [25].

Commercially available supercapacitors mostly use organic electrolytes [50].

Finally ionic liquids, composed of salts with a fusion temperature below 100°C, have gained a lot of attention in the last couple of decades for their benefits in batteries and supercapacitors due to their large electrochemical window (3-4 V) and high temperature stability [54]. On the other hand the ionic conductivity of ionic liquids is lower than organic electrolytes, resulting in higher ESR. In chapter 3-II-2 a mixture of an ionic liquid, butyltrimethylammonium bis(trifluoromethylsulfonyl)imide ( ), and an organic solvent (PC) is investigated at various ratios to obtain an electrolyte with a higher ionic conductivity while maintaining the electrochemical window at 3.5 V.

II. Nanostructured electrodes for supercapacitors

Ever since H. Becker developed the first supercapacitor electrodes based on porous carbon in 1957, the research of new types of electrode materials has rapidly escalated. With the basic understanding of an EDLC that led to Eq. I-1, it appears that the capacitance achieved by such supercapacitors is proportional to the electrode's surface. In the case of pseudo-capacitors, the fast reversible redox reactions happen close to the electrode surface, and therefore capacitance is also enhanced with accessible surface. It was then rather clear that large surfaces accessible to the electrolyte and low resistivity to the current collector were essential to increase the performance of supercapacitors. To obtain both of these properties on the limited surface of a current collector, the deposited electrode materials have to be either porous or nanostructured. A large variety of nanostructured materials have widely been developed for supercapacitor applications. Among them, in this section, a special focus will be devoted to carbonaceous, silicon and conductive polymer electrodes due to their great potential for EDLCs and pseudocapacitors [12], [START_REF] Snook | ‗Conducting-polymer-based supercapacitor devices and electrodes[END_REF].

II-1. Carbon-based electrodes

Carbonaceous materials are the most represented in the field of EDLCs, in both commercial devices and recent research for new double layer electrodes. This predominance is not only due to the full-carbon start in supercapacitor history, but also to the panel of advantages that carbon presents for EDLC electrodes compared to other elements [52], [START_REF] Staaf | ‗Present and future supercapacitor carbon electrode materials for improved energy storage used in intelligent wireless sensor systems[END_REF]- [START_REF] Greenwood | ‗Chemistry of the elements[END_REF] as for example:

 It's natural abundance in the environment.

 The variety of its allotropes and the excellent control over the various structures that can be achieved.

 The low mass density of these various allotropes.

 Its relatively high electrical conductivity (from 0.5 to 10 S.cm -1 for active carbon and up to 1000 S.cm -1 for carbon fibers) [53].

 The ease of fabrication, along with low prices depending on the allotropes.

 Its low chemical reactivity in contact with common electrolytes.

Nowadays, most commercial EDLC electrodes are made from activated carbon, which is obtained by high temperature activation of a carbon precursor that can be recovered from organic waste or industrial by-product. The simplicity of this procedure makes activated carbon the cheapest supercapacitor electrode material. Presented as a powder, activated carbon presents a high specific surface area (up to 3000 m 2 .g -1 ) and a large porosity (around 1 cm 3 .g -1 ). Depending on the electrolyte used, these materials can display an areal capacitance of 5 to 20 µF.cm -2 (50 to 100 F.cm -3 and 100 to 200 F.g -1 relative to carbon volume and mass) [55].

Carbide derived carbon (CDC) is another highly porous carbonaceous material actively studied for EDLC electrodes, as it presents a very conductive carbon mesh with finely tuned nano-pores that can go below 2 nm in diameter. Made by high temperature chlorine treatment that eliminates heteroatoms from carbides, CDCs are compatible with clean room processes and can thus be integrated on micro-devices. By tuning the mean pore size, CDCs have been used to study the effect of porosity on capacitance and desolvation of ions upon electroadsorption [57],

[69], [START_REF] Chmiola | ‗Desolvation of Ions in Subnanometer Pores and Its Effect on Capacitance and Double-Layer Theory[END_REF]. [START_REF] Simon | ‗Capacitive Energy Storage in Nanostructured Carbon-Electrolyte Systems[END_REF] Porous carbon materials result in high developed surfaces at low fabrication cost.

However ions do not always have access to the entire pore network, with some parts not accessible to the electrolyte. Consequently, nanostructured carbon materials with various nanopowders in vacuum or argon. With their high electrical conductivity and a fully accessible specific surface area around 500-600 m 2 .g -1 , OLC electrodes can provide very high power densities but a limited capacitance (around 30 F.g -1 ) [START_REF] Simon | ‗Capacitive Energy Storage in Nanostructured Carbon-Electrolyte Systems[END_REF].

Carbon nano-tubes (CNTs) are 1D carbonaceous materials known for their very high conductivity and tensile strength. Their use in EDLC electrodes has been extensively studied over the past decade, and more specifically for small diameter single-walled CNTs [START_REF] Dai | ‗Carbon Nanotube Supercapacitors[END_REF]. With an average specific surface area of 1000 m 2 .g -1 and a capacitance around 50-70 F.g -1 , CNTs exhibit high power densities like OLCs but still do not yet compete with porous carbon in terms of energy density [START_REF] Simon | ‗Capacitive Energy Storage in Nanostructured Carbon-Electrolyte Systems[END_REF]. They can also be used as a substrate in composite electrodes where the CNTs are covered with pseudo-capacitive materials to achieve high capacitance values [START_REF] Lota | ‗Carbon nanotubes and their composites in electrochemical applications[END_REF]- [START_REF] Naoi | ‗High-rate nano-crystalline Li 4 Ti 5 O 12 attached on carbon nano-fibers for hybrid supercapacitors[END_REF].

Graphene, a 2D single layer of carbon atoms arranged in an hexagonal matrix, is the strongest material ever created since its discovery in 2004 by Geim and Novoselov. With its exceptional electronic conductivity of 10 6 S.cm -1 , good chemical stability and specific surface area over 2600 m 2 .g -1 , graphene has attracted a lot of attention in recent years for its potential use in the energy storage field. In particular, as-grown graphene can be used as EDLC electrode material with very high power densities and capacitance values around 100 F.g -1 in non-aqueous electrolytes [41]. However these results were obtained with graphene grown without any structure design, an essential feature that affects the reaction kinetics, the accessibility of the electrolyte and the optimization of the current collector surface. The main challenge for designing graphene-based electrodes is to grow thicker electrodes (to use less current collector surface) and avoid restacking of the graphene sheets during preparation [41], [START_REF] Zhang | ‗Vertically Aligned Graphene Nanosheet Arrays: Synthesis, Properties and Applications in Electrochemical Energy Conversion and Storage[END_REF]. To face this challenge, two main types of 3D graphene nanostructures have been synthetized (Fig. II-2): Graphene foams (GFs) and -Vertically aligned graphene nanosheets arrays‖ (VAGNAs), also called -Verticallyoriented graphene nanosheets‖ (VOGNs) [START_REF] Zhang | ‗Vertically Aligned Graphene Nanosheet Arrays: Synthesis, Properties and Applications in Electrochemical Energy Conversion and Storage[END_REF].

The former, GFs, can be synthetized using various techniques like chemical vapor deposition (CVD) on a sacrificial template [START_REF] Cao | ‗Three-dimensional graphene materials: preparation, structures and application in supercapacitors[END_REF]- [START_REF] Cao | ‗Preparation of Novel 3D Graphene Networks for Supercapacitor Applications[END_REF], hydrothermal assembly [START_REF] Chabot | ‗A review of graphene and graphene oxide sponge: material synthesis and applications to energy and the environment[END_REF] or hightemperature graphitization [START_REF] Jiao | ‗Highly Ordered Mesoporous Few-Layer Graphene Frameworks Enabled by Fe 3 O 4 Nanocrystal Superlattices[END_REF], [START_REF] Wang | ‗Three-dimensional strutted graphene grown by substrate-free sugar blowing for high-power-density supercapacitors[END_REF] (Fig. II-2a-f) respectively. These electrodes offer very large accessible specific surface areas and globally exhibit capacitance values around 250 F.g -1 at current densities larger than 1 A.g -1 . [START_REF] Zhang | ‗Vertically Aligned Graphene Nanosheet Arrays: Synthesis, Properties and Applications in Electrochemical Energy Conversion and Storage[END_REF] The latter, VOGNs, are generally synthetized with plasma-enhanced chemical vapor deposition (PECVD) on various substrates without metal catalysts. Several atom-thick graphene nanosheets perpendicular to the substrate are obtained in a dense array that presents many advantages over graphene foams (GFs) [START_REF] Zhang | ‗Vertically Aligned Graphene Nanosheet Arrays: Synthesis, Properties and Applications in Electrochemical Energy Conversion and Storage[END_REF]:

 The graphene nanosheets end with sharp edges which are beneficial for electrocatalytic applications.

 Every graphene nanosheets is directly grown on the substrate, allowing an efficient charge transfer from the current collector to the graphene.

 The structural robustness of the graphene nanosheet array prevents from aggregation.

 VOGNs can easily be decorated or uniformly functionalized with other active materials.

 The synthesis is made at lower temperatures than GFs (from 300 to 800 °C), allowing the use of a larger variety of substrates. It will be shown in chapter III that this point is crucial for our work.

The vertical orientation of the graphene nanosheets offers a large surface-to-volume ratio with an open access for the electrolyte, resulting in higher areal capacitance values than in plane or lateral architectures (Fig. II-3) [START_REF] Zhang | ‗Vertically Aligned Graphene Nanosheet Arrays: Synthesis, Properties and Applications in Electrochemical Energy Conversion and Storage[END_REF]. But in order to use this surface efficiently, the wettability of the VOGN structure has to be optimized. A study by X. Chapter 1 ֍ State of the art 29 intersheet distances lead to enhanced wettability due to larger capillarity pressure [START_REF] Shuai | ‗Wettability of vertically-oriented graphenes with different intersheet distances[END_REF]. VOGNs grown with direct current plasma source PECVD, with an average intersheet distance of 20 nm, led to specific capacitance values around 150 F.g -1 in an aqueous electrolyte. In comparison VOGNs grown with micro-wave PECVD have an intersheet distance around 300 nm and exhibit highly hydrophobic properties leading to a specific capacitance around 80 F.g -1 [START_REF] Shuai | ‗Wettability of vertically-oriented graphenes with different intersheet distances[END_REF]. The nature of the electrolyte also has a big influence on wettability, with for example a better wettability of aqueous KOH solutions over K 2 SO 4 solutions [START_REF] Ghosh | ‗Supercapacitive vertical graphene nanosheets in aqueous electrolytes[END_REF]. Propylene carbonate (PC) has a much higher wettability than water on graphite substrates with a contact angle of 31° in PC [START_REF] You | ‗Interfaces of propylene carbonate[END_REF] versus 90° in water [START_REF] Taherian | ‗What Is the Contact Angle of Water on Graphene?[END_REF]. PC is a commonly used solvent for supercapacitor electrolytes despite a lower ionic conductivity than water, with the advantage of having a wide electrochemical stability window ranging from 2.5 to 3 V. The VOGN studies in this thesis will therefore be conducted with PCbased electrolytes. Chapter 1 ֍ State of the art 30 After the growth, applying an NH 3 plasma to the graphene nanosheets has been shown to introduce nitrogen atoms in the graphene lattice, resulting in N-doped VOGNs. This modification is shown to enable n-type conductivity, enhancing the VOGNs reactivity and reducing the equivalent series resistance (ESR) [START_REF] Zhang | ‗Vertically Aligned Graphene Nanosheet Arrays: Synthesis, Properties and Applications in Electrochemical Energy Conversion and Storage[END_REF]. Supercapacitor devices based on N-doped VOGNs have shown a spectacular increase in specific capacitance, with up to 990 F.g -1 at a power density of 14.8 W.g -1 in an aqueous electrolyte [START_REF] Yen | ‗Vertically aligned epitaxial graphene nanowalls with dominated nitrogen doping for superior supercapacitors[END_REF].

Vertically-oriented graphene nanosheets (VOGNs) are currently developed by our team at CEA Grenoble with remarkable results in EDLCs using ionic liquid electrolytes, such as an areal capacitance of 2 mF.cm -2 and a current density of 4 mW.cm -2 . Using ionic liquids presents the advantage of electrochemical stability over a very large potential window (around 4 V) [START_REF] Aradilla | ‗Vertically aligned graphene nanosheets on silicon using an ionic liquid electrolyte: towards high performance on-chip micro-supercapacitors[END_REF].

Grown catalyst-free on any kind of substrate with a modified form of CVD, these VOGNs present both high surface and steady electron transfers as a result of the graphene's renowned conductivity and its direct contact to the current collector.

II-2. Silicon nanowire electrodes

A flourishing alternative to carbon based nanostructures relies on silicon for the conception of micro-supercapacitor electrodes. Compared to other electrode materials, crystalline silicon presents plenty of advantages for energy storage applications [START_REF] Peng | ‗Silicon nanowires for advanced energy conversion and storage[END_REF]:

 Silicon is compatible with micro-electronic fabrication processes. It is the most obvious element to use for on-chip applications.

 Crystalline silicon is a semi-conductor by nature, and it's electrical conductivity can easily be controlled with doping. High doping levels can lead to high electrical conductivity: Around 2000 S.cm -1 with 1.3 10 20 cm -3 boron dopant concentrations at room temperature [START_REF] Chapman | ‗Electrical Properties of Heavily Doped Silicon[END_REF].

 Silicon can resist very high temperatures (>500 °C). Ideal for its integration into microelectronics processes (e.g. solder reflow processes, high temperature heating of 240°C during 20s).

 The micro-device fabrication industry provides several methods to create 3D silicon microstructures, as for example lithography and plasma etching.

 Versatility of nanostructures (nanoparticules, nanospheres, nanoneedles, nanowires) as well as a great number of different synthesis methods.

 For Li-ion battery applications, silicon can be used as anode with a theoretical capacity of 3590 mAh.g -1 at room temperature (almost ten times higher than graphite) [START_REF] Liang | ‗Silicon-based materials as high capacity anodes for next generation lithium ion batteries[END_REF].

However, a number of disadvantages are impeding the large scale use of silicon as electrode material:

 For EDLC applications, the double layer specific areal capacitance is between 1 and 5 µF.cm -2 [START_REF] Thissandier | ‗Highly doped silicon nanowires based electrodes for micro-electrochemical capacitor applications[END_REF], [START_REF] Berton | ‗Wide-voltage-window silicon nanowire electrodes for micro-supercapacitors via electrochemical surface oxidation in ionic liquid electrolyte[END_REF], which is lower than carbon-based materials that achieve around 10 to 20 µF.cm -2 [52].

 Silicon has a strong surface reactivity with water and oxygen, creating an isolating layer of silicon oxide in aqueous solutions. A thin 1-2 nm SiO 2 layer is also formed in air, decreasing the double layer capacitance. Silicon also easily adsorbs volatile organic compounds which then pollute its surface.

 For high surface-to-volume ratio architectures, the previous point will reduce the overall conductivity of the electrode due to the formation of SiO 2 on a larger surface.

 For battery applications, huge volume changes around 370% upon lithiation lead to structural pulverization of the electrode [START_REF] Liang | ‗Silicon-based materials as high capacity anodes for next generation lithium ion batteries[END_REF].

Despite these limiting factors, silicon has been extensively studied as electrode material for both supercapacitors and batteries, mainly in a nanostructured form. Nanostructured silicon can take various forms, with nanoporous silicon, silicon nanoparticles (SiNPs), silicon nanowires (SiNWs) and various 2D architectures. SiNPs and SiNWs have attracted a huge interest for their potential in Li-ion battery anodes as they can partially compensate the large volume changes upon lithiation (Fig. II-4) [START_REF] Peng | ‗Silicon nanowires for advanced energy conversion and storage[END_REF], [START_REF] Liang | ‗Silicon-based materials as high capacity anodes for next generation lithium ion batteries[END_REF]. For supercapacitor applications, SiNWs and silicon carbide nanowires (SiCNWs) are the most represented in literature. [START_REF] Chan | ‗High-performance lithium battery anodes using silicon nanowires[END_REF] Crystalline SiNWs can be grown directly on silicon substrates with different processes which are adapted to today's micro-fabrication industry and thus simplify on-chip integration. Doped SiNWs grown on doped silicon wafers also impede electrical contact issues, each nanowire's base being directly connected to the substrate. Moreover, large specific surface areas can be obtained with SiNWs if they are grown in a dense array. This surface can be further increased in silicon nano-trees (SiNTrs) by adding branches to each SiNW in an additional growth step (Fig. II-5b) [START_REF] Thissandier | ‗Are tomorrow's microsupercapacitors hidden in a forest of silicon nanotrees?[END_REF]. [START_REF] Gaboriau | Nanostructures de silicium par croissance chimique catalysée : une plateforme pour des applications micro-supercondensateurs[END_REF], [START_REF] Oehler | ‗The morphology of silicon nanowires grown in the presence of trimethylaluminium[END_REF] These facts have led many research groups to investigate the potential of SiNWs and SiNTrs for EDLC applications [START_REF] Peng | ‗Silicon nanowires for advanced energy conversion and storage[END_REF]. There are various ways to obtain SiNWs that lead to different types of morphologies, either grown on a substrate or etched from a silicon wafer.

Chemical vapor deposition (CVD) is the main method used to grow SiNWs, it is based on a catalyzed Vapor Liquid Solid (VLS) reaction taking place in a gas chamber. The catalyst most commonly used for this reaction is gold, which can be deposited as a thin film on the substrate by Another way of depositing the catalyst on the substrate consists in using a solution of gold colloids, followed by the annealing of the substrate. This method provides a lower density of SiNWs ( ) but the nanowire diameter is homogeneous and can be precisely chosen with the initial colloid diameters.

Alternatively, an electrochemical growth of SiNWs can be obtained on a conducting surface if a nanoporous template is first deposited on top of it. The template can then be dissolved to release the nanowires. Templateless chemical growth of SiNWs is also possible in solution with solution-liquid-solid (SLS) growth, leading to very thin nanowires that can then be collected as a powder [START_REF] Heitsch | ‗Solution-Liquid-Solid (SLS) Growth of Silicon Nanowires[END_REF].

SiNWs can be etched from a silicon wafer using two different mechanisms:

 Chemical or Electroless etching of SiNWs can be achieved with a metal catalyst, usually silver nanoparticles, and an HF etching solution [START_REF] Han | ‗Metal-assisted chemical etching of silicon and nanotechnology applications[END_REF], [START_REF] Chen | ‗Unveiling the shape-diversified silicon nanowires made by HF/HNO3 isotropic etching with the assistance of silver[END_REF].

 Electrochemical etching can be achieved by applying a potential to the silicon substrate in a HF solution [START_REF] Desplobain | ‗Investigations on porous silicon as electrode material in electrochemical capacitors[END_REF], [START_REF] Rowlands | ‗Supercapacitor devices using porous silicon electrodes[END_REF].

Both etching mechanisms provide very dense porous SiNWs with an inhomogeneous diameter.

