Foreword

Fluid and ion transport at the nanoscales Fundamentally, new paradigms are expected to emerge in the fluid and ion transport properties at the nanoscales. Those new behaviours principally originate from two distinct effects: (i) the increasingly predominant role played by surface interactions, when confinement becomes comparable to the lengthscales of Van der Waals or electrostatic forces [START_REF] Bocquet | Nanofluidics, from bulk to interfaces[END_REF], (ii) and the breakdown of the concept of fluid as a continuous media, for confinement reaching molecular sizes for which the granularity of matter has to be accounted for.

Beyond the fundamental interest of new physic phenomena, understanding the behaviour of confined flows is particularly interesting in terms of applications. First, harnessing information on the physics at play in smaller and smaller fluidic channels provides guidance for the design of devices with high analytic sensitivity, with the ultimate goal of detecting and studying single macromolecules such as proteins and DNA [START_REF] Traversi | Detecting the translocation of DNA through a nanopore using graphene nanoribbons[END_REF][START_REF] Steinbock | Probing the size of proteins with glass nanopores[END_REF][START_REF] Roman | Functionalized solid-state nanopore integrated in a reusable microfluidic device for a better stability and nanoparticle detection[END_REF][5]. Second, we can take advantage of the predominance of surface effects to develop new fluidic functionalities, such as nanofluidic transistors [START_REF] Karnik | Electrostatic control of ions and molecules in nanofluidic transistors[END_REF][START_REF] Kalman | Nanofluidic bipolar transistors[END_REF][START_REF] Jubin | Dramatic pressure-sensitive ion conduction in conical nanopores[END_REF] or diodes [START_REF] Karnik | Rectification of ionic current in a nanofluidic diode[END_REF][START_REF] Cheng | Nanofluidic diodes[END_REF][START_REF] Chih-Yuan Lin | Tunable current rectification and selectivity demonstrated in nanofluidic diodes through kinetic functionalization[END_REF]. Finally, optimizing the transport at the nanoscale can have a decisive impact on major technological challenges: indeed, the generation of osmotic energy relies on water flows through nanometric channels [START_REF] Siria | New avenues for the large-scale harvesting of blue energy[END_REF][START_REF] Macha | 2D materials as an emerging platform for nanopore-based power generation[END_REF]. Similarly, water desalination, or more generally water ultrafiltration [START_REF] Fritzmann | State-of-the-art of reverse osmosis desalination[END_REF][START_REF] Greenlee | Reverse osmosis desalination: Water sources, technology, and today's challenges[END_REF], involves water flowing through pores with molecular sizes. Optimizing the chemical and geometrical engineering of liquid-solid interfaces in filtration or power conversion membranes would profoundly benefit the efficiency of these processes.

The peculiar fluid-carbon interface

From this perspective, the very peculiar fluid-carbon interface attracts a lot of interest [START_REF] Striolo | The carbon-water interface: Modeling challenges and opportunities for the water-energy nexus[END_REF]: in 2005, flow rate measurements through membranes of aligned carbon nanotubes [START_REF] Majumder | Enhanced flow in carbon nanotubes[END_REF] experimentally revealed the exceptionally high permeability of these nanochannels, orders of magnitude larger than expected on the basis of the classical Hagen-Poiseuille equation for channels with the same pore size. This high permeability stems from ultralow friction of water on the inner wall of carbon nanotubes. Furthermore, it was later observed that water slippage strongly depends on the nanotube radius, increasing as the radius decreases, [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF]. Therefore, carbon-based membranes appear as a promising candidate for water ultrafiltration [START_REF] Corry | Designing carbon nanotube membranes for efficient water desalination[END_REF][START_REF] Sumedh | Water desalination using nanoporous single-layer graphene[END_REF][START_REF] Homaeigohar | Graphene membranes for water desalination[END_REF], combining high permeability due to wall slippage, and high selectivity intrinsically due to the pore geometry (the smallest carbon nanotubes have an inner diameter of 0.3 nm [START_REF] Zhao | Smallest carbon nanotube is 3 Å in diameter[END_REF]). Finally, flow enhancement in narrow carbon nanotubes is expected to exalt electro-hydrodynamic couplings, thus giving rise to non trivial ion transport properties that could be harnessed in order to develop new fluidic functionalities.

From a more fundamental point of view, slippage at the liquid-carbon interface challenges our current understanding of friction, which is usually assumed to stem from the structural and chemical surface properties of the solid materials. However, slippage vanishes on boron nitride surfaces, having the exact same crystallography than carbon surfaces, but opposite electronic properties [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF]. This observation indicates that the solid-state electronic properties should be accounted for to describe the dynamics of the liquid-carbon interface, [START_REF] Kavokine | Fluctuation-induced quantum friction in nanoscale water flows[END_REF]. Coming back to applications, a better understanding of the coupling between flow and electron dynamics should suggest new ways to control fluid and ion transport at the nanoscale.

Thesis summary

In this manuscript, we report two experimental studies of the nanoscale properties of the liquid-carbon interface, when the fluid flows over the solid surface. The dynamics of the liquid-carbon interface is studied in two different geometries: in one-dimensional multiwalled carbon nanotubes inducing nanometric confinement of the flow, and on twodimensional graphite sheets.

Mechanosensitivity of single-digit carbon nanotubes

In the first part of this thesis, we study the ion transport through individual 2 nmradius multiwalled carbon nanotubes, driven by the combination of mechanical and electrical forcings. Our results evidence mechanically activated ion transport in narrow carbon nanotubes which takes the form of an ionic conductance depending quadratically on the applied pressure. Physically, this square-like dependence of the conductance on pressure results from the complex interplay between electric and mechanical drivings, that leads to an overall growth of the ionic cloud in the nanotube for positive and negative pressure drops. Furthermore, this response is shown to be intimately connected to the ultra-low friction of water on the nanotube wall: high slippage appears as a prerequisite to attain mechanically activated transport.

Flow-induced electricity generation at the liquid-graphite interface

In the second part of this thesis, we use a tuning fork-based Atomic Force Microscope to deposit and set in motion a micrometric ionic liquid droplet over a graphite flake. We observe that the oscillations of the droplet along the flake induce an alternating electric current in graphite, at the same frequency as the droplet oscillations, provided that the flake displays enough corrugations under the form of wrinkles. The current generation indicates a strong coupling between flow and electron dynamics, in agreement with the assumption that the solid-state electronic properties should contribute to the dynamics of the liquid-carbon interface.

Part I

Mechanosensitivity of single-digit carbon nanotubes

Introduction

Nanofluidics [START_REF] Bocquet | Nanofluidics, from bulk to interfaces[END_REF][START_REF] Jan | Nanofluidics: What is it and what can we expect from it?[END_REF][START_REF] Reto | Transport phenomena in nanofluidics[END_REF][START_REF] Kavokine | Fluids at the Nanoscale: From Continuum to Subcontinuum Transport[END_REF], the field studying transport of fluids at the nanoscales, has now reached a stage of maturity [START_REF] Bocquet | Nanofluidics coming of age[END_REF]. The manifold systems which have been developped over the recent years, from 0D nanopores [START_REF] Feng | Electrochemical reaction in single layer MoS2: Nanopores opened atom by atom[END_REF][START_REF] Feng | Single-layer MoS2 nanopores as nanopower generators[END_REF][START_REF] Feng | Observation of ionic Coulomb blockade in nanopores[END_REF][START_REF] Dekker | Solid-state nanopores[END_REF][START_REF] Garaj | Graphene as a subnanometre trans-electrode membrane[END_REF][START_REF] Sahu | Colloquium: Ionic phenomena in nanoscale pores through 2D materials[END_REF][START_REF] Celebi | Ultimate permeation across atomically thin porous graphene[END_REF][START_REF] Michael | Extrinsic Cation Selectivity of 2D Membranes[END_REF][START_REF] O'hern | Selective molecular transport through intrinsic defects in a single layer of CVD graphene[END_REF][START_REF] Steven | Selective molecular sieving through porous graphene[END_REF][START_REF] Jain | Heterogeneous subcontinuum ionic transport in statistically isolated graphene nanopores[END_REF], 1D nanotubes [START_REF] Majumder | Enhanced flow in carbon nanotubes[END_REF][START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF][START_REF] Hinds | Aligned Multiwalled Carbon Nanotube Membranes[END_REF][START_REF] Holt | Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes[END_REF][START_REF] Whitby | Enhanced Fluid Flow through Nanoscale Carbon Pipes[END_REF][START_REF] Pang | Origin of Giant Ionic Currents in Carbon Nanotube Channels[END_REF][START_REF] Yazda | Voltage-activated transport of ions through single-walled carbon nanotubes[END_REF][START_REF] Choi | Diameter-dependent ion transport through the interior of isolated single-walled carbon nanotubes[END_REF][START_REF] Young | Coherence Resonance in a Single-Walled Carbon Nanotube Ion Channel[END_REF][START_REF] Liu | Translocation of Single-Stranded DNA Through Single-Walled Carbon Nanotubes[END_REF][START_REF] Liu | Ultrashort singlewalled carbon nanotubes in a lipid bilayer as a new nanopore sensor[END_REF][START_REF] Ramya | Ultrafast proton transport in sub-1-nm diameter carbon nanotube porins[END_REF][START_REF] Ramya | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF][START_REF] Kim | Osmotically-Driven Transport in Carbon Nanotube Porins[END_REF][START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF][START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF][START_REF] Marcotte | Mechanically activated ionic transport across single-digit carbon nanotubes[END_REF], to 2D nanoand even angströslits [START_REF] Radha | Molecular transport through capillaries made with atomic-scale precision[END_REF][START_REF] Esfandiar | Size effect in ion transport through angstrom-scale slits[END_REF][START_REF] Ashok Keerthi | Ballistic molecular transport through two-dimensional channels[END_REF][START_REF] Fumagalli | Anomalously low dielectric constant of confined water[END_REF][START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF][START_REF] Gopinadhan | Complete steric exclusion of ions and proton transport through confined monolayer water[END_REF], together with the new instrumentation developped [START_REF] Bocquet | Physics and technological aspects of nanofluidics[END_REF], now allow investigating fluid and ion transport at the frontier of hydrodynamics.

The experiments performed on smaller and smaller artificial nanofluidic devices recently highlighted a wealth of exotic behaviours in fluid and ion transport at the nanoscale, ranging from giant osmotic power conversion [START_REF] Feng | Single-layer MoS2 nanopores as nanopower generators[END_REF][START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF][START_REF] Graf | Light-enhanced blue energy generation using MoS2 nanopores[END_REF], ultrafast water flows in carbonbased materials [START_REF] Majumder | Enhanced flow in carbon nanotubes[END_REF][START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF][START_REF] Holt | Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes[END_REF][START_REF] Whitby | Enhanced Fluid Flow through Nanoscale Carbon Pipes[END_REF][START_REF] Ramya | Ultrafast proton transport in sub-1-nm diameter carbon nanotube porins[END_REF][START_REF] Ramya | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF][START_REF] Xie | Fast water transport in graphene nanofluidic channels[END_REF][START_REF] Nair | Unimpeded permeation of water through helium-leak-tight graphene-based membranes[END_REF], stochastic ion transport through narrow carbon nanotubes [START_REF] Choi | Diameter-dependent ion transport through the interior of isolated single-walled carbon nanotubes[END_REF][START_REF] Young | Coherence Resonance in a Single-Walled Carbon Nanotube Ion Channel[END_REF], to unusual ion and water dynamics in two-dimensional capillaries [START_REF] Radha | Molecular transport through capillaries made with atomic-scale precision[END_REF][START_REF] Esfandiar | Size effect in ion transport through angstrom-scale slits[END_REF][START_REF] Ashok Keerthi | Ballistic molecular transport through two-dimensional channels[END_REF][START_REF] Fumagalli | Anomalously low dielectric constant of confined water[END_REF][START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF][START_REF] Gopinadhan | Complete steric exclusion of ions and proton transport through confined monolayer water[END_REF].

The quest for the utimate scales to study fluid and ion transport is not only motivated by the fundamendal interest of exotic and puzzling phenomena [START_REF] Faucher | Critical Knowledge Gaps in Mass Transport through Single-Digit Nanopores: A Review and Perspective[END_REF]: it also turns out to be particularly relevant in a wide variety of important applications, such as water desalination (or more generally water ultrafiltration [START_REF] Nair | Unimpeded permeation of water through helium-leak-tight graphene-based membranes[END_REF][START_REF] Shannon | Science and technology for water purification in the coming decades[END_REF]), or generation of so-called blue energy [START_REF] Siria | New avenues for the large-scale harvesting of blue energy[END_REF][START_REF] Feng | Single-layer MoS2 nanopores as nanopower generators[END_REF][START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF] -i.e. energy extracted from salinity gradients. Furthermore, the smallest nanofluidic channels one can think of are biological ion channels, which are essential to a variety of advanced cellular mechanisms and activities. Thus, by studying well-controlled artificial nanofluidic devices, one can try to identify the basic physical ingredients at stake in the electrokinetic regulation of ion transport through biological channels, in order to design "smart" nanoscale transport processes and to engineer bioinspired advanced functionalities: this is the flourishing field of iontronics [START_REF] Chun | Iontronics[END_REF].

But despite the recent advances in the conception of artificial devices with nanometreand even angström-scale confinements [START_REF] Radha | Molecular transport through capillaries made with atomic-scale precision[END_REF][START_REF] Esfandiar | Size effect in ion transport through angstrom-scale slits[END_REF][START_REF] Ashok Keerthi | Ballistic molecular transport through two-dimensional channels[END_REF][START_REF] Fumagalli | Anomalously low dielectric constant of confined water[END_REF][START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF][START_REF] Gopinadhan | Complete steric exclusion of ions and proton transport through confined monolayer water[END_REF], these are still far from the advanced functionalities existing in biological systems, such as highly selective transport [START_REF] Kim | Structural determinants of ion selectivity in brain calcium channel[END_REF][START_REF] Sui | Structural basis of water-specific transport through the AQP1 water channel[END_REF][START_REF] Yu | Ion selectivity in potassium channels[END_REF], ionic pumping [START_REF] Alberts | Carrier proteins and active membrane transport[END_REF][START_REF] David | Voltage dependence of Na/K pump current in isolated heart cells[END_REF][START_REF] Olesen | The structural basis of calcium transport by the calcium pump[END_REF], or electrically and mechanically activated transport [START_REF] Anishkin | Feeling the hidden mechanical forces in lipid bilayer is an original sense[END_REF][START_REF] Stephen | Mechanosensitivity is mediated directly by the lipid membrane in TRAAK and TREK1 K + channels[END_REF][START_REF] Cox | Biophysical Principles of Ion-Channel-Mediated Mechanosensory Transduction[END_REF][START_REF] Schmidt | Mechanistic basis for low threshold mechanosensitivity in voltage-dependent K + channels[END_REF][START_REF] Wu | Touch, Tension, and Transduction -The Function and Regulation of Piezo Ion Channels[END_REF]. However the unusual properties of carbon nanotubes in terms of water and ion transport [START_REF] Majumder | Enhanced flow in carbon nanotubes[END_REF][START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF][START_REF] Hinds | Aligned Multiwalled Carbon Nanotube Membranes[END_REF][START_REF] Holt | Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes[END_REF][START_REF] Whitby | Enhanced Fluid Flow through Nanoscale Carbon Pipes[END_REF][START_REF] Pang | Origin of Giant Ionic Currents in Carbon Nanotube Channels[END_REF][START_REF] Yazda | Voltage-activated transport of ions through single-walled carbon nanotubes[END_REF][START_REF] Choi | Diameter-dependent ion transport through the interior of isolated single-walled carbon nanotubes[END_REF][START_REF] Young | Coherence Resonance in a Single-Walled Carbon Nanotube Ion Channel[END_REF][START_REF] Liu | Translocation of Single-Stranded DNA Through Single-Walled Carbon Nanotubes[END_REF][START_REF] Liu | Ultrashort singlewalled carbon nanotubes in a lipid bilayer as a new nanopore sensor[END_REF][START_REF] Ramya | Ultrafast proton transport in sub-1-nm diameter carbon nanotube porins[END_REF][START_REF] Ramya | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF][START_REF] Kim | Osmotically-Driven Transport in Carbon Nanotube Porins[END_REF][START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF], which still defy state-of-the-art understanding [START_REF] Faucher | Critical Knowledge Gaps in Mass Transport through Single-Digit Nanopores: A Review and Perspective[END_REF], open new possibilities for the development of advanced iontronic functions.

In this work, we focus on the ionic transport through 2 nm-radius individual multiwalled carbon nanotubes, under the combination of mechanical and electrical forcings. Our findings evidence mechanically activated ionic transport, which takes the form of an ionic conductance which depends quadratically on the applied pressure. This behaviour is rationalized theoretically in terms of the complex interplay between electrical and mechanical drivings, showing that ultra-low friction of water on carbon nanotubes surfaces is a prerequisite to attain mechanically activated transport. The pressure sensitivity shares similarities with the response of biological mechanosensitive ion channels [START_REF] Anishkin | Feeling the hidden mechanical forces in lipid bilayer is an original sense[END_REF][START_REF] Stephen | Mechanosensitivity is mediated directly by the lipid membrane in TRAAK and TREK1 K + channels[END_REF][START_REF] Cox | Biophysical Principles of Ion-Channel-Mediated Mechanosensory Transduction[END_REF][START_REF] Schmidt | Mechanistic basis for low threshold mechanosensitivity in voltage-dependent K + channels[END_REF][START_REF] Wu | Touch, Tension, and Transduction -The Function and Regulation of Piezo Ion Channels[END_REF] observed Contents here for the first time in an artificial system. This paves the way for building new active nanofluidic functionalities inspired by the complex biological machinery. Chapter 1 Ionic transport under electrical and mechanical forcings in nanofluidic channels In this Chapter, we introduce the governing laws describing fluid and ion transport through cylindrical nanochannels, allowing to compute the ionic current response of nanotubes under (low) electrical and mechanical forcings. One particularity of the nanoscale is that the related transport quantities, i.e. the ionic conductance and the streaming current, strongly depend on the specificities of the solid-liquid interface, namely the surface charge and wall slippage. Therefore, a wealth of information regarding the solid-liquid interface properties can be harnessed from voltage-driven and pressure-induced ionic current measurements through nanochannels.

Governing laws of nanofluidics

Consider an aqueous solution of monovalent salt, such as KCl. Let ρ + , ρ -[m -3 ] be the densities of positive and negative ions, respectively, D [m.s -2 ] the diffusion coeffficient, assumed here to be the same for cations and anions, and φ [V] the electrostatic potential.

1.1. Governing laws of nanofluidics

Navier-Stokes equation

The Navier-Stokes equation is remarkably robust at describing fluid flow down to the smallest scale, typically l c ≈1 nm, for water in normal pressure and temperature conditions, [START_REF] Bocquet | Nanofluidics, from bulk to interfaces[END_REF]. This charasteristic length scale is essentially a lower bound for defining a fluid viscosity η. Below this length scale, strong departure from the continuum framework is observed and structuring of the fluid at the confining walls, memory effect and other sub-continuum phenomena come into play, [START_REF] Kavokine | Fluids at the Nanoscale: From Continuum to Subcontinuum Transport[END_REF].

Thus, for nanofluidic channels larger than 1 nm, the Navier-Stokes equation can be safely used to account for fluid transport. Since the Reynolds number related to water flow at the nanoscale is very small, inertia effects can be safely neglected in nanofluidic systems, and the fluid flow is described by the Stokes equation

η∆v + f = ∇P, (1.1) 
where P is the pressure and f is a body force. Under the application of the electrical field E = -∇φ, the body force is here f = e(ρ + -ρ -) (-∇φ), thus leading to:

0 = -∇P + η∆v + e(ρ + -ρ -) (-∇φ) . (1.2) 
Solving Stokes equation requires boundary conditions for the hydrodynamic flow at the confining walls: the Navier partial slip boundary condition inforces that the stress at the interface should be balancing the solid-liquid friction force. For a fluid flowing in the x direction along a solid surface of normal z, the force balance writes σ xz = λv x | wall where σ is the stress tensor [N.m -2 ] and λ is the friction coefficient [N.s.m -3 ]. For a Newtonian fluid, σ xz = η∂ z v x , so that the Navier boundary condition rewrites:

v x | wall = b ∂v x ∂z wall , (1.3) 
introducing the slip length b = η/λ. It can be interpreted as the distance in the solid at which the linear extrapolation of the velocity profile vanishes, see Figure 2.3. Since slip lengths up to tens of nanometers have been experimentally measured on atomically smooth and hydrophobic surfaces [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF][START_REF] Whitby | Enhanced Fluid Flow through Nanoscale Carbon Pipes[END_REF][START_REF] Radha | Molecular transport through capillaries made with atomic-scale precision[END_REF][START_REF] Maali | Measurement of the slip length of water flow on graphite surface[END_REF], slippage plays a crucial role in nanofluidics: it is expected to have dramatic consequences on the transport properties of nanofluidic channels. For instance the relative increase in hydraulic conductance of a cylinder of radius R due to wall slippage is 1 + 4b/R.

Poisson equation

The Poisson equation relates the electrostatic potential φ and the charge density (ρ + -ρ -): ∆φ = -e (ρ + -ρ -) , (1.4) where is the dielectric permittivity of water, assumed to be isotropic. 

Nernst-Plank equation

In a mean-field treatment (neglecting the correlations between the ions), the ionic flux J ± is described by the Nernst-Planck equation:

J ± = -D∇ρ ± ± eD k B T ρ ± (-∇φ) + ρ ± v. (1.5) 
The first term represents the diffusive flux, the second term represents the migration of ions under the electric field -∇φ and the third term represents the advection of ions by the fluid.

Matrix of transport

As expressed in Stokes and Nernst-Planck equations, pressure, electrical or concentration gradients locally induce charge and mass transport. These local gradients can be created by imposing a voltage drop ∆V , a pressure drop ∆P or a solute concentration difference ∆ρ s between both reservoirs linked by the nanochannel. Under these electrical, mechanical or entropic forcings, ion fluxes will build-up as prescribed by the Nernst-Planck equation.

In the stationary state, the ion fluxes are spatially uniform along the nanochannel. This allows to compute the transport quantities: the ionic current I = e A dA(J + -J -), the fluid flow Q = A ρ w vdA (where ρ w is the volumic mass of water) and the total solute flux Φ s = A dA(J + + J -), with A the cross-sectional area of the nanochannel.

In general, the relations I(∆V, ∆P, ∆ρ s ), Q(∆V, ∆P, ∆ρ s ) and Φ s (∆V, ∆P, ∆ρ s ) are non-linear. However, in the limit of low forcings, the Poisson, Nernst-Planck and Stokes equations (referred to as the PNPS equations), can be linearized and integrated in the stationary state, thus allowing to relate the transport quantities to the external drop in voltage, pressure or concentration through the following matrix of transport:

1.2. Ionic transport under electrical forcing

  I Q Φ s   =   G µ EO µ K µ EO L hyd µ DO µ K µ DO µ eff     -∆V -∆P -k B T ∆(log(ρ s ))   . (1.6)
where G is the conductance, L hyd is the hydraulic permeability, µ eff is the effective mobility, and µ EO , µ DO and µ K are the mobilities associated to cross effects. These quantities depend on the geometry, on the surface charge, on the slip length and on salt concentration and diffusion coefficient. Note that due to Onsager symmetry, the non-diagonal coefficients of the matrix are equal [START_REF] Bocquet | Nanofluidics, from bulk to interfaces[END_REF][START_REF] Mazur | On electro-osmosis and streaming-potentials in diaphragms: II. General quantitative relationship between electro-kinetic effects[END_REF][START_REF] Brunet | Generalized Onsager relations for electrokinetic effects in anisotropic and heterogeneous geometries[END_REF]. Therefore, the resulting ionic current is the sum of three contributions : (i) the diffusion of ions under a variation of charge concentration, (ii) the electrophoretic current, due to the electrostatic force applied on the charge carriers, (iii) the advection of charges. The advection itself results from three different types of forcing: (iii1) pressure-advected flow (the pressure-induced Poiseuille water flow advects charges), (iii2) electro-osmosis (the counterions screening the surface charge move under an electrostatic potential difference and drag a plug flow), and (iii3) diffusio-osmosis (a gradient of concentration in the normal direction induces an osmotic pressure against the channel walls which, when combined to a gradient of the osmotic pressure in the longitudinal direction, creates a plug flow). Finally, these five contributions can be referred to as: (i) diffusive, (ii) electrophoretic (iii1) pressure-induced, (iii2) electro-osmotic and (iii3) diffusio-osmotic.