Uncovered SiNWs can be used as EDLC electrodes due to the absence of faradaic interactions with electrolyte ions. For such supercapacitors, the capacitance is proportional to the developed surface that ions can reach. This is verified by the values of specific capacitance obtained in literature for uncovered SiNW and SiNTrs electrodes, which are higher for longer or denser nanowires (Table I The predominant type of electrolyte used in literature with uncovered SiNW and SiNTr electrodes is an organic solution of triethylammonium bis(tetrafluoromethylsulfonyl)imide (NEt 4 BF 4 ) + PC. This choice of an organic electrolyte instead of a more conductive aqueous one is driven by the high reactivity of silicon in water causing it to oxidize. The other alternatives to aqueous electrolytes investigated in literature are ionic liquids and mixtures of ionic liquids with organic solutions. Ionic liquids such as EMI-TFSI, PYR 13 -TFSI or NEt 3 H-TFSI offer the advantage of having a better stability for potential windows up to 4 V while organic electrolytes are limited to 2.5 V by oxidation. However, ionic liquids are more viscous and less conductive than organic electrolytes and will therefore decrease the capacitance obtained. A good balance between a better stability and a lower conductivity was found by mixing ionic liquids with an organic solution [START_REF] Thissandier | ‗Are tomorrow's microsupercapacitors hidden in a forest of silicon nanotrees?[END_REF], [START_REF] Lé | ‗New electrolyte mixture of propylene carbonate and butyltrimethylammonium bis(trifluoromethylsulfonyl)imide (N1114 TFSI) for high performance silicon nanowire (SiNW)-based supercapacitor applications[END_REF]. More details will be given on the specific ratio that has been used in this thesis in chapter 3. [START_REF] Pech | ‗Ultrahigh-power micrometre-sized supercapacitors based on onion-like carbon[END_REF] 150 [START_REF] Thissandier | ‗Highly doped silicon nanowires based electrodes for micro-electrochemical capacitor applications[END_REF] 157 [START_REF] Alper | ‗Selective Ultrathin Carbon Sheath on Porous Silicon Nanowires: Materials for Extremely High Energy Density Planar Micro-Supercapacitors[END_REF] 172 [START_REF] Gardner | ‗Integrated on-chip energy storage using porous-silicon electrochemical capacitors[END_REF] 174 [START_REF] Oakes | ‗Surface engineered porous silicon for stable, high performance electrochemical supercapacitors[END_REF] 177 [START_REF] Cohn | ‗All Silicon Electrode Photocapacitor for Integrated Energy Storage and Conversion[END_REF] 182 [START_REF] Choi | ‗Stepwise Nanopore Evolution in One-Dimensional Nanostructures[END_REF] 187 [START_REF] Thissandier | ‗Are tomorrow's microsupercapacitors hidden in a forest of silicon nanotrees?[END_REF] 188 [START_REF] Aradilla | ‗High performance of symmetric micro-supercapacitors based on silicon nanowires using N-methyl-N-propylpyrrolidinium bis(trifluoromethylsulfonyl)imide as electrolyte[END_REF] 191 [START_REF] Aradilla | ‗An innovative 3-D nanoforest heterostructure made of polypyrrole coated silicon nanotrees for new high performance hybrid micro-supercapacitors[END_REF] 192 [START_REF] Dubal | ‗3D hierarchical assembly of ultrathin MnO 2 nanoflakes on silicon nanowires for high performance micro-supercapacitors in Li-doped ionic liquid[END_REF] 

II-3. Conductive polymer electrodes

Among the vast possibilities of electrode materials for pseudo-capacitors, conductive polymers are a very attractive solution due to their low price, non-toxicity and tunable chemical, electrical and physical properties. These polymers can be electrochemically doped in the presence of an electrolyte to obtain very good electrical conductivity (10 to 100 S.cm -1 ) and a wide electrochemical window.

Through the doping process, charges are transferred to the polymer chains with an excess of electrons in the case of n-doping and a lack of electrons in the case of p-doping. Ions from the electrolyte are then inserted within the polymer matrix to maintain electrical neutrality. As the conductive polymer electrode is charged and discharged, the faradaic exchanges with the electrolyte happen very reversibly without damaging the polymer structure. This feature allows conductive polymers to be very good materials for pseudo-capacitors.

The most common conductive polymers used in literature are poly(pyrroles) (PPy), poly(anilines) (PANi), poly(thiophenes) and their derivatives such as PEDOT (poly(3,4ethylenedioxythiophene)) [START_REF] Wang | ‗Conducting Polymer Nanowire Arrays for High Performance Supercapacitors[END_REF]- [START_REF] Sadki | ‗The mechanisms of pyrrole electropolymerization[END_REF]. Even though the specific capacitance values achieved with these materials (300-800 F.g -1 ) are lower than those obtained with transition metal oxides, extensive work have been made and reported in the past decades to investigate their potential for supercapacitor applications.

The nanostructuration of conductive polymer electrodes has gained a lot of attention in recent years as it is a key to enhance ion transfers from the electrolyte [START_REF] Wang | ‗Conducting Polymer Nanowire Arrays for High Performance Supercapacitors[END_REF]. This nanostructuration can be achieved in various ways:

 Covering an existing nanostructure like CNTs, VOGNs, SiNWs.

 Synthetizing conductive polymer nanostructures using a template.

 Performing templateless growth of conductive polymer nanowires.

PANi nanowires synthetized by K. Wang 

III. Electrochemical Quartz Crystal Microbalance

In the first part of this chapter, we presented an overview of the basic working principles for supercapacitors. These simple models are often insufficient to describe the complex reality of the ionic exchange mechanisms occurring at the electrode-electrolyte interface. Thus, more detailed models have been developed to describe such systems, with for example molecular dynamic simulations [START_REF] Merlet | ‗On the molecular origin of supercapacitance in nanoporous carbon electrodes[END_REF]. Spectroscopy (FTIR), Synchrotron X-rays Reflectivity and Diffraction [START_REF] Lin | ‗Advanced analytical techniques to characterize materials for electrochemical capacitors[END_REF].

Adapting any of these characterization techniques to an in-operando electrochemical system comporting various electrodes in contact with an electrolyte is not an easy task. And since each of these general techniques are not specifically designed for electrochemical systems, interpreting the data to understand the behavior of ions at the electrode surface requires a complementary method. Pure electrochemical methods such as electrochemical impedance spectroscopy (EIS) is a very useful tool to understand some properties of the system, but insufficient to deliver a global understanding of the ionic mechanisms.

The following sections will describe another type of characterization techniques based on the combination of a quartz crystal microbalance (QCM) with conventional electrochemical methods.

III-1. From the Sauerbrey equation to classical EQCM

A QCM is an attractive tool for gravimetric measurements with applications in many research fields such as material deposition, chemical sensors and biosensors [START_REF] Banica | Chemical Sensors and Biosensors: Fundamentals and Applications[END_REF], [START_REF] Calvo | ‗Chapter 9[END_REF]. This device permits the measurement of mass variations within a sample deposited on the surface of a piezoelectric crystal (most commonly an AT-cut of quartz). This measurement is made through the change of the crystal's resonant frequency [START_REF] Ostrom | ‗Quartz crystal microbalance studies of deposition and dissolution mechanisms of electrochromic films of diheptylviologen bromide[END_REF]- [START_REF] Dultsev | ‗New Procedure to Record the Rupture of Bonds between Macromolecules and the Surface of the Quartz Crystal Microbalance (QCM)[END_REF]. The thin quartz crystal is linked to an electrical circuit that is strong enough to create a vibrational motion at its resonant frequency [START_REF] Buttry | ‗Measurement of interfacial processes at electrode surfaces with the electrochemical quartz crystal microbalance[END_REF], [START_REF] Vives | ‗Chapter 5[END_REF]. The microbalance frequency may be followed over time, the precision depending on the stability of the microbalance [START_REF] Rodriguez-Pardo | ‗Sensitivity, noise, and resolution in QCM sensors in liquid media[END_REF], [START_REF] Rodriguez-Pardo | ‗Resolution in quartz crystal oscillator circuits for high sensitivity microbalance sensors in damping media[END_REF]. The QCM is a high precision instrument which permits the determination of the mass variations with an error around 1 ng in optimal stability conditions.

In 1959, Dr. Günter Sauerbrey established an equation showing the relationship between the mass variations and the resonance frequency changes [START_REF] Sauerbrey | ‗Verwendung von Schwingquarzen zur Wägung dünner Schichten und zur Mikrowägung[END_REF]. When a rigid, purely elastic and electroacoustically thin layer is deposited on the quartz, the relationship between the mass variation of the material and the QCM's frequency change is:

( √ ) (Eq. III-1)
where is the frequency change of the microbalance (Hz), is the mass change of the microbalance active surface (g), is the quartz density (2.648 g.cm -3 ), is the shear modulus of an AT-cut quartz crystal (2.947 x 10 11 g.cm -1 .s -2 ), is the fundamental resonance frequency of the quartz (Hz), S is the active surface of the quartz, corresponding to the surface of the metal electrode deposited on it (cm 2 ), n is the overtone number and is the sensitivity factor of the QCM (Hz.g -1 .cm 2 ).

With a QCM operating at 9 MHz, the theoretical sensitivity factor calculated from the Sauerbrey equation is equal to 18.3 x 10 7 Hz.g -1 .cm 2 . Bizet et al. determined the experimental sensitivity coefficients for QCMs operating at 6, 9 and 27 MHz by copper electrodeposition at a known deposition rate [START_REF] Bizet | ‗Immunodetection by quartz crystal microbalance[END_REF]. For resonators operating at 9 MHz, an experimental mass sensitivity factor of 16.31 (± 0.32) 10 7 Hz.g -1 .cm 2 was obtained, which is in fairly good agreement with the theory. For an electrode surface of 0.2 cm 2 , this sensitivity factor leads to the fact that a variation of 1 Hz in resonance frequency corresponds to a mass variation of 1.2 ng on the electrode surface.

Electrochemical quartz crystal microbalance (EQCM) is a method combining QCM with classical electrochemical measurements such as cyclic voltammetry (CV) and galvanostatic charge-discharge cycles [START_REF] Scholz | ‗Chapter 13[END_REF], [START_REF] Sigalov | ‗Electrochemical quartz crystal admittance studies of ion adsorption on nanoporous composite carbon electrodes in aprotic solutions[END_REF]. It is capable of quantitatively measuring small mass changes occurring at the electrode surface during an electrochemical process and correlate them to the electrical response. EQCM has been used to investigate diverse phenomena such as metal electrodeposition [START_REF] Bruckenstein | ‗Potential dependence of lead and silver underpotential coverages in acetonitrile using a piezoelectric crystal oscillator method[END_REF]- [START_REF] Hepel | ‗In situ underpotential deposition study of lead on silver using the electrochemical quartz crystal microbalance: Direct evidence for lead(II) adsorption before spontaneous charge transfer[END_REF], electrocrystallization [START_REF] Schumacher | ‗The quartz microbalance: A sensitive tool to probe surface reconstructions on gold electrodes in liquid[END_REF], electrochromic reactions [START_REF] Ostrom | ‗Quartz crystal microbalance studies of deposition and dissolution mechanisms of electrochromic films of diheptylviologen bromide[END_REF],

electroadsorption [START_REF] Arias | ‗New Insights into Pseudocapacitive Charge-Storage Mechanisms in Li-Birnessite Type MnO2 Monitored by Fast Quartz Crystal Microbalance Methods[END_REF], [START_REF] Levi | ‗In Situ Electrochemical Quartz Crystal Admittance Methodology for Tracking Compositional and Mechanical Changes in Porous Carbon Electrodes[END_REF] and mass changes associated with electrolyte-ion movements Monitoring the mass changes of CNT films as a function of the applied potential, the authors reported that the ionic exchange behavior is similar in acetonitrile (ACN) solutions and aqueous electrolytes when the cation is tetrabutylammonium (TBA). However, Li + cations caused a substantial increase of the CNT film mass associated with cation insertion, which is not readily reversed, thus reflecting slow Li + expulsion (Fig. III-1) [START_REF] Barisci | ‗Electrochemical quartz crystal microbalance studies of single-wall carbon nanotubes in aqueous and non-aqueous solutions[END_REF].

Maier et al. studied the EQCM responses of typical microporous activated carbons. For these porous films, the periodic mass change during cycling was found to be much higher than that of non-porous carbon-black electrodes. This was associated with the sorption of both anions and cations in relation to the microporous volume of the electrode [START_REF] Levi | ‗Application of a quartzcrystal microbalance to measure ionic fluxes in microporous carbons for energy storage[END_REF]. The authors also studied the effect of specific adsorption of cations and their size on the charge-compensation mechanism in carbon micropores [START_REF] Levi | ‗The Effect of Specific Adsorption of Cations and Their Size on the Charge-Compensation Mechanism in Carbon Micropores: The Role of Anion Desorption[END_REF]. They reported that this technique reveals a complicated interplay between the adsorption of NH 4 + cations and the desorption of Cl -anions inside carbon micropores at low surface charge densities, which results in a failure of their permselectivity.

Higher negative surface charge densities induce complete exclusion (desorption) of the Cl -coions, which impedes a purely permselective behavior on the carbon micropores.

Griffin et al. reported the combination of EQCM with NMR to further investigate microporous carbon electrodes for supercapacitor applications [START_REF] Griffin | ‗In situ NMR and electrochemical quartz crystal microbalance techniques reveal the structure of the electrical double layer in supercapacitors[END_REF]. Using tetraethylphosphonium tetrafluoroborate in acetonitrile, the authors revealed a partial desolvation of ions along with different charge storage mechanisms for positively and negatively polarized electrodes. While cation adsorption dominates for negative polarization, an exchange between cations and anions is observed for positive polarization.

Recently, Tsai et al. reported the use of EQCM to study the influence of pore size on ion desolvation in CDC electrodes [START_REF] Tsai | ‗Electrochemical Quartz Crystal Microbalance (EQCM) Study of Ion Dynamics in Nanoporous Carbons[END_REF]. In an acetonitrile solution containing 2M EMI-TFSI, the authors showed that the extent of desolvation increased when decreasing the carbon pore size from 1 to 0.65 nm.

Two communications by Levi et. al. reported further EQCM studies of micro-porous carbon electrodes using binary aqueous CsCl solutions [START_REF] Sigalov | ‗EQCM as a unique tool for determination of ionic fluxes in microporous carbons as a function of surface charge distribution[END_REF] and various propylene carbonate (PC) electrolytes [START_REF] Levi | ‗Electrochemical Quartz Crystal Microbalance (EQCM) Studies of Ions and Solvents Insertion into Highly Porous Activated Carbons[END_REF]. Mixed cation and anion contributions were observed, with a huge impact According to the electrical double layer model described in part I, the pzcm should coincide with the pzc, since, according to this point of view, adsorption of anions and cations into carbon micropores occurs at Q>0 and Q<0, respectively. However, in practice, the pzcm does not necessarily coincide with the pzc of the electrode, since the former may depend on the dynamics of formation of the double layer. The EQCM is a unique technique for handling this topic and understanding its mechanisms. Nevertheless, this method has some limitations:

 Only the global mass variations of an electrode are measured, thus when multiple species are exchanged simultaneously it is difficult to discriminate between them.

 The dynamics of the exchange mechanisms are unknown.

The following section will introduce another gravimetric technique designed to overcome these limitations.

III-2.

Ac-electrogravimetry

In Since its first introduction, ac-electrogravimetry was used to characterize various supercapacitor electrode materials such as conducting polymers [START_REF] To Thi | ‗Redox Switching of Heteropolyanions Entrapped in Polypyrrole Films Investigated by ac Electrogravimetry[END_REF], [START_REF] Gabrielli | ‗Ions and solvent transport across conducting polymers investigated by ac electrogravimetry. Application to polyaniline[END_REF], CNTs [START_REF] Escobar-Teran | ‗Gravimetric and dynamic deconvolution of global EQCM response of carbon nanotube based electrodes by Ac-electrogravimetry[END_REF],

CNT/Prussian blue composites [START_REF] Escobar-Teran | ‗Charge storage properties of single wall carbon nanotubes/Prussian blue nanocube composites studied by multi-scale coupled electrogravimetric methods[END_REF] and more recently electrochemically reduced graphene 

Limits of the gravimetric methods

EQCM and ac-electrogravimetry both rely on the good gravimetric properties of a QCM, allowing the use of the Sauerbrey equation. However this simple relation is derived for thin films rigidly attached to the quartz's surface and is no longer valid for too thick or too soft films, or in the case of films presenting a too complex surface structure. In those cases, a clear relation between frequency shift and mass variations cannot be established due to a strong damping of the shear wave generated by the piezoelectric oscillator during QCM operation [START_REF] Levi | ‗In Situ Porous Structure Characterization of Electrodes for Energy Storage and Conversion by EQCM-D: a Review[END_REF], [START_REF] Levi | ‗Quartz Crystal Microbalance with Dissipation Monitoring (EQCM-D) for in-situ studies of electrodes for supercapacitors and batteries: A mini-review[END_REF]. For thick or soft films, this damping takes place directly within the film, whereas for surface structures the damping is due to hydrodynamic forces opposite to the film's movement in the solution during QCM oscillations. These hydrodynamic drag forces will vary depending on the surface geometries, the film's velocity (which in turn depends on the QCM's amplitude and frequency) and the solution's dynamic viscosity. For example at low Reynolds numbers, the force experienced by a spherical particle on the electrode surface can be derived with Stoke's law [START_REF] Laidler | Physical chemistry[END_REF]:

(Eq. III-2)
where is the frictional force (N), also known as Stokes' drag, η is the dynamic viscosity (Pa.s), R is the radius of the spherical particle (m) and v is the flow velocity relative to the object (m.s -1 ).

These hydrodynamic damping forces could undermine the ability to perform electrogravimetric measurements on nanostructured electrodes depending on their shape and extent in the solution. This would also be the case for thin rigid films if this property is lost in the solution or under applied potential, or in the case where the volume or the porosity of the film changes with potential, which would modify the hydrodynamic liquid-solid interactions respectively.

To validate or invalidate the use of the Sauerbrey equation, the quality factor or the dissipation factor can be evaluated, where W is the full-width at half-height of the resonance peak, and is the resonance frequency. The methods used to obtain the Q factor and determine the feasibility of gravimetric measurements will be discussed in chapter 2-III.2.
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If too large variations of the dissipation factor are obtained due to volume or porosity change in the film, for example during Li-ion insertion and desorption, it is still possible to use the QCM in a -non-gravimetric‖ regime by performing EQCM with dissipation monitoring (EQCM-D) [START_REF] Levi | ‗In Situ Porous Structure Characterization of Electrodes for Energy Storage and Conversion by EQCM-D: a Review[END_REF], [START_REF] Levi | ‗Quartz Crystal Microbalance with Dissipation Monitoring (EQCM-D) for in-situ studies of electrodes for supercapacitors and batteries: A mini-review[END_REF], [START_REF] Shpigel | ‗Non-Invasive In Situ Dynamic Monitoring of Elastic Properties of Composite Battery Electrodes by EQCM-D[END_REF].

This method, also called in-situ hydrodynamic spectroscopy, is based on the simultaneous measurement of the variations of and W for different values of the decay length of the transverse wave generated by the crystal (Fig. III-5) [START_REF] Levi | ‗In Situ Porous Structure Characterization of Electrodes for Energy Storage and Conversion by EQCM-D: a Review[END_REF]:

√ (Eq. III-3)
where n is the overtone order, η is the electrolyte viscosity and ρ it's density.

To vary experimentally, it is possible to either use various liquids with different values of and thus perform ex-situ hydrodynamic spectroscopy, or to use the multi-harmonic in-situ approach by varying the overtone order n.

Once ∆f and ∆W are measured for different values of , the results need to be compared with an appropriate hydrodynamic model of the system. Such models have been created and tested for various geometries of porous electrode layers (Fig. III-6). Fitting the experimental data 

IV. Aim of this work

Taking into account the recent advances in the field of supercapacitor, nanostructuration of the electrodes appears to be a key development path to achieve better performances.

Understanding the principles governing the ionic exchange mechanisms in nanostructured supercapacitor electrodes is important to shed light on this path and improve current devices. The mechanisms driving a supercapacitor device at the ionic level are much more complicated than the simple view introduced in part-I with the double layer model. The electrode material, type of nanostructuration and electrolyte composition will all affect the ionic exchange mechanisms.

In part III we have seen that EQCM and ac-electrogravimetry are very powerful tools to better understand these mechanisms. For instance they brought important insight on the ionic exchanges in CNTs and nanoporous carbon, showing that these methods could be applied to nanostructured material. However, in every case found in literature, the nanostructured materials were deposited on the QCM with a binder and the roughness of the electrode's surface remained low compared to vertical nanostructures such as vertical nanosheets or nanowires. To our knowledge, no study has ever been conducted on as-grown vertically nanostructured materials using EQCM or ac-electrogravimetry.

The aim of the work presented in this thesis is to perform the following three steps:

 Synthetize as-grown vertically nanostructured materials used in state-of-the-art supercapacitor electrodes on a QCM while keeping the resonator functional, i.e.

without perturbing its piezoelectric properties. This is already a very challenging step for some materials given the high temperatures involved and the sensibility of the microbalance's piezoelectric crystal and electrodes to the growth environment.

Peeling-off or degradation of the electrodes and collapse of the piezoelectric properties of the quartz are two post-growth symptoms that had to be solved.

 Demonstrate the feasibility of EQCM and ac-electrogravimetry measurements on the as-grown material. These techniques are designed to work on thin rigid films, and the limit imposed by hydrodynamic damping on the surface nanostructuration is still unknown. This work aims at maneuvering around this limit to find the adaptability of Chapter 1 ֍ State of the art 53 the electro-gravimetric approach for vertically nanostructured supercapacitor materials.

 Perform EQCM and ac-electrogravimetry measurements using various electrolyte compositions to understand the ionic exchange mechanisms in these nanostructured materials.

These three steps will be performed with four vertically nanostructured materials. First, the experiments will be conducted on uncovered SiNWs and VOGNs which are both EDLC electrodes. Then SiNWs covered with PEDOT and PEDOT nanowires, both pseudo-capacitive materials, will be synthetized and investigated.
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I. Morphological characterization

Characterizing the morphology of the vertical nanostructures grown on microbalance electrodes for this study is a primordial step. Before addressing the need to characterize the electrochemical processes at the interface of these materials, it is important to make sure that they entail the expected morphology.

For this thesis, the morphology of the electrodes was studied using scanning electron microscopy (SEM). The resulting image reflects the surface topology, since the number of electrons that are collected from each point is dependent on surface topology. In shallow surfaces fewer emitted electrons reach the detector, resulting in darker areas, as opposite to edges and convex surfaces where more electrons escape and reach the detector resulting in brighter areas. Charge builds up on the sample surface due to the electron bombardment of the primary beam and in the case of non-conductive samples this charge cannot be dissipated. This results in images that are too bright throughout the sample. To avoid this phenomena, samples can be sputtered with a very thin layer of metals such as gold or gold/palladium [1], however this was not necessary for our electrodes because they all present good electrical contact with the current collector.

There are various types of electron guns. In comparison to thermionic electron guns, field emission guns (FEGs) provide enhanced electron brightness (approximately x 100) and longer lifetime. Furthermore, because of the lower electron energy spread (0.3 eV), the chromatic aberration is significantly reduced and probes smaller than 2 nm can be formed, thus, providing much higher resolution for SEM images [2].

In this Ph.D. thesis, the morphology and the thickness of the nanostructured electrodes were investigated with FEGSEM (Zeiss, Ultra 55) at an accelerating voltage of 10 kV. Before the analysis, the samples were fixed onto an aluminum stub with two pincers. Images were taken at two different angles:

 At 45° in order to investigate surface topology and morphology.

 At 90° (cross-sectional view) after cleavage of the sample to investigate the height of the nanostructures.

II. Electrochemical characterization of supercapacitors

Supercapacitors, also called "Ultracapacitors", are electrochemical capacitors where the dielectric material between the two electrodes in a classical capacitor has been replaced by an electrolyte. The performances of a supercapacitor are therefore driven by the electrochemical properties of the electrode and the electrolyte. These properties are commonly investigated with electrochemical measurements such as cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) cycles and electrochemical impedance spectroscopy (EIS), providing key information about a given supercapacitor configuration: Adequate potential window, specific capacitance, equivalent series resistance (ESR), energy and power densities, cycling stability, etc. In a second step, electrogravimetric explorations were preformed namely classical EQCM, acelectrogravimetry and electroacoustic impedance. These techniques were selected to deeper examine the mechanism of interaction between the electrolyte and the nanostructured electrodes.

This section describes how the first measurements were performed on SiNW, VOGN and PEDOT nanowire electrodes before using the electrogravimetric techniques in order to get a first idea of the behavior and performances of these materials prior to their successful growth on a microbalance. Two different methods were adopted:

 Using a three electrode configuration set-up to obtain general information over the electrochemical processes involved: The studied material is the working electrode, a platinum wire is used as a counter electrode and a commercial non-aqueous Ag/Ag + electrode from ALS Japan is used as a reference electrode (Fig. II-1a).

 Using two electrodes in a symmetric coin cell device (CR2032) to provide the realistic performances of the final supercapacitor (Fig. II-1b).

The experiments were performed with a VSP-300 potentiostat/galvanostat/EIS from Bio-Logic.

All the electrochemical experiments were conducted in an Ar-filled glove box under water and oxygen levels below 1 ppm to avoid the presence of water in the organic and ionic liquid-based electrolytes used in this thesis. where i is the current, E is the potential and is the CV scan rate.

In the case of a capacitive behavior, this charge can be divided by the potential range ( ) to obtain a capacitance value (C) in Farads:

(Eq. II-2)

From Eq. II-1&2, if the CV result is rectangular ( ( ) ) we deduce the following expression for the capacitance:

(Eq. II-3)

Galvanostatic charge/discharge (GCD) cycling is an alternative method to measure the capacitance, resistance and cycling stability of the electrode materials. This technique consists in performing charge/discharge cycles at a constant current density (I) while the potential response Chapter 2 ֍ Methods 71 (V) is measured over time. From the slope of the discharge curve, the cell capacitance (C) can be calculated using the following equation [7]:

(Eq. II-4)

Using Eq. II-4, the evolution of the capacitance as a function of the GCD cycle number is calculated to estimate the cycling stability of the supercapacitor device. The restituted energy (W D ) and power output (P) of the supercapacitor can also be calculated using the following equations:

( )

(Eq. II-5)
where is the discharging time of the device.

The energy needed to charge the supercapacitor (W C ) can be calculated with Eq. II-5 by replacing with the charging time ( ). Thus, the overall device efficiency ( ) can be estimated with the following equation [8]:

(Eq. II-6)

II-2. Electrochemical impedance spectroscopy (EIS)

The EIS measurements, based on frequency modulation, provide qualitative and quantitative information on the studied electrochemical system (capacitive, resistive, diffusive behavior etc.). In contrast to cyclic voltammetry, electrochemical impedance is based on the collection of an alternating current (ac) resulting from applying a sinusoidal potential perturbation with a small amplitude (typically about tens of mV) [5]. The frequency modulation allows the separation of the different reactions kinetics: fast phenomena occur at high frequencies while slower phenomena are visible at lower frequencies [9]. In general, electrochemical systems have a nonlinear current-voltage characteristic curves I=f(V) (Fig. II-3). However, working only on a small portion of this curve, the relationship between ΔV (low amplitude sinusoidal perturbation imposed around the stationary potential) and ΔI (low amplitude sinusoidal response in current) may be considered as linear (Fig. II-3). [10] Therefore, by applying a low amplitude sinusoidal perturbation (ΔV) to the system around a stationary potential (V s ) the current response (ΔI) will also be sinusoidal in shape with a small amplitude around a stationary value I s . The concept of impedance is a generalization of the concept of resistance, applicable to sinusoidal functions with the application of Fourier transforms to the current and potential time-dependent functions. The electrochemical impedance Z(ω) can then be defined as the following transfer function:

( ) ( ) (Eq. II-7)
where ω = 2πf corresponds to the pulsation and f to the frequency. The Bode diagram can be used to obtain further details from EIS data (Fig. II-5b). For pure EDLC behavior, the impedance phase φ(ω) at low frequencies is around -90°. This value is closer to -45° for pseudo-capacitors [12]. The intersection of φ(ω) with -45° at a given frequency provides the relaxation time constant , corresponding to the minimum time needed to discharge all the energy from the device with an efficiency of more than 50% [14].

In order to extract more information from EIS measurements, a model should be used to fit the data. where is the Warburg coefficient that accounts for diffusion. 

III. Electrogravimetric characterization III-1. Resonator electrode preparation

A piezoelectric crystal has the very interesting property of converting a mechanical stress into an electrical signal, which can be used to make a transducer or a sensor. [15]. The piezoelectric transducer is the essential component of a quartz crystal microbalance (QCM), a very precise and attractive tool for gravimetric measurements [16].

Designed with a specific shape and thickness, the quartz crystal and its electrodes make up a piezoelectric resonator: Connected to an oscillator circuit, the QCM triggers an oscillating potential at a resonance frequency determined by its shape. The resonant frequency of the quartz resonator then varies under the effect of changes in mass, viscoelasticity and shape of the electrode surface [5], [15], [17].

In the present thesis, various types of vertical nanostructures were grown on the surface of piezoelectric resonator. SiNW grown by CVD and VOGN synthesized from a PECVD derivative technique (ECR-CVD) were performed at high temperatures (more than 400°C) under harsh conditions (presence of reactive gases and/or plasma). Under such temperatures, the standard quartz crystals change phase and lose their piezoelectric properties [18]. More robust, piezoelectric crystals made from GaPO 4 can maintain their piezoelectric properties up to around 800°C. Therefore, GaPO 4 piezoelectric resonators have been used for our studies on both SiNWs and VOGNs nanostructures. In the case of electropolymerized PEDOT nanowires, harsh growth conditions were not necessary and classical quartz resonators could be used.

The piezoelectric crystals are not the only parts of the resonator suffering from the harsh growth conditions of SiNWs and VOGNs. The patterned electrodes deposited on both sides of the crystal to form the resonator can peel off or be oxidized and thus lose their conducting properties.

And in the case of SiNW growth, not all metals can be used: Gold, tin and silver are known to catalyze the VLS reaction and form an alloy with silicon during the CVD process. To achieve the growth of these nanostructures while maintaining the QCM functional, various electrode configurations have been tested. Thus, patterned depositions of various metals were performed on plain GaPO 4 crystals provided from AWS (Spain).
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In every electrode configuration, thin layers of around 10 nm of chromium or titanium were used as adhesion layers in order to prevent the electrode from peeling off during growth.

These layers were deposited by evaporation in a low pressure chamber. The core of the electrode was made from a thicker layer of titanium, platinum or gold (200-400 nm) deposited by radiofrequency sputtering on the adhesion layer (Fig. III-1).

Radio frequency (RF) sputtering is a deposition process whereby particles are ejected from a solid target material due to bombardment of the target by energetic particles. In this process, the substrates are placed into a vacuum chamber, also known as the sputter chamber, pumped until sufficient vacuum (10 -5 torr or less) is obtained. Argon (Ar) gas is then introduced into the chamber. Within the chamber there may be one or multiple sputter guns onto which targets are placed; targets are disks made out of the materials that are to be deposited, or their metal counterparts that will be oxidized during the deposition. A RF power supply is connected to the sputter gun and when the power is turned on an electric field is generated between the target and the substrate. The current is alternating, so free electrons are alternately attracted to and repelled from the target. As the electrons move between the target and the substrate they immediately above the target. In this way, atoms from the target material are sputtered onto the substrate and over time a thin film is deposited. [19] Ti, Au, Pt, etc. 

III-2. Electroacoustic admittance measurements

In chapter 1-III.3, we have seen that the investigation of nanostructured electrodes with electrogravimetric measurements is limited by hydrodynamic damping in the presence of the electrolyte. The viscous drag force exerted on the electrode nanostructures causes a shift and a damping of the resonance frequency peak of the QCM. To understand if this damping will interfere too strongly with the electrogravimetric measurement, it is first needed to quantify this damping (Fig. III-3). The dissipation factor , where W is the full-width at half-height of the resonance peak and is the resonance frequency, has been proposed by Levi et. al. to quantify the hydrodynamic damping of a QCM sensor [20], [21]. The quality factor is the inverse of dissipation factor and can equally be used to quantify the degradation of the resonator"s quality. For this thesis the latter will be used. In literature, no clear protocol or quality factor limits have been described to arbitrate whether the resonator can be used for electrogravimetric measurements or not. In this thesis we make the assumption that the contribution of viscous dynamic damping is considered small compared to the gravimetric contribution if the shift in resonance frequency after film deposition is much larger than the shift in peak width and also if the quality factor is not considerably reduced. The experiments performed with various Q factors throughout this PhD work have shown that a precise limit for good measurements cannot be defined as the results also depend on the amplitude of the mass variations to measure. With electrochemical systems presenting large mass variations, lower values of Q are acceptable.

III-3. Classical EQCM measurements

The where is the sensitivity factor of the QCM. For a 9 MHz piezoelectric quartz crystal the theoretical value is . For a 6 MHz piezoelectric GaPO 4 crystal the theoretical value is [22].

The combination of CV with mass variation measurements leads to important qualitative information on the ionic exchange mechanisms between the electrode and the electrolyte: A major cation (resp. anion) contribution is obtained if the mass of the electrode decreases (resp.

increases) as the potential increases. If both contributions are observed at different potentials, the point of zero mass change (pzmc) can be derived and compared to the point of zero charge (pzc).

A description of the pzmc and the pzc can be found in chapter 1-III.1.

An additional step of calculation is needed to obtain more quantitative information from the EQCM data. The analysis of EQCM data by means of the mass per mole of electron (MPE) function gives the mass/charge ratio values at each applied potential during a voltammetric scan, which provides information on the apparent mass of the ions involved in the charge compensation. The MPE can be derived according to the following equation [23], [24]:

(Eq. III-2)

where F = 96485.332 C.mol -1 is the Faraday constant, ∆m and ∆q are the mass and charge variations respectively.

The absolute value of the MPE will correspond to the molar mass of the exchanged ion if only one cation or one anion is exchanged as an electron passes through the electrodes. If the MPE is positive, then anions are exchanged. If the MPE is negative, then cations are exchanged.

If there are other species participating, for example multiple ions or free solvent molecules, this method reaches its limitation as only a global molar mass that represents the contribution of all species can be estimated. Under such circumstances, it is hard to discriminate between the contributions of different species solely based on the EQCM approach.

III-4.

Ac-electrogravimetry experimental setup

As mentioned in chapter 1-III.2, ac-electrogravimetry consists in coupling EIS measurements with a fast response QCM used in dynamic mode. This technique, first proposed by Gabrielli et al. at the LISE laboratory (France) [25], can be used to discriminate the activity of the different species involved in the charge transfer during an electrochemical process. More precisely, it provides access to relevant information on the kinetics of species transferred at the electrode/electrolyte interface and their transport in the bulk of the materials, the nature of these species as well as their relative concentration within the material.

The principle of ac-electrogravimetry is analogous to the principle of the EIS described in the previous section with the addition of mass measurement. A low amplitude sinusoidal perturbation (ΔE) applied to an electrochemical system can lead to changes in the mass of the film placed on the microbalance surface (Δm), allowing the measurement of the electrogravimetric transfer function (TF) ( ) and the electrochemical impedance ( )

simultaneously [26]- [28]. When the low amplitude sinusoidal perturbation is applied, some of the charged species in the solution participate in the charge compensation process within the electroactive material. This insertion/removal of species into/from the film is detectable through the microbalance frequency changes converted into mass changes using the Sauerbrey equation signal for a given configuration and type of measurement. This is achieved by calibrating the frequency/voltage conversion system before the measurement.

The electrochemical impedance TF is also retrieved in a raw form from the FRA:

( ) with where is the resistance used in the counter electrode circuit to determine the current value. A transformation described in the next section is required to obtain the classical impedance TF .

Sauerbrey eq.

+ calibration

Figure III-6: Schematic of the electronic signal transformations performed by the acelectrogravimetry set-up in order to obtain the final transfer functions.

III-5.

Ac-electrogravimetry data treatment III.5.i. Transforming the experimental transfer functions

Ac-electrogravimetry data, acquired in the form of two transfer functions ( and ), requires several treatments and fitting steps in order to obtain meaningful information about the electrochemical system. First of all, both TFs must be transformed into their usable form.

To obtain the experimental electrochemical impedance TF , the following equation is used:

| ( ) * + (Eq. III-3)
where is the resistance used in the counter electrode circuit, incorporated in the potentiostat for measuring the current, and is the electrolyte resistance taken from the high frequency value of ( ).

The charge/potential TF is then derived from using the following equation, derived from the relation :

| ( ) (Eq. III-4)
The mass/potential TF is derived from by multiplying it to three other transfer functions:

| ( ) (Eq. III-5)

where:

 is calculated from the Sauerbrey equation (Eq. III-1): .  is the inverse of the frequency-to-voltage converter sensitivity that can be estimated using the following equation:

. With the sensitivity of the reference synthesizer and the inverse of the global calibration TF, recorded in a calibration file.

 is the raw output TF from the FRA.

 is the Ohmic drop correction to be done by taking into account the electrolyte resistance . This Ohmic drop is derived from Eq. III-3: ( )

( )
.

The ac-electrogravimetry data analysis is essentially done using both ( ) and ( ) To extract a deeper understanding from ac-electrogravimetry data, the experimental values of these both ( ) and ( ) need to be fitted with theoretical values provided by the model described in the next section. 

TFs
( ) ( ) (Eq. III-6)
where corresponds to concentration of species i in the film. Let us consider the following electroadsorption/desorption mechanism which intervenes in the electrochemical system:

S

→ ← → ←
where is a free site on the film surface, is the site occupied with a monovalent cation and is the site occupied with a monovalent anion. The and are constants related to the transfer kinetic rates.

In this situation, the instantaneous flux of cations and anions for x=d, the film thickness, can be written as follows [30]:

( ) ( ) ( ) (Eq. III-7) ( ) ( ) ( ) (Eq. III-8)
where is the concentration of free sites for species i in the film, the concentration of inserted species i available for expulsion and the concentration of species i in the electrolyte.

When a small sine wave potential ( ) is superimposed onto the polarization potential difference applied to the electrochemical system, low amplitude sine wave concentrations ( ) and fluxes ( ) are observed, and Eq. III-6 is transformed into:

( ) (Eq. III-9)
where is the pulsation and the frequency of the sine wave. Eq. III-13 with :

( ) ( ) (Eq. III-23)

The integration of Eq. III-23 over a range of potential values leads to a profile of concentration variations ( ) for each species. These concentration variations can then be transformed into mass variations due to individual species:

( ) ( ) ∫ ( ) (Eq. III-24)
The potential dependence of the total mass variations of the electrode can then be reconstructed:

∑ ∑ ∫ ( ) (Eq. III-25)
These mass variations are meant to be compared with the EQCM results in order to validate or invalidate the model used for ac-electrogravimetry. An example of this comparison is shown in Fig. III-4 of chapter 1 for carbon nanotube-based electrodes [23]. When successful, the huge interest of ac-electrogravimetry is that it performs a deconvolution of the global EQCM results to obtain individual information for each exchanged species.

I. Introduction

Supercapacitors have in common the fact that large surface-to-volume ratios along with easy ion accessibility and good electrical conductivity to the current collector are primordial to obtain higher capacitance and power density. Vertical nanostructures grown directly on the current collector are designed to offer these advantageous properties over a controlled thickness.

Among the vast geometrical possibilities to achieve these nanostructures, vertically-grown nanowires have attracted a lot of attention due to the vast panel of other possible applications:

Sensors arrays [1], electronic transistors [2], photovoltaic cells [3], batteries [4] and lasers [5].

The strong research efforts conducted on nanowire-based technologies has led to a variety of well-controlled growth procedures for nanowires made from diverse metallic, semi-conducting or insulating materials. Benefiting from these well-known growth processes, nanowires have been investigated as high performance electrodes for EDLCs [6], pseudo-capacitors [7] and even hybrid supercapacitors [8]. However, vertically-oriented nanowire structures have never been investigated with electrogravimetric characterization techniques before.

This chapter covers our results regarding the synthesis of vertically-oriented nanowires on a QCM and their characterization with EQCM and ac-electrogravimetry. Three types of nanowires have been investigated: Silicon nanowires (SiNWs), PEDOT nanowires and PEDOTcoated SiNWs.

II. Silicon nanowires II-1. Chemical vapor deposition on a microbalance

II-1.i. CVD growth principles

The bottom-up synthesis of materials with chemical vapor deposition (CVD) has become common nowadays in both industrial and research laboratories, with applications ranging from large scale protective layers on industrial parts to micro-electronic devices [9], [10]. Indeed, the large diversity of existing CVD processes allows the controlled growth of nearly all metals, alloys and semiconductors on conductive or insulating substrates. This variety of options is multiplied by the numerous alternative types of CVD (high and low pressure, static and dynamic environment, etc.). [11] Carrier gas If the liquid Au-Si on the substrate has the form of nano-droplets, the Si precipitation under the droplet will have a linear shape, gradually forming a crystalline silicon nanowire. To obtain high density Au-Si nanodroplets evenly spread across the substrate, a 12 nm layer of gold was evaporated on the substrate. As the temperature rises and the dissociation of silane occurs, a larger Si content within the thin gold layer will trigger the dewetting process shown Fig. II-2a.

Gas-phase precursor

The dewetting of the liquid Au-Si layer, caused by the minimization of the liquid/solid interfacial energy, will form Au-Si nanodroplets with various diameters which depend on the growth conditions [12].