In this study, we will focus on the ionic transport under electrical (∆V ) and mechanical (∆P ) forcings. From now on, we assume the reservoirs linked by the nanochannel to be filled with a solution at same concentration ρ s .

Ionic transport under electrical forcing

We first focus on the ionic current response under electric forcing. We consider a cylindrical nanofluidic channel of length L and inner radius R, with R L, and of surface charge Σ [m -2 ], bridging two fluid reservoirs at same salt concentration (ρ ± (-∞) = ρ ± (+∞) = ρ s ). The channel geometry is represented on Figure 1.2. A voltage drop ∆V is imposed between the reservoirs, thus creating an electric field E = ∆V /L along the nanochannel.

As pointed out above, the electrical forcing has various consequences which bring different contributions to the ionic current. We assume in the following sections that we can neglect longitudinal variation in the charge concentration induced by the electric field. Therefore, the diffusive and diffusio-osmotic contributions to the ionic current can be discarded. Furthermore, no pressure drop between the reservoirs is imposed here, thus preventing the advection of charges by a pressure-induced Poiseuille flow. Thus, the ionic current only results from electrophoresis of the ions under the electric field, and from advection by an electro-osmotic flow due to the pulling of fluid by the countercharges screening the surface charge.

Simplified Nernst-Planck equation

We assume a low electrical forcing E. At first order in E, ∇ x φ = -E and the ion densities reduce to their equilibrium values. Geometry of a cylindrical nanofluidic channel of length L, inner radius R and surface charge Σ, bridging two fluid reservoirs at same salt concentration ρs. An electric field E is applied along the x-direction.

Thus, in steady-state, the (constant) ionic fluxes along the x-direction reduce to a simplified Nersnt-Planck equation:

J ± = ± eD k B T ρ ± E + ρ ± v (1.7) 
Therefore, the ionic current writes:

I = e R 0 2πrdr(J + -J -) = e 2 D k B T R 0 2πrdr(ρ + + ρ -)E + e R 0 2πrdr(ρ + -ρ -)v (1.8)
where the first integral represents the electrophoretic current, and the second integral corresponds to the electro-osmotic current.

In the above expression, the ion densities ρ ± follow the equilibrium distribution. To proceed further, we need then to know the densities ρ + and ρ -at equilibrium.

Equilibrium distribution of charges

At equilibrium, each ionic specie in the channel verifies chemical equilibrium with the reservoirs. It implies that the chemical potential µ ±,res of ions in the reservoirs must be equal to the chemical potential µ ±,ch of ions in the channel . Imposing that φ = 0 in the reservoirs at equilibrium, the chemical potentials write:

µ ±,res = µ 0 ± + k B T ln(ρ s ) µ ±,ch = µ 0 ± + k B T ln(ρ ± ) ± eφ (1.9)
Equalizing the chemical potentials yields to the so-called Boltzmann distribution for the ion densities: introducing the Debye length:

ρ ± = ρ s exp ∓ eφ k B T ≡ ρ s exp(∓ψ) (1 
λ D = 2e 2 ρ s k B T -1/2 , (1.12) 
which sets the extension of the diffuse layer of counterions screening a charged surface, [START_REF] Bocquet | Nanofluidics, from bulk to interfaces[END_REF]. Furthermore, at equilibrium, electroneutrality is verified for each portion of the nanochannel, which yields:

R o 2πrdr(ρ + -ρ -) = 2πRΣ
(1.13)

Electrophoretic current

The electrophoretic contribution to the ionic current writes:

I EP = e 2 D k B T R 0 2πrdr(ρ + + ρ -)E (1.14) 
Let's consider qualitatively the limiting behaviours R λ D and R λ D to compute the electrophoretic current in these cases.

Thin Debye layer limit: R λ D

When the channel is much larger than the Debye length, the ionic current is expected to be the sum of the bulk term and of a surface term originating from the motion of counterions screening the surface charge within the Debye layer.

In the bulk, ρ + = ρ -= ρ s . In the Debye layer, the mobile charges exactly compensate the surface charge Σ. Therefore, the ionic current writes:

I EP = πR 2 e 2 D k B T 2ρ s + 2Σ R × E. (1.15)
Debye overlap regime: R λ D

In the case where R λ D , there is no more distinction between surface and bulk, and all quantities may be considered uniform across the channel [START_REF] Bocquet | Nanofluidics, from bulk to interfaces[END_REF]. Thus,

ρ + ρ - = ρ 2 s ρ + -ρ -= 2Σ R (1.16)
which yields:

ρ ± = ρ 2 s + (Σ/R) 2 ± Σ/R.
(1.17)

Ionic transport under electrical forcing

The ionic current in the Debye overlap regime is then:

I EP = 2πR 2 e 2 D k B T ρ 2 s + (Σ/R) 2 × E (1.18)

Electro-osmotic current

The electric field applies a net force on the counterions screening the charged surface within the Debye layer. This body force e(ρ + -ρ -)E sets the fluid in motion, as prescribed by the Stokes equation Eq. 1.2. This interfacially-driven flow in turn drags along the ions, thus adding an electro-osmotic contribution to the ionic current, denoted I EO .

- ------------ Schematic of the coupled fluid and ion transport in a nanochannel under electrical forcing A in the thin Debye layer limit and B in the Debye overlap regime and assuming slippage on the wall.

In A, the electro-osmotic flow is a plug flow while in B, it is a Poiseuille flow.

The electro-osmotic current writes:

I EO = R 0 2πre(ρ + -ρ -)v x (r)dr = - R 0 2π ∂ ∂r r ∂φ ∂r v
x (r)dr (1.19) where we used the Poisson equation to replace e(ρ + -ρ -)r by -∂ r (r∂ r φ). Integrating by parts: (1.21)

I EO = 2π R 0 rdr∂ r φ∂ r v x -Rv x (R)∂ r φ| R . ( 1 

Ionic transport under electrical forcing

A first integration of this equation yields: ∂ r v x = ( E/η)∂ r φ. Furthermore, the slip boundary condition imposes that v x (R) = -b∂ r v x | R , and the Gauss theorem applied to the surface yields: ∂ r φ| R = eΣ/ , so that v x (R)∂ r φ| R = -b(E/η)e 2 Σ 2 / . Altogether, we obtain:

I EO = 2 η E + 2πR be 2 Σ 2 η E (1.22)
where E = ( /2) R 0 2πr(∂ r φ) 2 dr is the electrostatic energy per unit length stored in the electrical double layer.

Thin Debye layer limit: R λ D

In the thin Debye layer limit, one can estimate the electrostatic energy per unit length stored in the electrical double layer, which acts as a capacitor of charge 2πRLeΣ and of thickness λ D :

E = πRλ D e 2 Σ 2 (1.23)
so that the electro-osmotic current writes:

I EO = 2πR e 2 Σ 2 η (λ D + b)E . (1.24) 
This expression could have been directly recovered by interpreting the electro-osmotic current as the dragging of a charge 2πReΣ by a fluid flow of velocity v resulting from a balance between the driving electric force and the viscous friction force at the interface. Per unit surface, this balance writes:

η v λ D + b = eΣE (1.25)
The expression for the viscous friction force illustrates that the flow gradient occurs on a length b + λ D . Therefore v = eΣE(λ D + b)/η, which leads to Eq. 1.24.

Debye overlap regime: R λ D

In the Debye layer overlap regime, the ion densities may be considered uniform across the channel and are given by Eq. 1.17. Since the ionic densities are uniform, the flow has no longer a surface, but rather a volume driving. It is simply a Poiseuille flow, where the pressure gradient ∆P/L is replaced by the electric driving force e(ρ + -ρ -)E.

Altogether, this yields:

I EO = πR 2 (eΣ) 2 2η 1 + 4b R E. (1.26)
1.2. Ionic transport under electrical forcing

Ionic conductance

The ionic current response I to a voltage drop ∆V is quantified by the conductance G = I/∆V . As detailed above, the current results from the sum of the electrophoretic current and electro-osmotic current. Let's sum up the above results in terms of ionic conductance in the two limiting cases of the thin Debye layer limit and of Debye overlap regime.

Thin Debye layer limit: R λ D

G = I EP + I EO ∆V = πR 2 L e 2 D k B T 2ρ s + 2Σ R + 2πR L e 2 Σ 2 η (λ D + b) (1.27)
Note that a rigourous calculation of the conductance in the thin Debye layer limit leads to a slightly different result [START_REF] Bocquet | Nanofluidics, from bulk to interfaces[END_REF][START_REF] Mouterde | Interfacial transport with mobile surface charges and consequences for ionic transport in carbon nanotubes[END_REF][START_REF] Levine | Theory of electrokinetic flow in a narrow parallel-plate channel[END_REF]:

G = 2 πR 2 L e 2 D k B T ρ s + 2πR L e 2 D k B T Σ(1 + δ) × χ 1 + χ 2 + 1 + e 2 Σ 2 η b (1.28)
where χ = λ D /l GC with l GC = 1/2πΣl B the Gouy-Chapman length and l B = e 2 /4π k B T the Bjerrum length, and δ = k B T /2πDηl B is a dimensionless parameter accounting for the electro-osmotic contribution to the conductance. The difference comes from our approximation of the electrostatic energy stored in the Debye layer E ∝ Σ 2 . This quadratic scaling with the surface charge is the prediction of the linearised Poisson-Boltzmann equation, i.e. with the approximation sinh(ψ) ≈ ψ. This approximation is valid only if the potential varies by less than k B T /e across the Debye layer. This is the case in the high concentration/low surface charge limit and more precisely when the Debye length is smaller than the Gouy-Chapman length, i.e. for χ 1.

Debye overlap regime: R λ

D G = I EP + I EO ∆V = πR 2 L 2e 2 D k B T ρ 2 s + (Σ/R) 2 + e 2 Σ 2 2η 1 + 4b R . (1.29)
Thus, the ionic conductance strongly depends on the channel geometry, on the surface charge and on the slip length. As revealed by these formula, hydrodynamic slippage can strongly enhance the ionic current response to electrical forcing.

Note that in the above analysis, the surface charge is assumed to be fixed. However, if the ions responsible for the surface charge physisorb on the surface, but without covalent bonding with the surface, they can move along with the electro-osmotic flow and be dragged by the electric driving force, thus contributing to the ionic current. This effect is of course enhanced by slippage. The consequences for the ionic conductance have been studied in [START_REF] Mouterde | Interfacial transport with mobile surface charges and consequences for ionic transport in carbon nanotubes[END_REF] but are beyond the scope of the present work. 

Ionic transport under mechanical forcing: streaming currents

Let's now consider the ionic current response to a pressure drop ∆P imposed between the reservoirs. The pressure gradient results in a Poiseuille flow that advects the charge carriers in the channel. Because of the screening of the surface charge by counterions, the charge advection results in a net ionic current, referred to as the streaming current, see Figure 1.4.

I str = R 0 2πre(ρ + -ρ -)v x (r)dr (1.30) 
where v x (r) = ∆P 4ηL (R 2 + 2bR -r 2 ). As previously, we can consider the two limiting cases of the thin Debye layer limit and of the Debye overlap regime.

Thin Debye layer limit: R λ D

To simplify the derivations, we assume here a slit-like geometry for the nanochannel: we consider a nanochannel of length L, height h and width w.

Within the Debye layer in the vicinity of the wall at z = 0, the fluid velocity can be approximated by:

v x (z) = ∆P 2ηL (hb + hz -z 2 ) ≈ ∆P h 2ηL (b + z) . (1.31)
The streaming current writes then:

I str = -2 × ∆P 2η hw L h/2 0 d 2 φ dz 2 (b + z)dz (1.32)
Integrating by parts leads to:

I str = -2 × ∆P 2η hw L [-bφ (0) + φ(0)] = η hw(-ζ) ∆P L (1.33)
where we have phenomenologically defined the zeta potential

ζ = φ(0) [1 -bφ (0)/φ(0)].
Coming back to the cylindrical geometry, the streaming potential is expressed as:

1.4. Big picture

I str = η πR 2 L (-ζ) × ∆P. (1.34)
One can check that these derivations verify the Onsager symmetry, which imposes equality of the electro-osmotic and streaming mobility. Indeed, the zeta potential defined above can be approximated as:

ζ = φ(0) 1 -b φ (0) φ(0) ≈ -eΣ (λ D + b). (1.35)
Subsituting in the expression for the streaming current yields to:

I str ≈ πR 2 η eΣ(λ D + b) ∆P L (1.36)
The streaming mobility is obtained by dividing the streaming current by the mechanical forcing (∆P/L). Similarly, the electro-osmotic mobility is obtained by dividing the electro-osmotic current Eq. 1.24 by the electrical driving (2eΣ/R) × E. It is straightforward that the streaming and electro-osmotic mobilities are indeed equal.

Debye overlap regime: R λ D

In the Debye overlap regime, the ionic densities are uniform across the channel and are given by Eq. 1.17. Therefore, the streaming current is:

I str = eΣπR 3 4ηL 1 + 4b R × ∆P. (1.37)
Here again, the Onsager symmetry is verified in the Debye overlap regime, as can be checked by dividing the streaming current by the mechanical forcing (∆P/L), and dividing the electro-osmotic current Eq. 1.26 by the electrical forcing (2eΣ/R) × E.

As revealed by the expression of the ionic conductance and of the streaming currents, a wealth of information can be harnessed by measurements of the ionic current response under mechanical and electrical forcings. In particular, these measurements should in principle provide us with an estimate for the surface charge and for the slip length of the nanochannel under investigation.

Big picture

In this Chapter, we gave an overview of the basic theoretical framework for ion transport through nanochannels. The main points are:

• Liquid transport is well described by the Stokes equation. At the nanoscale, it is crucial to take into account wall slippage to determine the permeability of a nanochannel. The hydrodynamic slippage is quantified by the slip length.

Big picture

• Ion transport is rationalized in terms of the mean-field PNPS framework, where the key ingredients are the channel surface charge, and the couplings between ion and liquid transport through electro-osmosis and streaming. These couplings are strongly affected by wall slippage.

• Ionic current response under mechanical and electrical forcings strongly depends on the channel geometry, on the surface charge and on the slip length. Thus, voltage-driven and pressure-induced ionic current measurements allow us to probe the specificities of the liquid-solid interface.

Chapter 2

Ionic transport through single-digit carbon nanotubes In this Chapter, we introduce the specificities of fluid and ion transport through so-called single-digit carbon nanotubes, i.e. carbon nanotubes with inner diameter less than 10 nm. We first review the various existing experimental platforms which interface carbon nanotubes to a fluidic system, thus allowing for determining the peculiar fluid and ion transport properties of these channels. As pointed out in the previous Chapter, the transport quantities strongly depend on the liquid-solid interface properties, namely the surface charge and wall slippage. Accordingly, we detail the specificities of the liquid-carbon interface in terms of surface charge and slippage, that make carbon nanotubes very different from boron-nitride nanotubes as nanofluidic channels, despite their similar crystallography. Finally, we present the experimental procedure we implemented in this work to measure the ionic current response of individual 2 nm-radius carbon nanotubes under electrical and mechanical forcings.

Exotic ionic transport properties in carbon nanotubes

Exotic ionic transport properties in carbon nanotubes

Experimental platforms

Porous membranes of aligned carbon nanotubes

The first measurements of fluid transport through carbon nanotubes were realized on membranes of aligned multiwalled carbon nanotubes, [START_REF] Majumder | Enhanced flow in carbon nanotubes[END_REF][START_REF] Hinds | Aligned Multiwalled Carbon Nanotube Membranes[END_REF][START_REF] Holt | Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes[END_REF][START_REF] Whitby | Enhanced Fluid Flow through Nanoscale Carbon Pipes[END_REF]: an array of vertically aligned carbon nanotubes is grown by catalytic chemical vapor deposition (CVD) process, see Figure 2.1 A, and then encapsulated into a polymer film [START_REF] Majumder | Enhanced flow in carbon nanotubes[END_REF][START_REF] Hinds | Aligned Multiwalled Carbon Nanotube Membranes[END_REF] or into a silicon nitride matrix [START_REF] Holt | Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes[END_REF] to form a well-ordered nanoporous membrane structure. Flow rate measurements through these membranes revealed a huge flow enhancement due to inner wall slippage and provided for the first time an experimental proof of quasi frictionless water transport through narrow carbon nanotubes.

However, extracting information on the fluid and ion transport properties through carbon nanotubes from these measurements is delicate, since the incorporated carbon nanotubes are not all of the same inner radius, some of them are closed by inner bamboo structures, and leakages due to imperfect conformal encapsulation of carbon nanotubes by the membrane matrix can occur. Therefore, precisely relating the flow rate and ionic current measurements to the geometry of the channel requires experimental platforms allowing for probing fluid and ion transport through individual carbon nanotubes. In the following, we briefly present different strategies which have been reported to adress the challenge of interfacing an individual nanotube to a fluidic system while avoiding leakage.

Integration into a microfluidic chip

A single-walled carbon nanotube, typically of diameter 1 to 2 nm, is grown by CVD process on an oxidized silicon wafer. A microfluidic chip consisting in two reservoirs is build on top of the carbon nanotube, so that the nanotube bridges the reservoirs, see Figure 2.1 B. Plasma etching removes the exposed parts of the nanotube in the reservoirs, and ensures it is open on both ends, [START_REF] Pang | Origin of Giant Ionic Currents in Carbon Nanotube Channels[END_REF][START_REF] Yazda | Voltage-activated transport of ions through single-walled carbon nanotubes[END_REF][START_REF] Choi | Diameter-dependent ion transport through the interior of isolated single-walled carbon nanotubes[END_REF][START_REF] Young | Coherence Resonance in a Single-Walled Carbon Nanotube Ion Channel[END_REF][START_REF] Liu | Translocation of Single-Stranded DNA Through Single-Walled Carbon Nanotubes[END_REF]. The nanotube embedded in the microfluidic chip usually has a very high aspect ratio, with length ranging from 20 µm [START_REF] Pang | Origin of Giant Ionic Currents in Carbon Nanotube Channels[END_REF] up to 0.5 mm [START_REF] Young | Coherence Resonance in a Single-Walled Carbon Nanotube Ion Channel[END_REF].

Insertion into a lipid membrane

Very short (5-10 nm) and very narrow (0.8 to 2 nm in diameter) nanotubes can be inserted into a supported lipid membrane [START_REF] Liu | Ultrashort singlewalled carbon nanotubes in a lipid bilayer as a new nanopore sensor[END_REF] thanks to a microinjection probe brought close to the lipid bilayer. More recently, Noy and colleagues [START_REF] Ramya | Ultrafast proton transport in sub-1-nm diameter carbon nanotube porins[END_REF][START_REF] Ramya | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF][START_REF] Kim | Osmotically-Driven Transport in Carbon Nanotube Porins[END_REF] reported that very short carbon nanotubes, referred to as carbon nanotube porins, could self-incorporate into phospholipid vesicles, see Figure 2.1 C. Monitoring the size variation of these vesicles when submitted to an osmotic gradient gives information on the permeability of the porins to the osmolytes molecules, [START_REF] Kim | Osmotically-Driven Transport in Carbon Nanotube Porins[END_REF]. A single patch of membrane can also be isolated to study a single porin and measure its conductance, [START_REF] Ramya | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF].

Exotic ionic transport properties in carbon nanotubes

Insertion into a solid-state membrane or capillary Siria et al. [START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF] reported for the first time the fabrication of a new kind of nanofluidic device consisting in an individual multiwalled boron-nitride nanotube inserted by direct nanomanipulation under Scanning Electron Microscopy into a hole drilled in a silicon nitride membrane. Once the tube is inserted, the hole is sealed with cracked naphtalene using local electron-beam-induced deposition, see Figure 2.1 D. This method has been extended to 1 µm long multiwalled carbon nanotubes, inserted either into a silicon nitride membrane [START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF] or into the opening of a glass nanocapillary [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF].

This transmembrane nanotube configuration offers the advantage to allow ionic transport through an individual nanotube to be probed under all kind of forcings (electrical, mechanical or chemical) and their combinations. This is the method we employed in our experiments, and we will detail its implementation in Section 2.2. Altogether, these nanofluidic devices enable to probe the properties of ionic transport through carbon nanotubes. These properties depend on the channel geometry, the surface charge and the slip length. Regarding the channel geometry, it is usually determined by Transmission Electron Microscopy. As pointed out in the previous Chapter, information on surface charge and slippage can be harnessed by flow rate, conductance or streaming current measurements. In the following, we briefly review some specificities of ionic transport through carbon nanotubes related to their surface charge and their exceptionally high permeability. 
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Surface charge

The scaling behaviour of the conductance as a function of salt concentration for various pHs is rich in information concerning the surface charge. In particular, conductance measurements in boron nitride [START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF] and carbon nanotubes [START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF] reveal very distinct scaling behaviours, see Figure 2.2, which enlightens the charging mechanism of the inner surface of these channels.

At this point, one can make the following remarks, based on the comparison between the scaling behaviors of the conductance as a function of salt concentration in boron nitride and carbon nanotubes, see Figure 2.2:

1. Two regimes are observed, depending on the salt concentration: at high concentration, the conductance is dominated by its bulk contribution G bulk = 2µe 2 πR 2 /L ρ s , where µ is the ion mobility, assumed to be the same for cations and anions . At low concentration, the conductance is dominated by its surface contribution. The threshold delimiting the two regimes is fixed by the Dukhin number Du = Σ/(2πRρ th s ) = 1. Therefore, the threshold concentration ρ th s is fixed by the surface charge and the inner radius of the channel.

2.1. Exotic ionic transport properties in carbon nanotubes 2. The surface conductance increases with pH for carbon and boron nitride nanotubes.

3. Boron nitride and carbon nanotubes strongly differ in the dependency of the surface conductance on salt concentration. The surface conductance in boron nitride nanotubes does not depend on salt concentration, while it follows a power law

G surf ∼ ρ 1/3 s in carbon nanotubes.

Dependency on pH

The strong dependency on pH of the surface conductance G surf ∝ Σ indicates that the surface charging mechanism should involve a pH-dependent chemical reaction, favored at high pH. A natural assumption is to relate the surface charging to the adsorption of hydroxide ions to the inner surface of the channel. This hypothesis was confirmed by Grosjean and colleagues [START_REF] Grosjean | Versatile electrification of two-dimensional nanomaterials in water[END_REF] who reported free energy calculations based on ab intio molecular dynamic simulations of hydroxide ions in water near graphene and hexagonal boron nitride layers. Their results disclose that both surfaces get charged through hydroxide adsorption, but two strongly different mechanisms are evidenced: the hydroxide species shows weak physisorption on the graphene surface while it exhibits strong chemisorption on the boron nitride surface. Their simulations also highlight that the hydroxide ions keep very fast lateral dynamics and interfacial mobility within the physisorbed layer on graphene, thus indicating that the surface charge in carbon nanotubes is essentially mobile and provides an additional contribution to the surface conductance: 2e 2 λ OH -(πR/L) Σ, with λ OH -the mobility of physisorbed hydroxide ions.

Dependency on salt concentration

Secchi et al. [START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF] rationalized the dependency of the surface conductance on the salt concentration by a simple model of charge regulation, which can be synthesized in the following way:

1. In the context of the charge-regulation model, the chemical potential of the OH - ions at the surface is equal to the chemical potential in the reservoirs:

k B T log [OH -] surf λ 2 -eV s + U ads = k B T log [OH -] bulk λ 3 , (2.1) 
where V s is the electrostatic potential at the surface, λ is a microscopic normalizing length and U ads is the energy of adsorption of the hydroxide ions.