This procedure allows the growth of pure semiconducting SiNWs with a gold droplet at their end. To obtain electrically conductive nanowires, dopants have to be inserted within the SiNW crystalline matrix. For this study, n-type doped SiNWs are grown by adding phosphine (PH 3 ) to the carrier gas (N 2 +H 2 ). In our lab, HCl is also added to the reactor, as it has been shown to prevent the Au-Si droplet from diffusing along the nanowire during the growth. This stabilizes the structure of the nanowire and allows the growth of long SiNWs with a constant diameter [13].

For this study, SiNW growth was performed using two different kinds of substrates:

 n-type doped silicon wafers were first used in order to calibrate the growth parameters and to perform a series of electrochemical measurements.

 Microbalance electrodes were then used as substrates to perform electrogravimetric measurements.

II-1.ii. Growth on a microbalance electrode

The growth process described above is usually performed at 600°C on silicon wafers, and transposing it to QCM electrodes has been more challenging than expected. First of all, usual QCM electrodes are composed of quartz discs (around 180 µm in thickness) with a Ti or Cr adhesion layer (10-20 nm) and a thick gold electrode (200-250 nm). A growth test on such QCM has shown that in such conditions the gold layer is too thick to be dewetted, and therefore nanowire growth cannot be achieved. Microbalance electrodes especially designed for this application had to be prepared with evaporation and sputtering techniques, as described in chapter 2-III-1.

Substrate temperature and reactor pressure are two important parameters to control the speed of nanowire growth, with lower temperatures and pressures leading to slower growth. Germanium (Ge) is known to have a lower melting point eutectic temperature with Au (340-350°C), and Ge nanowires have even been shown to grow below this eutectic temperature, as low as 260°C [15]. Si-Ge alloy nanowires have therefore been investigated as a way to grow vertical nanowires at 380°C on a QCM with 50, 100 and 200 nm Ti electrodes covered with a 10 nm Au layer. The growth was successful in the sense that nanowires were obtained, as shown in The temperature induced issue of piezoelectricity loss in quartz can be solved by using GaPO 4 , an alternative piezoelectric crystal that can maintain it"s properties up to around 800°C [14]. Thus, the track of Si-Ge alloy nanowires was set aside to focus on pure SiNW growth, which was successfully performed on GaPO 4 piezoelectric crystals ( 6 MHz in resonance frequency) with 10 nm Ti + 200 nm Pt + 12 nm Au electrodes after several adjustments in electrode configuration and growth conditions (Fig. II-3d). The growth of SiNWs on these GaPO 4 substrates was found reproducible when performed with the following steps:

 Evaporation of a 12 nm gold layer in the central part of the QCM to catalyze the growth.

 Introducing the samples in the CVD reactor, pumping and heating the QCM up to 600°C.

 Introducing silane and phosphine under a pressure of 6 Torr for 5 minutes, but no HCl to allow a better nucleation of gold nanoparticles. While SiNW growth on a microbalance electrode constituted a challenge, obtaining the same growth on doped silicon wafers was very easy. Thus, electrochemical characterization of SiNW-based supercapacitor electrodes has been achieved in parallel to the growth tests described in this section.

II-2. Electrochemical analysis of SiNWs in a mixture of PC+N 1114 TFSI II-2.i. Electrochemical characterization with various mixture ratios

In spite of the excellent results reported in literature for SiNW-based supercapacitors [6],

[16]- [20], important efforts should be still investigated concerning high voltage electrolytes for micro-supercapacitor (MSC) applications. In this regard, new strategies focused on mixtures made of organic and nitrile-based solvents with ionic liquid electrolytes [21]- [23] or eutectic ionic liquids (e.g. PIP 13 -FSI / PYR 14 -FSI) [24], [25] have emerged as promising alternatives in order to achieve excellent electrochemical performances in carbon-based SCs at a wide range of temperatures Accordingly, to the best of our knowledge, very preliminary results dealing with organic solvent/ionic liquid electrolyte mixtures (e.g. EMIM TFSI (1M) -PC) were addressed to SiNW-based symmetric MSCs [26], demonstrating the potential of such strategy for doped silicon nanostructures in the field of supercapacitors. Therefore, in this work, we present for the first time a complete and exhaustive electrochemical study focused on a new electrolyte mixture (PC-N 1114 TFSI) to be employed as electrolyte in electrochemical double-layer (EDL) MSCs made of SiNW electrodes able to operate at a wide operating temperature range (from 0 to 80°C) within a large cell voltage of 3.5V. The choice of employing N 1114 TFSI as electrolyte for the mixture of this study is ascribed to its excellent performance reported in previous work dealing with SiNWs for supercapacitor devices [27] and its potential also for battery applications [28], [29]. Additionally, ammonium structure-based ionic liquids have already demonstrated their enormous potential as electrolytes for carbon supercapacitors [30].

Fig. II-4a depicts the cross-sectional view of SiNWs grown on p-doped silicon substrates

by CVD, with a length of 50 µm and a diameter range between 20 and 200 nm. Regarding the electrochemical performances no significant differences were observed between p and n type doped SiNWs for supercapacitor applications [17]. Using a MMultyConductimeter from MaterialsMates, the variation of conductivity versus the content of PC in N 1114 TFSI was measured at various temperatures (Fig. II-4b). As it can be seen, the maximal conductivity (σ) was obtained at 50% w.t PC in N 1114 TFSI for all temperatures. For this ratio, σ values of 3.7, 4.7 and 5.6 mS.cm -1 were obtained at 5°C, 25°C and 50°C respectively. This trend was found in good agreement with similar electrolyte mixture configurations based on PYR 14 TFSI and nitrile or carbonate solvents (e.g. maximal conductivity values around of 50% w.t) [21]. Particularly, the Chapter 3 ֍ Nanowires as supercapacitor electrodes 106 properties of PYR 14 TFSI, in terms of viscosity (η: 62 mPa s) and conductivity (σ: 2.6 mS cm -1 )

[31], were found similar to N 1114 TFSI (η: 95 mPa s and σ: 2 mS cm -1 ) at room temperature. In this direction, a ratio of 50% w.t using different mixtures of ionic liquids (e.g. PYR 14 TFSI or Me 3 STFSI) and organic solvents (e.g. PC) showed η and σ values close to pure PC containing 1M Et 4 NBF 4 , which exhibited the highest conductivity and lowest viscosity values by comparison between both the pure ionic liquids and the corresponding mixtures [31], [32]. Based on this criterion, this mixture ratio was chosen as an optimal electrolyte for the electrochemical performances reported in this PhD work.

EIS technique is a useful tool to evaluate the electrode-electrolyte interface of a SC device. Chapter 3 ֍ Nanowires as supercapacitor electrodes 107 plot shows two important regions at high and low frequency range. At high frequency, the intersection of the semi-circle with the x-axis represents an ESR value of 11 Ω for the mixture electrolyte, whereas an ESR value of 27 Ω was estimated for pure ionic liquid. This value was found close to another pure ionic liquids, as for example PYR 13 TFSI (22 Ω) [19] or EMIM TFSI (17 Ω) [33] employing SiNW electrodes. Thus, the decrease of ESR through the dilution of PC in N 1114 TFSI results in a very interesting strategy owing to the increase of conductivity and lower viscosity in mixtures, which represent one of the most important drawbacks for pure ionic liquids [34]. At low frequency, the slight deviation of the vertical line demonstrates the good ionic diffusion and capacitive behaviour predominated by an electrical double layer mechanism. Based on these results, an equivalent circuit was proposed in the inset of Fig. II-4d, which was expressed as R s [C dl (R ct W)], where R s is the internal resistance of the supercapacitor, C dl is the double layer capacitance, R ct is the charge transfer resistance in serial connection with a Warburg element, W, associated to the diffusion process of the electrolyte ions. EIS technique can also provide an important insight on the electrochemical characterisation of supercapacitor devices by evaluating the relaxation time constant (τ 0 ), which is defined as the minimum time needed to discharge all the energy from the device with an efficiency of more than 50% [35]. This property was determined from Bode plot (phase angle versus frequency) using the following relation τ 0 = 1/f 45°, where f 45° corresponds to the frequency at 45° phase angle [36]. Thus, a τ 0 value of 19.7 ms and 39.5 ms was calculated for the mixture and pure ionic liquid respectively (Fig. II-4d). These values were found similar to those related to SiNW-µSCs using pure ionic liquid electrolytes (e.g.

values ranging from 4 ms to 32 ms for EMIM TFSI, PYR 13 TFSI or NEt 3 H TFSI respectively)

[18]- [20], [33].

The determination of an operating electrochemical window (ECW) is also a crucial parameter for evaluating the capacitive properties of a supercapacitor device. the CV curves at various ECWs (1, 2, 3, 3.5 and 4 V) at a scan rate of 1 V.s -1 . The CV curves reflect a good capacitive behavior with a slight distortion of the profile from 3V, which was ascribed to silicon oxidation [6]. This effect was evidenced during the first cycles and subsequently a disappearance of the peak was observed due to the passivation of the surface [6].

As a result, wide ECWs up to 4V evidenced an excellent capacitive behaviour (quasi-ideal rectangular CV shapes) even after long cycling tests [19]. Taking into account this phenomenon, an ECW of 3.5 V was considered as an appropriate cell voltage for further analysis of this study. commonly for PC containing electrolyte salts). Such characteristics play a key role on the electrochemical performances of supercapacitors since the dilution effect reduces the viscosity, enhances the diffusion of the ions, which enlarges the ionic conductivity [34], [37]. This effect has been demonstrated in the literature by the solvent-solute interaction and solvation effects as the main driving forces to improve the ionic conductivity of the mixtures [21], [38].

II-2.ii. SiNW-based coin cell performances

Symmetric supercapacitor coin cells were assembled using two identical SiNW electrodes in order to obtain the final device performances with the new electrolyte developed in the previous section. Inset shows the CV curve after the cycling test at a scan rate of 10 V.s -1 . e) CV curves at different operating temperatures ranging from 0 to 80°C at a scan rate of 20 V.s -1 . f) Areal capacitance versus scan rate at different working temperatures, 0°C (black square), 20°C (red triangle) and 80°C (blue circle) respectively.

Chapter 3 ֍ Nanowires as supercapacitor electrodes 111 Subsequently, the device exhibited an AC value of approximately 140 µF cm -2 at current densities higher than 2 mA cm -2 (Fig. II-6b). This value was found higher than the previous results reported in literature concerning SiNW-based MSCs using organic solvent (AC: 7-51 µF.cm -2 , average values depending on morphological characteristics of SiNWs and electrochemical conditions) [27], ionic liquids (PYR 13 TFSI, AC: 23 µF.cm -2 or EMIM TFSI, AC:

13 µF.cm -2 ) [19], [41], or ionogels (AC: 60 µF.cm -2 ) [42] electrolytes. This tendency demonstrates the potential of this mixture for MSC applications. Apart from AC, energy and power density are also two key properties to characterize the performance of a supercapacitor device. For that purpose, a Ragone plot (P vs E) was analyzed in Fig. II-6c. Power and energy density values were ranged from 0.2•10 3 to 16•10 3 μW.cm -2 (around 1 to 50 mW.cm -3 ) and from 0.25 to 0.3 μWh.cm -2 (around 0.7 to 1 mWh.cm -3 ) at current densities ranging from 0.1 to 11 mA.cm -2 respectively. These values were compared to the state-of-the-art using similar studies dealing with silicon nanostructures such as CVD-SiNWs [17]- [20], [42]- [45], silicon nanotrees (SiNTrs) [26] or silicon carbide nanowires (SiCNWs) [40] in presence of various electrolytes.

Additionally, a comparison with other MSC based on the functionalization of CVD-SiNWs by using pseudocapacitive materials such as electroactive conducting polymers (PEDOT and PPy) [46], [47] or transition metal oxides (MnO 2 ) [48] has been also reported. In this direction, as expected according to the working principle of pseudocapacitors, energy density (2.5 -5 μWh.cm -2 ) was found to be higher than the results reported in this study, whereas the power density (0.6 -1•10 3 μW.cm -2 ) was lower compared to pure SiNW EDLCs (>2•10 3 μW.cm -2 ) [27].

Consequently, this PhD work reports one of the best electrochemical performances of SiNWbased MSC in terms of AC, E and P thanks to both:

 A new configuration of device (coin cell), which was never reported before for SiNWs.

 The corresponding PC-N 1114 TFSI electrolyte mixture.

The cycling stability is another crucial factor to evaluate the performance of a supercapacitor. From this point of view, the end of life criterion for supercapacitor devices is 20% or 30% loss in capacitance or doubling of the internal resistance [49]. In this PhD work, this property was evaluated by applying 3•10 6 GCD cycles at a current density of 2.3 mA.cm -2 . A capacitance retention of 63 % was determined after the cycling test with an excellent coulombic Chapter 3 ֍ Nanowires as supercapacitor electrodes 112 efficiency (~ 99 %) as illustrated in Fig. II-6d. The lifetime of the device in this study is very satisfying taking into account the results reported for pure protic and aprotic ionic liquids with stability values around 70-80% after millions of GCD cycles [18], [19], [33], [42]. Based on the criteria aforementioned, a loss of capacitance of 30% was achieved after 380000 cycles, which can be considered still an excellent result based on EDLCs [50]. Furthermore, an excellent EDL capacitive behavior was kept even after 3×10 6 GCD cycles, as reflected the CV curve in inset in Vs -1 at a large cell voltage of 3.5V respectively. Interestingly, the quasi-ideal rectangular shape of the curves, which corroborates a pure EDL capacitive behavior, is maintained at a wide range of temperatures from 0 to 80°C. The variation of AC versus scan rate at different working temperatures is displayed in Fig. II-6f. As can be seen, the areal capacitance increases with the temperature leading to values of 94 μF.cm -2 (0°C), 147 μF.cm -2 (20°C) and 344 μF.cm -2 (80°C°) at a scan rate of 1 V.s -1 .

The results presented in this section have shown the great advantages of using a mixture of PC-N 1114 TFSI, with a larger usable ECW compared to PC-based electrolytes and a greater ionic conductivity than pure N 1114 TFSI. In the next section presenting the microbalance results obtained with SiNWs, this particular mixture could not be used as it is too viscous to be used with the morphology of our samples. However this mixture has later been used in the electrogravimetric study of VOGN electrodes presented in chapter 4.

II-3. Microbalance results

II-4.i. Network Analyzer measurements

Once a successful growth of SiNWs was achieved on an operational GaPO 4 resonator with Pt electrodes, the possibility of using them as QCM for electrogravimetric measurements was investigated with a network analyzer. This instrument measures the real and imaginary parts From the experimental data obtained with the network analyzer, the values of the resonance frequency ( ), peak width at half height (W), resistance (R), inductance (L) and quality factor (Q) are estimated for each configuration and shown in Table II-1.

Table II-1:

Values obtained for the resonance frequency, peak width at half height, resistance, inductance and quality factor for a GaPO 4 resonator with Pt electrodes in air, ACN and PC before and after SiNW growth.

In the presence of PC, the variations in resonance frequency and peak width after SiNW growth are and respectively. The fact that both of these values are of the same magnitude and that Q dramatically drops from 1307 to 119 clearly indicates that this GaPO 4 resonator cannot be used for gravimetric measurements in the presence of PC due to hydrodynamic damping of the SiNWs in this viscous solvent. Thus, ACN was used as an alternative solvent with a very low viscosity to reduce the damping effect. As seen in Table II over an oscillation period for both PC and ACN as fluids. It is clearly seen that the drag forces have a phase shift of compared to the inertial force. This shows that the drag forces do not only enhance or reduce the effect of inertia: they create a distortion of the force experienced by the QCM. The sum of the drag and inertial forces depicted in black shows the total force exerted by the SiNW array on the operating QCM, although the inertial force of the trapped fluid is not considered here. In the case of PC, the hydrodynamic drag forces are larger than the inertial forces, showing that they have become predominant over the inertia of the system. In the case of ACN both forces have approximately the same magnitude, however the phase-shift between the two creates a distortion in the sum of forces. This distortion may be the cause for the QCM instability obtained in EQCM measurements performed previously.

From this simplified model, a better understanding of the issue raised by SiNWs for electrogravimetric characterization is obtained. The drag forces acting on the nanowires, which are proportional to the nanowire length, trigger a distortion of the force experienced by the resonating QCM that lowers it"s precision. However reducing the length of the nanowires would also reduce the current proportionally, reducing the mass variations. Using an alternative expression of the MPE (Eq. II-8), we find that if only BF 4 -anions are exchanged with a current value (I) around 2 µA at a scan rate then a reasonable mass variation of 35 ng needs to be measured over (Eq. II-9 with ).

(Eq. II-8)

× (Eq. II-9)

A current of 2 µA was obtained with 10 µm long SiNWs with the surface of 0.2 cm 2 imposed by the QCM. If the nanowire length is decreased to 2 µm, a current of around 0.4 µA would be obtained and a mass variation for only anions of 7 ng over 2 V would have to be measured, which is too small unless the QCM is very stable. Thus, raising the precision with shorter nanowires is not a solution to the dual issue of current and drag. In the next section, super-capacitive conductive polymer nanowires are used to solve the issue of current.
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III. PEDOT nanowires III-1. Electropolymerization of nanowires on a QCM

Template-free electropolymerization of conducting polymer nanowire electrodes is becoming a very mature process with many recent developments reported in literature [53]- [57].

The principle of this nanowire growth process is based on the electropolymerization of the monomer in the presence of some particular ions and under specific pH conditions. The polymer becomes conducting as a result of doping from ions of the solution during the monomer oxidation. The formation of conductive polymer nanowires usually implies stepwise electrodeposition with a nucleation step followed by a growth step [53]. In the case of pyrrole,  Adding the solution to the 3-electrode QCM cell and applying 1.1 V vs Saturated Calomel Electrode (SCE) for 900s. nanowires. This electropolymerization process results in PEDOT nanowires with a diameter around 100 nm and a length of 1-2 µm. A total PEDOT nanowire mass of 28 µg.cm -2 was estimated from microbalance measurements, which is around 10 times lower than the 10 µm-long SiNW samples used in the previous section. These properties have been reproduced on several samples under the same growth conditions in a reasonable way. As opposite to CVD, this grow process is very well adapted for QCMs because it doesn"t require high temperatures or harsh growth conditions that could harm the resonator"s properties.

Once the growth successful, the properties of the quartz resonators were investigated using a network analyzer in air and ACN and reported in Table III-1.

Table III-1:

Values obtained for the resonance frequency, peak width at half height, resistance, inductance and quality factor for a quartz resonator with Au electrodes covered with PEDOT NWs in air and ACN.

The quality factor obtained with PEDOT NWs in ACN (Q ACN = 2243) is ten times higher than SiNW electrodes in the same solvent (Q = 236), and almost as high as GaPO 4 resonators without SiNWs in ACN (Q = 3500). This is due to the naturally higher quality factors obtained with quartz resonators compared to GaPO 4 resonators, the absence of high temperature annealing and the shorter length of these nanowires (1-2 µm) compared to SiNWs (10 µm).

This high quality factor, along with a low resistance of 273Ω, allows the use of these quartz resonators for gravimetric measurements in ACN-based electrolytes. 

III-2. EQCM measurements

As presented in chapter 1-III.2, conducting polymer electrodes such as PANi and PPy have been previously studied with EQCM and ac-electrogravimetry techniques [58], [59].

However no gravimetric study has been reported on conducting polymer nanowires. For this PhD work PEDOT has been selected among other conducting polymers due to it"s significant advantages for energy storage applications: A reversible doping state, an excellent stability, a regular structure and low redox potentials [60].

After the successful growth of PEDOT NWs on a QCM (Fig [61], [62]. A large residual current is observed after the oxidation wave, associated with pseudocapacitive behavior [61]. This is especially seen at 50 mV.s -1 and below. An areal capacitance (AC) value of 715 µF.cm -2 and a specific capacitance of 25 F.g -1 are obtained at 100 mV.s -1 using Eq. II-1&2 from chapter 2 and an electrode surface of 0.2 cm -2 . Stable and periodic mass variations of around 200 ng are observed at all measured scan rates, with the mass increasing during reduction and decreasing rapidly just after the oxidation peak (Fig. III-3c). This is associated with periodic doping of the PEDOT NWs with cations during reduction and undoping oxidation. A mean MPE value of -70 g.mol -1 is derived right after the oxidation peak for potentials between 0 V and 0.7 V vs Ag/Ag + . This value is decreased down to around -10 g.mol 

Ac-Electrogravimetric measurements

Ac-electrogravimetric measurements were performed on PEDOT NWs in ACN+0.5M TBABF 4 with perturbation frequencies ranging from 0.01 Hz to 63 kHz and polarization potentials ranging from -1.4 V to 0.6 V vs Ag/Ag + each 0.2 V. The experimental results for below -0.2 V were too small and non-exploitable. The results between -0.2 V and 0.6 V vs Ag/Ag + were exploitable for frequencies above 0.3 Hz. The points obtained below 0.  Using only TBA + cations and BF 4 -anions as exchanged species.

 Using only TBA + and Li + cations as exchanged species.

The first configuration of the model could successfully fit the data for in every experiment, however the data for could not be fitted with the same set of parameters. Adding free ACN solvent molecules as exchanged species in the same direction as TBA + cations partially solved the issue.

The second configuration could successfully fit the data from both and at all the valid potentials without adding a third exchanged species (Fig. III-4a-d). Thus, this second configuration seems a more adequate model to explain the exchange mechanism between the PEDOT NWs and the electrolyte. Li + cations from the initial doping of the PEDOT NWs diffused into the electrolyte upon first exposure, explaining the mass loss measured for some time at the beginning of the experiment. Li + and TBA + cations are reabsorbed within the PEDOT NWs upon reduction and released back into the electrolyte after the oxidation peak at 0 V.

Using the ac-electrogravimetry fitting model, the mutual contributions of Li + and TBA + were obtained: The transfer resistance , where is the parameter for ease of transfer for species i, was derived for both species at each measured potential. Both Li + and TBA + cations were found to have a mean transfer resistance around . Chapter 3 ֍ Nanowires as supercapacitor electrodes 129 TBA + cations, with an average kinetic parameter × , were found to be exchanged at higher frequencies than Li + , with an average kinetic parameter ×

. The concentration variations between -0.2 V and 0.6 V for both species could be derived through the integration of the following equation:

( ) (Eq. III-1)
The resulting concentration variations, depicted in Fig. III-4e, show that both Li + and TBA + cations are exchanged in almost similar quantities. However, Li + cations are much lighter than their TBA + counterpart, leading to the averaged mass variations obtained with EQCM.

Using the concentration variations derived above, the mass variations induced by each species upon introduction are calculated and shown in Fig. III-4f along with the sum of both contributions and the EQCM result at 10 mV.s -1 . From this graph we observe that the contribution of Li + cations to the mass variations is negligible compared to TBA + cations, and that the results obtained with ac-electrogravimetry are in good agreement with the EQCM results from the previous section. These results confirm that ac-electrogravimetry is a very useful tool to operate a deconvolution of the EQCM measurements and unveil the ionic exchange mechanisms at the electrode/electrolyte interface.
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IV. Silicon nanowires covered with PEDOT

EQCM and ac-electrogravimetry were successfully used to characterize the ionic exchange mechanisms in PEDOT NW electrodes, however the characterization of bare SiNWs using electrogravimetric techniques is hindered by the dual issue of generating too low mass variations in short nanowires (due to low currents) and too high QCM resonance damping in long nanowires. In the previous section PEDOT NWs have been shown to overcome these issues owing to their pseudo-capacitive behavior, generating higher currents and thus higher mass variations in comparison to hydrodynamic perturbations. In this section, the electrogravimetric response in PEDOT-covered SiNW electrodes was examined.

This novel electrode architecture has been designed to combine the advantages of both materials, with the higher conductance of highly doped SiNWs and the higher capacitance of PEDOT due to their pseudo-capacitive behavior. Directly grown on the substrate, SiNWs are used both as a deposition template to obtain long and dense nanowires and as highly conductive current collector to bring charges all along the nanowires to the conducting polymer coating. This hybrid electrode was shown to significantly improve the performances of conductive polymer pseudo-capacitors with a specific capacitance of 32 F.g -1 and a maximal power density of 85 kW.kg -1 [46].

PEDOT was electrodeposited on the surface of 10 µm long N-doped SiNWs grown on top of Au(12 nm)/Pt(200nm)/Ti(10nm)/GaPO 4 resonators as described in section II. Prior to the electropolymerization, the samples were introduced in the electrochemical cell with PC+0.1M TBABF 4 +10 mmol EDOT and three CV cycles were performed. An oxidation peak starting at 0.75 V vs Ag/Ag + and corresponding to the polymerization of EDOT was identified. The electropolymerization was performed with chronoamperometry at 0.9 V vs Ag/Ag + for 1h. A SEM picture of the resulting PEDOT-covered SiNWs is shown Fig. IV-1a. After deposition, the resonance frequency of the resonator had decreased of 8 kHz, which corresponds to a deposited PEDOT mass of 125 µg.cm -2 (compared to a bare SiNW mass of 220 µg.cm -2 ). This nearly 100 nm thick PEDOT loading has increased the nanowire diameters from 100-500 nm to 400-700 nm, as measured from SEM images.
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-1.
The quality factor of these resonators with PEDOT/SiNWs in air is very low (<500) compared to those obtained with SiNWs (around 4600). The low value of 81 obtained in PC completely hinders the use of these resonators with such high viscosity solvents. However, in ACN the quality factor is not reduced in as great proportions and is therefore equivalent to that of bare SiNWs in the same solvent (223). Even though a relatively low stability is expected with such quality factors and peak width, this might be compensated by the large currents and thus large mass variations obtained in pseudo-capacitive materials.

Therefore, EQCM measurements were performed on PEDOT-covered SiNWs in ACN+0.5M TBABF 4 (Fig. IV-1b). The shape of the CV obtained with these electrodes is very similar to the shape obtained in the previous section with PEDOT NWs. An AC value of 17 mF.cm -2 and a specific capacitance value of 50 F.g -1 were obtained at 100 mV.s -1 by considering a global electrode mass of 345 µg.cm -2 . As expected from the Q factor of the resonator, low microbalance stability was obtained due to hydrodynamic damping of the resonance. However large periodic mass variations of around 700 ng could be observed between -0.75 V and -0.2 vs Ag/Ag + . The shape of these mass variations is completely different from the behavior observed in the previous section where only cations where exchanged. In this covering PEDOT electrode the mass variations are concentrated around the oxidation peak and show a major anion contribution.

These differences can be explained with the fact that in this case the initial doping of PEDOT was Chapter 3 ֍ Nanowires as supercapacitor electrodes 132 performed in the presence of TBABF 4 while in the previous section LiClO 4 was used and we have shown that Li + cations had a great impact on the exchanges.

Between -0.75 V and -0.2 vs Ag/Ag + the value of the MPE is around 26 g.mol -1 , which is much lower than the molar mass of BF 4 -anions (86.8 g·mol -1 ). This indicates that cations are exchanged at the same time as the anions in a way that during the oxidation peak TBA + cations are expelled from the PEDOT and replaced with the adsorption of BF 4 -anions. Acelectrogravimetric measurements would be very helpful to better understand the mutual contributions from both ions, however the experimental data obtained with these samples did not lead to useable results. The abundance of noise in these measurements is associated to a too large hydrodynamic damping of the resonance due to the nanostructures. Nevertheless, the study presented here shows that the mass variations obtained in this configuration are very large, which paves the way to new experiments on PEDOT-covered SiNWs with shorter nanowires and thus better stability. 

Conclusions

Three kinds of nanowire electrode configurations made from silicon, PEDOT and a combination of both were successfully grown on QCM resonators. The challenge of retaining a functional microbalance after the CVD growth of SiNWs was overpassed using GaPO 4 as piezoelectric material, Ti as adhesion layer and Pt as oxidation-resistant electrode material. The development of a new mixture of PC+N 1114 TFSI with optimized electrochemical properties was conducted on SiNW supercapacitor devices, leading to a significant improvement of their performances.

A dual issue of low currents and significant drag forces concerning the electrogravimetric characterization of bare SiNW electrodes hindered their investigation with EQCM and acelectrogravimetry. A simplified model was used to better understand the action of the drag forces relative to inertial forces on the QCM electrode.

The issue of current was then bypassed using pseudo-capacitive PEDOT NW electrodes and EQCM was successfully used to find a major cation contribution in ACN+TBABF 4 . To operate a deconvolution of the EQCM signal, ac-electrogravimetry was employed and unveiled an equal contribution of Li + and TBA + cations to the exchange mechanisms.

Hybrid PEDOT/silicon nanowires were developed on GaPO 4 resonators and significant mass variations were measured with EQCM. As opposite to the previous example, a major anion contribution to the ionic exchanges was discovered in this pseudo-capacitive electrode using ACN+TBABF 4 . However no results could be obtained using ac-electrogravimetry due to hydrodynamic damping of the QCM.

I. Introduction

The stunning capabilities of supercapacitor devices in terms of power density and cycling stability has led many research groups to focus on nanostructured carbonaceous materials with enhanced capacitance and lifetime performances [1]. Among such materials, VOGNs have recently shown a great potential as electrodes for electrochemical double layer capacitors This chapter presents the results obtained with EQCM and ac-electrogravimetry techniques on VOGN electrodes. Using propylene carbonate (PC)-based organic electrolytes, the adaptability of these electrogravimetric methods on the graphene nanostructures is investigated.

After validation of this step, an analysis comparing the influence of various salts is proposed. The first results were obtained with PC+0.5M TBABF 4 , and were published in Electrochemistry communications [5]. We then switched to PC+0.5M TBAClO 4 to investigate the changes in ionic Chapter 4 ֍ Vertically-oriented graphene nanosheets grown on a microbalance electrode 141 exchanges induced by a slight anion mass and size increase. Further experiments were performed with PC+0.5M LiClO 4 to examine the effects of an important cation mass decrease. The behaviour of ions from an ionic liquid was then probed in a mixture of PC and N 1114 TFSI. This mixture was shown in chapter 3-II to offer a higher conductivity than pure N 1114 TFSI and an electrochemical window of up to 3.5 V in contact with SiNWs. The addition of PC also counterbalances the fact that pure N 1114 TFSI ionic liquids were found too viscous to be used with the vertically-oriented nanostructures in this study due to hydrodynamic damping. The investigation of the electrolyte composition effect is followed by the N-doping of the VOGN electrodes to study the induced changes on the ionic exchange processes.
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II. Synthesis of VOGNs on a microbalance electrode

The growth of VOGNs is achieved by electron cyclotron resonance-plasma enhanced chemical vapor deposition (ECR-CVD). This patented growth technique was developed at CEA Grenoble in order to enable a catalyst-free growth of VOGNs on various types of substrates (quartz, metals, ceramic…) [6,7]. The growth temperature, normally around 800°C, was lowered to a value of around 480°C to avoid the degradation of the piezoelectric substrate. However such temperatures would still cause a systematic degradation of the piezoelectric properties in common quartz crystals, impeding their use for EQCM [8]. Thus a gold-patterned piezoelectric Chapter 4 ֍ Vertically-oriented graphene nanosheets grown on a microbalance electrode 143

The substrate is placed in a chamber with 3·10 -4 mbar of ethylene perpendicular to static magnetic field lines (Fig. II-1). A microwave source of 300 W is directed towards the chamber to trigger the formation of plasma at the surface of the electrode. The dissociation and ionization of ethylene occurs and the produced ions and electrons are guided by the static magnetic field to collide with the electrode. The repeated collisions of carbon radicals at the electrode surface induce the growth of the graphene nanosheets perpendicular to the substrate. A mask was used to allow the growth only in the central part of the GaPO 4 resonator. The exposure time for the growth drives the final thickness of VOGNs on the substrate, and a series of growth tests with various exposure times were performed to obtain adequate samples for EQCM measurements.

The growth time was set to 80 minutes, resulting in around 7 µg of VOGNs (derived from microbalance frequency variation between the neat and VOGN modified GaPO 4 ) over a surface of 0.2 cm² with ~1 µm thickness. This corresponds to a microbalance mass loading of 35 µg.cm -2 , a lot less than for SiNWs presented in chapter 3-II (220 µg.cm -2 ). This thickness was found ideal for EQCM measurements as it was thin enough to obtain a suitable gravimetric behavior and thick enough to obtain significant mass changes upon cycling. Before opening the chamber to retrieve the sample, an additional step can be performed to obtain nitrogen-doping (N-doping) of the VOGNs. This step adds nitrogen sites within the graphene matrix by exposing the sample to a plasma of N 2 for 3 minutes at a power of 280 W. These experimental conditions reported a doping level of approximately 17% a.t (determined by XPS), which was found as one of the highest values described in the literature.
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III. Microbalance results and discussion

III-1. Scanning electron microscopy of the resonators and electroacoustic measurements

Following each growth of VOGNs, the resulting morphology was investigated with scanning electron microscopy (SEM). Chapter 4 ֍ Vertically-oriented graphene nanosheets grown on a microbalance electrode 145

The excellent cycling stability of VOGNs was reported in our previous studies dealing with VOGN electrodes in the presence of ionic liquid electrolytes, preserving entirely the morphological structure even after 200 000 cycles [9]. Previous works by our team also reported the results of other microscopy techniques like TEM as well as Raman spectroscopy, electrical conductivity and specific surface area measurements by gas adsorption with Brunauer-Emmett-Teller (BET) analysis which characterized VOGN morphology and composition with greater accuracy [9,10].

The resonator's behavior was investigated in a PC-based electrolyte before and after VOGN growth with electroacoustic measurements. As suggested in chapter 2-III-2, the contribution of viscous dynamic damping due to the electrode's nanostructures is considered small compared to the gravimetric contribution if the shift in resonance frequency is larger than the shift in peak width and if the quality factor is not considerably reduced. This is obviously the case in air, where the VOGN growth triggers a resonance frequency shift , a peak width shift , and a quality factor shifting from to . When a PC-based electrolyte is added, we observe that after VOGN growth the shift in resonance frequency is much greater than the peak width shift . The quality factor also changes from A more quantitative analysis is obtained by calculating the exchanged mass per mole of electrons MPE , where F is the Faraday number, is the mass variation of the electrode and is the charge variations. With TBABF 4 , we obtain an MPE of 65 g.mol -1 (Table III-3).

Positive values of the MPE correspond to species being attracted to the VOGN surface when the potential is increased: Anions with/without free solvent molecules exchanged in the same direction [15]. The BF 4 -anion molar mass is 86.8 g.mol -1 , therefore mainly anions are exchanged.

With TBAClO 4 the MPE is around 70 g.mol -1 above -1 V and around 30 g·mol -1 below -1 V vs Ag/Ag + compared with the ClO 4 -anion mass of 99.4 g.mol -1 (Table III-3). Therefore the ionic exchange mechanisms appear to be very close between these two electrolytes: Anions are predominant in the entire potential window, while only low concentrations of cations are exchanged at lower potentials. This is attributed to the fact that TBA + cations occupy a much bigger space than both types of anions used here, with an estimated size of 880 pm without solvation shell and probably beyond 1 nm with the solvation with PC molecules. It seems that these dimensions are a limiting factor for entering between the graphene nanosheets. A more detailed comprehension of these mechanisms will be attained using ac-electrogravimetry measurements in section III-3.

A smaller cation, Li + , was then used to investigate the effect of cation size on these interactions. Known for their use in Li-ion batteries, these cations have previously been used in combination with graphene nanosheet anodes [16]. In such cases, Li However a reversible mass decrease of 80 ng is also observed from -1.5 V to -0.6 V vs Ag/Ag + , indicating that the newly introduced Li + cations play a larger role in the energy storage mechanism than that of TBA + cations. The MPE calculations resulted in around 34 g.mol -1 above -0.5 V and -31 g.mol -1 below -0.75V (Table III-3). These values are respectively smaller than ClO 4 molar mass (99.4 g·mol -1 ) and higher than Li + molar mass (6.9 g·mol -1 ), indicating that anions and cations are not being exchanged exclusively on either side of the potential window.

The solvation of Li + cations within the PC-based electrolyte is the main reason for such nontrivial exchange processes. Li + -(PC) n solvation structures are observed in bulk PC with 1 ≤ n ≤ 4

varying with salt concentration [17]. Upon Li + adsorption at the VOGN surface, partial desolvation of the cations may occur, but the remaining PC molecules may add weight on the VOGN structure and lead to a more complex interpretation of EQCM measurements [15]. The ac-electrogravimetry results will be analyzed in the next section to achieve a better understanding of the role of PC molecules in these exchange mechanisms.

An ionic liquid-based electrolyte, N 1114 TFSI, was then used to characterize the exchange mechanisms with a similar VOGN electrode. After unsuccessful EQCM results with this particular ionic liquid due to it's significantly high viscosity (86 mPa.s at 303 K [18]) causing hydrodynamic damping of the resonance, the measurements were performed in a mixture of the studied ionic liquid with PC. This ionic liquid was selected for the mixture in this study due to the good results in terms of capacitance and stability obtained in VOGN and SiNW-based supercapacitor applications [10,19].

Fig. III-2d

presents the EQCM results with 50% PC+50% N 1114 TFSI (w.t.) as electrolyte at 100 mV·s -1 . This ionic liquid ratio was chosen according to its optimal properties in terms of conductivity and the capacitive properties obtained in chapter 3-II-2 [14]. A reversible mass increase of 430 ng is obtained over the whole potential window from -1.5 V to 1 V vs Ag/Ag + , suggesting that anions contribute to the majority of the ionic exchanges. The slope of this mass increase varies from negative to positive potentials, leading to MPE values around 25 g.mol -1 Chapter 4 ֍ Vertically-oriented graphene nanosheets grown on a microbalance electrode 151 below -0.3 V and 90 g.mol -1 above 0 V vs Ag/Ag + (Table III 

III-3.

Ac-electrogravimetry on VOGNs

III.3.i. Initial data and fitting

Ac-electrogravimetry measurements were performed on the same VOGN electrodes with the same electrolytes to better understand the contribution and dynamics of each species in these exchanges. These measurements were performed at every 0.2 V from -1.5 V to 1 V vs Ag/Ag + .

Following each measurement, the theoretical models described in Chapter 2-III were adapted to the particular experimental cases in order to fit the impedance, charge/potential, mass/potential as well as partial mass/potential TFs with the same set of parameters. For each experimental data, three species were initially considered in the exchanges with the electrolyte: cations, anions and free solvent molecules. The species which does not participate in these exchanges was then For all electrolytes except PC+0.5M LiClO 4 and at all potentials a suppressed loop is observed in the first quadrant of the mass/potential TF ( ), indicating a major anion contribution. This result is in good agreement with the EQCM measurements performed in the previous section. However, for each of those cases a model using only anion exchanges would result in a larger loop for ( ) and would not fit the experimental data. With PC+0.5M LiClO 4 the same reasoning applies over -0.6 V vs Ag/Ag + , but below this potential the loop shifts to the ). For all electrolytes with free solvent molecules exchanges in the model, these take place at very slow rates of transfer (K s = 2 10 -6 to 5 10 -6 cm·s -1 ). From these results, it appears that the ion size has no major effect on the exchange kinetics.

The transfer resistance is depicted for each electrolyte in 

The effect of N-doping on the ion exchange behavior of VOGNs

Once the VOGN growth process is complete within ECR-CVD chamber, it is possible to strike the sample with highly energetic nitrogen atoms with exposure to nitrogen plasma. This will reduce the deposited mass of VOGNs by shredding the top of the nanosheets and dope the graphene with nitrogen. The nitrogen sites created within the graphene matrix have been shown

to enhance the carrier mobility and bring variations in density [21]. Previous work by our team has shown that this process can lead to an increase of capacitance by a factor of two in VOGN supercapacitors using ionic liquids [10]. N-doped VOGNs have therefore been prepared on GaPO 4 resonators to perform EQCM measurements on these systems and monitor possible changes in ionic exchange mechanisms compared to usual VOGN electrodes. In order to maintain an equivalent thickness to that of the samples used for the previous EQCM studies, the growth time prior to the nitrogen doping was doubled (160 min instead of 80 min). Chapter 4 ֍ Vertically-oriented graphene nanosheets grown on a microbalance electrode 161 EQCM measurements were performed in PC+0.5M TBABF 4 , an electrolyte used in the beginning of the previous section that is stable from -1.5 V to 1 V vs Ag/Ag + . The resulting specific capacitance and mass variations are both comparable to those obtained without Ndoping: 1.2 mF.cm -2 instead of 1.3 mF.cm -2 and 400 ng instead of 365 ng (Fig. III-7b). Similarly to undoped VOGNs, the reversible mass increase above -0.5 V vs Ag/Ag + is associated to mainly anions being adsorbed at the surface of the electrode. The MPE value around 95 g.mol -1 in this region is slightly bigger than the anion molar mass ( ), meaning that some solvent molecules are probably absorbed at the same time. Below -0.5V vs Ag/Ag + the slope of the mass variations and therefore the MPE decreases rapidly, meaning that cations also take part in the ionic exchanges in this region.