2. Therefore, the surface charge Σ ≡ [OH -] surf verifies:

Σ ∝ 10 pH exp eV s -U ads k B T . (2.2)
3. A simple force balance at the carbon nanotube surface yields to:

1 2 E 2 surf ∼ k B T ρ s (surf) ∼ k B T ρ s exp - eV s k B T . (2.3)
where E surf is the electric field normal to the surface, due to the gradient of electrostatic potential within the Debye layer. In the above expression,

E 2 surf ∝ Σ 2 while exp -eVs k B T ∝ Σ -1 × 10 pH exp -U ads k B T .
2.1. Exotic ionic transport properties in carbon nanotubes 4. Altogether, the model leads to:

Σ ∝ 10 pH 3 exp - U ads 3k B T × ρ 1/3 s (2.4)
Fitting their experimental data using for the surface charge the expression Eq. 2.4, the authors obtained the value of adsorption energy: U ads ≈ 0.6 eV, compatible with a physisorption scenario [START_REF] Grosjean | Versatile electrification of two-dimensional nanomaterials in water[END_REF]. Incidentally, this model precises the pH-dependence of the surface charge discussed in the previous paragraph: Σ ∝ 10

pH 3 .
Note that a sublinear scaling of the surface conductance as a function of the salt concentration has been observed and rationalized by several other groups, with reported exponents varying between 1/3 and 1/2 [START_REF] Pang | Origin of Giant Ionic Currents in Carbon Nanotube Channels[END_REF][START_REF] Yazda | Voltage-activated transport of ions through single-walled carbon nanotubes[END_REF][START_REF] Liu | Translocation of Single-Stranded DNA Through Single-Walled Carbon Nanotubes[END_REF][START_REF] Biesheuvel | Analysis of ionic conductance of carbon nanotubes[END_REF]. Uematsu et al. [START_REF] Uematsu | Crossover of the Power-Law Exponent for Carbon Nanotube Conductivity as a Function of Salinity[END_REF] calculated the conductance of a generic nanochannel filled with an electrolyte, as a function of salt concentration and for various pHs. Their model, based on a co-ion exclusion approximation in the Poisson-Boltzmann equation, was solved numerically and yields to a complete diagram of exponents α for the power law G ∝ ρ α s as a function of salt concentration and pH, for tubes with different radii and ionization reactivities pKa. Briefly, their model accounts for power-law behavior with exponents 1/3 at high pH and 1/2 at low pH, with a crossover depending on salt concentration, tube radius and pKa.

Slippage

The most exotic feature of fluid transport through carbon nanotubes is the exceptional permeability of these channels, due to quasi frictionless water transport. The first flow rate measurements across membranes of aligned carbon nanotubes [START_REF] Majumder | Enhanced flow in carbon nanotubes[END_REF][START_REF] Holt | Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes[END_REF][START_REF] Whitby | Enhanced Fluid Flow through Nanoscale Carbon Pipes[END_REF] reported a permeability enhancement of several orders of magnitude in comparison with the permeability of nanochannels of same geometry but assuming no slippage. Later, Secchi et al. [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF] were able to determine the pressure-driven flow rate across individual boron nitride and carbon nanotubes of various radii, from the hydrodynamics of water jets as they emerge from the nanotube into the surrounding fluid. Their measurements highlight the very peculiar nature of the water-carbon interface inside carbon nanotubes, as highlighted by Figure 2.3 presenting the experimentally determined slip length as a function of the nanotube radius. Their results reveal that the slip length in carbon nanotubes is strongly radius-dependent, and increases as the radius decreases, reaching 300 nm inside the smallest carbon nanotube investigated. Furthermore, their results evidenced a fundamental difference between fluid transport in carbon and boron nitride nanotubes, the latter showing no substantial slippage of water, despite their identical crystallography.

The strong slippage of water on the inner wall of carbon nanotubes naturally impacts the ion transport because all advective contributions to the ionic current (pressureinduced, electro-osmotic, diffusio-osmotic) are enhanced by slippage: for instance anomalously high conductance values have been reported in 2 nm-carbon nanotubes, and attributed to slippage-enhanced electro-osmosis [START_REF] Pang | Origin of Giant Ionic Currents in Carbon Nanotube Channels[END_REF][START_REF] Liu | Translocation of Single-Stranded DNA Through Single-Walled Carbon Nanotubes[END_REF].

Note that slippage can depend on surface charge, as detailed in [START_REF] Mouterde | Interfacial transport with mobile surface charges and consequences for ionic transport in carbon nanotubes[END_REF]. Indeed, the lateral mobility of the physisorbed hydroxide ions responsible for the surface charge in carbon nanotubes [START_REF] Grosjean | Versatile electrification of two-dimensional nanomaterials in water[END_REF] modifies the hydrodynamic slippage boundary condition at the surface, in a way which takes into account the hydroxide ion contribution to the wall friction, see [START_REF] Mouterde | Interfacial transport with mobile surface charges and consequences for ionic transport in carbon nanotubes[END_REF].

2.2. Experimental methods for ionic current measurement through single-digit carbon nanotubes 

Experimental methods for ionic current measurement through single-digit carbon nanotubes

As detailed in the previous chapter, it is of significant interest to perform ionic current measurements under electrical and mechanical forcings on individual nanofluidic channels. Siria et al. [START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF] developed a technique to manipulate, glue and cut nanoobjects under Scanning Electron Microscopy (SEM). They used this technique to fabricate nanofluidic devices consisting in an individual multiwalled boron nitride nanotube inserted into the hole drilled in a silicon nitride membrane separating two fluidic reservoirs. This method was later extended to relatively large multiwalled carbon nanotubes [START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF]. Here, we use for the first time this fabrication methodology to produce individual transmembrane "singledigit" carbon nanotubes, i.e. carbon nanotubes with inner diameter less than 10 nm.

Inner radius determination

The inner radius R of relatively large nanotubes is usually determined by conductance measurements at high salt concentration [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF][START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF], i.e. in a salt concentration regime where the conductance is dominated by its bulk contribution: G = 2µe 2 ρ s πR 2 /L. Once the length L has been determined by Scanning Electron Microscopy, the inner radius R can be extracted from the bulk conductance value. However, for single-digit carbon nanotubes, high slippage enhances the electro-osmotic contribution to the conductance [START_REF] Pang | Origin of Giant Ionic Currents in Carbon Nanotube Channels[END_REF][START_REF] Liu | Translocation of Single-Stranded DNA Through Single-Walled Carbon Nanotubes[END_REF], thus preventing from determining R in a straightforward way by conductance measurements. Therefore, we rather imaged under Transmission Electron Microscopy (TEM) a carbon nanotubes bundle from the commercially available arc-discharged carbon nanotubes powder (Sigma Aldrich) we used for the device fabrication. The TEM observation of 57 different carbon nanotubes determined their inner radii distribution, see Figure 2.4, indicating that the carbon nanotubes used in this study have inner radii R ≈ 2 ± 0.6 nm. 
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Device fabrication

As detailed in the Supplementary Material of [START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF], the device fabrication occurs in the vacuum chamber of the Scanning Electron Microscope (SEM), using a platform consisting in two parts facing each other: a stage to hold a sample and a build-in nanomanipulator, i.e. 3 axis piezo-inertial step motors of nanometric precision controlled by an outside joystick. Besides, in water/naphtalene atmosphere, nanotubes can be cut/glued under localized electron beam exposure. By coupling microscopy for nanometric observation to cutting, gluing and nanodisplacing, we are able to (i) manipulate an individual nanotube and (ii) insert it and seal it into the nanohole of a macroscopic chip.

Manipulating a nanotube

A small quantity of carbon nanotubes powder is spread onto a carbon tape and placed on the stage holder in the chamber of the SEM. On the other hand, an electrochemically etched tungsten tip -a millimetric tungsten wire with a nanometric apex-is put onto the nanomanipulator, facing the carbon nanotubes bundle. We work under high vacuum (the pressure inside the chamber is typically 10 -4 -10 -5 mbar), at 5 kV, with spot 3. The tungsten tip is brought close to the nanotube bundle and approached towards the chosen nanotube with the joystick which externally commands the piezo stage of the tip. Once the tip contacts the nanotube, a Gas Injection System is used to locally inject naphtalene (C 10 H 8 ) while the electron-beam is focused on the region of contact between the tip and the nanotube. Under e-beam exposure, naphtalene gas particules decompose and aggregate on the exposed surface to glue together the tip and the carbon nanotube. Once the contact is sealed, we stop the gas injection and the focused imaging to end the gluing process.

To detach the chosen nanotube from the bundle and ensure it is cut open on its free end, we switch to low vacuum atmosphere by introducing water vapor at 1 mbar into the SEM chamber, and adjust the electron beam parameters to a higher energy density (30 kV) and section (spot 6). The scan window is reduced to a line perpendicular to the nanotube, and crossing it at the point we want to cut it, typically a few microns away from the contact between the tip and the nanotube. Under e-beam irradiation in water vapor environment, the scanned material oxidizes, thus cutting the carbon nanotube glued on the tungsten tip, and detaching it from the bundle. At this point, we end up with a few microns long carbon nanotube, with one end glued on the tungsten tip, and with the other (free) end cut open. The fabrication procedure up to this point is summarized by 

Inserting the nanotube in a membrane

The nanotube powder is replaced by a membrane on the stage holder facing the nanomanipulator still supporting the tungsten tip. The membrane consists in a 50 nm thick silicon nitride membrane, pierced of a 250 nm-hole, hanging on a centimetric silicium frame of 500 µm thickness (Norcada). With the nanomanipulator controlling the displacement of the tungsten tip, the carbon nanotube glued on it is inserted into the hole of the membrane. Once the nanotube inserted, naphtalene is locally injected into the SEM chamber and decomposed under e-beam exposure, in order to seal the nanotube in the membrane hole with a water impermeable glue. Finally, the sealed nanotube is cut free from the tungsten tip by highly energetic electron beam exposure in water vapor, as previously. These last fabrication steps are illustrated by Figure 2.6. We obtain then a centimetric chip, pierced by a single aperture consisting in a micron long single-digit carbon nanotube, opened at both ends, as sketched in Figure 2.7. 

Experimental set-up

To measure the ionic current response under electrical and mechanical forcings, the membrane is placed into a dedicated set-up detailed in the following.

The nanofluidic cell

The membrane is squeezed between two macroscopic reservoirs to form a nanofluidic cell, represented in Figure 2.8. The reservoirs are made of polyether ether ketone (PEEK), a semicrystalline thermoplastic with excellent mechanical resistance properties, and resistant to organic and aqueous attacks. Two O-rings placed on both sides of the membrane ensure perfect contact between the reservoirs and the membrane. The reservoirs and the membrane are kept together in a plexiglass clamp by a single screwing which favors parallelism and thus homogeneous contact pressure preventing leakages. The reservoirs are closed by two screw-like caps made of PEEK, pierced to insert the electrodes. A 3 mm diameter aperture on top of the caps allows us to connect one of the reservoir to a pressure controller, while the other reservoir is at atmospheric pressure.

2.2. Experimental methods for ionic current measurement through single-digit carbon nanotubes 

Filling with salt solution

We use potassium chloride (KCl) solutions in our experiments. This very simple salt is characterized by monovalent cations and anions of same mobility. A KCl powder is diluted in deionized water (mili-Q water) to produce a KCl solution at the desired concentration, typically between 10 -3 M and 1 M. The solution pH is adjusted using HCl or KOH. Solution conductivity and pH are checked using a conductimeter and pH meter just before experiments.

Each reservoir is then gently filled with the salt solution using a syringe and a 200 nm filter, and closed by the caps. Applying a voltage difference between the reservoirs allows the solution to wet and fill the nanochannel.

Electrical forcing

The voltage drop between the reservoirs is imposed through redox Ag/AgCl electrodes, well suited for ionic transport experiments involving Cl -, with the electrochemical reaction: AgCl (s) + e - Ag(s) + Cl -(aq).

Mechanical forcing

A pressure drop can also be imposed between the reservoirs, by connecting one of the reservoirs to a pressure controller (Elveflow ) using a pipe inserted into the 3 mm diameter opening of the PEEK cap. The sealing of the pipe into the cap is ensured by an acetoxy silicone sealant, recovered by a layer of epoxy to protect the sealant from mechanical constraints. The other reservoir is maintained at atmospheric pressure thanks to its cap aperture.

Ionic current acquisition

The electrodes are connected to an Axopatch 200 B (Molecular device), with low pass filtering and a cut-off frequency of 5 kHz, to induce and measure ionic currents. Using feedback loops, capacitive circuits and a cooled headstage, the system minimizes and suppresses the noise induced by the current amplification and measurement, thus resulting in a current resolution of 0.1 pA. The Axopatch is connected to an acquisition card (National Instruments) and controlled by an homemade Labview program. The cooled headstage of the Axopatch and the nanofluidic cell are placed in two different Faraday cages, and put onto an antivibration table.

Ionic current measurements

Conductance measurements

To measure the conductance, the Labview program commands the Axopatch to impose a periodic triangular ramp in voltage drop, and plots in real time the current as a function of the imposed voltage drop. At each voltage step, the current overshoots and capacitively relaxes to its steady-state value, within a timescale of a few seconds typically. Accordingly, current relaxation during 30 seconds is achieved at each voltage step to avoid this capacitive effect. The IV characteristic corresponds to the steady state current value as a function of the voltage drop. For voltage drops between -0.1V and 0.1V, the characteristic of the ionic nanochannel is linear and the conductance is defined as G = I(∆V, t → +∞)/∆V , where I(∆V, t → +∞) is the steady-state current response to one given voltage drop ∆V , see Figure 2.9.

Streaming current measurements

To measure the streaming current, a software (Elveflow ) commands the pressure controller to impose pressure drops typically ranging from 50 mbar up to 1.5 bar, while the current response is recorded and plotted in real time by the Labview program. Once the pressure Streaming current measurement through an individual single-digit carbon nanotube. A pressure drop (here, ∆P =1 bar) is periodically imposed for 15 seconds, and then released for another 15 seconds. Once the pressure is applied, the current I(t) briefly overshoots and quicly relaxes to a stationary value, which is defined as the streaming current Istr.

drop is applied, the current overshoots and then quickly relaxes to a stationary value, which is defined as the streaming current. Once the pressure is released, the current comes back to zero. Accordingly, pressure drops are periodically imposed for typically 20 seconds, and then released for another 20 seconds. This measurement can also be done while imposing an additional constant bias voltage ∆V between the reservoirs. In this case, the streaming current resulting from a pressure drop ∆P is defined as I str = I(∆P, ∆V ) -I(0, ∆V ).

Note that pressure can be imposed on either side of the membrane. Pressure applied on the reservoir containing the ground electrode is considered negative, while pressure applied on the other reservoir is considered positive.

Big picture

In this Chapter, we first introduced the specificities of ionic transport through so-called single-digit carbon nanotubes. The main features are:

• a salt concentration-and pH-dependent surface charge Σ ∝ 10 pH 3 ρ 1/3 s , thus resulting in a non-saturating conductance in the surface-dominated regime (at low salt concentration). The charging mechanism relies on weak physisorption of hydroxide ions to the inner wall.

• an exceptionally high permeability, stemming from strong wall slippage. The associated slip length has been shown to be strongly radius-dependent, reaching up to hundreds of nanometers in single-digit carbon nanotubes. Slippage enhances all advective contributions to the ionic current (streaming, electroosmotic, diffusio-osmotic currents).

Big picture

In the second part of this Chapter, we presented the experimental procedure implemented to measure the ionic current response under electrical and mechanical forcings in individual transmembrane single-digit carbon nanotubes. To sum up, an individual carbon nanotube is inserted into a nanohole drilled in a silicon nitride membrane by direct nanomanipulation under Scanning Electron Microscopy. The membrane is then squeezed between two macroscopic reservoirs filled with a salt solution and containing Ag/AgCl electrodes for inducing and measuring ionic current. A pressure controller can be connected to one of the reservoir, to impose a pressure drop on either side of the membrane. In this Chapter, we report our measurements of the ionic current response of individual 2 nm-radius carbon nanotubes under the combination of electrical and mechanical forcings. Our findings evidence mechanically activated ionic transport under the form of an ionic conductance which depends quadratically on the applied pressure. Our theoretical study relates this behaviour with the complex interplay between electrical and mechanical drivings, and shows that the superlubricity of carbon nanotubes [17,18, 40-42, 48,49] is a prerequisite to attain mechanically activated transport. The pressure sensitivity shares similarities with the response of biological mechanosensitive ion channels observed here for the first time in an artificial system. This paves the way for building new active nanofluidic functionalities inspired by the complex biological machinery. This Chapter is based on the following publication: "Mechanically activated ionic transport across single-digit carbon nanotubes". A. Marcotte, T. Mouterde, A. Niguès, A. Siria and L. Bocquet, Nature Materials (2020).

Experimental measurements

Our experimental set-up is represented in Figure 3.1. Let's start by summarizing the experimental procedure described in details in the previous chapter. An individual arcdischarge multiwalled carbon nanotube with inner radius R ≈ 2.0 ± 0.6 nm and length L ≈ 1 µm, connects two macroscopic fluid reservoirs through a silicon nitride membrane. The membrane is sealed between two reservoirs, which are filled with a potassium chloride (KCl) solution at various concentrations and pHs. One Ag/AgCl electrode is immersed in each reservoir, and connected to a patch-clamp amplifier (Axopatch 200B) which allows for ionic current measurements with a current resolution of 0.1 pA. Both reservoirs can be connected to a pressure controller, enabling us to impose a pressure drop (± 0 -2 bar) in both directions across the membrane. This setup allows us to measure the ionic current driven by a pressure drop ∆P and the combined effect of an additional forcing ∆V applied along the carbon nanotube.

In this study, three independent transmembrane carbon nanotube devices with similar geometries were studied, and gave the same response (see Appendix 6.1) as described below. Their IV characteristics at c = 1 M and pH 5.5 are given by Figure 3.2. In a typical experiment, we measure the pressure-driven component of the ionic current I, referred to as the streaming current and defined here as I str = I(∆P, ∆V ) -I(∆P = 0, ∆V ).

This current results from the transport of (excess) ions carried by a pressure-induced flow (see inset on Figure 3.3 A) and probes the interplay between ion and mass transport. A pressure drop between 50 mbar and 1.5 bar is applied in both directions across the transmembrane carbon nanotube. We do not observe a temporal evolution of the system and the conductance is the same before and after pressure measurements are performed.

Linear response without bias voltage

Let us focus first on the pressure-response of the system in the absence of voltage bias (∆V = 0). As shown on Figure 3.3 A for c = 1 M and ∆V = 0, once the pressure drop is applied, the streaming current overshoots and then quickly relaxes to a stationary value.

We report in the Figure 3.3 B, the stationary value reached by I str as a function of the applied pressure ∆P . As usually expected for such measurements without applied voltage, the streaming current varies linearly with the applied pressure, I str ∝ ∆P , and the slope increases with pH. The sign of the current is furthermore consistent with an excess transport of positive charges flushed by water flow. This response is in agreement with a surface charge mechanism involving the physisorption of hydroxide ions on the carbon nanotube inner wall, [START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF][START_REF] Grosjean | Versatile electrification of two-dimensional nanomaterials in water[END_REF].

Experimental measurements

Non-linear behavior under an additional bias voltage

In the present study, we rather focus on the pressure-induced ionic current response in the presence of a constant bias voltage ∆V , typically ∆V ∈ [-100 mV, 100 mV].

Quadratic streaming current

Figure 3.4 A shows the time-dependent response of the streaming current while applying pressure drops of ±200 mbar and ±400 mbar, when a bias voltage of 25 mV and of -25 mV is imposed along the carbon nanotube. We measure that for a given bias voltage, the streaming current is of the same sign independently of the sign of the pressure drop. This is best illustrated in Fig. 3.4 B, which shows that the streaming current is now a non-linear function of the pressure drop. This response is evidenced for all investigated systems, salt concentrations and pHs, see Appendix 6.1. The experimental data is very well described by a second order polynomial function of the pressure drop:

I str (∆P ) = µ EO ∆P + β(∆V ) × ∆P 2 , (3.1)
where the first term is the (linear) electro-osmotic term with mobility µ EO and the second quadratic term is the dominant contribution to the current, see 

Experimental measurements

Mechanosensitive conductance

Gathering the streaming and bare conductance contributions to the ionic current, one finds that the total current can be rewritten as

I(∆P, ∆V ) = µ EO × ∆P + G(∆P ) × ∆V (3.2)
where the conductance is now a quadratic function of the applied pressure,

G(∆P ) = G 0 + G 2 × ∆P 2 (3.3) 
. This result highlights that single-digit carbon nanotubes display mechano-sensitive ionic conduction, with a conductance which is tuned by the mechanical pressure.

Figure 3.4 C represents the conductance G(∆P ) as a function of the pressure drop ∆P , here for a solution of salt concentration of 1 M and pH 5.5. The collapse of the G curves for various ∆V shows that the pressure-dependent conductance is the physically relevant quantity here.

This behaviour was measured for all investigated pHs and salt concentrations, see Appendix 6.1. with only a weak dependence on pH. This suggests that this result does not stem from a surface charge effect contrary to the case of the -much smaller -streaming currents obtained without applied bias displayed in Figure 3.3 B. In the latter case, the pHdependent surface charge of the carbon nanotube is expected to be the main contribution to the bare streaming current.

Discussion

Furthermore, both the effects of the stretching of the supporting membrane, and the change of radius of the carbon nanotube can be discarded as the origin of this phenomenon, since both are negligible due to the high stiffness of the materials, in contrast to explanations for the pressure-dependent conductance of nanopores drilled in thin membranes [START_REF] Davis | Pressure-Induced Enlargement and Ionic Current Rectification in Symmetric Nanopores[END_REF]. Indeed, the stiffness of the 50 nm-thick silicon nitride membrane is of the order of 10 kN/m, so that a pressure drop of 1 bar would lead to a maximal deformation in the tens of nanometer range. As compared to the lateral size of the deformable area, in the tens of micron range, this corresponds to a deformation of the membrane in the 10 -3 range. Here the relative change in conductance under pressure drop may reach 30%, see Figure 3.4 C. If this variation would be attributed to a change ∆R in the inner radius R of the nanotube, this would correspond to a relative increase: ∆R/R ∼ 15%. This deformation is far larger than what could be obtained by the deformation of the membrane. Furthermore, a 15% deformation would correspond to stresses in the nanotube walls reaching at least tens of GPas, which is far above any mechanical tension that can be achieved under the action of hydrostatic pressure. Finally, the streaming currents obtained for ∆V = 0 are linear in pressure drop, which experimentally indicates that the change in area, if any, is negligible.

Interestingly, voltage controlled-modulation of the streaming current was also observed in 2D Angström slits with carbon confinement [START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF]. However, only a linear dependence of the ionic current as a function of pressure drop could be observed, and the applied voltage merely modifed the electro-osmotic mobility: I str (∆P, ∆V ) = µ EO (∆V ) × ∆P . 

Rationalizing the conductance dependence on pressure

In order to rationalize this behaviour, we developed a theoretical model capturing the main ingredients of ionic transport in narrow carbon nanotubes. A key feature is the low friction expected for water on the carbon nanotube surface, which results in fast flows inside the carbon nanotube under imposed pressure drop. We anticipate that this is at the root of the strong interplay between the ionic transport and mechanical forcing.

Theoretical model

The theoretical description proceeds with a modified Poisson-Nernst-Planck-Stokes (PNPS) description for the ion transport inside the carbon nanotube, building on the framework introduced in [START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF].

We consider a nanotube with inner radius R 0 and length L R 0 . The nanotube connects two reservoirs, with same salt concentration ρ ± = ρ ∞ . A potential drop ∆V and a pressure drop ∆P are applied between the reservoirs. We assume a large slip length b R 0 , so that the Poiseuille flow inside the nanotube can be treated as a plug flow. Therefore, we neglect flow variations across the nanotube diameter and consider purely one-dimensional fluid and ion transport inside the carbon nanotube. To model the reservoirs in a simple way, we assume that the radius of the tube is a function of x, with R(x) = R 0 for x ∈ -L 2 ; L 2 and diverging to infinity for |x| L 2 , over a lengthscale denoted as δ. We add a potential U ± (x) acting on the ions inside the nanotube in order to induce selectivity and account for possible concentration polarization effects. The function U ± (x) are non-vanishing only for x ∈ -L 2 ; L 2 and plateau to a constant value U 0 ± in the nanotube after an arbitrarily short distance from the ends. Cations and anions 40 3.2. Rationalizing the conductance dependence on pressure have the same mobility µ ± = D/k B T . Furthermore, we assume that the mobilities and water-ion friction coefficients in the channel do not depart from their bulk values in 2 nm-radius carbon nanotubes.

Water flow

Under these assumptions, the water velocity v w takes the form

v w = K(x) (-∂ x P ) + e(ρ + -ρ -)(-∂ x φ) + ρ + (-∂ x U + ) + ρ -(-∂ x U -) . (3.4)
where the permeability K(x) depends on the radius R(x) (in the channel, K ≈ bR 0 /2η).

Ion fluxes

The cation and anion fluxes write:

j ± = D -∂ x ρ ± + ρ ± k B T [(±e)(-∂ x φ) + (-∂ x U ± )] + v w ρ ± . (3.5)

Transport equations

At steady state, the conservation equations write:

∂ x (πR 2 v w ) = 0, ∂ x (πR 2 j ± ) = 0. (3.6) 
This is complemented by the Poisson equation for the electric potential:

∂ x R 2 (-∂ x φ) = R 2 e(ρ + -ρ -). (3.7)

Ionic current

The ionic current is I = πR 2 e(j + -j -). This takes the expression:

I = πR 2 e D -∂ x ρ + + ρ + k B T [e(-∂ x φ) + (-∂ x U + )] -D -∂ x ρ -+ ρ - k B T [-e(-∂ x φ) + (-∂ x U -)] + (ρ + -ρ -) v w . (3.8)
Replacing the water velocity with the expression given in Eq.(3.4) leads to the form:

I = πR 2 e D -∂ x ρ + + ρ + k B T [e(-∂ x φ) + (-∂ x U + )] -D -∂ x ρ -+ ρ - k B T [-e(-∂ x φ) + (-∂ x U -)] +K(x) (ρ + -ρ -) (-∂ x P ) + (ρ + (-∂ x U + ) + ρ -(-∂ x U -)) + e (ρ + -ρ -) (-∂ x φ)
.

(3.9)

Analytical calculations

Péclet-dependent conductance

Under limited approximations, Lydéric Bocquet was able to solve analytically this onedimensional extended PNPS model, and obtained an analytical prediction for the ionic current under the combined effects of pressure and voltage drops. The details of the derivations are reported in Appendix 6.2. Remarkably the theory predicts that the conductance is a function of a Péclet number Pe, defined as

Pe = Q w D × L πR 2 (3.10)
where Q w is the water flow rate and D the salt diffusion coefficient. As the flux Q w is inversely proportional to L, one expects accordingly that the Péclet number is independent of the nanotube length.

To linear order in ∆V as in the experiments, but keeping the full dependence on the Péclet number, one predicts

I = µ EO × ∆P + G(Pe) × ∆V + . . . (3.11)
where µ EO is an electro-osmotic mobility, which is a function of the various kinetic parameters -see Appendix 6.2 for details -, and G(Pe) is a Péclet-dependent conductance.

The theory predicts a transparent expression for the conductance as:

G(Pe) = G 0 × Pe 2 tanh Pe 2 (3.12)
which can be expanded as G(Pe) = G 0 × (1 + Pe 2 12 + . . . ). One expects the pressure-driven contribution to the flow to be the main contribution to the Péclet number, so that

Pe = Q w L/DπR 2 0 = K app D × ∆P (3.13)
with K app the apparent permeance of the carbon nanotube. Injecting this expression in Eq. 3.12 yields for the ionic conductance:

G(∆P ) = G 0 × 1 + 1 12 K app D 2 ∆P 2 + . . . . (3.14)
The conductance is now a function of the pressure drop, varying quadratically for low ∆P . This is in full agreement with experimental measurements, see Figure 3.4 C and Eq. 3.2.

Discussion

Physically, this square-like dependence of the conductance on the Péclet number originates in the combination of two factors. First, the combined action of electric and mechanical forcings leads to strong modifications of the ionic density profiles inside the nanotube. This is highlighted by the analytical solutions for the ionic density profiles: we show in Figure 3.6 the ionic density profiles predicted for various Péclet numbers, under a 3.2. Rationalizing the conductance dependence on pressure 

x/L x/L x/L ρ tot (x) Pe<0 Pe>0 ρ -(x) ρ + (x) ρ -(x) ρ + (x) ΔP > 0 ΔP < 0 A B C Figure 3.6
Ionic density profiles building along the nanotube under electrical forcing (∆V = 25 mV) and flushing by a pressure drop. A, Predicted density profiles for the total ion concentration ρtot = ρ+ + ρ-for Pe=±5 (light blue solid line), ±20 (dark blue solid line). B Density profiles for the cations (red solid lines) and for the anions (blue solid lines) for Pe=5 (light colored lines) and Pe=20 (dark colored lines). C Density profiles for the cations (red solid lines) and for the anions (blue solid lines) for Pe=-5 (light colored lines) and Pe=-20 (dark colored lines). In all panels, the dashed lines are the homogeneous profiles at equilibrium (Pe=0, ∆V = 0). The plots highlight the flushing of the ions under the combined effect of electric forces and pressure-driven flows. For these calculations, no energy barrier acts on the confined ions.

given voltage drop ∆V = 25 mV, in the simplifying -but more constraining-conditions of vanishing energy barriers (U 0 ± = 0) and negligible entrance effects (δ → 0). The analysis of the solutions for the ionic concentration highlights that under an electrical forcing ∆V , the ionic cloud grows under the pressure-induced flush, furthermore symmetrically for ∆P > 0 and ∆P < 0. Note that for ∆P > 0, the anion density increases, while reversely the cation density increases for ∆P < 0 (assuming a positive voltage drop). Overall the total ion density, summing both concentrations, indeed increases symmetrically for both ∆P > 0 and ∆P < 0. However, this pressure sensitivity disappears for vanishing voltage drop ∆V = 0. As indicated by the analysis of the equations reported in Appendix 6.2, this originates from the balance between the electric and mechanical forces acting on the ions inside the nanotube. The corresponding overall increase in the ionic concentration in the nanotube with the Péclet number, symmetric for ∆P > 0 and ∆P < 0, then leads to a conductance increase (G ∝ (ρ + + ρ -)) also symmetric with the pressure drop (hence quadratic to lower order). Now, the second crucial aspect is that this effect is particularly important in singledigit carbon nanotubes, because the flow (i.e. the Péclet number) is strongly enhanced by slippage. This can be checked by extracting the typical values for the Péclet numbers at play in our experiments, which can be inferred from the pressure driven response of the current. Indeed, the experimentally measured ionic current takes the form:

I exp = µ EO × ∆P + G 0 ∆V 1 + G 2 G 0 ∆P 2 (3.15)
This result can be compared to the theoretical prediction:

3.2. Rationalizing the conductance dependence on pressure

I th = µ EO × ∆P + G 0 ∆V 1 + Pe 2 12 . (3.16)
This prediction can be used to estimate the Péclet number as Pe = (12G 2 /G 0 ) 1/2 ∆P . Using the experimental values for G 0 (≈ 3.5 nS) and G 2 (≈ 7 nS/bar 2 ) from the parabolic fit of the mechanosensitive conductance in Figure 3.4 C, leads to Pe ≈ 5 × ∆P (bar), i.e. Pe ∼ 1 -10 for pressure drops in the atmosphere range, as in the experiments (this depends of course on the pressure drop, as well as nanotube radius, salt concentration and pH).

Note that this compares well with theoretical estimates: for large slip lengths, the Péclet number is estimated as:

Pe = K app D ∆P ≈ bR 2ηD ∆P (3.17)
Typical values for the present experiments are R = 2 nm, D ≈ 2 × 10 -9 m 2 .s -1 , η = 10 -3 Pa.s. A Péclet number of 10 for a pressure of 1 atmosphere would correspond to a slip length of b ≈ 200 nm. This is in good agreement with experimental values measured in narrow nanotubes [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF], where a slip length of 300 nm was reported in 15 nm-radius carbon nanotubes, however at the much lower ion concentration of 10 -3 M, as compared to 1M in our study.

On the contrary, for no-slip boundary conditions (b = 0), the no-slip Poiseuille condition would rather gives Péclet numbers in the range of Pe ≈ 10 -2 , much smaller than the present observations. Hence, large slippage, i.e. low surface friction on the carbon nanotube surface, leads to a strong sensitivity of the conductance on the pressure drop, as highlighted in Eq. (3.12). This makes the slippery carbon nanotube unique to obtain the mechanosensitive conductance.

Numerical simulations

In order to further assess these predictions, we solved numerically the full PNPS ionic transport model using a finite-element approach (COMSOL), described in Appendix 6.3.

Dimensionless modified PNPS model

Under substitution by the following dimensionless variables:

variable rescaled x x → Lx R R → R o R ρ ± ρ ± → ρ ∞ ρ ± P P → ρ ∞ k B T P φ φ → k B T e φ U 0 ± U 0 ± → k B T U 0 ± v w v w → D L v w j ± j ± → ρsD L j ± 44 
3.2. Rationalizing the conductance dependence on pressure the dimensionless Poisson equation writes:

∂ x [R 2 (-∂ x φ)] = κ 2 D × R 2 (ρ + -ρ -) (3.18)
where we introduced the dimensionless parameter:

κ 2 D = e 2 ρ ∞ L 2 0 k B T . (3.19)
Likewise, introducing the dimensionless parameter:

Pe osm = R 0 k B T ρ ∞ 2ηD × b (3.20)
with b the slip length, the dimensionless apparent permeability K app is expressed by:

K app (x) = Pe osm × R(x), (3.21) 
so that the fluid velocity writes:

v w = K app (x) (-∂ x P ) + (ρ + -ρ -)(-∂ x φ) + ρ + (-∂ x U + ) + ρ -(-∂ x U -) . (3.22) 
The dimensionless Nernst-Planck equations are:

j ± = -∂ x ρ ± + ρ ± k B T [(∓∂ x φ) + (-∂ x U ± )] + v w ρ ± . (3.23) 
Finally, we numerically solve with COMSOL the following system of dimensionless equations:

         ∂ x [R 2 (-∂ x φ)] = κ 2 D × R 2 (ρ + -ρ -) ∂ x (πR 2 v w ) = 0 ∂ x (πR 2 j + ) = 0 ∂ x (πR 2 j -) = 0. (3.24)

Parameters

In the experiments, we applied pressure drops typically comprised between -1.5 bar and 1.5 bar. This range corresponds to a dimensionless pressure drop ∆P roughly comprised between -0.06 and 0.06. Likewise, the experimental bias voltages were typically of the order of a few k B T /e (=25 mV at room temperature). In the simulations, we explored the ionic current response under bias voltages comprised between -2 and 2.

To evaluate U 0 ± , we assumed these energy barriers to have two components: the selfenergy U self (which is the same for cations and anions as ions of the same valence), i.e. the electrostatic energy stemming from the electric field produced by the ion confined in the channel ; and an additionnal energy term which accounts for surface charge U Σ,± = ±(-e) × V D , where V D is the Donnan potential [START_REF] Bocquet | Nanofluidics, from bulk to interfaces[END_REF]. Note that we ignore here the effect of electrostatic interactions with charged groups at the entrance of the tube which may enhance the selectivity.

The self-energy term is evaluated using the electrostatic potential derived in [START_REF] Kavokine | Ionic Coulomb blockade as a fractional Wien effect[END_REF] and for a tube with inner radius R = 2 nm, it is equal to U self = 2.5 k B T .

Assuming a surface charge of 1 e.nm -2 at pH 5.5 [START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF], the equilibrium Donnan potential is V D = k B T /e. Therefore, we chose U Σ,± of the order of k B T in the simulations.

Overall, these numerical calculations fully confirm the results of the analytical model described above, as we will detail in the following.

Linear regime

When no bias voltage is applied (see Figure 3.7):

1. The streaming current increases linearly with the pressure drop.

2. The magnitude of the streaming current is as expected much larger in the low friction regime (Pe osm ∼ 1) than in the high friction regime (Pe osm 1).

3. The magnitude of the streaming current increases with the surface charge (mimicked by the energy terms U Σ,± ) as in the experiments, which revealed an increase of the electro-osmotic mobility with pH, see 

I str = µ EO ∆P + β(∆V ) × ∆P 2 . (3.25) 
In perfect agreement with the experiments, the coefficient β is a linear function of the voltage drop: β(∆V ) = G 2 × ∆V , see inset in Figure 3.8 B. The mechanosensitive conductance ∆G = G(∆P, ∆V ) -G 0 only depends on the pressure drop (as highlighted by the collapse of the ∆G curves for various ∆V ) and is a quadratic function of pressure:

∆G = G 2 × ∆P 2 .
Furthermore, the numerical simulations show that this quadratic response is intimately connected to a low surface friction (i.e. strong slippage) ; see the high versus low friction response in Figure 3.9. Indeed, a linear response in ∆P is recovered in the high friction regime, and is reminiscent of the results reported in [START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF] in Angström slits made of graphite (slippage was shown to be larger in nanotubes than on flat graphite [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF]). But a quadratic response in ∆P is obtained for the low friction surface as observed in our experiments for the carbon nanotube. 

Bioinspired perspectives

Overall we unveil that the conductance of the carbon nanotube is quadratically modulated by the applied pressure. It is interesting to remark that this result is reminiscent of the response of mechanosensitive biological channels which were shown to exhibit non-linear dependence of ionic currents under applied pressure [START_REF] Anishkin | Feeling the hidden mechanical forces in lipid bilayer is an original sense[END_REF][START_REF] Stephen | Mechanosensitivity is mediated directly by the lipid membrane in TRAAK and TREK1 K + channels[END_REF][START_REF] Cox | Biophysical Principles of Ion-Channel-Mediated Mechanosensory Transduction[END_REF][START_REF] Schmidt | Mechanistic basis for low threshold mechanosensitivity in voltage-dependent K + channels[END_REF][START_REF] Wu | Touch, Tension, and Transduction -The Function and Regulation of Piezo Ion Channels[END_REF].

These mechanosensitive biological channels function as mechanotransducers capable of generating both electrical and ion flux signals as a response to mechanical stimuli, see Figure 3.10. Thus, they are pivotal in numerous mechanosensory transduction processes ranging from osmotic and blood pressure regulation, to the highly specialized senses of hearing, touch and proprioception [START_REF] Stephen | Mechanosensitivity is mediated directly by the lipid membrane in TRAAK and TREK1 K + channels[END_REF][START_REF] Cox | Biophysical Principles of Ion-Channel-Mediated Mechanosensory Transduction[END_REF].

Under a mechanical stimulus (shear stress, compression...), an ion flux travels in the mechanosensitive channel across the lipid bilayer, driven by the cell membrane potential. The resulting current response has been shown [START_REF] Stephen | Mechanosensitivity is mediated directly by the lipid membrane in TRAAK and TREK1 K + channels[END_REF] to be qualitatively very similar to our observations in carbon nanotubes, see Figure 3.11.

However, in the case of mechano-sensitive biological channels the mechanism at stake rather involves the sensing of changes in membrane tension coupled to conformational changes in the channel protein structures, [START_REF] Anishkin | Feeling the hidden mechanical forces in lipid bilayer is an original sense[END_REF][START_REF] Cox | Biophysical Principles of Ion-Channel-Mediated Mechanosensory Transduction[END_REF]. As discussed above, such mechanism does not occur for the transmembrane carbon nanotubes considered here. Our results rather point to the unique properties of the 'single-digit' carbon nanotubes to obtain such pressure-sensitive response, whereby a pressure-dependent accumulation of ionic species occurs in the carbon nanotube under a voltage bias. The low friction of water on the carbon surface is accordingly shown to be a prerequisite to the quadratic pressure dependence of the ionic response in the carbon nanotube. Single-digit carbon nanotubes are thus able to respond to very local pressure signal, with nanometric spatial resolution.

Hence, this artificial system reproduces a pressure-sensitive response. Since the device properties are robust and well calibrated, it provides a unique platform to study such advanced response in an artificial system. In addition, the possibility of inserting carbon nanotube porins into lipid membranes, as developed in [START_REF] Liu | Ultrashort singlewalled carbon nanotubes in a lipid bilayer as a new nanopore sensor[END_REF][START_REF] Ramya | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF], provides promising applications to conceive new types of ultra-local pressure sensors using e.g. assemblies of vesicles as electric compartments with pressure-modulated potential. This would constitute a promising building-block to fabricate sensitive soft materials, enabling one to reproduce artificial sensing devices for (light) touch or proprioception. Such hybrid devices offer manifold perspectives in the development of iontronic systems for which the response intensity can be tuned. Finally, our discovery should benefit to the flourishing field of bottom-up artificial cells fabrication for synthetic ion channels design, which mechanosensitive response can be rationally engineered, via our theoretical model, by tuning the nanochannel nature, length or size.

Big picture

In this Chapter, we presented the ionic current response of individual transmembrane 2 nm-radius carbon nanotubes, under the combination of electrical and mechanical forcings. Our experimental results reveal that the conductance of these channels is quadratically modulated by pressure.

This pressure modulation can be rationalized in a modified one-dimensional PNPS framework, solved both analytically and numerically. The analytical derivations as well as the numerical simulations lead to a quadratic dependence of the conductance on pressure, in perfect agreement with the experiments. Furthermore, the theoretical analysis points out the key ingredients at the root of this phenomenon:

1. The balance between the electric and mechanical forces acting on the ions inside the nanotube leads to a pressure-dependent accumulation of ionic species in the channel under a voltage bias, symmetrically for both positive and negative pressure drops. This results in a conductance increase also symmetric with the pressure drop (hence quadratic to lower order).

2. The pressure-sensitivity of the conductance is conditionned by the Péclet number characterizing the water flow through the nanochannel, which is strongly enhanced by slippage occuring in narrow carbon nanotubes. Therefore, the low friction of water on the carbon surface is a prerequisite to observe the quadratic pressure dependence of the ionic current in carbon nanotubes.

This pressure sensitivity combined with nanometric spatial resolution and the compatibility of carbon nanotubes with biological materials such as lipid bilayers, offer a promising building-block for the fabrication of sensitive soft materials, enabling one to produce artificial sensing devices for (light) touch or proprioception inspired by their biological counterpart. In addition, this paves the way for the conception of bottom-up artificial cells mimicking the advanced functionalities of biological cells.

Part II Flow-induced electricity generation at the liquid-graphite interface

Fluid transport at the nanoscale is essentially an interfacial phenomenon governed by the interaction of fluid molecules with the solid interface. While it is generally accepted that the structural properties and the chemistry of the liquid-solid interface is a key element for fluid-solid interaction at the nanoscale, the effect of the solid-state electronic properties of the interface has been broadly overlooked up to now. However, recent measurements of water transport in carbon and boron nitride nanotubes [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF], and of ion transport in graphene and hexagonal boron-nitride two-dimensional slits [START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF], undoubtedly demonstrate that electronic contributions have major importance for fluid transport at the nanoscale: indeed carbon and boron nitride nanomaterials present the very same crystallography and structural properties but radical opposite electronic properties, being the first (semi) metallic and the second a large gap insulator. But water flows almost frictionless in carbon nanotubes, with the slippage increasing with decreasing tube radius [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF], while water slippage is vanishing on boron nitride surfaces. Therefore, we expect the electronic properties of the solid to matter in the properties of the fluid-carbon interface. This was very recently confirmed by Kavokine et al. [START_REF] Kavokine | Fluctuation-induced quantum friction in nanoscale water flows[END_REF], who introduced a new theoretical description of the solid-liquid interface that takes into account the electronic degrees of freedom of the solid at a quantum level. Their theory predicts a quantum contribution to the hydrodynamic friction coefficient, originating from the coupling of water charge fluctuations with electronic excitations in the solid. Overall, their model is the first theoretical description of solid-liquid friction leading to a quantitative agreement with experimental measurements of the radius-dependent water slippage in multiwalled carbon nanotubes [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF], thus validating the high interest of this approach to treat water-carbon interface.

From an experimental point of view, it is of pivotal interest to characterize and understand the hydro-electronic coupling. Indeed, the quantum friction derived in [START_REF] Kavokine | Fluctuation-induced quantum friction in nanoscale water flows[END_REF] should in principle be the dominant contribution to the hydrodynamic friction experienced by a flowing liquid on an atomically smooth material, provided that the electronic excitations of the solid effectively couple to the liquid excitation modes. Thus, a better understanding of the hydro-electronic coupling would provide us with an unprecedented tool to tune the permeability of porous and atomically smooth materials, by acting on their electronic properties.

In the present study, we develop an Atomic Force Microscope-based experiment to characterize how a flowing liquid impacts the electron dynamics at the liquid-graphite interface. More precisely, we use a tuning fork-based Atomic Force Microscope to deposit a very small amount of room temperature ionic liquid on a graphite sample, and to put the ionic liquid droplet in motion over the substrate while recording the electrical current through the graphite flake. We report measurements of generated current of the order of a few nanoamperes for droplet motion velocities of the order of a few microns per second.

Chapter 4

The tuning fork-based Atomic Force Microscope as liquid delivery system In this Chapter, we present our experimental set-up for depositing and drawing an ionic liquid droplet over a graphite flake and for measuring an electric current flowing through the graphite sample in response to the droplet motion. We first introduce the operation principle of the tuning fork-based Atomic Force Microscope. Then we review some AFM-based liquid delivery systems and discuss the mechanism at stake for fluid dispensing with such systems. Finally we detail the experimental methods implemented throughout this study for measuring and characterizing the electric 4.1. The tuning fork-based Atomic Force Microscope current in graphite induced by the motion of a micrometric ionic liquid droplet sliding over the solid surface.

The tuning fork-based Atomic Force Microscope

Principle of Atomic Force Microscopy

Atomic Force Microscopy is a type of Scanning Probe Microscopy with very high resolution, far beyond the optical resolution limit. Atomic force microscopes (AFM) allow for the point-by-point scanning of a surface with a probe, consisting in a very sharp tip positioned at the extremity of a flexible cantilever. The resolution is fixed by the curvature radius of the tip, that can be easily made nanometric. In this kind of microscopy, the sample topography can be reconstructed by measuring point-by-point the interaction forces between the tip and the surface of the sample. When the tip is close enough to the surface, the interaction forces between the tip and the sample induce a deflection or a change in the cantilever motion. The measurement of the cantilever deflection enables the user to determine the tip-sample interaction forces. A retroaction loop can be used to impose a constant interaction force or force gradient between the tip and the sample by tuning the height of the sample while scanning the surface, thus allowing for the topographic mapping of the sample.

Since its invention in 1986 by Binnig et al. [START_REF] Binnig | Atomic Force Microscope[END_REF], considerable efforts have been dedicated to the optimization of the AFM performances and to its affordability [START_REF] Giessibl | High-speed force sensor for force microscopy and profilometry utilizing a quartz tuning fork[END_REF][START_REF] Giessibl | Atomic resolution on Si (111)-(7x7) by noncontact atomic force microscopy with a force sensor based on a quartz tuning fork[END_REF][START_REF] Giessibl | Advances in atomic force microscopy[END_REF][START_REF] Extance | How atomic imaging is being pushed to its limit[END_REF]. AFM is now a central element of the standard toolbox in various fields of research, from hard condensed matter to soft matter and biological sciences [START_REF] Giessibl | Atomic resolution on Si (111)-(7x7) by noncontact atomic force microscopy with a force sensor based on a quartz tuning fork[END_REF][START_REF] Kawai | Superlubricity of graphene nanoribbons on gold surfaces[END_REF][START_REF] Heyde | Double quartz tuning fork sensor for low temperature atomic force and scanning tunneling microscopy[END_REF][START_REF] Labardi | Noncontact friction force microscopy based on quartz tuning fork sensors[END_REF][START_REF] Comtet | Atomic rheology of gold nanojunctions[END_REF][START_REF] Chatté | Shear thinning in non-Brownian suspensions[END_REF][START_REF] Radmacher | Imaging viscoelasticity by force modulation with the atomic force microscope[END_REF][START_REF] Dufrêne | Imaging modes of atomic force microscopy for application in molecular and cell biology[END_REF][START_REF] Evans Evan | Forces and Bond Dynamics in Cell Adhesion[END_REF][START_REF] Radmacher | From molecules to cells: Imaging soft samples with the atomic force microscope[END_REF][START_REF] Drake | Imaging crystals, polymers, and processes in water with the atomic force microscope[END_REF][START_REF] Schabert | Native Escherichia coli OmpF porin surfaces probed by atomic force microscopy[END_REF][START_REF] Ido | Immunoactive two-dimensional self-assembly of monoclonal antibodies in aqueous solution revealed by atomic force microscopy[END_REF].