Ac-electrogravimetry measurements were performed in the same potential window and were fitted using only BF 4 -anions and free PC molecules in the model above -0.5 V vs Ag/Ag + and only BF 4 -anions and TBA + cations below -0.5 V (Fig. III-8a-b). Applying an identical procedure as in the section III-3, the anion and cation contributions were separated mathematically and shown in the anion-solvent and cation-solvent partial TFs (Fig. III-8c-d).

These graphs reveal that the nature of ionic exchanges is very similar with N-doped VOGNs and standard VOGNs. The main difference lies in the concentration variations C i -C 0 calculated for free solvent molecules (Fig. III-8e), with total variations around 0.21 mmol.cm -3 instead of 0.05 mmol.cm -3 for undoped VOGNs. This larger contribution of solvent molecules, which may be related to the fact that surface becomes more hydrophilic with N-doping, explains the increase in mass variations for N-doped VOGNs. A reconstruction of the mass variations from EQCM was performed using the results obtained with ac-electrogravimetry, and both curves were found in very good agreement (Fig. III-8f).

As the specific capacitance increase previously observed on N-doped VOGNs in ionic liquids could not be reproduced, the same measurements were performed in pure N 1114 TFSI.

Although microbalance measurements were unstable due to the high viscosity of N 1114 TFSI, a specific capacitance of 0.9 mF·cm -2 was obtained, showing that the electrolyte is not the limiting parameter. The highly capacitive N-doped VOGNs obtained by our team were synthetized on silicon wafers [10], thus the same growth substrate could not be obtained with the microbalance.

Although it remains unclear why N-doped VOGNs did not bring a significant capacitance change Chapter 4 ֍ Vertically-oriented graphene nanosheets grown on a microbalance electrode 162 on the microbalance, the change in morphology due to the gold used as growth substrate is a plausible explanation. Chapter 4 ֍ Vertically-oriented graphene nanosheets grown on a microbalance electrode 163

Conclusions

Electroacoustic measurements were performed on VOGN electrodes before and after growth on GaPO 4 resonators, with and without electrolyte. The good quality factors obtained with these measurements confirmed the possibility of using EQCM to study such nanostructured materials. EQCM and ac-electrogravimetry measurements were performed with a comparison between various salts in an organic electrolyte. The analysis of the EQCM results brought significant insights on the overall mechanisms of ionic exchanges at the VOGN surface. In particular, a major contribution of anions for both TBABF 4 and TBAClO 4 has been revealed, showing the permselectivity of the electrode for these electrolytes.

A deeper understanding of these mechanisms along with a better comprehension of the exchange dynamics of individual species was obtained with ac-electrogravimetry. The mutual contribution of anions, cations and free solvent molecules were differentiated, as for example the non-obvious case of permselectivity failure with symmetrical exchanges of anions and cations in PC+N 1114 TFSI. A solvation number upon adsorption of zero for most ions and one for Li + cations was derived from ac-electrogravimetry analysis. N-doped VOGNs were synthetized on GaPO 4 resonators and were found to have similar ionic exchanges as the undoped counterparts. For each system studied in this chapter, the global mass variations derived from ac-electrogravimetry were found in good agreement with classical EQCM results and the individual dynamic parameters found for each species provided further valuable information about the electrochemical system.

Chapter 5:

Conclusion and perspectives

The study presented in this thesis is a first glance at the possibilities offered by electrogravimetric techniques to investigate ionic exchanges in vertically-oriented nanostructures, and the limitations inherent with such morphologies. These limitations appear at two different levels:

 During the synthesis of the nanostructures on the QCM electrode, growth conditions requiring high temperatures and/or a harsh chemical treatment hinder the use of a standard quartz microbalance.

 With the introduction of the electrolyte, the shear wave of the QCM can experience serious damping due to hydrodynamic drag forces and/or inertia of trapped fluid.

To circumvent these limitations various strategies have been presented. With the use of GaPO 4 piezoelectric crystals as resonators, the high temperature growth of SiNWs and VOGNs at 600°C and 450°C respectively has been achieved while maintaining good QCM quality factors.

The adaptation of the electrode configuration, with a thin Ti adhesion layer and a thicker Pt layer, was essential to maintain conductive electrodes firmly attached to the surface of GaPO 4 resonators after the harsh conditions experienced during the CVD growth of SiNWs. When the electrochemical growth of the vertically-oriented nanostructure is possible, without using harsh post-treatment conditions, then a standard QCM can be used. In this thesis, PEDOT NWs were grown with a one-step electropolymerization technique that caused no damages to the resonator.

To reduce the extent of resonance damping due to hydrodynamic drag forces on the nanostructures, we have shown that a crucial parameter is limiting the height of the vertical nanostructures to 1-2 µm. Using 10 µm SiNW arrays, drag forces on the nanostructures have been shown to create a distortion of the force experienced by the resonator that hinder their use for EQCM and ac-electrogravimetry. Another crucial parameter is the viscosity of the electrolyte:

Using a very low viscosity medium such as ACN the hydrodynamic damping can be significantly Chapter 5 ֍ Conclusion and perspectives 167 reduced. In this solvent, electrogravimetric measurements were successfully performed on PEDOT NWs with limited perturbations from drag forces. In the case of SiNWs these perturbations could not be sufficiently reduced due to the length of the nanowires. For bare SiNWs this length cannot be reduced without reducing the current significantly and thus also hinder electrogravimetric measurements. This reflects the fine balance which needs to be respected to keep enough mass change without inducing resonance damping. Nevertheless, the electrochemical characterization of SiNW electrodes allowed the derivation of an ideal ratio for the mixture of PC+N 1114 TFSI. Furthermore, PEDOT-covered SiNWs were developed as hybrid supercapacitor electrodes with much higher capacitance than SiNWs for the same length. These performances triggered very large mass variations in EQCM measurements that could be successfully measured in spite of the low QCM stability.

Among both PEDOT NWs and VOGN electrodes, very interesting ionic exchange mechanisms were unveiled using EQCM and ac-electrogravimetry. The pseudo-capacitive ionic exchanges involved in PEDOT NWs were first investigated with EQCM, allowing the identification of a major cation contribution in ACN+0.5M TBABF 4 . Ac-electrogravimetry was then used to perform the deconvolution of the EQCM response, revealing that Li + cations from the initial doping of PEDOT had dissolved in the electrolyte and contributed equally with TBA + cations to the ionic exchanges.

The dynamic exchange mechanisms at the interface of VOGN electrodes were investigated using various ionic compositions. In both PC+0.5M TBABF 4 and PC+0.5M TBAClO 4 , the permselectivity of the electrode to anions was evidenced using EQCM. A deconvolution of the EQCM results for four different electrolytes using ac-electrogravimetry revealed the dynamics and proportions of the exchanges for each species involved, along with the respective solvation numbers. In a mixture of PC+N 1114 TFSI, the large TFSI -anions and the smaller N 1114 + cations were found to exchange symmetrically with equal proportions, although TFSI -anions contributed the most to the mass variations.

The present study aims at paving the way to the electrogravimetric characterization of many other nanostructured supercapacitor materials. In the continuation of the results obtained with 10 µm-long PEDOT-covered SiNWs, shorter nanowires could be used to reduce the hydrodynamic drag forces, facilitating the use of ac-electrogravimetry for their characterization.
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Another hybrid architecture consisting of SiNWs covered with MnO 2 nanoflakes has recently been reported to offer great performance improvements as pseudo-capacitor electrode (Fig. 1a-b) [1]. From a structural point of view such electrodes are similar to PEDOT-covered SiNWs and if the nanowires are not too long they should be suitable for electrogravimetric investigations.

VOGN electrodes covered with Co 3 O 4 nanoparticles have also been demonstrated as pseudocapacitive materials with a specific capacitance of 3480 F.g -1 , near the maximal theoretical value (Fig. 1d) [2].

EQCM and ac-electrogravimetry are not limited to supercapacitor electrodes and can be used to characterize the ionic exchanges in other energy storage devices such as Li-ion batteries [3], [4]. Nanostructuration of the electrodes is also a key development path for batteries as it can Chapter 5 ֍ Conclusion and perspectives 169 increase the accessibility to the electrode material, increase the power density, and increase the lifetime of battery electrodes [5]- [7]. The reflections and methods developed in this study could be of use to apply electrogravimetric characterization to nanostructured battery materials. In fact, the vertically-oriented nanostructures studied in this thesis could be used as well as battery electrodes. Both SiNWs and VOGNs have shown a great potential as Li-ion battery anodes, with in particular the case of the volume change in Si anodes that the nanowire structures can accept more durably (Fig. 1c) [6], [8], [9]. 

Méthodes de caractérisation par microbalance à quartz électrochimique

La microbalance à quartz électrochimique (EQCM) est une technique de caractérisation de systèmes électrochimiques couplant les mesures classiques de l'électrochimie avec une mesure très précise (à quelques ng près) de la masse de l'électrode.

Cette mesure de la masse est faite en utilisant une microbalance à quartz, un dispositif piézoélectrique qui résonne à une fréquence qui est directement proportionnelle à la masse de l'électrode. Le couplage de la mesure de la masse avec les mesures électrochimiques permet 

Figure I- 1 :

 1 Figure I-1: Scales in energy storage needs: a) Grid or household level. b) Transportation. c) Portable electronics. d) Micro-devices. Images from [3]-[11].

Figure I- 2 :

 2 Figure I-2: Reversible energy storage solutions at various scales of energy density. Images from [14]-[22].

Figure I- 4 :

 4 Figure I-4: Range of supercapacitor applications: a) Breaking energy recuperation by Mazda. b) Hybrid-electric crane. c) Supercapacitor electric bus in Shanghai. d) Tramway. e) MEMS f) Biosensors. Images from [32],[43]-[47].

  Fig. I-5b: A first layer composed of ions and solvent molecules specifically adsorbed at the surface of the electrode. This layer extends from the electrode surface to the Inner Helmholtz Plane (IHP).

  Figure I-5: a) Simplified electrical double layer model from Helmholtz. b) More precise model from the work of Gouy, Chapman, Stern, Grahame. Adapted from [52].

6 . 4 )

 64 When two identical electrodes described by the previous models are combined into the same electrolyte, a complete supercapacitor device is formed. The working principles of these devices are depicted in Fig. I-In the uncharged state and with an open circuit configuration (Fig. I-6a), there is no potential difference between the electrodes because they are identical. A layer of adsorbed ions and solvent molecules is observed on both electrode surfaces and their charge is compensated by the reorganization of ions within the electrolyte. When a potential difference is applied between these two electrodes, cations and anions will migrate in opposite directions (Fig. I-6b). For both sides, the electrical double layers previously described are formed and behave like two capacitors in series. With C 1 the capacitance of the first double layer and C 2 , the second, the total capacitance of the supercapacitor can be calculated with equation: (Eq. I-If both double layers present the same capacitances (C 1 = C 2 = C), then . The charge accumulation for each electrode can then be derived with the equation: (Eq. I-5)
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 61 Figure I-6: a) b) c) Schematic representation of the charging process in EDLC devices and d) the corresponding equivalent circuit. Adapted from [52],[53].
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 1 State of the art 21 voltammograms will present a rectangular shape and a capacitance value can be extracted using Eq. I-5. Fig. I-7 presents a comparison between voltammograms obtained with Ni-based classical faradaic systems (Fig. I-7a) and a pseudo-capacitive material such as MnO 2 (Fig. I-7.b).

Figure I- 7 :Figure I- 8 :

 78 Figure I-7: Cyclic voltammetry results for various oxides and hydroxides: a) Purely faradaic behavior, typical for batteries. b) Rectangular shaped voltammogram of MnO 2 electrodes, characteristic of pseudo-capacitive materials. [59]

Figure II- 1 :

 1 Figure II-1: Comparison of various porous and nanostructured carbon materials for supercapacitor applications. Adapted from [67].

Figure II- 2 :

 2 Figure II-2: Illustrations and Scanning Electron Microscopy (SEM) images of 3D graphene architectures: a-b) CVD grown GF.c-d) Graphene oxide assembled. GF e-f) High temperature carbonized GF. g-h) PECVD grown VOGNs.[START_REF] Zhang | ‗Vertically Aligned Graphene Nanosheet Arrays: Synthesis, Properties and Applications in Electrochemical Energy Conversion and Storage[END_REF] 

Figure II- 3 :

 3 Figure II-3: Illustrations and SEM images of graphene architectures oriented a,d) in plane, b,e) laterally, c,f) vertically. g) Corresponding voltammograms. h) Electrochemical impedance spectroscopy (EIS) results. i) Areal capacitance values for each architecture.[START_REF] Zhang | ‗Vertically Aligned Graphene Nanosheet Arrays: Synthesis, Properties and Applications in Electrochemical Energy Conversion and Storage[END_REF] 

Figure II- 4 :

 4 Figure II-4: Compensation for the large volume changes upon lithiation in various silicon architectures: Flat film, SiNPs, SiNWs. [93]
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 1 Figure II-5: a) Illustration of the CVD growth of SiNWs and the VLS mechanism. b) Process for growing branches on SiNWs to form SiNTrs. c) SEM images of SiNWs. d-e) SEM images of SiNTrs. Adapted from [95], [96].

Figure II- 6 :

 6 Figure II-6: Ragone plot presenting the performance of SiNW-based electrodes compared to two carbon-based supercapacitors in literature (activated carbon (CA) and OLC). Adapted from [95].

  Figure II-7: a-b) SEM images of PANi nanowires. c) Cyclic voltammetry results in HClO 4 aqueous solution. d) Specific capacitance as a function of current density.[START_REF] Wang | ‗Conducting Polyaniline Nanowire Arrays for High Performance Supercapacitors[END_REF] 

[ 153 ]Figure III- 1 :

 1531 Figure III-1: EQCM study of CNT supercapacitor electrodes in a-b) aqueous electrolytes and cd) ACN-based electrolytes.[START_REF] Barisci | ‗Electrochemical quartz crystal microbalance studies of single-wall carbon nanotubes in aqueous and non-aqueous solutions[END_REF] 

  of cation size due to the limited accessibility in the carbon micro-pores (Fig.III-2). Overall, EQCM offers a great opportunity to better understand ion transport and solvation in porous Chapter 1 ֍ State of the art 45 materials, thus enabling the design of optimized porous materials for the next generation of high energy density supercapacitors. A few pseudo-capacitive materials were also studied with EQCM. Nayak et al. investigated the ionic exchange mechanisms in MnO 2 electrodes with electrolytes containing multivalent cations [161]. Cations were found to dominate the exchanges and an increase of the cations valence was shown to increase the specific capacitance. Another study of MnO 2 electrodes was conducted by Chu et al. to obtain better electrode stability [162]. The gradual dissolution of MnO 2 while cycling in 10 mM Na 2 SO 4 and the effect of adding NaHCO 3 or Na 2 HPO 4 to the solution were monitored with EQCM. These additives were found to successfully suppress both MnO 2 dissolution and oxygen evolution.

Figure III- 2 :

 2 Figure III-2: EQCM study of micro-porous supercapacitor electrodes in a) PC-based electrolytes with various cation sizes and b) aqueous CsCl electrolytes.[START_REF] Sigalov | ‗EQCM as a unique tool for determination of ionic fluxes in microporous carbons as a function of surface charge distribution[END_REF],[START_REF] Levi | ‗Electrochemical Quartz Crystal Microbalance (EQCM) Studies of Ions and Solvents Insertion into Highly Porous Activated Carbons[END_REF] 

  1988, C. Gabrielli et al. at LISE laboratory (France) introduced a new in-situ/operando characterization technique based on the combination of QCM and EIS: ac-electrogravimetry[START_REF] Bourkane | ‗Kinetic study of electrode processes by ac quartz electrogravimetry[END_REF]. Using a small potential perturbation at a varying frequency, both the impedance and the corresponding mass variations are measured. This method can deliver unique species-selective and frequency-dependent information about the ionic exchange mechanisms at the electrode/electrolyte interface. Like in EIS, a model is used to fit ac-electrogravimetry data and extract valuable information from these measurements. But rather than being based on a simple electrical circuit, this model describes the specific exchange flux for each species. A description of the experimental features of ac-electrogravimetry along with the models used to fit the results will be given in chapter 2-III.
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 31 Figure III-3: Ac-electrogravimetry study of ERGO thin films in 0.5M LiCl aqueous solution: a) The electrochemical impedance. b) The charge/potential transfer function. c) The mass/potential transfer functions. d) A schematic view the exchanged species. e) The kinetic and f) transfer resistance parameters obtained from the ac-electrogravimetry fitting model.[START_REF] Goubaa | ‗Dynamic Resolution of Ion Transfer in Electrochemically Reduced Graphene Oxides Revealed by Electrogravimetric Impedance[END_REF] 

Figure III- 4 :

 4 Figure III-4: Ac-electrogravimetry study of CNT electrodes in 0.5M NaCl aqueous solution: a) Concentration variations for each exchanged species. b) The corresponding mass variations due to each species. c) The reconstructed total mass variations. d) The mass variations measured with EQCM.[START_REF] Escobar-Teran | ‗Gravimetric and dynamic deconvolution of global EQCM response of carbon nanotube based electrodes by Ac-electrogravimetry[END_REF] 
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 51 Figure III-5:Hydrodynamic modeling on a porous electrode. The values measured for ∆f/n and ∆W/n diverge from the straight lines obtained with an ideal flat surface.[START_REF] Levi | ‗In Situ Porous Structure Characterization of Electrodes for Energy Storage and Conversion by EQCM-D: a Review[END_REF] 

Figure III- 6 :

 6 Figure III-6:Hydrodynamic modeling of five types of rough/porous electrode geometries.[START_REF] Levi | ‗In Situ Porous Structure Characterization of Electrodes for Energy Storage and Conversion by EQCM-D: a Review[END_REF] 
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Fig. I- 1 Figure I- 1 :

 11 Figure I-1:Simplistic view of a scanning electron microscope in operation.[3] 

[ 4 ]Figure 70 In

 470 Figure II-1: a) Three-electrode characterization cell, image from [4]. b) Components that are stacked together to form a coin cell.

Figure II- 2 :

 2 Figure II-2: Voltammograms for a) an ideal supercapacitor, b) typical supercapacitor response, c) faradaic reactions. [6]

Figure II- 3 :

 3 Figure II-3:Linear current response to a low amplitude sinusoidal perturbation potential around a stationary value.[10] 

ZFigure II- 4 :

 4 Fig. II-5 depicts an example of Nyquist and Bode diagrams for EIS measurements performed on MoS 2 nanosheet supercapacitor electrodes[12]. From the Nyquist diagram, qualitative and quantitative information can be obtained on the electrode"s capacitive behavior and the system"s equivalent series resistance (ESR) R e can be easily extracted from the point of intersection between the impedance curve and the abscise axis (where Im(Z)=0) (Fig.II-4). The slope of the low frequency line is linked to the capacitive behavior of the electrochemical system,

Fig. II- 4

 4 depicts the electrical model and the corresponding impedance equations used in this thesis that are often used to describe a supercapacitor electrode/electrolyte interface. This model takes into account the electrolyte"s resistance R e in a series resistance and the double layer capacitance in a capacitor C d . In parallel with C d , a transfer resistance R ct and a Warburg element are added. The Warburg element has the following impedance: ( ) √ √ (Eq. II-9)

Figure II- 5 :

 5 Figure II-5: a) EIS Nyquist plot of MoS 2 nanosheet supercapacitor electrodes. A zoom at high frequencies is shown as inset. b) Corresponding specific capacitance and Bode phase φ(ω).[12] 

Figure III- 1 :

 1 Figure III-1: QCM electrode layer configuration.

Figure III- 2 :

 2 Figure III-2: RF Sputtering deposition process. Adapted from [19].

Figure III- 3 :

 3 Figure III-3: Schematic of the sources of damping on a resonator a) before film growth and b) after film growth. c) Equivalent circuit of a QCM. d) Admittance modulus plots around resonance frequency for undamped, lightly damped and heavily damped resonators.