One can distinguish two different operating modes: the static mode and the dynamic mode.

Static force measurements: contact mode

In the contact mode, the tip is attached to the extremity of a soft cantilever of known spring constant k [N/m]. The static force F [N] between the tip and the sample is obtained by the measurement of the deflection δl [m] of the cantilever occuring once the tip is close enough to the sample surface, via:

F = k × δl (4.1)
The force sensitivity in the static mode is s = 1/k. Therefore, this operation mode requires very soft cantilevers. In praxis, the spring constant k is usually comprised between 0.01 and 10 N/m. However, the very low stiffness of cantilevers used in the static mode can lead to instabilities when measuring strong attractive forces: if the attractive force gradient | ∂F ∂z | exceeds the cantilever stiffness value, mechanical instabilities such as "jump-to-contact" can occur.
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Another limitation of this operating mode is the 1/f flicker noise related to the deflection fluctuations of the cantilever, that can strongly limit the static force measurement resolution, [START_REF] Giessibl | Advances in atomic force microscopy[END_REF].

These limitations can be overcome by operating the cantilever in dynamic mode.

Dynamic force measurements

In dynamic mode, the cantilever is deliberately vibrated by an oscillatory external excitation. The cantilever oscillation amplitude and phase shift with respect to the external forcing are modified by the interactions with the sample, thus allowing their detection.

In dynamic mode, the force sensitivity depends on the excitation frequency f drive . For small excitation frequencies, the sensitivity is the same as in the static mode: s = 1/k. But for excitation frequencies close to the cantilever eigenfrequency f 0 , the sensitivity increases and reaches s = Q/k for f drive = f 0 , where Q is the intrinsic quality factor of the cantilever.

Therefore, the appropriate choice of cantilevers operated in the dynamic mode makes possible to combine the benefit of high stiffness, thus ensuring mechanical stability, and high quality factors, thus allowing for a high force sensitivity.

Note that in dynamic mode, the low-frequency 1/f noise related to the cantilever deflection fluctuations can be discriminated if the eigenfrequency f 0 is higher than the 1/f -corner frequency. In this case, only the white noise density is integrated over the bandwidth of a bandpass filter centered around f 0 , [START_REF] Giessibl | Advances in atomic force microscopy[END_REF].

Dynamic force measurements can be obtained by two main basic operation modes: amplitude modulation and frequency modulation.

Amplitude Modulation (AM-AFM)

In the amplitude modulation operation mode, the cantilever is excited by an external force of fixed frequency f drive , generally chosen close to the resonant frequency f 0 of the cantilever to maximize the force sensitivity. When the tip approaches the sample, elastic and inelastic forces exerted by the sample on the tip induce a decrease δa in the oscillation amplitude of the cantilever and a phase shift δφ between the cantilever oscillation and the external excitation. However, the change in amplitude and phase does not occur instantaneously but on a time scale τ AM ∼ Q/f 0 : AM-AFM with high quality factors are therefore very slow.

Frequency Modulation (FM-AFM)

The frequency modulation operation mode has been developped to overcome the time scale limitation of the amplitude modulation technique and combine the benefit of high dynamic sensitivity through high quality factors Q with low response time. In frequency modulation regime, the cantilever is systematically vibrated at its resonant frequency. Interactions are measured by the shift of resonant frequency and the change in amplitude at resonance. The change in the eigenfrequency f 0 occurs within an oscillation cycle, so that the response time here is:

τ F M ∼ 1/f 0 τ AM .

The tuning fork as a mechanical resonator

Quartz tuning forks are very interesting resonators in the context of dynamic atomic force microscopy in frequency modulation operating mode: they are characterized by a very large static stiffness K, in the order of tens of kN/m, which confers them a high mechanical stability allowing for perfect control of the tip position even under strong attractive and repulsive forces. They are also characterized by very high quality factors (Q ∼ 10, 000 in air, Q ∼ 50, 000 in vacuum) leading to increased dynamic force sensitivity s = Q/K. The fork geometry, larger than the dimension of traditional micromachined silicon cantilevers, also allows for the mounting of a wide selection of tips, which confers a large versatility to tuning forks as force sensors.

Finally, quartz tuning forks have been used since the late 1960s in the watch industry and are now massively produced at very low cost.

Since their introduction in the context of scanning probe microscopy by Karrai et al. in 1995, [START_REF] Karrai | Piezoelectric tip sample distance control for near field optical microscopes[END_REF], they have been successfully used as force sensors in a variety of Atomic Force Microscope set-ups, [START_REF] Giessibl | High-speed force sensor for force microscopy and profilometry utilizing a quartz tuning fork[END_REF][START_REF] Giessibl | Atomic resolution on Si (111)-(7x7) by noncontact atomic force microscopy with a force sensor based on a quartz tuning fork[END_REF][START_REF] Heyde | Double quartz tuning fork sensor for low temperature atomic force and scanning tunneling microscopy[END_REF][START_REF] Labardi | Noncontact friction force microscopy based on quartz tuning fork sensors[END_REF][START_REF] Comtet | Atomic rheology of gold nanojunctions[END_REF][START_REF] Chatté | Shear thinning in non-Brownian suspensions[END_REF][START_REF] Niguès | Manipulation Dans Le Micro/Nanomonde : Dispositif Haptique Préhensile[END_REF][START_REF] Niguès | Ultrahigh interlayer friction in multiwalled boron nitride nanotubes[END_REF][START_REF] Mcgraw | Contact Dependence and Velocity Crossover in Friction between Microscopic Solid/Solid Contacts[END_REF][START_REF] Comtet | Nanoscale capillary freezing of ionic liquids confined between metallic interfaces and the role of electronic screening[END_REF].

Self-sensing device

The prongs and body of the tuning fork are made of one single quartz crystal, which has piezoelectric properties: mechanical stresses induce polarization and charge dissociation inside the quartz crystal. When the tuning fork vibrates, the crystal is submitted to an oscillating stress field inducing an alternating current that is read by the electrodes deposited on the tuning fork prongs, thus making the tuning fork a self-sensing device, see Figure 4.1. The generated current is simply proportionnal to the oscillation amplitude. 

Resonant frequencies

In this study, we only consider the fundamental resonance corresponding to an antisymmetric displacement of the prongs, in the normal direction with respect to the sample surface.

Mechanical excitation

Mechanical excitation of the tuning fork is achieved by a piezo-dither glued in the vicinity of the tuning fork. An oscillatory voltage E 0 exp(iωt) is injected into the piezo-dither, which in turn exerts an oscillatory force on the tuning fork given by:

F exc (t) = F 0 exp(iωt) = C.E 0 exp(iωt) (4.2)
where C is the transduction factor, which depends on the clamping and on the added mass on the tuning fork's prong.

Free tuning fork

Equation of motion

Close to resonance, the tuning fork behaves as a one-dimensional mechanical oscillator. When excited at a frequency close to its resonant frequency, its dynamics can be simply modeled as a second-order mass-spring resonator, with an oscillation amplitude a(t) solution of the following equation of motion:

M eff .ä + γ eff . ȧ + K eff .a = F exc (t) (4.3)
where M eff [kg] is the effective mass of the resonator, γ eff [N.s/m] is a viscous damping coefficient, K eff [N/m] is the equivalent dynamic spring constant of the tuning fork and F exc (t) [N] is the oscillatory force exerted on the tuning-fork by the piezo-dither.

In canonical notations, this equation writes:

ä + ω 0 Q 0 . ȧ + ω 2 0 .a = F exc(t) M eff (4.4)
with ω 0 = K eff M eff the intrinsic resonant frequency, and

Q 0 = M eff .ω0 γ eff
the quality factor at resonance.

Resonance

One can solve Eq. 4.4 under the oscillatory forcing F exc (t) = F 0 exp(iωt), which leads to the oscillation a(t) = a. exp(iωt + φ) of the tuning fork prongs.

The oscillation amplitude a as a function of the excitation frequency ω writes then:

a(ω) = F 0 M eff . 1 (ω 2 0 -ω 2 ) 2 + ω 2 ω 2 0 /Q 2 0 (4.5)
while the phase shift φ between the tuning fork oscillatory motion a(t) and the excitation force F exc (t) is given by: 4.1. The tuning fork-based Atomic Force Microscope

tan(φ(ω)) = ωω 0 Q 0 (ω 2 0 -ω 2 ) (4.6)
At resonance, the phase shift is φ 0 = π 2 and the tuning fork oscillation amplitude a 0 writes:

a 0 = F 0 Q 0 K eff (4.7)
For large quality factors, the variation of amplitude a with frequency ω (Eq. 4.5) in the vicinity of the resonance is very well approximated by a symmetric Lorentzian function (see Figure 4.2 A), thus validating the assumption of the one-dimensional mechanical oscillator: 

a(ω) ≈ F 0 K eff ω 0 4(ω -ω 0 ) 2 + ω 2 0 /Q 2 0 ( 4 

Tuning fork in interaction

Equation of motion

Once the tuning fork probe enters in interaction with the imaged sample, the latter exerts on the tuning fork an additional force field F (z, ż), that modifies the resonance properties of the tuning fork. We can model this force field as the sum of conservative and dissipative contributions, see Figure 4.3. To fix the ideas, we can consider the following force field: Schematic of tuning fork's tip oscillating at a frequency ω and amplitude a(ω) under mechanical forcing F0 exp(iωt). The tip is interacting with a force field modeled as the sum of an elastic contribution characterized by a stiffness kint, and of a dissipative contribution modeled here as a viscous-like damping force, characterized by a damping coefficient γint.

F (z, ż) = k int z -γ int ż (4.9)
Here, the conservative component of the external force field F (z, ż) is described by the stiffness k int [N/m], which characterizes the elastic forces in phase with the displacement.

The dissipative component, in phase opposition with the displacement, is modeled for simplicity as a viscous-like damping force characterized by a damping coefficient γ int [N.s/m]. Note that we do not take into account here non-linear dissipative sources such as sliding friction.

The oscillation amplitude a(t) of the interacting tuning fork is then solution of the new equation of motion:

M eff. ä + (γ eff + γ int ) . ȧ + (K eff -k int ) a = F exc (t) (4.10) 
Eq. 4.10 can be rewritten in canonical notations:

ä + ω int Q int . ȧ + ω 2 int .a = F exc(t) M eff (4.11)
where

ω int = K eff -kint M eff ≈ ω 0 (1 -kint 2K eff ) Q int = ωintM eff γ eff +γint (4.12)
are the shifted resonant frequency and quality factor of the tuning fork in interaction with the sample.
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Elastic response

As a consequence of the interaction with the sample, the resonant frequency is shifted by the amount δf = (ω 0 -ω int )/2π. Thus, the resonant frequency shift is a direct measurement of the conservative interaction stiffness k int :

k int = 2K eff δf f 0 (4.13)

Dissipative response

The dissipative component of the interaction with the sample leads to the decrease of the quality factor.

In practice, the shift in resonant frequency δf is orders of magnitude smaller than the intrinsic resonant frequency f 0 , so that we have in very good approximation:

Q int = ω0M eff γ eff +γint .
Therefore, the viscous-like damping coefficient is directly related to the change in quality factor:

γ int = K eff ω 0 Q 0 Q 0 Q int -1 (4.14) 
We can obtain it by measuring the additional excitation force F exc -F 0 exc ≈ γ int ×a 0 × ω 0 necessary to maintain a constant oscillation amplitude at resonance

a 0 = F 0 exc Q 0 /K eff = F exc Q int /K eff . F exc -F 0 exc = a 0 K eff Q 0 Q 0 Q int -1 = C(E -E 0 ) (4.15)
where C = K eff a 0 /Q 0 E 0 is the transduction factor of the piezo-dither. Finally, the dissipative response can be directly obtained by measuring the change in the excitation voltage that is necessary to provide to the tuning fork in order to maintain a constant oscillation amplitude. Note that this remains true when the dissipative component of the interaction force field also comprises a sliding friction term, as discussed in [START_REF] Vitorino | Effect of sliding friction in harmonic oscillators[END_REF][START_REF] Comtet | Rheology and Tribology at the Nanoscale[END_REF].

Frequency-modulation Atomic Force Microscopy

In the following, we always operate the Atomic Force Microscope in frequency modulation mode (FM-AFM). In this operating mode, the tuning fork is systematically excited at its resonant frequency while the oscillation amplitude is maintained constant. This technique allows for scanning a sample at a fixed conservative component of the tip-sample interaction (i.e. the frequency shift δf ). One can then reconstruct the sample topography Z(x, y, δf = cst).

Conclusion

In this section, we showed that the quartz tuning fork-based Atomic Force Microscope as force sensor at the nanoscale presents several advantages:

• A ultrahigh stiffness, that confers the tuning fork an excellent mechanical stability, even under strong attractive or repulsive force gradients.

• A very high quality factor, leading to a large dynamic sensitivity.

• The ability to quantify the dissipative and conservative forces acting on the tip of the tuning fork, via frequency modulation AFM techniques: the conservative response is related to the frequency shift δf of the resonance, while dissipative forces can be quantified by the variation of excitation voltage ∆E necessary to maintain a constant oscillation amplitude.

• The fork geometry allowing for using a wide variety of tips, conferring this device a high versatility.

Liquid delivery system

AFM set-ups are not only useful for the mapping of surface properties (topography, mechanical, chemical or electrical properties...), but are also very convenient to perform manipulation of nanoscale objects: the forces between tip and sample can indeed be used to change the properties of an object in a controlled way. Of particular interest in the context of this study is the development of AFM set-ups suited for fluid dispensing [START_REF] Ghatkesar | Scanning Probe Microscope-Based Fluid Dispensing[END_REF].

A variety of AFM probes for liquid dispensing

Dip-Pen Nanolithography

Deposition of organic molecules by the tip of a Scanning Probe Microscope was first reported in 1995 [START_REF] Jaschke | Deposition of Organic Material by the Tip of a Scanning Force Microscope[END_REF]. The process was then studied in a systematic way in 1999 by Piner et al., [START_REF] Piner | Dip-Pen[END_REF], who called it Dip-Pen Nanolithography. In this technique, the AFM tip (the "nib") is coated by a thin layer of molecules to be deposited, by dipping the tip into a concentrated solution of these molecules (the "ink"). Once the tip is close enough to the solid surface (the "paper"), a water meniscus forms between the tip and the sample. If the molecules have chemical affinity for the solid surface, they diffuse across the capillary bridge and are transferred to the substrate, see Figure 4.4 A. This technique enables to print very well defined spots and lines, with a resolution in the order of tens of nanometers. Despite the excellent resolution of Dip-Pen Nanolithography (DPN), this technique presents several disadvantages. First, it needs periodic refilling: once the ink on the AFM tip is exhausted, the tip needs to be re-inked and re-positioned above the sample to continue the printing process. Second, only molecules having a chemical affinity for the solid surface can diffuse across the capillary bridge, which strongly limits the variety of molecules that can be deposited with this technique. Finally, this process depends on 4.2. Liquid delivery system the establishment of a somewhat uncontrolled water meniscus between the tip and the sample.

Nanofountain Probes

To overcome these limitations, new AFM-tips have been developped. Nanofountain probes (NFP) were created to adress the first issue, by adding on the cantilver a liquid reservoir connected to the DPN tip, [START_REF] Deladi | Fabrication of micromachined fountain pen with in situ characterization possibility of nanoscale surface modification[END_REF][START_REF] Kim | A Nanofountain Probe with Sub-100 nm Molecular Writing Resolution[END_REF][START_REF] Moldovan | Design and fabrication of a novel microfluidic nanoprobe[END_REF]. In this technique, the deposition mechanism also relies on the diffusive transport of molecules across the water meniscus between the tip and the sample, but the tip does not need anymore to be periodically re-inked.

Nanoscale dispensing system

The second and third limitations of the DPN technique can be obviated by proceeding by direct liquid transfer from the tip to the sample, instead of diffusive transport of molecules. To this end, the Nanoscale dispensing system (NADIS) [START_REF] Meister | Nanodispenser for attoliter volume deposition using atomic force microscopy probes modified by focused-ion-beam milling[END_REF][START_REF] Fang | Control of Droplet Size in Liquid Nanodispensing[END_REF][START_REF] Fabié | Capillary Forces during Liquid Nanodispensing[END_REF] allows for deposition of liquid from a hollow tip to the susbtrate through a small opening at its apex by direct contact, see Figure 4.4 B. Once the tip contacts the sample surface, a meniscus forms around the outlet hole. Receding the tip from the solid surface breaks the meniscus and leaves an ink droplet behind. In the NADIS technique, the volume of liquid contained in the hollow tip allows for the printing of millions of spots without refilling. Furthermore, any molecule in solution can be deposited. Finally, the liquid transfer is completely controlled by the size of the aperture and the wetting properties of the substrate and the outer wall of the tip, [START_REF] Fang | Control of Droplet Size in Liquid Nanodispensing[END_REF][START_REF] Fabié | Capillary Forces during Liquid Nanodispensing[END_REF]. 
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Nanopipettes

Another technique relying on the direct transfer of liquid from the tip to the sample implies nanopipettes used as an AFM-tip [START_REF] Jubin | Fundamental Study of Nanofluidic Transport[END_REF][START_REF] Lewis | Fountain pen nanochemistry: Atomic force control of chrome etching[END_REF][START_REF] Bruckbauer | Writing with DNA and Protein Using a Nanopipet for Controlled Delivery[END_REF][START_REF] Rodolfa | Nanoscale Pipetting for Controlled Chemistry in Small Arrayed Water Droplets Using a Double-Barrel Pipet[END_REF][START_REF] Belmont | Direct writing of molecularly imprinted microstructures using a nanofountain pen[END_REF][START_REF] Yamada | Patterning of Gold Surfaces with Hexadecanethiol by Shear Force-based Scanning Capillary Microscopy[END_REF][START_REF] An | Low-volume liquid delivery and nanolithography using a nanopipette combined with a quartz tuning fork-atomic force microscope[END_REF][START_REF] Sangmin An | Nanopipette combined with quartz tuning fork-atomic force microscope for force spectroscopy/microscopy and liquid delivery-based nanofabrication[END_REF][START_REF] An | Nanopipette/Nanorod-Combined Quartz Tuning Fork-Atomic Force Microscope[END_REF]. In the context of nanolithography, this technique has a poor resolution (typically in the hundreds of nanometers range) when compared to the NADIS technique. However, its operation is much easier, since it does not require any sophisticated cantilever tip preparation such as Focused Ion Beam Experimental tuning fork-based AFM set-up developed in [START_REF] Jubin | Fundamental Study of Nanofluidic Transport[END_REF] for nanoprinting. As highlighted on the Scanning electron micrograph on the right, a carbon nanotube is inserted in a glass capillary in the high vacuum chamber of a Scanning Electron Microscope and sealed with electron beam reactive naphatlene glue.

Mechanism of liquid dispensing

We focus here on the mechanism of liquid delivery by apertured AFM tips with reservoirs, such as nanopipettes or hollow cantilever tips, as in nanoscale dispensing devices.

There are several parameters controlling the fluid dispensing process:

• Liquid properties: viscosity, surface tension.

• Tip-surface interactions: contact angle on the outer wall of the tip, contact angle on the substrate, total contact time on the same spot, withdrawal speed of the tip.

• Environmental conditions: humidity, temperature.

• Geometrical properties: shape of the tip, size of the aperture.

Initiating the liquid transfer from the tip to the sample

Once the tip is filled with the liquid to be deposited, the liquid reaches the tip aperture and is held in equilibrium inside the tip by surface tension. Depending on the wetting properties of the inner wall of the tip, two scenarios can occur. Initiating the liquid transfer from an hydrophilic tip to the substrate. 1) The tip is brought close to the substrate. The liquid inside the tip forms a concave meniscus.

2) The tip is close enough from the substrate for a capillary-condensed nanoscale water meniscus to form between the rim of the tip and the substrate, creating a path for the fluid inside the tip to flow towards the substrate.

3) The surface energy of the substrate pulls the liquid out of the tip. The liquid is transferred until an equilibrium is reached between the liquid, the tip and the sample.

1) If the inner wall is hydrophilic, then the liquid forms a concave meniscus inside the tip. When the tip is close enough to the substrate, a capillary-condensed nanoscale water meniscus forms between the rim of the tip apex and the substrate, [START_REF] Ghatkesar | Scanning Probe Microscope-Based Fluid Dispensing[END_REF][START_REF] An | Low-volume liquid delivery and nanolithography using a nanopipette combined with a quartz tuning fork-atomic force microscope[END_REF][START_REF] Sangmin An | Nanopipette combined with quartz tuning fork-atomic force microscope for force spectroscopy/microscopy and liquid delivery-based nanofabrication[END_REF][START_REF] An | Nanopipette/Nanorod-Combined Quartz Tuning Fork-Atomic Force Microscope[END_REF][START_REF] Sirghi | Volume of a Nanoscale Water Bridge[END_REF]. This occurs for a tip-sample distance smaller than the critical distance D c given by [START_REF] Charlaix | Capillary condensation in confined media[END_REF]:

D c = γ(cos(θ tip ) + cos(θ s )) ρ l k B T ln(P sat /P v ) (4.16)
where γ and ρ l are respectively the surface tension [N/m] and density of water [m -3 ], θ s and θ tip are the Young contact angles of water on the substrate and on the tip, and P sat and P v are the saturated vapor pressure and partial vapor pressure of water. The liquid inside the tip near the tip aperture gets coalesced with the capillary bridge, breaking the liquid equilibrium inside the tip and creating a path for the fluid inside the tip to flow, see Figure 4.6. The capillary force exerted by the substrate on the liquid pulls the liquid out of the tip causing dispensing of the liquid until a new equilibrium is reached between the liquid, the tip and the sample.

2) If the inner wall of the tip is hydrophobic, then the liquid forms a pendant drop at the apex, [START_REF] Lewis | Fountain pen nanochemistry: Atomic force control of chrome etching[END_REF]. In this case, when the tip is progressively brought in the vicinity of the substrate, the liquid drop touches first the surface and the liquid meniscus is reorganized so as to form a capillary bridge between the tip apex and the solid surface, see Figure 4.7.

Note that a capillary-condensed water meniscus can also form in this case (provided that the wetting properties of the substrate and the tip lead to D c > 0 in Eq. 4.16), but it is not necessary to initiate the liquid transfer from the tip to the sample.

Finally, the size of the initial meniscus depends on humidity, temperature, tip geometry and chemistry of the surfaces. Initiating the liquid transfer from an hydrophobic tip to the substrate. 1) The tip is brought close to the substrate. The liquid inside the tip forms a convexe meniscus protruding from the tip apex.

2) The tip is close enough from the substrate for the liquid meniscus to touch the substrate.

3) The liquid meniscus reorganizes to bridge the tip and the sample and liquid is transferred from the reservoir to the meniscus until an equilibrium is reached between the liquid, the tip and the sample.

Meniscus feeding by capillary pumping

Let's assume the AFM apertured tip is a truncated cone of half-angle α, with inner and outer radii at the apex R int and R 0 respectively, filled with a liquid of viscosity η and of surface tension γ, which forms contact angles defined as θ 1 on the outer wall of the tip and as θ 2 on the solid surface, see Figure 4.8. The hydraulic permeability of the apertured tip is:

κ = 3π 8η R 3 int tan(α).
(4.17)

The liquid inside the tip is in equilibrium with the atmosphere in contact with the fluid reservoir. One can fairly neglect the weight of the liquid column in the tip, the capillary length being typically much larger than any other dimension in the system. Calling P 0 the atmospheric pressure, the pressure in the fluid reservoir is therefore given by the Laplace law: P int = P 0 + γC, where C is the curvature of the meniscus in the reservoir and is assumed to remain constant all along the deposition process.

The curvature of the capillary bridge between the tip and the solid surface induces a Laplace pressure drop between the inside of the meniscus and the atmosphere:

∆P Lap = γ 1 R 1 (z) - 1 R 2 (z) (4.18)
where R 1 (z) and R 2 (z) are the azimuthal and meridional curvature radii, respectively. Thus, the pressure drop between the meniscus at altitude z and the reservoir is:

∆P drive (z) = γ 1 R 1 (z) - 1 R 2 (z) -C (4.19) R 1 (z) R 2 (z) θ 1 θ 2 D R int R o α z P int P 0 Figure 4.8
Sketch of half a meniscus of height D bridging a flat substrate and a conical tip of half angle α and of outer and inner apex diameters R0 and Rint, respectively. The fluid in the inside of the tip (the reservoir) is at pressure Pint. The pressure in the meniscus is fixed by the atmospheric pressure P0 and the radii of curvature R1(z) and R2(z) defining its interface. On this sketch, the radius of curvature R2 is assumed to be constant with altitude z (torroidal approximation).

This pressure drop drives a flux Q = κ × ∆P drive which feeds the meniscus until the transferred volume of liquid enables to reach the hydrostatic equilibrium between the reservoir and the meniscus, [START_REF] Fang | Control of Droplet Size in Liquid Nanodispensing[END_REF], i.e. ∆P drive (z) = 0, for any z.

Breakup of the meniscus

Eventually, the tip is retracted leaving a droplet behind resting on the substrate. During the tip retraction process, the meniscus deforms until the distance D between the substrate and the tip apex reaches a critical value for which the meniscus becomes unstable and breaks, [START_REF] Sirghi | Volume of a Nanoscale Water Bridge[END_REF][START_REF] Andrienko | Capillary bridging and longrange attractive forces in a mean-field approach[END_REF][START_REF] Cathal | Liquid Ink Deposition from an Atomic Force Microscope Tip: Deposition Monitoring and Control of Feature Size[END_REF].

During the tip withdrawal, the meniscus can still be fed until its rupture. In [START_REF] Fabié | Capillary Forces during Liquid Nanodispensing[END_REF], force-distance measurements during the tip withdrawal indicated that for large apertures (> 200 nm), the volume of the meniscus increases during the tip retraction while the pressure inside the meniscus can be considered constant and equal to the pressure of the reservoir: the liquid can flow from the reservoir to the meniscus to maintain the hydrostatic equilibrium between the meniscus and the reservoir while the shape of the capillary bridge is deformed by the tip withdrawal. For smaller apertures (35 nm) however, the flow during the tip retraction can be fairly neglected and the volume of the meniscus remains constant while the pressure inside the meniscus can vary.

Size of the deposited droplet

The size of the deposited droplet depends on several factors, including the wetting properties of the sample and of the tip outer wall, the aperture size and dynamic parameters 4.2. Liquid delivery system such as the contact time and the withdrawal speed of the tip.

1) Wetting properties of the sample

Once at equilibrium, the deposited droplet rests on the sample with a contact angle equal to the Young's contact angle. Everything else being equal, a droplet deposited on an hydrophilic substrate will spread on a larger area than on an hydrophobic substrate.

2) Wetting properties of the tip outer wall

If the tip has an hydrophilic outer wall, the liquid spreads on the tip wall, increasing the dispensing spot diameter much beyond the aperture size, [START_REF] Fang | Control of Droplet Size in Liquid Nanodispensing[END_REF]. On the contrary, the hydrophobic treatment of the tip outer wall confines the liquid meniscus in the vicinity of the aperture on the tip apex, see Figure 4.9. Schematic of the meniscus bridging a substrate and an hydrophobic (left) and an hydrophilic (right) apertured tip. The size of the contact area on the substrate is commensurate with the size aperture for the hydrophobic tip, and with the size of the hydrophilic exposed area for the hydrophilic tip.

Note that tip fabrication processes often induce defects at the tip apex, that can also cause the pinning of the contact line in the vicinity of the aperture.

3) Size of the aperture

If the contact line on the tip apex is either confined by hydrophobic treatment of the tip outer wall, or pinned by defects in the vicinity of the outlet hole, the size of the deposited droplet is fixed by the aperture size, see Figure 4.10.

4) Dynamic factors

The dynamic of liquid transfer can also impact the size of the deposited spot. One can identify two factors that can have an influence on the fluid dispensing process: the withdrawal speed of the tip and the total contact time prior to tip retraction.

During the retraction process of a small apertured tip, the volume of the meniscus remains constant. Therefore, the withdrawal speed of the tip has non influence on the size of the deposited droplet, which is fixed by the wetting properties of the substrate and of the tip outer wall.

For large apertures, the meniscus is fed while the tip is receding. Therefore, the withdrawal speed of the tip can matter in principle, if the retraction is too fast for the meniscus to reach hydrostatic equilibrium with the reservoir at each time step. The characteristic time for equilibration of the meniscus can be estimated as τ = A/V cap Spot diameters as a function of the aperture diameter, for deposits obtained with hydrophobic tips on an hydrophobic amine surface. From [START_REF] Fang | Control of Droplet Size in Liquid Nanodispensing[END_REF].

where A is the amplitude of the deformation and V cap = γ/η is the capillary velocity of the liquid (for water for instance, V cap = 70 m.s -1 ). For a time ∆t, the amplitude of the deformation is A = V × ∆t, where V is the tip withdrawal velocity. Typically, V is of the order of a few microns per second. It follows that τ ∆t, for any ∆t. Therefore, the hydrostatic equilibrium of the meniscus during the tip retraction is always established in typical experimental conditions, and the receding velocity of the tip does not influence the size of the deposited patterns for large apertures.

The total contact time was shown to impact the size of the deposited spot [START_REF] Fang | Control of Droplet Size in Liquid Nanodispensing[END_REF][START_REF] Fabié | Writing with liquid using a nanodispenser: Spreading dynamics at the sub-micron scale[END_REF]. Fang et al. [START_REF] Fang | Control of Droplet Size in Liquid Nanodispensing[END_REF] observed that for small apertures, the volume does not vary with the contact time: the hydrostatic equilibrium is established as soon as the meniscus is created between the tip and the sample, because the small volume needed to reach the equilibrium is provided in a time shorter than the time resolution in their experiments. For larger apertures, they observed a sharp increase of the droplet size with contact time, followed after a few seconds by a saturation regime which corresponds to the establishment of hydrostatic equilibrium between the meniscus and the reservoir. In this case, the radius of the deposited spot follows a power law R(t)-R 0 ∼ t 1/4 (R 0 being the aperture size) till a time τ at which the spot size saturates [START_REF] Fabié | Writing with liquid using a nanodispenser: Spreading dynamics at the sub-micron scale[END_REF], see Figure 4.11. This behavior depends neither on the wetting properties of the tip nor on those of the substrate, that only impact the asymptotic value for the spot size, higher for hydrophilic materials than for hydrophobic ones, and the time τ needed to reach the equilibrium.

Therefore, the life time of the meniscus does not influence the size of the deposited droplet, provided that it lasts longer than the time needed to reach equilibrium between the reservoir and the meniscus.

Note that in the case of AFM operated in frequency modulation regime for liquid dispensing, the deposited volume was also shown to increase with the amplitude of oscillations a [START_REF] Jubin | Fundamental Study of Nanofluidic Transport[END_REF]. For a quartz tuning fork, the oscillation frequency is f 0 ≈ 32 kHz, and a is typically comprised between 1 and 10 nm. a fixes also the amplitude of the deformation of the meniscus in dynamic mode. Therefore, the time for equilibration of the Spot radius as a function of time for deposits obtained with an hydrophilic tip (blue dots) and with an hydrophobic tip (red dots). Both tips have a 760 nm aperture. The solid lines represent the theoretical prediction, which can be well approximated at short times by the power law: R(t) -R0 ∼ t 1/4 . From [START_REF] Fabié | Writing with liquid using a nanodispenser: Spreading dynamics at the sub-micron scale[END_REF].

meniscus τ = a/V cap ≈ 10 -10 -10 -11 s is much smaller than the period of oscillation 1/f 0 ≈ 3 × 10 -5 s. Thus, even in dynamic mode, one can still consider that after enough oscillation periods, hydrostatic equilibrium is established between the reservoir and the meniscus. As done in [START_REF] Fabié | Writing with liquid using a nanodispenser: Spreading dynamics at the sub-micron scale[END_REF], we can approximate the meniscus shape by a straight profile and thus relate the asymptotic value for the deposited spot size R -R 0 with the mean tip-sample distance, fixed by a: R -R 0 ∝ a.

Conclusion

In this section, we introduced the various existing AFM-based set-ups for liquid dispensing at the sub-micron scale. We focused then on the physics of fluid dispensing governing the liquid transfer from an apertured AFM tip (hollow and apertured cantilever tips or nanopipettes) to a substrate. To sum up:

• The liquid transfer is initiated by the creation of a liquid meniscus bridging the tip and the substrate. This capillary bridge can be created either by direct contact between the substrate and the liquid meniscus inside the tip protruding from the tip apex, or by the mediation of a capillary-condensed water meniscus forming at a nanometric tip-sample distance.

• The liquid transfer is driven by a Laplace pressure gradient between the reservoir and the meniscus, until the transferred volume of liquid enables a reorganization of the meniscus shape so as to establish hydrostatic equilibrium with the reservoir.

• Provided that the life time of the meniscus is long enough for an hydrostatic equilibrium to be reached between the meniscus and the reservoir, the size of the deposited droplet is solely depending on the aperture size and wetting properties of the tip outer wall and of the substrate. Briefly, everything else being equal, the spot size is larger for hydrophilic substrates than for hydrophobic ones. For hydrophilic tips, the spot size increases with the dimension of the hydrophilic area in the vicinity of the aperture, and for hydrophobic tips, it increases with the size of the aperture.

Experimental set-up and procedure

We now present our own tuning fork-based Atomic Force Microscope for fluid dispensing and describe the experimental methods.

Tuning fork preparation

Opening the tuning fork shell Quartz tuning forks are commerically available (Radiospare) and are stored under controlled atmosphere in a cylindrical metallic shell. The packaging can easily be opened by using tweezers to clamp the cylinder until the bottom of the shell breaks.

Quartz capillary pulling

To fabricate the AFM-capillary tip, we use 10 cm long Quartz capillaries of 0.5 inner and 1 mm outer diameter with an inner filament to promote capillary liquid filling (World Precision Instruments).

Pipettes are obtained by locally heating and simultaneously pulling such a quartz capillary with a Sutter Instruments P-2000 pipette puller. The capillary is separated into two 5 cm long nanopipettes, each consisting in a cylindrical part of 1 mm outer diameter, ended by a conical tapper with a tip diameter above a hundred of nanometers, depending on the pulling parameters. We use pulling parameters suited for the fabrication of pipettes with a tip outer diameter of typically 500 nanometers. The produced pipettes are then observed under Scanning Electron Microscopy to check their tip diameter and to prevent damaged pipettes from being used in the following.

Capillary filling with ionic liquid

The pipette is then filled with 1-Butyl-3-methylimidazolium hexafluorophosphate, see Figure 4.12, also called Bmim-PF6 (Merck ). Bmim-PF6 is a Room Temperature Ionic liquid (RTIL), i.e. a solvent-free elecrolyte composed solely of ions. The advantage of using ionic liquids for our experiments is their very low volatily, that prevents their evaporation throughout the experiments, which is crucial considering the very small amount of liquid deposited in the process.

Probe preparation

Once the pipette is filled, its conical tapper is glued with epoxy glue on the lateral side of one of the quartz tuning fork prongs. Both the tuning fork and the pipette are immobilized while the glue is curing, for at least 12 hours. With a diamond tip, the largest part of the Steps for the preparation of the tuning fork probe: 1) The pulled capillary is filled with ionic liquid. 2) The pipette extremity is glued with exoxy on the lateral side of one tuning fork prong.

3) The rest of the capillary is cut free from its extremity and from the tuning fork with a diamond tip.

capillary is then cut free from its thin extremity which remains attached to the tuning fork. These steps are summarized by Figure 4.13. The tuning fork and its capillary tip are then placed for half an hour into the ultrahigh vacuum chamber of a Scanning Electron Microscope to remove any residual water from the ionic liquid contained in the pipette, see Figure 4.14.

Graphite samples

Fabrication process

In this study, we use mechanically exfoliated graphite, [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF]. The samples are produced by Clément Barraud's team at Université Paris-Diderot.

Briefly, starting from a platelet of three dimensional graphite, exfoliated graphite flakes are obtained from repeated peeling of the platelet with a scotch tape, which is then pressed against a Si/SiO 2 wafer, thus depositing thin graphite flakes onto the wafer.

A graphite flake is then picked-up from the Si/SiO 2 substrate, with a cured Polydimethylsiloxane (PDMS) droplet coated with a polypropylene carbonate (PPC) film. 

Integration in the set-up

The oxidized silicon wafer with the graphite sample on top is cleaved with a diamond tip so as to end up with a few milimeters large wafer, which is then glued with epoxy glue on a few centimeters long copper plate, along with two centimetric gold coated aluminium oxide pads (SERMA Microelectronics), placed on both sides of the sample, as sketched on Figure 4.17 A. The graphite flake is then electrically connected to its packaging by wire bonding: a gold wire links each electrode on top of the graphite flake (see Figure 4.17 B) with one of the gold pads to create an electrically conductive path. The device can then be integrated into the whole experimental set-up by simple welding of electric wires on the gold pads.

Electric characterization

Electric contact between the electrodes and the graphite flake is probed by IV-characteristics recordings. IV-measurements allow us to determine the flake resistance (see Figure 4.18), typically comprised between 100 Ω and 10 kΩ, depending on the sample geometry.

Integrated AFM Set-up AFM set-up

The tip positioning relatively to the sample is monitored by two kinds of positioners, see Figure 4.19. Inertial MechOnics motors in the X,Y and Z directions allow for the coarse approach of the tip to the substrate. They can move with a step size of 30 nm over a total course of 1 cm. For the fine approach and AFM imaging, an XYZ-piezoscanner (Tritor101 Piezosystemjena) is used. It allows for smooth displacements of up to 80 µm in the three spatial directions with a subnanometric resolution.

A camera (Thorlabs) allows to visualize the sample and to monitor the coarse approach and the tip lateral positioning above the sample.

Isolation

The AFM set-up is put on an antivibration table enclosed in an acoustic box sitting on a marble table coupled to the floor by rubber pads. All damping elements act as low pass filters for acoustic and mechanical vibrations. The acoustic box presents the additional advantage to reduce the thermal drift in the set-up.

Signal acquisition

Detection of the oscillation amplitude

The piezoelectric current generated by the tuning fork oscillations is amplified by a commercial femto amplifier (DLPCA-200), with a gain of 10 7 V/A, corresponding to a 50 kHz bandwidth.

Detection of the electric current

The electrical current flowing through the graphite sample is amplified by a second femto amplifier DLPCA-200, typically with a gain of 10 5 V/A, corresponding to a 500 kHz bandwidth. The gain can be tuned depending on the resistance of the graphite sample (typically of the order of 1 kΩ) in order to get a linear current-voltage dependency on the [-100, 100] mV range.

Signal processing and control

The detection and processing of the tuning fork signals is achieved with a Specs Nanonis package, well suited for local probe control. The package consists in a real time module RT4, one or two Oscillation Controller OC4 for detection and servo control of the tuning fork signals, a high voltage amplifier for piezoelectric scanner control and a module SC4 for data acquisition.

Our tuning fork-based AFM is operated in frequency modulation regime, which allows for the real-time measurement (i.e. without having to perform a resonance at each time step) of the shift of resonant frequency δf , the amplitude at resonance a and the excitation voltage E that is necessary to provide to maintain a constant.

Lock-in amplifier

The oscillation amplitude of the tuning fork at the excitation frequency, and the phase shift between its oscillation and the excitation signal are detected via a lock-in amplifier, which operation relies on a frequency mixer followed by a low-pass filter, with an adjustable cut-off frequency and filter order.

In essence, a lock-in amplifier multiplies an input signal U in (t) (here the piezoelectric current generated by the tuning fork motion, converted into an input voltage by the femto amplifier), multiplies it with a reference signal U ref (t) = cos(ω ref t) (provided here by the external excitation signal) and integrates the product over a specified time T , larger than the periods of the input and reference signals, and fixed by the cut-off frequency of the low-pass filter. The output of the lock-in is a DC signal U out , where the contributions from the input signal that are not at the same frequency as the reference signal are attenuated close to zero:

U out (t) = 1 T t t-T cos(ω ref s)U in (s)ds. (4.20)
For T much larger than the signal and reference periods:

U out = 1 2 V sig cos(φ), (4.21) 
where V sig is the amplitude of the input signal component having the same frequency as the reference signal, and φ is the phase shift between this component and the reference signal.

Here, we use a two-phase lock-in amplifier, implying a second detector, which perfoms the same calculation but adding an additional π/2-phase shift, see Figure 4.20. This kind of lock-in amplifier has two output signals: an in-phase component X = 1 2 V sig cos(φ) and an out-of-phase component Y = 1 2 V sig sin(φ). The amplitude of the input signal component at the reference frequency is then obtained by:

V sig = 2 X 2 + Y 2 (4.22)
while the phase shift between the input signal component at the reference frequency and the reference signal is given by: Proper calibration can convert the voltage response amplitude [V] of the tuning fork into a motion amplitude [m]. Therefore, the final outputs of the lock-in amplifier are the amplitude a and phase shift φ of the tuning fork oscillation with respect to the excitation voltage E at the excitation frequency ω.

φ = arctan Y X (4.

PLL: resonant excitation

Once the tuning fork tip is in interaction with the sample, the resonant frequency is shifted. To detect a change in the resonant frequency, we use a Phase Lock Loop (PLL). The principle of this control system is to tune the excitation frequency to ensure a constant phase shift φ res = π/2 between the excitation signal and the tuning fork oscillations, allowing for systematic excitation of the tuning fork at its resonant frequency. Here, the input signal is the tuning fork voltage response and the output signal is the excitation voltage.

Phase lock loop implementation implies four basic components: a lock-in amplifier, a PID controller, a voltage controlled oscillator and a feedback path, see Figure 4.21.

As decribed above, the lock-in amplifier uses a reference signal (the excitation voltage, initially ∼ cos(ω i t + φ r )) to extract the component of the input signal (the tuning fork voltage response) at the reference frequency (∼ cos(ω i t + φ i ) ), and to calculate the phase shift δφ = φ i -φ r of this component with respect to the reference signal. δφ is then compared to the reference phase shift (here φ res = π/2) by the PID controller. The voltage controlled oscillator generates a periodic signal of frequency ω r = ω i + δω, where δω is calculated to ensure a π/2 phase shift of the generated signal with respect to the tuning fork voltage response. This output signal is injected into the piezo-dither and used as new reference signal in the feedback loop.

Thus, the Phase Lock Loop enables to systematically excite the tuning fork at its resonance, and to measure the shift in resonant frequency induced by tip-sample interaction, or equivalently, the elastic component of the interaction force field. 

U in (t) ∼ cos(ω i t + ϕ i ) Loop filter (PID) lock-in ϕ res = π 2 ∼ δϕ = ϕ i -ϕ r
Voltage Controlled Oscillator output signal 

E(t) ∼ cos(ω r t + ϕ r ) feedback loop

PID: constant oscillation amplitude

An additional PID servo loop allows to adjust the excitation voltage E in order to maintain constant the oscillation amplitude of the tuning fork at its resonance.

Thus, the PID servo loop enables to measure the variation ∆E of excitation voltage necessary to maintain a constant oscillation amplitude, or equivalently, the dissipative component of the tip-sample interaction force field.

Ionic liquid deposition

Control of the tip position

Two modules provided by the Specs Nanonis package allow for the precise positioning of the tip on the sample: the Z-controller and the Scan Control module.

The Z-controller is a PI (Proportional Integral) controller which regulates the tipsample distance so as to maintain the value of an input signal constant and equal to a specified set-point value. Here, we choose as input signal the shift in the resonant frequency for the normal mode of oscillation, so as to guarantee a constant tip-sample elastic interaction during the experiment. Once the tip has been coarsely postioned above the sample with the inertial motors (MechOnics) and the tip-sample distance falls into the range of displacement of the xyz-piezoscanner, the Z-controller can be switched on, thus initiating the gentle approach of the tip to the substrate, until the shift in the resonant frequency reaches the set-point value. Here, we use as typical set-point value for the shift in the resonant frequency: δf = 100 mHz.

The Scan Control module allows to adjust the lateral position of the tip above the sample, as well as to perform the scanning of the sample for imaging. This module enables to choose the size of the imaged area, the scanning velocity of the tip and the scanning axis angle with respect to the x and y axis. With the Scan Control module, the scanning velocity is constant and the tip motion is linear in time. To impose instead a tip displacement sinusoidal in time, the X and Y signals of the piezoscanner can also be modulated by two Lock-in modules at a frequency and amplitude to be specified by the 4.3. Experimental set-up and procedure user. Both Lock-in modules can be synchronized with each other so as to guarantee a tip displacement along a line forming the desired angle with the x and y axis.

Ionic liquid deposition

The tip is progressively approached to the sample, until it is close enough for a liquid meniscus to connect the tip and the substrate. The creation of the meniscus induces a sharp overshoot of the shift in resonant frequency (see Figure 4.22) and a sligth retraction of the tip allowing for the relaxation of the frequency shift towards its set-point value, while the meniscus is fed until hydrostatic equilibrium with the liquid resevoir inside the pipette is established, as discussed in 4.2.2. Thus, the creation of an ionic liquid meniscus bridging the tip and the sample has a very clear signature in the resonant frequency shift signal as a function of time: the sharp overshoot followed by the gentle relaxation towards the set-point value, and a very low noise level when compared with the signal obtained with a dry tungsten tip instead of a filled capillary tip, see Figure 4.22. This low noise level comes from the immersion of the tip apex into the liquid, which smoothens the fluctuations of tip-sample interaction by averaging them across the liquid layer. A Shift in the resonant frequency as a function of time in the case of the lubricated scanning of the sample by a capillary tip filled with ionic liquid. One can distinguish three successive phases: 1) Fine approach of the tip. 2) Creation of a liquid meniscus bridging the tip apex and the sample.

3) The liquid droplet, still connected to the tip apex, is put into oscillatory motion over the sample. B Shift in the resonant frequency as a function of time in the case of the scanning of the sample by a dry etched tungsten tip: 1) Fine approach of the tip.

2)

The tip is close enough from the substrate to interact with it.

3) The tip scans the sample in a back-and-forth motion.

The deposition of ionic liquid droplets on solid surfaces proves itself highly reproducible. The deposited droplets have a lateral size perfectly commensurate with the outer diameter of the tip used for fluid dispensing, as highlighted by Figure 4.23. This is in adequation with the conclusions of the discussion in 4.2.2: here the outer wall of the tip is rather hydrophilic, being made of quartz. However the tip fabrication process 4.3. Experimental set-up and procedure generally induces defects in the vicinity of the tip apex, thus causing the pinning of the contact line at the rim of the tip extremity. In this case, the size of the deposited droplets is entirely fixed by the outer diameter of the tip and by the wetting properties of the substrate. We believe that this is due to the very low retention force exerted by the substrate on the droplet. For a spherical cap-shaped droplet, this retention force is given by [START_REF] Elsherbini | Retention forces and contact angles for critical liquid drops on non-horizontal surfaces[END_REF][START_REF] Pilat | Dynamic Measurement of the Force Required to Move a Liquid Drop on a Solid Surface[END_REF]:
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F ret = 24 π 3 γD (cos(θ r ) -cos(θ a )) , (4.24)
where D is the droplet diameter, γ is the surface tension of the ionic liquid and θ r and θ a are respectively the receding and advancing contact angles of the droplet on the substrate. Therefore, a very low retention force is the indication of a neglectible contact angle hysteresis. As a consequence of the very low retention force hypothesis, we can assume that the ionic liquid meniscus is not deformed during the lateral displacement of the tip above the sample. If this is the case, the meniscus in motion is always in hydrostatic equilibrium with the reservoir inside the pipette. This means that the liquid in the reservoir is not capillary pumped to be injected into the meniscus, which volume can thus be considered constant during the experiments. 