Figure

  Figure III-4: a) Experimental set-up for EQCM measurements. b) Electrogravimetry cell. c) Oscillator circuit. d) Set-up inside a glove box.

(Eq. III- 1 )Figure III- 5 :

 15 Figure III-5:Experimental set-up for ac-electrogravimetry measurements.[29] 

  . Unlike electrochemical impedance, the mass/potential TF, ( ), can occupy all the four quadrants of a Nyquist diagram. To rapidly designate a given quadrant, each of them has an attributed number according to Fig. III-7a. Just like for EIS, the Nyquist plot of | ( ) alone gives some first insights on the overall electrochemical exchanges. A pure anion contribution will result in a suppressed loop in the 1 st quadrant while a pure cation contribution will result in a suppressed loop in th 3 rd quadrant (Fig. III-7a). For multiple species exchanged at the same time but with different speeds, they can be discriminated with their range in frequencies: Slower exchanges are represented in the lower frequency range while faster exchanges are represented in the high frequency range (closer to the center of the diagram). [24]

  Figure III-7: a) Nyquist diagram of 𝑚 𝐸 (𝜔) for pure cation and pure anion contributions, along with quadrant numbers. b) Schematic of three species exchanged at various speeds with an electroactive film and c) the resulting Nyquist diagram 𝑚 𝐸 (𝜔). Adapted from [24].

Figure III- 8 :

 8 Figure III-8: Schematic of the electrochemical system modeled with the flux of various species. A - represents a flux of anions, C + a flux of cations, S a flux of free solvent molecules and e -a flux of electrons.

  At x=d, electroneutrality imposes the condition that the charges crossing the filmelectrolyte interface through the fluxes of cations and anions are balanced by the electrons entering/leaving the electrode:( ) ( ) (Eq. III-10)By finding the proper values of and for each species, it is possible to match the experimental and theoretical values for the four TFs simultaneously with the same set of parameters. Once these values are found, they give very valuable information on the kinetics and ease of transport for each species being exchanged.

Figure III- 9 : 20 ) 22 )

 92022 Figure III-9: Software developed to fit ac-electrogravimetry data, with experimental data in red and theoretical values in blue.
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 3 Figure II-1: a) Schematic of the process and equipment in classical CVD. b) Pictures of the "EasyTube 3000" LPCVD reactor.[11] 
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 33 Figure II-3: SEM images of a) SiNW growth attempt on quartz with 100 nm Ti, b) SiGeNWs grown on quartz with 100 nm Ti, c) SiGeNWs grown on quartz with 100 nm Pt and d) SiNWs grown on GaPO 4 with 10 nm Ti+200 nm Pt. In each case the growth was achieved with the dewetting of a 10 nm Au layer.

Fig. II- 3b ,

 3b Fig. II-3b, however the QCM was not responding after the growth. This is either due to a too high loss of piezoelectric properties in the quartz or a loss of conductivity of the Ti electrode due to oxidation. The same tests were performed with quartz covered with Pt electrodes, however this time the electrodes cracked and detached from the quartz after the growth (Fig.II-3c).
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 3104 Introducing silane, phosphine and HCl to grow SiNWs with a pressure of 6 Torr for 15 minutes.

Fig. II-

  Fig. II-3d depicts a SEM image of a GaPO 4 electrode after SiNW growth. Dense arrays of nanowires with various diameters ranging from 50 to 500 nm and mean lengths around 10 µm are observed. The resonance frequency of each QCM was measured before and after the growth and was found mainly stable in both air and PC. For the sample depicted Fig. II-3d the resonance frequency decrease in air due to nanowire growth is 16.4 kHz. If the Sauerbrey equation is valid, this frequency shift corresponds to a mass augmentation of 44 µg, or 220 µg.cm -2 . In comparison Thissandier et al. estimated the SiNW mass loading around 750 µg.cm -2 for a mean length of 50 µm [16].

Figure II- 4 :

 4 Figure II-4: a) SEM image of SiNWs grown on silicon substrates. b) Conductivity of N 1114 TFSI as a function of volume percentage in PC. c) EIS Nyquist plot for a frequency range from 400 kHz to 10 mHz for a SiNW-MSC using N 1114 TFSI (blue diamond) and PC:N 1114 TFSI (50-50% w.t) (green square) electrolytes. The inset corresponds to the enlarged view of the high frequency region. d) EIS Bode plot of the device obtained from Nyquist plot for N 1114 TFSI and PC:N 1114 TFSI (50-50% w.t). Solid lines correspond to the fitting of the experimental data to the equivalent circuit displayed in the inset.

Fig. II-5a displays
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 35 Figure II-5: a) CV curves of a SiNW-based MSC using different ECWs from 1 to 4 V at a scan rate of 1 V.s -1 . b) Current density (j) versus scan rate (ν) for SiNW-based MSCs using PC:N 1114 TFSI (50-50% w.t) (green line) and N 1114 TFSI (blue line). c) CV curves of SiNW electrodes using different electrolyte mixture ratio at a scan rate of 1 V.s -1 . d) Variation of the AC of SiNWs as a function of the PC volume percentage in N 1114 TFSI obtained from the CV curves at scan rates of 0.1 V.s -1 (black triangle), 0.4 V.s -1 (blue diamond) and 1 V.s -1 (red square) respectively.

Fig. II- 6 Figure II- 6 :

 66 Figure II-6: Electrochemical performance of a symmetric SiNWs-based micro-supercapacitor. a) Galvanostatic charge-discharge cycles at different intensities from 1 to 20 mA. b) Areal capacitance versus current density. c) Ragone plot (P vs E) of the device. The plot shows also the state-of-the-art dealing with previous SiNW-MSCs. d) Cycling stability test (blue line) and coulombic efficiency (green line) over 3×106 GCD cycles at a current density of 2.3 mA.cm -2 . Inset shows the CV curve after the cycling test at a scan rate of 10 V.s -1 . e) CV curves at different operating temperatures ranging from 0 to 80°C at a scan rate of 20 V.s -1 . f) Areal capacitance versus scan rate at different working temperatures, 0°C (black square), 20°C (red triangle) and 80°C (blue circle) respectively.

Fig. II- 6d .

 6d Fig. II-6d. Finally, the potential of this new electrolyte was analyzed at various operating temperatures. Fig. II-6e shows the CV curves at 0, 20, 40, 60 and 80°C using a scan rate of 20

7 .Figure II- 7 :

 77 Figure II-7: Admittance modulus of the GaPO 4 resonator in air, ACN and PC before and after SiNW growth. A zoom-in with lower admittance values and the equivalent circuit of the resonator are shown as insets.
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 31 Figure II-8: a) SEM image of SiNWs on a GaPO 4 resonator. b) Schematic of a polarized SiNW moving at the surface of an operating QCM. c) EQCM results with unstable frequency on SiNWs with ACN+0.5M TBABF 4 at 100 mV.s -1 . d) EQCM result with the mass response of SiNWs in PC+0.5M TBABF 4 at 100 mV.s -1 . e-f) Nyquist plots of ac-electrogravimetric TFs 𝑞 𝐸 and 𝑚 𝐸 and a fit with very large masses.

Fig. II-

  Fig. II-9b depicts the variations of speed (blue), drag force (green) and inertial force (red)

Figure III- 2 :

 2 Figure III-1: a) Schematic view of the growth process. b) SEM image of PPy nanowires grown template-free.[57] 

Fig. III- 2 -

 2 Fig. III-2-step 5 depicts a SEM image showing the morphology of the resulting

  . III-3a), EQCM measurements were conducted from -1.5 V to 0.7 V vs Ag/Ag + in ACN+0.5 M TBABF 4 in order to have a low viscosity electrolyte along with a wide electrochemical window compared to aqueous electrolytes. An important microbalance frequency shift was observed up to one hour after electrolyte introduction in the electrochemical cell, indicating mass-loss inducing mechanisms were taking place as the electrode was stabilizing in the solution. This is attributed to the partial dissolution of the doping ions from the PEDOT NWs.

Fig. III-

  Fig. III-3b-c depicts the EQCM measurements performed on PEDOT NWs at the following scan rates: 100, 50, 20 and 10 mV.s -1 . No significant changes in both current and mass variations were observed when the scan rate was changed. The shape of the CV showed in Fig. III-3b is similar to previously reported results on PEDOT in ACN with LiClO 4 and TBAClO 4
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 13126 reduction. The negative sign of the MPE corresponds to a predominant exchange of cations. However these values are lower than the mass of TBA + cations (M TBA+ = 242.46 g·mol - 1 ), which could be explained by two possible phenomena: BF 4 -anions are expulsed at more or less the same time as TBA + cations are adsorbed, leading to a partial cancellation of the observed mass variations. Li + cations from the initial doping of the PEDOT NWs are exchanged at the same time as TBA + cations, leading to a mean MPE in between the molar mass of these two cations.The data retrieved from EQCM measurements cannot be used to distinguish between these two cases and obtain an answer. To unveil the mechanisms occurring in this pseudocapacitive material and separate the contributions of the exchanged species, ac-electrogravimetric measurements were performed on the same PEDOT NW samples.

1 Figure III- 3 :

 13 Figure III-3: a) SEM image of PEDOT NWs on the surface of a 9 MHz QCM. b) CV measurements on PEDOT NWs in ACN+0.5M TBABF 4 at various scan rates and c) the corresponding mass variations derived with the microbalance (two cycles).

3

 3 Hz were scattered due to insufficient microbalance stability. This could be caused by hydrodynamic drag forces acting on the nanowires. Fig. III-4a-d depicts the Nyquist plots of ac-electrogravimetric results obtained at 0 V and 0.4 V. To fit these results, the model described in chapter 2-III was used in two different configurations:

128 -Figure

 128 Figure III-4: a-d) Nyquist plots of ac-electrogravimetry TFs 𝑞 𝐸 and 𝑚 𝐸 acquired at 0V (a-b) and 0.4 V (c-d) vs Ag/Ag + with PEDOT NWs and fitted using Li + and TBA + cations. e) Concentration variations calculated for Li + and TBA + cations from ac-electrogravimetric data. f) Mass variations measured with EQCM at 10 mV.s -1 and derived from ac-electrogravimetry between -0.2 V and 0.6 V vs Ag/Ag + .

Figure

  Figure IV-1: a) SEM image of PEDOT-covered SiNWs on a GaPO 4 resonator and b) two cycles of CV and mass variations obtained at 10 mV.s -1 in ACN+0.5M TBABF 4 .

(

  EDLCs) due to their peculiar characteristics such as high conductivity, ion access facility and open structure with high surface area [2-4]. In spite of the numerous conventional morphological, structural and physical-chemical techniques employed for their characterization, a better understanding of the electrochemical processes involved in VOGN electrodes has not yet been provided with in-situ characterization techniques. A graphical view of the exchange mechanisms is shown Fig I-1 with Donnan permselectivity of the electrode upon ion adsorption, meaning that only ions of opposite charge are adsorbed. However the real mechanisms at the electrode interface might differ completely from this view.

Separator

  

Figure I- 1 :

 1 Figure I-1: Schematic view of a VOGN-based supercapacitor and the ionic exchange process which is the main focus of this chapter. Cations are depicted in red and anions in blue.

GaPO 4 Figure II- 1 :

 41 Figure II-1: Experimental setup of ECR-CVD: a) Schematic of the components. b) Schematic of the growth mechanism. c) Picture of the setup. d) Sample preparation process.

  Fig. III-1c for the case of VOGNs after 100 cycles in PC+0.5M LiClO 4 .

  Fig. III-1d displays the electrical admittance | | | | of the resonator near the resonance frequency in four configurations: Before growth with and without PC electrolyte, and after VOGN growth with and without PC electrolyte. For each resonance peak measured, the resonance frequency f and the full width at half height W are extracted and the quality factor is derived. The electroacoustic results are summarized inTable III-1.

Table III- 2 :Figure III- 2 : 2 Chapter 4 ֍

 2224 Figure III-2: Cyclic voltammetry (red) coupled with the mass measurement (blue) at 100 mV·s -1 on a VOGN electrode in various electrolytes: a) PC+0.5M TBABF 4 , b) PC+0.5M TBAClO 4 , c) PC+0.5M LiClO 4 , d) PC+N 1114 TFSI.

  removed from the model. The results are depicted at 1V and -1 V vs Ag/Ag + in the form of Nyquist plots of the experimental charge/potential TF ( ) (Fig. III-3a, c, e and g) and mass/potential TF ( ) (Fig. III-3b, d, f and h) together with the theoretical curves fitting the experimental data with Eq. III-17&18 in Chapter 2-III-5.

3Figure III- 3 :Chapter 4 ֍ 154 III. 3 .Figure III- 4 :

 3415434 Figure III-3: Experimental results of ac-electrogravimetry on VOGN electrodes at 1V and -1V (squares) and their corresponding fits (lines) in Nyquist plots of the charge/potential TFs ∆q/∆E(ω) (left), and the mass/potential TFs ∆m/∆E(ω) (right) in a-b) PC+0.5M TBABF 4 , c-d) PC+0.5M TBAClO 4 , e-f) PC+0.5M LiClO 4 , g-h) PC+N 1114 TFSI.

157 -Figure III- 5 :Figure III- 6 :

 15756 Figure III-5: Evolution of the kinetic parameters K i (cm s-1) (left) and the transfer resistance values Rt i (Ω cm2) (right) in a) b) PC+0.5M TBABF 4 , c) d) PC+0.5M TBAClO 4 , e) f) PC+0.5M LiClO 4 , g) h) PC+N 1114 TFSI.

  Fig. III-7a depicts a SEM image of VOGNs grown on a gold patterned GaPO 4 resonator and doped with nitrogen plasma for 3 min. The morphology observed for this electrode shows the same features as undoped electrodes: The nanosheets maintained a vertical alignment along with a good coverage of the gold electrode despite the rough conditions in N 2 plasma. The thickness was measured around the same value (1 µm) despite a doubled growth time, showing that N 2 plasma etched around half of the VOGN electrode.

Figure

  Figure III-7: a) SEM image of N-doped VOGNs grown on a GaPO 4 resonator. b) Cyclic voltammetry (red) coupled with mass variation measurements (blue) at 100 mV·s -1 in PC+0.5M TBABF 4 .

Figure 3 - 8 :

 38 Figure 3-8: a-d) Nyquist plots of the experimental ac-electrogravimetry results on N-doped VOGN electrodes at 1V and -1V (squares) and their corresponding fits (lines) in PC+0.5M TBABF 4 , with a) the charge/potential TFs ∆q/∆E(ω), b) the mass/potential TFs ∆m/∆E(ω), c) the cation-solvent partial TFs and d) the anion-solvent partial TFs. e) The calculated concentration variations for each species. f) The total mass variations calculated from ac-electrogravimetry and measured with EQCM (results for individual species as inset).

Figure 1 :

 1 Figure 1: SEM images of a-b) SINWs covered with MnO 2 nanoflakes [1], c) SiNWs after cycling as Li-ion battery anodes [6] and d) VOGNs covered with Co 3 O 4 nanoparticles [2].

Figure 1 - 1 :Figure 1 - 2 :Figure 1 - 3 :Figure 1 - 7 :Figure 1 - 8 :Figure 1 - 9 :Figure 1 - 10 :

 111213171819110 Figure 1-1: Différentes échelles des besoins de stockage d'énergie électrique: a) Réseau de distribution électrique et transition énergétique. b) Véhicules électriques. c) Electronique portable. d) Micro-composants et capteurs bio-implantables. Images tirées de [2]-[10].

  d'identifier les espèces ioniques échangées par l'électrode avec l'électrolyte. Cet outil est donc un atout majeur pour la caractérisation d'électrodes de supercondensateurs. La technique d'« ac-electrogravimetry » couple la mesure des variations de masse avec la spectroscopie d'impédance électrochimique et permet de discriminer en fréquence les espèces ioniques observées. Cette technique plus avancée permet d'effectuer une déconvolution des mesures obtenues par EQCM afin de déterminer la contribution individuelle des espèces échangées ainsi que la cinétique de ces échanges. Cependant des facteurs limitants comme l'amortissement des ondes de la microbalance en milieu liquide restreignent la plupart du temps l'utilisation de ces méthodes de caractérisation à des films fins et rigidement attachés au substrat (figure 1-11).

Figure 1 - 5 .Chapitre 2 : Méthodes 1 .Figure 2 - 1 : 2 . 2 .Figure 2 - 2 : 3 .Figure 2 - 3 :

 1521212222323 Figure 1-11: a-b) Représentation schématique de la microbalance à quartz en milieu liquide. c) Circuit équivalent. d) Amortissement du signal de résonnance.

Figure III- 7 Chapitre 3 : Electrodes de supercondensateur à base de nanofils 1 .

 731 Figure III-7: a) Diagramme Nyquist de 𝑚 𝐸 𝜔 pour des contributions purement anionique ou cationique. b) Schéma représentant trois espèces échangées, dont deux cations, avec des cinétiques différentes et c) diagramme Nyquist de 𝑚 𝐸 𝜔 correspondant. Adapté de [40].

Figure 3 - 1 : 2 .Figure 3 - 2 : 3 -Figure 3 - 3 : 3 .Chapitre 4 :

 3123233334 Figure 3-1: Images MEB de différentes configurations testées: a) Tentative de croissance de nanofils de silicium sur microbalance à quartz à 380°C. b) Nanofils d'alliage silicium-germanium sur microbalance, mais sans résonnance possible. c) Nanofils Si-Ge sur microbalance avec des électrodes en platine se décollant après la croissance. d) Nanofils de silicium sur microbalance en GaPO 4 fonctionnelle après la croissance à 600°C.

Figure 3 - 4 : 2 .Figure 4 - 1 :Figure 4 - 2 :Chapitre 5 :Figure 5 - 1 :

 3424142551 Figure 3-4: a) Image MEB de nanofils de silicium recouverts de PEDOT à la surface de résonateurs en GaPO 4 . b) Résultats des mesures d'EQCM à 10 mV.s -1 en milieu ACN+0.5M TBABF 4 .

  

  

  

  

  

  

  

  

  

  

  

  

  

Table I -1.

 I 

	Type	Aqueous	Organic	Ionic liquid
	Electrochemical window*	0.5-1 V (1.23 V)	2.5-3V (3-3.5 V)	3.0-4.0 V (3.0-6.0 V)	
	Ionic conductivity at 25°C	>400	10-50	<15	
	Viscosity at 25°C	1 mPa.s	0.3-2.5 mPa.s	50-300 mPa.s
	Thermal stability	-20°C ; +80°C	-50°C ; +70°C	-50°C ; +300	°C
	Capacitance with activated carbon electrodes	150-300	100-200	60-140	
	Toxicity	Low	High	Under investigation
	Inflammability	None	High	Very low	
	Cost	Low	High	Very high	

* Electrochemical window typically found in literature, with between parenthesis the values obtained with Pt or vitrous carbon electrodes.

Table I -

 I 

1: Comparison between the three main classes of electrolytes used for supercapacitors.

-1).

  

	Table I-1: Values of specific capacity for uncovered SiNW and SiNTr electrodes obtained in a 3-
	electrodes setup.
	Two-electrode symmetrical devices have also been investigated with symmetrical
	uncovered SiNW electrodes. The specific capacitance obtained for such devices is lower than the
	3-electrode equivalent, going for example from 440 µF.cm -2 in a 3-electrode setup to 51 µF.cm -2
	for a two-electrode device with 50 µm long SiNWs grown by CVD with a dewetted gold layer as
	catalyst (
	The addition of branches to SiNWs, making SiNTrs, also greatly increases the developed
	surface of the electrode. Such electrodes were able to provide a specific capacitance of up to 900
	µF.cm -2 in a 3-electrodes setup. 2->[105], 3->[91], 7->[92], 8->[94], 21->[106], 22->[107]

Table I -2).

 I 

	Type	Growth conditions	Length (µm)	Capacitance (µF/cm²)	Electrolyte	(V)	Réf.
	N-doped SiNWs	CVD with colloids (50 nm)	5	26	+ PC	0,8	[105]
	N-doped SiNWs	CVD with colloids (50 nm)	20	105	+ PC	0,8	[105]
	N-doped SiNWs	CVD with dewetting	5	106	+ PC	0,8	[105]
	N-doped SiNWs	CVD with dewetting	50	440	+ PC	0,8	[105], [106]
	N-doped SiNWs CVD with colloids (100 nm)	10	34	+ PC	0,8	[91]
	P-doped SiNWs CVD with colloids (100 nm)	11	46	+ PC	0,8	[91]
	N-doped SiNWs CVD with colloids (100 nm)	20	31	EMI-TFSI	4	[92]
	N-doped SiNTrs	CVD with dewetting	50	900	+ PC	0,9	[94]
	P-doped SiNWs	CVD on porous	3	110	+ PC	1,5	[107]
	Symmetrical SiNTr electrode devices achieved higher capacitance values around 80
	µF.cm -2 , but one particular device stands out with specific capacitance values three orders of
	magnitude higher. This particular device reported by J.W. Choi et al. is made from CVD-grown
	SiNWs that have been made porous after 5 cycles in Li-ion battery setup. As a result, a high
	developed surface of 1070 m 2 .g -1 and a high specific capacity of 45-90 mF.cm -2 is achieved
	[108]. However no information is given about the behavior under cyclic voltammetry or about the
	nanowire length, therefore it is unclear whether this device is purely an EDLC or if faradaic
	reactions occur. 1->[109], 2->[105], 3->[91], 6->[108], 8->[94], 22->[107], 24-> [110]	

Table I -2: Electrochemical

 I performances of uncovered SiNW and SiNTr electrodes obtained for two-electrode EDLC devices.

Type Growth conditions Length (µm) Capacitance (µF/cm²) Energy density (µJ/cm²) Power density (mW/cm²)

  

							Cycling stability	Electrolyte	(V)	Réf.
	N-doped SiNWs CVD with colloids (50 nm)	50	23	190	182	75% at	cycles	PYR13TFSI	4 [109]
	Porous SiNWs	CVD with dewetting + cycles as Li-ion battery	------------45000 -90000	36000-72000	11-22	-------------	NEt4BF4 / LiPF6 2,5 [108]
	P-doped SiNWs	CVD colloïdes (100 nm)	11	6,5	3	1,6	99,5% at 200 cycles	NEt4BF4 + PC	1	[91]
	N-doped SiNWs	CVD with dewetting	50	51	37	----------94,4% at 2000 cycles	NEt4BF4 + PC 0,8 [105]
	N-doped SiNTrs	CVD with dewetting	50	67,5	66,2	49	97,9% at	cycles	EMI-TFSI + PC 1,4 [94]
	N-doped SiNTrs	CVD with dewetting	50	58,3	262,4	225	82,5% à	cycles	EMI-TFSI + PC	3	[94]
	N-doped SiNTrs	CVD with dewetting	50	83,9	60,4	45	98,8% at	cycles	NEt4BF4 + PC 1,2 [94]
	N-doped SiNTrs	CVD with dewetting	50	73	210,2	180	78,3% at	cycles	NEt4BF4 + PC 2,4 [94]
	P-doped SiNWs	CVD on porous	6	34,1	272,8	400	90% at 4000 cycles	EMI-TFSI	4 [107]
	P-doped SiNWs	CVD on porous	3	16,5	16,2	16	99,4% at	cycl.	EMI-TFSI	1,4 [107]
	N-doped SiNWs CVD with colloids (50 nm)	35	16	128	4 (moy)	73% at	cycles	NEt3H TFSI	4 [110]
		4->[112], 14->[113], 16->[114], 17->[115], 19->[116], 26->[117]	

Table I -3: Electrochemical

 I performances of covered SiNW electrode EDLCs.

	To enhance the capacitive properties of SiNW electrodes, the deposition of various carbon
	derivatives can be achieved on the surface of SiNWs. The resulting nanowires are passivated,
	preventing their oxidation in air and allowing their use in aqueous electrolytes without forming
	an isolating SiO 2 layer. The various methods used to cover the silicon nanowires also improve the
	specific surface of the electrode, thus enhancing the areal capacitance. In the literature, SiNWs
	have been covered with amorphous carbon, silicon carbide (SiC), diamond and graphene with
	outstanding capacitive and stability performances (

Table I-3).

  

	Finally SiNWs can also been functionalized with pseudo-capacitive materials. Transition
	metal oxides such as MnO 2 , NiO 2 and Ni(OH) 2 and conductive polymers like PEDOT and PPy
	have been used to cover SiNW and SiNTr electrodes to obtain SiNW-based pseudo-capacitors.
	The covered nanostructures present better characteristics compared to plain SiNWs in terms of
	structural stability and specific capacitance. The performance of these high energy density
	supercapacitors are presented in Table I-4. Fig. II-6 presents a summary of the performances
	found for SiNW-based supercapacitors compared to activated carbon and onion-like carbon
	(OLC) in the form of a Ragone plot. 9->[118], 10->[119], 20->[120], 23->[121], 25->[122], 28-
	>[123]98

Type Growth conditions Length (µm) Capacitance (µF/cm²) Energy density (µJ/cm²) Power density (mW/cm²) Cycling stability Electrolyte (V) Ref. Three-electrode measurements SiC/ SiNWs

  

		Etching (AgNO3+HF) + CVD	32	1700	850		95% at 1000 cycles	KCl	0,8	[112]
	Diamond/ SiNWs	CVD colloids (50 nm) + MWCVD	5	105	84	0,94	93,3% at cycles	PMPyrrTFSI +PC	4	[113]
	C/SiNWs (porous)	Etching (AgNO3+HF) + Carbonisation	120	325000				EMIM-TFSI	0,7	[114]
	TiN/SiNWs (porous)	Electrochemical etching + ALD	6	2600	1280	11,4	Bonne à 5500 cycles	TEABF4+PC	2	[116]
					Final devices					
	C/SiNWs (porous)	Etching (AgNO3+HF) + Carbonization	120	75000	100000	1	83% at 5000 cycles	EMIM-TFSI	0,8	[114]
	Graphene/ SiNWs (porous)	Electrochemical etching + CVD	4	15300	91800	160		EMIBF4	2,7	[115]
	C/SiNWs	Chemical etching + Evaporation Substrate: Ti/Au/Si	5	6800				H3PO4 + PVA solid	0,8	[117]
	Diamond/ SiNWs	CVD dewetting + MWCVD	50	1500	15000	25	65% at cycles	NEt3H TFSI	4	-

Table I -4: Electrochemical

 I 

	Type

performances of functionalized SiNW/SiNTr/SiCNW electrode pseudo-capacitors.

Growth conditions Length (µm) Capacitance Energy density (J/cm²) Power density (mW/cm²) Cycling stability Electrolyte (V) Ref. Three-electrode measurements NiO/SiNW

  

		Catalytic Etching +								
		Electrolessly deposited Ni +	40	787,5 F/g			95% at 500 cycles	KOH	0,4	[118]
		thermal oxidation								
	NiO/SiNW	Catalytic Etching + Electrolessly deposited Ni + thermal oxidation	20	681,04 F/g 360mF/cm²			97% at 1000 cycles	KOH	0,4	[119]
	Ni(OH)2/ SiC NW	CVD/carbon + Electrochemical cathodic deposition		1724 F/g 3,31 F/cm²	0,5	1	70% at 500 cycles	KOH		[120]
	Ni(OH)2/ SiC NW	CVD/carbon + Electrochemical cathodic deposition		1412 F/g 2,71 F/cm²	0,41	52,8	70% at 500 cycles	KOH		[120]
	Ni(OH)2/ SiC NW	CVD/carbon + Electrochemical cathodic deposition		4,7 mF/cm²			90% at 1000 cycles	Solid KOH/PVA		[120]
				Final devices					
	PPy/SiNtrs	3 step CVD gold dewetting + Electrochem deposition	50	14 mF/cm²	0,015	0,8	80% at 5000 cycles 70% at 10000 cycles	PYR13TFSI	1,5	[121]
	PEDOT/SiNWs	CVD gold colloids + Electrochem deposition	15	8 mF/cm²	0,009	0,8	80% at 3500 cycles PYR13TFSI	1,5	[122]
	MnO2/SiNWs	CVD gold colloids (50nm) + Chemical Bath Deposition	50	13 mF/cm²	0,032	0,388	91% at 5000 cycles	LiClO4-PMPyrrBTA	2,2	[123]

109 [94] 125 [124] [124] [108] [114]

  

  The difference between these values is small, and the quality factor drop from 3502 to 236 is still very important, meaning that the contribution of hydrodynamic damping cannot be neglected. Nevertheless, EQCM and ac-electrogravimetry experiments were conducted on SiNWs in both PC and ACN to investigate the possibility of extracting the gravimetric response from the QCM in spite of the observed damping.

	Configuration	Fluid visc. ( )	(	Fluid density	)	Resonance frequency ( )	Peak width ( )	R ( )	L ( )	Quality factor
	Pt in air	0.0184		1.17		5.612	192	9.6	0.00796	29191
	Pt in ACN	0.34		786		5.610	1602	77.7	0.00772	3502
	Pt in PC	2.5		1200		5.608	4292	206	0.00763	1307
	SiNWs in air	0.0184		1.17		5.566	1207	60	0.00791	4610
	SiNWs in ACN	0.34		786		5.561	23519	1070	0.00724	236
	SiNWs in PC	2.5		1200		5.555	46659	2122	0.00724	

-1, the low viscosity of ACN was shown to reduce the hydrodynamic damping by a factor 2, with W=23.5 kHz and R=1 kΩ compared to W=46.6 kHz and R=2 kΩ in PC. The variations in resonance frequency and peak width after SiNW growth obtained in ACN are and respectively.

II-4.ii. EQCM and ac-electrogravimetric measurements

EQCM measurements were conducted on GaPO

Table IV -

 IV 

1: Values obtained for the resonance frequency, peak width at half height, resistance, inductance and quality factor for a GaPO 4 resonator with PEDOT-covered SiNW electrodes in air, ACN and PC.

Table III - 1 :

 III1 Values obtained for the resonance frequency, peak width at half height, resistance, inductance and quality factor for a GaPO 4 resonator with Au electrodes in air and PC before and after VOGN growth.Electrochemical quartz crystal microbalance measurements have never been reportedbefore on VOGN electrodes. The most similar study has been reported by H. Goubaa et al. in our group on electrochemically reduced graphene oxides (ERGO) thin films studied in aqueous electrolytes[11]. These materials share the attribute of being graphene-based with VOGNs but present a completely different morphology, where the graphene oxide sheets are parallel to the

	Chapter 4 ֍ Vertically-oriented graphene nanosheets grown on a Chapter 4 ֍ Vertically-oriented graphene nanosheets grown on a
		microbalance electrode microbalance electrode
	III-2.	to EQCM on VOGNs	. The quality factor obtained here is much higher than the
	previous results with SiNWs in the same solvent (	), which is attributed to the
	reduced height of VOGNs compared to SiNWs. We deduce from these observations that
	gravimetric properties of the resonator with VOGNs in PC are suitable for using the Sauerbrey
	equation (Eq. III-1 in chapter 2-III) to understand the following measurements.
			146 147

  + cations are inserted within Chapter 4 ֍ Vertically-oriented graphene nanosheets grown on a microbalance electrode 150 the graphene layers, whereas for this study of VOGNs as EDLCs Li + cations will only be adsorbed on the surface of the nanosheets. Fig. III-2c depicts the EQCM results with PC+0.5M LiClO 4 as electrolyte. A reversible mass increase of around 150 ng was observed from -0.6 V to 1 V vs Ag/Ag + , showing that anions still have a strong contribution in this potential region.

Table III - 3 :

 III3 -3). TFSI -anions have a molar mass of 280.09 g.mol -1 , which is much higher than the MPE. This tendency indicates that anions are not the only species exchanged with the electrode during cycling. N 1114 + cations (106 g·mol -1 ) are much lighter and smaller than TBA + cations and may have less difficulty to access to various adsorption sites on the graphene nanosheets. Once again ac-electrogravimetry will play a key role to determine the mutual role of cations, anions and free solvent molecules to the exchange mechanisms. Table III-3 summarizes the results of the MPE calculations for all four electrolytes. Mass per mole of electrons (MPE) obtained with TBABF 4 , TBAClO 4 , LiClO 4 and PC+N 1114 TFSI and the corresponding anion and cation molar masses.

This model is used to fit the experimental data within the EC-Lab software and it allows the derivation of the capacitance C d , the transfer resistance R ct and the influence of diffusion with the Warburg coefficient .

Chapitre 1 : Etat de l'art1. Stockage de l'énergie électriqueLes méthodes permettant de stocker de l'énergie provenant d'une source électrique et de la restituer de manière réversible sont d'une importance grandissante à toutes les échelles.Aux grandes échelles les méthodes de stockages sont essentielles à la mise en place d'une transition énergétique vers les énergies renouvelables, notamment pour stocker l'énergie provenant de sources d'énergie intermittentes comme le solaire ou l'éolien[1]. Aux échelles intermédiaires le stockage d'énergie électrique permettra le déploiement de solutions de transport plus efficaces en énergie n'émettant ni gaz ni de particules. A plus petite échelle, le développement de plus en plus accru des technologies portatives à haute puissance de calcul (ordinateurs portables, tablettes, « smartphones », etc.) nécessite des moyens de stockage d'énergie de plus en plus denses et durables. A l'échelle micrométrique, de nouvelles technologies à base de microcomposants indépendants (Dispositifs bio-implantables, réseaux de capteurs, etc.) voient peu à peu le jour et nécessiteront des moyens de stocker de l'énergie de manière miniaturisée (Fig.1-1).[2]-[10] Pour répondre à cette demande multi-échelle, des solutions de stockage très variées sont utilisées. A grande échelle les barrages hydrauliques sont le plus couramment utilisés du fait de leur faible coût au kWh stocké. En revanche l'impossibilité d'en implanter dans une majorité des régions du monde ont fait apparaître des solutions alternatives comme le stockage de l'énergie via de l'air comprimé (CAES), la liquéfaction de l'air (LAES), des batteries à flux ou des réseaux de batteries Li-ion. Aux échelles intermédiaires et pour l'électronique portative les batteries Li-ion ont largement conquis le marché, a l'exception d'une partie des véhicules électriques s'orientant plutôt vers les piles à combustible. La figure
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where is the flux of electrons and F the Faraday number.

The flux oscillations ( ) are considered very small, thus a linear regime approximation is used to rewrite ( ) as a function of ( ) and :

( ) ( ) (Eq. III-11)

where ( ) is a kinetic parameter representing how fast species i are exchanged, and

( ) the parameter related to the ease of interfacial transfer.

In the linear regime at x=d, Eq. III-9 leads to:

( ) ( ( ) ) (Eq. III-12)

Using Eq. III-12 in Eq. III-11 leads to:

( ) (Eq. III-13)

Then, we define as the mass change per unit surface in the film due to the concentration change of species i ( ( )) with molar mass : ( ). From Eq. III-13 we deduce:

(Eq. III-14)

Similarly, the charge variations per unit surface ( ) due to the concentration change of the charged species i ( ( )) with a valence and a charge sign can be written as:

( ). From Eq. III-13 we deduce:

(Eq. III-15)

To fit the data from a given experiment, the different species present in the electrolyte must be introduced in the model. For example if the electrolyte contains a monovalent cation, a monovalent anion and free solvent molecules, these three species will be taken into account and the total mass and charge variations of the film per surface unit will be calculated as:

(Eq. III-16)
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Combining these relations with Eq. III-14&15, the mass/potential and charge/potential TFs can then be calculated with the following equations:

| ( ) ( )

If a charged species i is exchanged with the film with a solvation shell of solvent molecules, this must be taken into account in the above model by ascribing to this element an effective molar mass that encompasses the mass of solvent molecules: .

III.5.iii. Development of a fitting software

The fitting process that consists in finding the proper values of and for each species of the model is usually done at LISE laboratory (France) using a Mathcad code. As the Mathcad software could not be used in the context of this Ph.D., an original software was created to perform ac-electrogravimetry fitting. Using python, the interface was made more dynamic than the Mathcad code, allowing faster data treatments. 

II-4.iii. Viscous drag simulations

The goal here will be to estimate this viscous drag contribution over our QCM response.

As a resonator operates, the electrode surface experiences low amplitude shear oscillations at high frequencies that lead to accelerations a million times stronger than the gravitation constant [51]. When vertically-oriented nanostructures in a fluid are exposed to such oscillations, hydrodynamic forces can bring perturbations to the QCM response. First, a part of the fluid can be trapped within the nanostructures and add it"s inertia to the QCM. Second, viscous drag forces apply to the nanostructures moving in the fluid. To better understand the second mechanisms taking place in SiNW arrays, the following simplified simulation is proposed.

We define the system as an homogeneous array of vertical SiNWs per cm² represented by cylinders with a diameter D=100 nm and a length L=10 µm on top of a QCM operating at a power P=100 µW. The mass of this nanowire array (m) can be calculated as:

where is the density of c-Si and is the number of nanowires per surface unit.

The resulting mass, is close to the average mass of SiNWs on our samples. We then define ( ) ( ) as the displacement of the surface during the QCM operation, where and is the oscillation amplitude that can be derived with the following equations [51]:

where × , is the quality factor, is the peak voltage applied on the resonator electrodes. The values of , R, L and Q are taken from Table II

Oscillation amplitudes of 0.153 and 0.108 nm are found for ACN and PC respectively.

The speed ( ( )) and acceleration ( ( )) of the QCM surface are then derived as:
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The Reynolds number is calculated with:

(Eq. II-4)

where is the fluid density, is the fluid"s dynamic viscosity and is the maximal speed of the electrode surface.

In every configuration, the resulting Reynolds numbers are always very low (around ). We could thus use Lamb"s equation to derive the drag coefficient ( ) of the cylindrical SiNWs [52]:

where is the Euler constant.

The drag force acting on the SiNW array could then be derived: 

III.3.iv. Concentration and mass variations for each species

The values of K i and Rt i also allow the calculation of the relative concentration changes of depicted in the inset. In each case, m total calculated from ac-electrogravimetry is in good agreement with the global m given by our classical EQCM, further validating the models used to fit the ac-electrogravimetry data.

Fonctionnement d'un supercondensateur

Les supercondensateurs sont classés en trois catégories principales montrées figure 1-4. [28] Dans ces catégories, les supercondensateurs à double-couche électrochimique (EDLC) sont les plus simples en termes de fonctionnement car ils ne requièrent pas de réactions d'oxydoréduction aux électrodes. Leur énergie est stockée de manière électrostatique par l'attraction des ions à la surface des électrodes [29]- [32]. Hermann von Helmholtz fut le premier à décrire ce phénomène en 1853 dans un modèle appelé « double couche électrique » qui fut plus tard amélioré par Gouy, Chapman, Stern et Grahame (figure 12345).

Cette simplicité de fonctionnement permet aux EDLCs de bénéficier de plusieurs avantages par rapport aux autres familles de supercondensateurs :

 Ils permettent de délivrer plus de densité de puissance du fait de de l'absence de réactions chimiques impliquant des limitations cinétiques.

 Ils sont extrêmement durables du fait qu'il n'y a pas de mécanismes irréversibles dans ce procédé de stockage.

En assemblant symétriquement deux électrodes à double couche électrochimique avec un électrolyte entre les deux on forme un EDLC dans lequel les ions se déplacent d'une électrode à l'autre au cours des cycles de charge/décharge. [30], [31] Figure 1-4: Familles de condensateurs : Les condensateurs à double couche électrochimique (EDLC), les pseudo-condensateurs et les condensateurs hybrides. Adapté de [28]. 123456). [33] et [34] Enfin, les condensateurs hybrides s'éloignent des condensateurs symétriques par l'utilisation de deux électrodes de nature différentes afin de combiner les avantages des deux : Une électrode à double-couche électrique et une électrode de batterie.

Electrodes nanostructurées pour supercondensateurs

La nanostructuration des électrodes de supercondensateurs a été introduite récemment pour augmenter leur surface spécifique en contact avec l'électrolyte et ainsi augmenter leur