Parameters under investigation

The purpose of these experiments is to detect and to characterize the electrical current flowing through the graphite flake, induced by the droplet oscillatory motion. Our AFM set-up offers a high versatility and enables us to study the influence of many parameters on the generated current. In the present study, we focus on the effect of:

• the droplet velocity

• the DC bias voltage between the electrodes

• the scan direction with respect to the electrode axis

• the graphite flake thickness

• the doping of the graphite flake

Conclusion

In this section, we presented our quartz tuning fork-based Atomic Force Microscope. A capillary tip of controlled geometry is filled with ionic liquid and glued on the lower prong of the quartz tuning fork. The operation of our AFM in frequency modulation regime allows us to deposit a micrometric droplet of ionic liquid on a 4.4. Big picture graphite flake electrically connected by two gold electrodes. The droplet, still connected to the capillary tip apex, can be put into oscillatory motion over the sample and slide back and forth between the electrodes without deforming, while the electric current flowing through the graphite flake is recorded.

Big picture

In this Chapter, we introduced our experimental set-up for depositing a micrometric ionic liquid droplet on a graphite flake and for measuring the electric current flowing through the graphite sample while the ionic liquid droplet is sliding over the solid surface.

To sum up, this set-up relies on a quartz tuning fork-based Atomic Force Microscope operated in frequency modulation, that combines excellent mechanical stability (thus preventing jump-to-contact events), a large dynamic sensitivity, and a convenient geometry allowing for using a wide variety of tips. In our experiments, we use as AFM probe a thin capillary filled with ionic liquid and glued on the lower prong of the tuning fork.

Fluid dispensing is driven by the Laplace pressure drop between the liquid inside the pipette and the meniscus bridging the tip apex and the graphite surface. Once hydrostatic equilibrium is reached, the deposited volume can be considered constant, and ultimately depends on the wetting properties of the solid surface and on the tip outer diameter.

Once the ionic liquid droplet is deposited, our set-up enables us to put it into oscillatory motion over the sample. Electrodes connecting the graphite flake record the electric current response of graphite, and can impose an additional electric potential difference between both sides of the sample.

In this Chapter, we present our experimental measurements of an alternating electric current in graphite generated by the oscillations of an ionic liquid droplet sliding over the solid surface. We investigate how the induced current varies with the droplet velocity, with the motion direction, with a DC bias voltage imposed between the electrodes, and finally with the specificities of the graphite flake, i.e. its thickness and the density of wrinkles it displays. Then, we discuss two different mechanisms that could possibly explain our experimental observations, namely longrange Coulomb interactions between the charges in the droplet and the electrons in the solid, or the momentum transfer from liquid molecules to phonons in the solid, dragging in turn the electrons.

Measurements

Measurements

Current generation

Our experimental set-up is represented on Figure 5.1. Let's start by summarizing the experimental procedure described in details in the previous chapter. Schematic of the experiment. A quartz capillary is filled with ionic liquid and glued on the lower prong of a millimetric quartz tuning fork. Once the tip is in contact with the graphitic substrate, an ionic liquid droplet is formed at its extremity. The scanner allows for droplet relative motion on the graphite flake in the XY-plane, while current is measured between both gold electrodes. An additional electric potential drop ∆V can be imposed between the electrodes.

XYZ-scanner

In our experiments, the sample consists in a graphite flake deposited onto a Si/SiO 2 substrate, and electrically connected by two gold electrodes. One electrode enables us to impose a potential drop across the graphite sample, the other is connected to a low-noise current amplifier to allow for electric current measurement through the graphite flake. Prior to any experiment, the flake thickness is determined by Atomic Force Microscopy measurements and electric contact between the electrodes and graphite is probed by IV-characteristics recordings. The sample is then placed onto a three axis-piezoscanner.

A quartz capillary with a 500 nm tip outer diameter filled with ionic liquid (Bmim-PF6), is glued to a millimetric quartz tuning fork. A piezo-dither attached close to the tuning fork induces mechanical excitation of the tuning fork at its resonant frequency (f ≈ 32 kHz). Because of the piezoelectric properties of the quartz crystal, the tuning fork vibrations lead to an alternating current which is read by the electrodes deposited on the tuning fork, allowing us to detect via a Lock-in amplifier the motion of the tuning fork at its resonant frequency, and the phase shift between the excitation signal and the tuning fork oscillation. A Phase Lock Loop (PLL) and a PID servo loop enable us to detect interaction with the substrate (and thus, detection of the contact between the capillary tip and the graphite flake) while maintaining a constant oscillation amplitude a of the tuning fork at its resonance (typically a = 1 nm). A camera is used for the 5.1. Measurements coarse approach of the tuning fork tip, while the fine approach is monitored via the PLL to detect gentle contact between the capillary tip and graphite.

Once the tip is in contact with graphite, an ionic liquid capillary bridge forms between the tip and the graphitic surface. This results in the formation of a droplet, of radius fixed by the outer diameter of the tip. When the scanner is put into motion in the XY-plane, the droplet remains hooked to the tip and slides over the solid surface. B Current spectrum as a function of frequency. The spectrum displays a peak at the droplet oscillation frequency (0.5 Hz). The peak maximal value is defined as the generated current amplitude.

In a typical experiment, the xyz-piezoscanner makes the droplet oscillate over the graphite flake, with motion amplitudes and frequencies comprised between 200 nm and a few microns, and 100 mHz and a few Hz respectively. Simultaneously, the electric current propagating along the graphite flake between both electrodes is recorded. It appears that the droplet oscillations generate an alternating current, at the same frequency, see Figure 5.2 A. Using the Fast Fourier transform (fft) function in Matlab, we obtain the current spectrum from the current signal as a function of time. This current sprectrum exhibits a clear peak at the droplet oscillation frequency, see Figure 5.2 B. We define the generated current amplitude as this peak maximal value.

Controls

We performed various controls to make sure that the observed phenomena are indeed related to specific ionic liquid-graphite interactions.

Above the substrate

We first checked that no current can be generated if the tip does not contact the graphite surface via the ionic liquid droplet but is slightly above instead, see Figure 5.3. In this configuration, only the tip moves above the substrate, without displacing the droplet 5.1. Measurements deposited on the graphite flake. This control proves that the motion of the droplet on graphite is necessary to generate an electric current in the flake. Current spectrum (nA) as a function of frequency (Hz) while the capillary tip moves at 5 µm and 0.5 Hz in amplitude and frequency, 0.5 µm (clear blue curve) and 1.4 µm (dark blue curve) above graphite, and in contact with graphite via the ionic liquid droplet (red curve). When the droplet moves on the substrate (red curve), the current spectrum exhibits a peak at the motion frequency (0.5 Hz), but does not when the tip is not in contact with graphite and cannot displace the droplet with respect to the graphite surface.

On SiO 2

We also checked that no current can be generated if the droplet moves over the SiO 2 surface comprised between the electrodes, see Figure 5.4. Current spectrum (nA) as a function of frequency (Hz) for a droplet motion of 2 µm amplitude and 0.5 Hz frequency, on graphite (red curve) and on SiO2 (blue curve).

Measurements

With a tungsten tip

Finally, we checked that flowing liquid is necessary to generate an electric current: if the capillary tip filled with ionic liquid is replaced by a tungsten tip, no current is generated when the tungsten tip oscillates on the graphite sample, see Figure 5.5. Current spectrum (nA) as a function of the frequency (Hz) for the 3 µm amplitude and 0.5 Hz frequency motion of an ionic liquid droplet (lubricated contact, red curve) and of a tungsten tip (dry contact, blue curve), on the same graphite sample.

Once we made sure the current generation was indeed due to specific ionic liquidgraphite interactions, we devoted ourselves to determine its dependencies on the characteristics of the droplet motion and on the specific features of the graphite samples.

Dependency on the droplet velocity

We observed that for a given oscillation frequency f , the amplitude of the generated current increases linearly with the droplet oscillation amplitude A, or equivalently, with the droplet velocity V (with V = 2πf A), see Figure 5.6. The magnitude of the generated current is of the order of a few nanoamperes for droplet velocities of the order of a few microns per second.

On the plot displayed on Figure 5.6 B, we can notice a slight delay in the increase of the generated current with the droplet velocity: for a motion smaller than 250 nm in amplitude, the droplet motion does not induce any current through the graphite flake. It could be due to a very slight pinning of the droplet contact line on graphite: the capillary tip exerts an elastic force on the droplet F tip = k∆x where ∆x is the tip displacement in the x-direction and k is the effective spring constant of the tip-droplet interaction in the lateral plane and depends on the tip geometry and on the pinning of the contact line on the tip. This force is opposed to the retention force exerted by the graphite flake on the droplet:

F ret = 24 π 3 γD [cos(θ 2 (∆ x )) -cos(θ 1 (∆x))],
where θ 1 and θ 2 are the contact angles in front and in rear of the droplet, respectively. The droplet motion is only possible if the tip displacement is larger than a critical threshold ∆x c , such that θ 1 (∆x c ) = θ a and θ 2 (∆x c ) = θ r where θ a and θ r are the advancing and receding contact angles, respectively (see Figure 5.7). The critical threshold is thus given by:

∆x c = 24 π 3 k γD (cos(θ r ) -cos(θ a )) (5.1) 
This hypothesis should be checked on one hand by the determination of the contact angle hysteresis of ionic liquid droplets on exfoliated graphite and on the other hand by the thorough study of the dependency of the critical threshold ∆x c on the size D of the deposited droplet. However, since D is fixed by the tip geometry, which also affects the effective spring constant k in a somewhat uncontrolled way (because of the uncontrolled pinning of the contact line on the tip by defects in the vicinity of the capillary aperture), this study would necessitate the direct observation of the meniscus profile. Such a characterization could be done by setting-up the experiment into the vacuum chamber of a Scanning Electron Microscope, but is beyond the goal of the present work.

Dependency on the displacement direction

We also investigate the dependency of the generated current on the angular direction of the droplet oscillations, Figure 5.8. For this measurement, the oscillation amplitude and frequency are fixed, and the droplet oscillates around its central position along a direction making various angles with the electrodes axis. As expected, the amplitude of the generated AC current is a 180 • -periodic function of the motion axis angle, but its phase depends on the central position of the droplet oscillations, see Figure 5.8 A. More importantly, the maximal current amplitude is not necessary reached for a displacement orthogonal to the electrodes axis, in a rather counterintuitive way, as better illustrated by Figure 5.8 B.

Note that for all the data displayed in this study (dependency on the velocity, on the bias voltage, on the sample thickness...), we started the current measurements at one given point of the flake surface by finding the scan direction providing the maximal amplitude for the generated current, and chose this axis as the direction for the droplet motion.

Dependency on the bias voltage

Furthermore, our set-up enables us to generate a DC current through the graphite by imposing a constant potential drop ∆V (typically comprised between -50 mV and 50 mV) between the electrodes. In this configuration, the additional alternating current induced by the droplet oscillations strongly depends on ∆V : current generated under a positive ∆V is in phase opposition with current generated under a negative ∆V, see Figure 5.9 A. Furthermore, the amplitude of the generated alternating current scales linearly with the potential drop, as highlighted by Figure 5.9 B.

Dependency on the sample specificities

Flake thickness

Finally, we studied the dependency of the generated current on the graphite flake thickness. Figure 5.10 illustrates the thickness-dependency of the current induced by droplet oscillations of amplitude 1 µm and frequency 0.5 Hz. Our experiments reveal that the thinner the graphite flake is, the more efficient the current generation is. Primarily, we observe a transition for the current generation around 10 nm in thickness: for flakes thicker than 10 nm, no current generation is possible, while current can be induced at the surface of flakes thinner than 10 nm. 

Presence of wrinkles

However, our samples do not only differ from each other by their thickness, but also by the smoothness of their surface, see Figure 5.11. Because of the fabrication process implying the transfer of the exfoliated graphite flake onto the oxidized silicon wafer, the thinner flakes, softer and more flexible than the thicker ones, are more likely to exhibit wrinkles, [START_REF] Guinea | Gauge fields, ripples and wrinkles in graphene layers[END_REF][START_REF] Liu | The origin of wrinkles on transferred graphene[END_REF][START_REF] Deng | Wrinkled, rippled and crumpled graphene: An overview of formation mechanism, electronic properties, and applications[END_REF].

To check the influence of the presence of wrinkles on the generation of current, we used for the comparison another set of samples, provided by Radha Boya's team at the National Graphene Institute in Manchester. These samples also consist in exfoliated multilayer graphene, but here, no transfer procedure is involved: the flakes are directly exfoliated on Si/SiO 2 and simply left on the wafer, on which electrodes are then deposited. These samples have thicknesses falling into the range where current generation should be possible according to our measurements on transferred graphite flakes (i.e. < 10 nm), see Figure 5.10. But their surface is much more uniform and totally wrinkle-free, as pictured in Figure 5.12.

Our experiments reveal that the oscillations of an ionic liquid droplet on top of these samples do not induce the generation of a detectable alternating current, although their thickness suits the expected condition for the current generation. A Current (nA) as a function of time, generated by droplet oscillations of frequency 1 Hz and amplitude 350 nm, while various potential drops ∆V are applied between both electrodes. The current for positive ∆V oscillates in phase opposition with the current for negative ∆V. For clarity, a moving average over 6 points is used to filter the current data. Furthermore, the DC component of the current signal IDC = ∆V /R with R the resistance of the sample, has been substracted from the total current signal for each curve. B Generated current (nA) as a function of the applied potential drop ∆V (green diamonds) for droplet oscillations of 1 Hz and 350 nm in amplitude. Here, the current is negative for negative ∆V to illustrate that it is in phase opposition with the current oscillations for positive ∆V. The green dot line is the best linear fit. Therefore, we focused on the influence of the presence of wrinkles texturing the sample surface. An interesting aspect of the role possibly played by the wrinkles in the current generation is that their random direction could be at the root of the apparently random phase in the current dependency on scan direction, see Figure 5.8.

1) Resistivity

We first checked that the presence of wrinkles does not impact the sample resistivity. The resistivity ρ can be extracted from the measured resistance R and from the sample geometry, according to:

ρ = R wt L (5.2)
where t is the sample thickness, w is the length of the electrodes contacting the flake, and L is the distance between the electrodes. It appears from the resistivity measurements that samples of similar thickness, but of different surface homogeneity (some samples are wrinkled, the others are not) have very similar resistivities (of the order of a few Ω.µm), which indicates that the wrinkles do not affect here the global properties of electrical conduction. However, it was shown by Zhu et al. [START_REF] Zhu | Structure and Electronic Transport in Graphene Wrinkles[END_REF] that the local resistivity along a folded wrinkle in monolayer graphene is lower than the local resistivity across the wrinkle, the latter being equal to the resistivity of a flat sample. Therefore, the wrinkles may affect the local electronic mobility, [START_REF] Katsnelson | Electron scattering on microscopic corrugations in graphene[END_REF], even if that is not reflected by global resistivity measurements.

2) Raman spectroscopy

To get more insight into the role played by the wrinkles in the current generation, we performed the Raman spectrum mapping of our samples.

Briefly, Raman spectroscopy is a spectroscopic technique where scattered light is used to measure the vibrational energy modes of a sample. It provides both chemical and structural information and permits the identification of chemical substances by their Raman "fingerprint".

When light is scattered by a molecule, the oscillating electromagnetic field of the incident photon induces a polarisation of the molecular electron cloud which puts the molecule into a virtual energy state for a short time before the photon is re-emitted, as scattered light.

The vast majority of scattering events are elastic (Rayleigh scattering): it means that the energy of the molecule is unchanged after its interaction with the photon, so that the scattered photon has the same energy, and thus the same wavelength, than the incident photon.

In a much rarer event, the photon scattering is inelastic (Raman scattering): energy is transferred between the molecule and the incident photon. If the photon loses energy to the molecule (excited to a higher vibrational level) during the scattering, then the scattered wavelength increases (Stokes Raman scattering), whereas if the molecule loses energy to the photon by relaxing to a lower vibrational level, the scattered wavelength decreases (Anti-Stokes Raman scattering).

Practically, a laser beam illuminates the sample. Elastic scattered light is filtered out by a filter, while the Raman scattered light is collected and dispersed onto a detector, see Figure 5.13.

Raman shifts are reported in wavenumbers, according to:

∆ν(cm -1 ) = 1 λ 0 (nm) - 1 λ 1 (nm) × (10 7 nm) (cm) . (5.3) 
Raman mapping consists in acquiring a Raman spectrum from each position on the sample, and in mapping the peak intensity at the desired Raman shift.

In graphene and bulk graphite, the main features in the Raman spectra are the socalled G, D and 2D peaks, which lie at around 1580, 1360 and 2700 cm -1 respectively for visible excitation (here 532 nm). The shape, position and intensities of these peaks are known to be sensitive to sample thickness, disorder and doping, [START_REF] Ferrari | Raman spectroscopy of graphene and graphite: Disorder, electron-phonon coupling, doping and nonadiabatic effects[END_REF][START_REF] Liu | The Dependence of Graphene Raman D-band on Carrier Density[END_REF].

We would like to determine if the wrinkles are line defects and/or promote inhomogeneous doping in the graphite flakes. To this end, we compare the AFM image of a graphite sample with the Raman mapping of I(G) (the intensity of the G peak), of I(D)/I(G) (the ratio of the D peak intensity to the G peak intensity), and of pos(G) (the position of the G peak), see Figure 5.14. To make the comparison easier, we use a relatively thick sample (30-45 nm depending on the position) with sparse and well defined wrinkles and edges. We focus on some features particularly easy to identify, denoted as 1, 2, 3 and 4 on the AFM image. 1 is an edge between two areas of different thickness (respectively 30 and 45 nm), 2, 3 and 4 are wrinkles (of height 8 nm, 8 nm and 15 nm respectively).

The I(G) map presents a clear signature of the thickness inhomogeneity in the sample, by displaying three well-defined area of various thicknesses, as indicated too by the AFM image. The feature 1 is therefore clearly apparent as a boundary between two areas of different thickness. The largest wrinkle, denoted as 4, is also visible on the I(G) map, which could be due to the extra layers of graphene induced by the folding of this wrinkle, [START_REF] Zhu | Structure and Electronic Transport in Graphene Wrinkles[END_REF].

The I(D)/I(G) map merely highlights the edges, such as feature 1. There is no corresponding line feature in the D to G ratio map at the position of the wrinkles, indicating that wrinkles are not defect lines, [START_REF] Zhu | Structure and Electronic Transport in Graphene Wrinkles[END_REF][START_REF] Ferrari | Raman spectroscopy of graphene and graphite: Disorder, electron-phonon coupling, doping and nonadiabatic effects[END_REF].

Finally, spatial inhomogeneity of the G peak position indicates an inhomogeneous doping on the sample, [START_REF] Ferrari | Raman spectroscopy of graphene and graphite: Disorder, electron-phonon coupling, doping and nonadiabatic effects[END_REF]. On the pos(G) map, the edge 1 is not visible, but the wrinkles denoted as 2, 3 and 4 are represented by darker line features as compared to the surrounding media. Thus, we conclude that wrinkles promote local doping.

Conclusion

In this section, we presented our experimental results: the oscillations of an ionic liquid droplet over a graphite sample induce an alternating electric current through the graphite flake, at the same frequency as the droplet oscillations. The amplitude of 95 5.2. Electron drag at liquid-graphite interface the induced current is referred to as generated current. Our measurements highlight some characteristics of the generated current:

• It is linear with the droplet velocity (or equivalently, with the droplet motion amplitude at a fixed frequency). It is typically of the order of a few nanoamperes for droplet velocities of the order a few microns per second.

• It is linear with the DC bias voltage.

• It depends in a non trivial way on the scan direction with respect to the electrodes axis, depending on the central position of the droplet oscillations.

• It depends on the flake thickness and on the presence of wrinkles, which promote local doping.

Note that the non trivial dependency on the scan direction might be a consequence of the presence of wrinkles with random directions on the flake surface.

Electron drag at liquid-graphite interface

Liquid flow-induced electricity at liquid-graphite interface

It has been established for a few years now that water flowing against the surface of carbon-based nanomaterials, such as carbon nanotubes [START_REF] Král | Nanotube Electron Drag in Flowing Liquids[END_REF][START_REF] Shankar Ghosh | Carbon Nanotube Flow Sensors[END_REF][START_REF] Cohen | Carbon Nanotubes Provide a Charge[END_REF][START_REF] Persson | Electronic friction and liquid-flow-induced voltage in nanotubes[END_REF][START_REF] Zhao | Individual Water-Filled Single-Walled Carbon Nanotubes as Hydroelectric Power Converters[END_REF][START_REF] Rabinowitz | An Electrically Actuated, Carbon-Nanotube-Based Biomimetic Ion Pump[END_REF] or graphene sheets [START_REF] Dhiman | Harvesting Energy from Water Flow over Graphene[END_REF][START_REF] Yin | Harvesting Energy from Water Flow over Graphene?[END_REF][START_REF] Ho | Flow-induced voltage generation in non-ionic liquids over monolayer graphene[END_REF][START_REF] Kuriya | Output density quantification of electricity generation by flowing deionized water on graphene[END_REF][START_REF] Yin | Generating electricity by moving a droplet of ionic liquid along graphene[END_REF][START_REF] Park | Identification of Droplet-Flow-Induced Electric Energy on Electrolyte-Insulator-Semiconductor Structure[END_REF][START_REF] Yang | Mechanism of Electric Power Generation from Ionic Droplet Motion on Polymer Supported Graphene[END_REF], induces an electrical potential difference between the downstream and the upstream side of the material, but the exact mechanism at stake remains highly controversial [START_REF] Cohen | Carbon Nanotubes Provide a Charge[END_REF][START_REF] Dhiman | Harvesting Energy from Water Flow over Graphene[END_REF][START_REF] Yin | Harvesting Energy from Water Flow over Graphene?[END_REF][START_REF] Pei | Liquid flow-induced electricity in carbon nanomaterials[END_REF]. The proposed mechanisms include momentum-transfer from the liquid molecules to the phonons in the solid [START_REF] Král | Nanotube Electron Drag in Flowing Liquids[END_REF], streaming potential effects [START_REF] Cohen | Carbon Nanotubes Provide a Charge[END_REF][START_REF] Newaz | Graphene Transistor as a Probe for Streaming Potential[END_REF], charging/discharging of a pseudo-capacitance [START_REF] Yin | Generating electricity by moving a droplet of ionic liquid along graphene[END_REF][START_REF] Park | Identification of Droplet-Flow-Induced Electric Energy on Electrolyte-Insulator-Semiconductor Structure[END_REF] and Coulomb interactions [START_REF] Shankar Ghosh | Carbon Nanotube Flow Sensors[END_REF][START_REF] Persson | Electronic friction and liquid-flow-induced voltage in nanotubes[END_REF][START_REF] Zhao | Individual Water-Filled Single-Walled Carbon Nanotubes as Hydroelectric Power Converters[END_REF][START_REF] Rabinowitz | An Electrically Actuated, Carbon-Nanotube-Based Biomimetic Ion Pump[END_REF].

Phonon wind

Voltage generation in carbon nanomaterials by a flowing liquid was first theoretically predicted by Král and Shapiro in 2001, [START_REF] Král | Nanotube Electron Drag in Flowing Liquids[END_REF]. They identified as the main mechanism for the potential difference between both ends of a carbon nanotube immersed into a laminar flow, the momentum transfer from the flowing liquid molecules to the phonons in the nanotube. The resulting phonon wind drags in turn the free charge carriers in the tube, see Figure 5.15.

In this scenario, the generated voltage (or current, in a closed circuit) is expected to be linear with the flow velocity. Furthermore, the sign of the generated voltage will depend on the type of charge carriers (electrons or holes) in the graphitic material. Finally, the generated voltage does not depend on the ionic strength or polarity of the liquid.

Streaming potential

Streaming potential is an electrokinetic phenomenon which originates when an electrolyte is driven by a pressure gradient through a channel or porous plug with charged walls. In this purely ionic mechanism, an excess of counterions screening the surface charge accumulates in the downstream region and generates a potential difference, called the streaming potential, between the downstream and upstream side of the flow. The streaming potential is proportionnal to the pressure gradient, and thus to the flow velocity, and depends on the ionic concentration. However, its effect on the liquid-flow induced voltage in carbon materials is still highly debated, [START_REF] Cohen | Carbon Nanotubes Provide a Charge[END_REF][START_REF] Yin | Harvesting Energy from Water Flow over Graphene?[END_REF][START_REF] Newaz | Graphene Transistor as a Probe for Streaming Potential[END_REF]. In our experiments, this mechanism cannot be at play, since the experimental procedure involves no pressure-driven flow on the graphitic surface, but instead the drawing of a droplet at least ten times smaller than the distance between the electrodes.

Capacitive charge/discharge

Yin et al. [START_REF] Yin | Generating electricity by moving a droplet of ionic liquid along graphene[END_REF] performed experiments where a millimetric 0.6 M NaCl droplet is moved over a strip of monolayer graphene, while the potential difference between two electrodes deposited on both extremities of the strip is measured, see Figure 5.16 A. They observed that the generated voltage is linear with the droplet velocity and that it could reach up to a few millivolts. They explained their observations in terms of the dynamic charging/discharging, in the front end and in the rear end of the moving droplet, of a pseudocapacitance consisting in a layer of adsorbed Na + ions and a layer of electrons drawn from graphene to accumulate at the liquid-solid interface: the front end of the moving droplet absorbs ions and charges the pseudocapacitor by drawing electrons from graphene, while simultaneously, the rear end desorbs ions and discharges the pseudocapacitor by releasing the electrons to the graphene. This process can be illustrated by the equivalent circuit presented in Figure 5.16 C. It gives rise to an increase/decrease density of electrons ahead/behind the moving droplet, resulting in a higher potential at the front than at the rear.

Note that this mechanism requires the solid/liquid interface to vary with the flow, as it is the case for droplet flow over graphene sheets. However, this mechanism is not specific to graphitic materials and can be generalized to all types of non-insulating materials, as developped in [START_REF] Park | Identification of Droplet-Flow-Induced Electric Energy on Electrolyte-Insulator-Semiconductor Structure[END_REF].

Although this explanation can seem appealing to rationalize our own observations, it From [START_REF] Yin | Generating electricity by moving a droplet of ionic liquid along graphene[END_REF].

cannot account for the magnitude of the generated current in our experiments: we report measurements of generated current of the order of a few nanoamperes for droplet motion velocities of the order of 1 µm/s, several orders of magnitude larger than the current values we could extrapolate to our geometry from the experimental results in [START_REF] Yin | Generating electricity by moving a droplet of ionic liquid along graphene[END_REF].

Coulomb interactions

Coulombic field-based explanations [START_REF] Shankar Ghosh | Carbon Nanotube Flow Sensors[END_REF][START_REF] Persson | Electronic friction and liquid-flow-induced voltage in nanotubes[END_REF][START_REF] Zhao | Individual Water-Filled Single-Walled Carbon Nanotubes as Hydroelectric Power Converters[END_REF][START_REF] Rabinowitz | An Electrically Actuated, Carbon-Nanotube-Based Biomimetic Ion Pump[END_REF] propose that ions or electric dipoles close to the graphitic surface drag the charge carriers in the solid, flowing under the coulombic force. This mechanism implies a strong dependency on the ionic strength and/or polarity of the liquid flowing over the graphitic material. Furthermore, the sign of the generated current will depend on the nature of the ions (cations or anions) which will be adsorbed or preferred at the graphitic interface.

At this point, two scenarios could still possibly explain our observations: the momentum transfer from molecules in the droplet to phonons dragging in turn the electrons in the solid, or long-range Coulomb interactions between the charges in the droplet and the electrons in the solid. In the following, we will discuss both phenomena.

5.2. Electron drag at liquid-graphite interface

Electro-hydrodynamic Coulomb drag

Definition of Coulomb drag in condensed matter

Coulomb drag [START_REF] Narozhny | Coulomb drag[END_REF][START_REF] Narozhny | Coulomb drag in graphene: Perturbation theory[END_REF][START_REF] Boiko | Coulomb coupling between twodimensional and three-dimensional electron-gas layers: Influence on electrical transport[END_REF][START_REF] Zheng | Coulomb drag between disordered twodimensional electron-gas layers[END_REF][START_REF] Jauho | Coulomb drag between parallel twodimensional electron systems[END_REF][START_REF] Kamenev | Coulomb drag in normal metals and superconductors: Diagrammatic approach[END_REF][START_REF] Song | Coulomb drag mechanisms in graphene[END_REF][START_REF] Sivan | Coupled electron-hole transport[END_REF][START_REF] Höpfel | Electron-hole drag in semiconductors[END_REF][START_REF] Price | Hot electron effects in heterolayers[END_REF][START_REF] Flensberg | Linear-response theory of Coulomb drag in coupled electron systems[END_REF][START_REF] Solomon | Mutual drag of 2d and 3d electron gases in heterostructures[END_REF][START_REF] Pogrebinskii | Mutual drag of carriers in a semiconductor-insulatorsemiconductor system[END_REF][START_REF] Maslov | Mutual drag of two-and three-dimensional electron gases: A collective-collisions approach[END_REF][START_REF] Gramila | Mutual friction between parallel two-dimensional electron systems[END_REF][START_REF] Höpfel | Negative absolute mobility of minority electrons in GaAs quantum wells[END_REF][START_REF] Solomon | New phenomena in coupled transport between 2D and 3D electron-gas layers[END_REF][START_REF] Eisenstein | New transport phenomena in coupled quantum wells[END_REF][START_REF] Tse | Theory of Coulomb drag in graphene[END_REF] is a transport phenomenon whereby long-range Coulomb interactions between charge carriers in two closely spaced but electrically isolated conductors cause an electric current I drive passing through one of the conductors (the "active" layer) to induce a voltage V drag (or in a closed circuit, a current) in the other conductor (the "passive" layer), see Figure 5.17 The drag resistance is defined as:

R D = V drag I drive . (5.4) 
Note that Coulomb drag intrinsincally relies on fluctuations of the charge carriers density in the two layers: uniformly distributed electric charges in an infinite layer create an uniform electric field normal to its surface, which cannot exert a lateral force on the charge carriers in the other layer.

Although Coulomb drag has been extensively studied both experimentally and theoretically [START_REF] Narozhny | Coulomb drag[END_REF][START_REF] Narozhny | Coulomb drag in graphene: Perturbation theory[END_REF][START_REF] Boiko | Coulomb coupling between twodimensional and three-dimensional electron-gas layers: Influence on electrical transport[END_REF][START_REF] Zheng | Coulomb drag between disordered twodimensional electron-gas layers[END_REF][START_REF] Jauho | Coulomb drag between parallel twodimensional electron systems[END_REF][START_REF] Kamenev | Coulomb drag in normal metals and superconductors: Diagrammatic approach[END_REF][START_REF] Song | Coulomb drag mechanisms in graphene[END_REF][START_REF] Sivan | Coupled electron-hole transport[END_REF][START_REF] Höpfel | Electron-hole drag in semiconductors[END_REF][START_REF] Price | Hot electron effects in heterolayers[END_REF][START_REF] Flensberg | Linear-response theory of Coulomb drag in coupled electron systems[END_REF][START_REF] Solomon | Mutual drag of 2d and 3d electron gases in heterostructures[END_REF][START_REF] Pogrebinskii | Mutual drag of carriers in a semiconductor-insulatorsemiconductor system[END_REF][START_REF] Maslov | Mutual drag of two-and three-dimensional electron gases: A collective-collisions approach[END_REF][START_REF] Gramila | Mutual friction between parallel two-dimensional electron systems[END_REF][START_REF] Höpfel | Negative absolute mobility of minority electrons in GaAs quantum wells[END_REF][START_REF] Solomon | New phenomena in coupled transport between 2D and 3D electron-gas layers[END_REF][START_REF] Eisenstein | New transport phenomena in coupled quantum wells[END_REF][START_REF] Tse | Theory of Coulomb drag in graphene[END_REF] in the case of two spatially separated conductors, there is to our knowledge no theoretical model accurately describing Coulomb drag at solid-liquid interface. In the following, we present a first theoretical framework to address what we call from now on, the electro-hydrodynamic Coulomb drag. This model was developped by Baptiste Coquinot, PhD student in the Micromégas team. It relies on time-dependent perturbation theory, which treats as a perturbation term the graphene electronic response to the droplet oscillations. 

Notations

The geometry of the model is represented on Figure 5.18. We denote as n w (r w , t) [m -3 ] the charge density in the ionic liquid droplet, and n e (r, t) [m -3 ] the electron density in graphene. The liquid is assumed to occupy the semi-infinite half-space z > 0 and the solid, the semi-infinite half-space z < 0.

A charge e initially placed at r 0 generates at every point r a Coulomb potential V (rr 0 ), with:

V (r) = α r (5.5) 
where α = e 2 /4π 0 and r ≡ ||r||.

If the point charge now moves at velocity v, the Coulomb potential becomes timedependent: V (r, t) = V (r -(r 0 + vt)).

The electronic flux at position r and time t is j(r, t).

For a charge distribution n e (r, t), the electric current flowing through a section x = x 0 in the solid is defined as: I(x 0 , t) = -e drθ(xx 0 )∂ t n e (r, t).

(5.6)

The electric current is induced by the potential generated by the charges in the droplet, moving at velocity v. Therefore, the reference surface for the measurement of the generated current has to move at the same velocity. To this end, we define the stationary current as:

I st (x, t) = I(x + v.e x t, t). (5.7) 
. disorder. For an order of magnitude, we take τ ≈ 10 -14 s, [START_REF] Zhang | Collision dominated, ballistic, and viscous regimes of terahertz plasmonic detection by graphene[END_REF]. The associated mean free path is therefore l ≈ 10 nm and the elementary electric current becomes: e/τ ≈ 10 -2 mA. In our experiments, L y is typically 10 µm. Under these assumptions, the generated current is:

Electron drag at liquid-graphite interface

I tot (v) [A] = 10 -9 × v × F(x).
(5.18)

Interestingly, this preliminary work highlights that the generated current can be strongly enhanced by tuning the chemical potential of graphene (or its doping). This theoretical prediction echoes what was already hinted by the Raman mapping of the graphite samples, that revealed enhanced doping promoted by the wrinkles displayed by the flakes (as a reminder, high-density wrinkles on non-gated samples appeared experimentally as a prerequisite to observe a droplet motion-induced electric current).

However, the order of magnitude of the predicted current is much smaller than the current obtained in the experiments. Indeed, the droplet velocity is typically v = 10 -6 -10 -5 m.s -1 , which would induce currents of the order of I tot = 1 -10 × F(x) fA. At large doping, F saturates in the 10 3 range, which would give rise to a maximal induced current of the order of I max ≈ 1 -10 pA, below the experimental resolution.

Conclusion

Our model describing electro-hydrodynamic Coulomb drag can account for the linear dependency of the generated current on the droplet velocity, by taking into account charge fluctuations in the droplet, effectively coupling with the electron dynamics in graphene. Furthermore, we observed experimentally that current could only be generated in graphite flakes exhibiting a highly dense network of wrinkles, that promote locally 5.2. Electron drag at liquid-graphite interface enhanced doping. Therefore, the doping-dependency of the predicted current could account for these experimental observations. However, the order of magnitude for the predicted current is much smaller than the current generated in the experiments (in the 1-10 nA range).

Let us now consider the other possible mechanism for flow-induced current generation, namely phonon drag.

Phonon drag

Here we follow the model developed by Kràl and Shapiro [START_REF] Král | Nanotube Electron Drag in Flowing Liquids[END_REF] that predicts that a laminar flow against a carbon nanotube should produce an electric current in the nanotube, due to momentum transfer from water molecules to longitudinal acoustical phonons in the solid, dragging in turn electrons.

First, we evaluate the force exerted by the ionic liquid droplet on the graphite flake. Per unit surface, this force is F = η∂ z v x , with η = 0.3 Pa.s the ionic liquid viscosity. The capillary moves at velocity v = 10 -5 m.s -1 above the graphite surface and creates in the droplet a Couette flow developping over a height h = 1 µm. Thus, F = ηv/h. The droplet of surface area S ≈ 3 × 10 -12 m 2 exerts then a force F = Sηv/h = 10 -11 N on the solid surface.

This force F transfers by scattering events a momentum P to the graphite flake, which asymmetrically generates quasimomenta q = 0 of phonons in the solid. The quasimomenta are then transferred to the ionic crystal via umklapp processes ocurring at frequency τ -1 um . Therefore at steady-state, the quasimomentum density transferred to the phonon bath by molecular friction is p = (F/l) × τ um = 10 -17 kg.s -1 , for the phonon umklapp time τ um =10 pS [START_REF] Král | Nanotube Electron Drag in Flowing Liquids[END_REF][START_REF] Gantmakher | Carrier Scattering in Metals and Semiconductors[END_REF], with l = 10 -5 m the length of the graphite flake in the flow direction.

The non-zero average quasimomentum induced by molecular friction asymmetrically shifts the phonon population for q > 0 and q < 0. This can be modeled by assuming that the flowing liquid generates two phonon winds [START_REF] Král | Hot-phonon-assisted resonant tunneling in a quantum well[END_REF], propagating left and right, with different temperatures T R (for q > 0) and T L (for q < 0), and associated with two different distributions n R,L q = 1/ e ωq/k B T R,L -1 , see Figure 5.20. The phonons interact with the carrier population of Fermi distribution f k via electron-phonon scattering, and transfer to the electrons quasimomenta that are non-zero in average, thus leading to an unbalance in the population f k (assuming a non-zero Fermi level E F , that can be shifted up or down by doping). Therefore, the average electronic momentum is non zero, which originates in a net electric current flowing in the graphite flake.

To proceed further, we can evaluate the temperature difference ∆T = T R -T L , by setting the flow-induced quasimomentum density p equal to the quasimomentum density p tot of the phonon bath, i.e.

p tot = 1 l 0 q>0 q(n R q -n L q ) = p, (5.19) 
where l 0 is an unit length. Assuming a linear dispersion for the phonon mode ω q = c|q|, with c = 5 km.s -1 , [START_REF] Král | Nanotube Electron Drag in Flowing Liquids[END_REF], the derivations lead to ∆T ≈ 1K, at room temperature T eq = 300K.

5.2. Electron drag at liquid-graphite interface with different temperatures TR and TL for the right and left propagating phonon winds, due to the friction exerted by the ionic liquid droplet on the graphite surface. (Right) Electronic structure of a band in graphite, where the Fermi level EF is shifted up by dopants. The populated regions of the carrier distribution f k are highlighted by thick green lines. The electronic distribution f k is unbalanced on the branches with velocities ±vF due to the interaction with the phonon winds.
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The phonon-drag induced current writes:

I P D = 2e l 0 v F k δf k (5.20)
where δf k = f k -f 0 k , with f 0 k the Fermi distribution at equilibrium (without flow). This current scales roughly linearly with E F and ∆T . In [START_REF] Král | Nanotube Electron Drag in Flowing Liquids[END_REF], the derivations lead to I ≈ 0.7 nA for ∆T = 5 K and E F = 30 meV. Therefore, for ∆T = 1K as in our case, we can expect phonon drag-induced current of the order of:

I P D ≈ 0.1 nA.
(5.21)

For comparison, we can estimate the Coulomb drag-induced current for the same doping level (here E F =30 meV) and same droplet velocity (v = 10 -5 m.s -1 ). With these values, the dimensionless function F is of the order of 10 and the Coulomb drag-induced current is I CD = 10 -9 × 10 -5 × 10 = 0.1 pA, 1000 times smaller than the phonon-drag induced current I P D .

Note that the above model, developed to describe current generation in carbon nanotubes, is purely one-dimensional. However, it is still well suited for describing the graphite response to flow-induced friction, if we assume infinite electrodes, which is relevant experimentally (the electrodes contacting the graphite flake being at least 10 times larger than the droplet). Under this assumption, all the unbalanced electronic momenta with a non-zero component along the flow direction will be captured by the electrodes, and contribute to the electric current by their projection in the flow direction. Therefore, we can simply consider the projection of the momenta in the flow direction, and use a one-dimensional model.

The model predicts a linear dependency of the generated current on the temperature difference ∆T , which is proportional to the flow velocity. Therefore, the phonon drag based mechanism accounts for the linear dependency of the current on the droplet velocity.

Similarly to electro-hydrodynamic Coulomb drag, the induced current increases with doping [START_REF] Král | Nanotube Electron Drag in Flowing Liquids[END_REF] (i.e. with E F here), but is much larger at equal doping. Therefore, wrinkles enhancing doping could be at the root of an electric current large enough to be experimentally measured in thin graphite flakes exhibiting a high density of wrinkles. But interestingly, the wrinkles could play an additional role for the current generation in a phonon drag-based mechanism: as vertical defects, they are more intensely exposed to the flow than the flat areas and thus can more effectively absorb momentum from the liquid, and inject quasimomenta of phonons with non-trivial direction. Thus, the randomly oriented wrinkles could enhance the current generation, with a maximal current generated along a non-trivial flow direction (i.e. possibly different from the axis perpendicular to the electrodes axis), as observed experimentally, see Figure 5.8.

Conclusion

This model for current generation based on a phonon drag mechanism accounts for the linear dependency of the induced current on the droplet velocity. Furthermore, it predicts that doping should linearly enhance the resulting current [START_REF] Král | Nanotube Electron Drag in Flowing Liquids[END_REF], similarly to the predictions for electro-hydrodynamic Coulomb drag. But the phonon draginduced current is expected to be 1000 times larger than the Coulomb drag-generated current, for the same doping level.

In this mechanism, we could expect the wrinkles to enhance the current generation by absorbing the flow-induced momentum more effectively than the flat areas, and by injecting quasimomenta in the solid with a non-trivial direction. From this perspective, their random orientation could be at the root of the puzzling current dependency on droplet motion direction observed in the experiments.

It remains now to develop a thorough theoretical model accurately describing the phonon drag mechanism in two dimensions, and including the role of the bias imposed between the electrodes.

Further work

At this point, and based on one hand on the theoretical model developed by Baptiste Coquinot for electro-hydrodynamic Coulomb drag, and on the other hand on the simplified one-dimensional model proposed by [START_REF] Král | Nanotube Electron Drag in Flowing Liquids[END_REF] for the phonon wind-induced electric current, we expect phonon drag to be the dominant mechanism at stake for current generation. However, a thorough theoretical model accurately describing phonon drag in a two-dimensional graphite flake is still lacking, and the task of developing such a framework will be addressed by theoreticians in my team. A more accurate prediction for the phonon drag-induced current will help to discriminate once and for all between 5.3. Further work both mechanisms, from a theoretical point of view. Furthemore, it would unveil the flow-induced current dependency on the bias imposed between the electrodes, that is not captured by the present 1D model.

From an experimental point of view, I plan to get more insight into the mechanism at stake for current generation with the experiments detailed in the following.

Discriminating between Coulomb drag and phonon drag

The momentum transfer from the liquid molecules to the phonons in the solid does not depend on the ionic strength or the polarity of the liquid, in contrast with the Coulomb drag-based scenario, which relies on long-range Coulomb interactions between the charges in the droplet and the electrons in the solid. Therefore, an efficient way to discriminate between a Coulomb or a phonon drag-based mechanism would be to perform our measurements with a droplet of Octamethylcyclotetrasilexane (OMCTS) instead of ionic liquid: OMCTS is apolar, contains no ions and is less volatile than water (its vapor pressure at 25 • C is 125 Pa, to be compared with the vapor pressure of water at the same temperature: 3 kPa).

Probing current generation in graphite samples with wrinkles of controlled orientation

For a better understanding of the role played by the wrinkles in the generated current dependency on the flow direction, I will perform experiments on graphite flakes displaying wrinkles of controlled orientation. Such samples have been produced by Radha Boya's team at the National Graphene Institute in Manchester. Briefly, they consist in the stacking of two graphite flakes, see Figure 5.21. The bottom flake is etched by e-beam lithography and dry etching with oxygen plasma, in order to produce grooves either perpendicular or parallel to the electrodes, thus inducing corrugations of controlled orientation on the top flake.

Probing current generation in back-gated flat graphite samples I also plan to check the current dependency on the doping level, by performing experiments on back-gated graphite flakes, as illustrated by Figure 5.22. I will use flat graphite samples produced by Radha Boya's team, so as to disentangle the effect of the wrinkles as structural defects from the bare influence of the doping. Schematic illustrating the tuning of a few-layer graphene flake doping level with a back-gate electrode.

Big picture

In this Chapter, we first presented our experimental measurements of the electric current response of graphite to the motion of a micrometric ionic liquid droplet over the solid surface. Our results reveal that the droplet oscillations over a graphite sample induce an alternating electric current in graphite, at the same frequency as the droplet oscillations. The amplitude of the induced current, referred to as the generated current, is of the order of a few nanoamperes for droplet velocities of a few microns per second. Furthermore, the generated current is found to increase linearly with the droplet velocity and with the DC bias voltage imposed between the electrodes. It depends in a non trivial way on the scan direction with respect to the electrodes axis, depending on the central position of the droplet oscillations. Finally, a dense network of wrinkles such as displayed by the thinner (and thus softer) flakes appears as a prerequisite for the generation of an electric current high enough to be detected.

In the second part of this Chapter, we presented two differents mechanisms of electron drag that could be at the root of the observed phenomenon: long-range Coulomb interactions between the charges in the droplet and the electrons in the 5.4. Big picture solid ; or momentum transfer from the molecules in the liquid to phonons in the solid, dragging in turn the charge carriers in graphite.

The first mechanism, referred to as electro-hydrodynamic Coulomb drag, is described by a theoretical framework relying on time-dependent perturbation theory. The second mechanism, called phonon drag, is addressed with a one dimensional model previously developed to predict the generation of current in a carbon nanotube immersed into a laminar flow of water. Both models account for a linear dependency of current on the flow velocity, and for an amplification of the current by doping, consistently with the local enhancement of doping promoted by wrinkles as revealed by the Raman mapping of graphite samples.

However, for the same doping level and droplet velocity, the predicted phonon drag-induced current is 1000 times larger that the theoretical Coulomb draggenerated current. Furthermore, the order of magnitude for the predicted phonon drag current for large enough doping level, is higher than our experimental resolution limit, and can therefore be detected, in contrast to the Coulomb drag current that saturates at a few picoamperes. In the phonon wind scenario, we can also expect the wrinkles to play an additional role in enhancing the current generation, by absorbing the flow-induced momentum more effectively than the flat areas, and injecting quasimomenta in the solid with non trivial direction. In this context, their random orientation could be at the root of the puzzling current dependency on flow direction observed in the experiments.

Based on this preliminary theoretical analysis, we expect phonon drag to be the dominant mechanism at stake for current generation in our experiments. I will perform experiments to discriminate once and for all between a Coulomb and a phonon drag-based scenario. I also intend to probe the current dependency on doping, and to disentangle the effect of wrinkles as structural defects from the bare influence of doping.

Conclusion and perspectives

In this thesis, we explored the nanoscale properties of the liquid-carbon interface, when the fluid flows over the solid surface. The dynamics of the liquid-carbon interface was studied in two different geometries: in one-dimensional multiwalled carbon nanotubes inducing nanometric confinement of the flow, and on two-dimensional graphite sheets. We here review the main conclusions and potential perspectives of each study.

Mechanosensitivity of single-digit carbon nanotubes

We investigated the nonlinear transport in individual 'single-digit' carbon-nanotubes with radius ≈ 2 nm and explore how mechanical pressure does affect the ionic transport in these channels. Carbon nanotubes are unique materials in that they highlight ultra-low water friction on their surface [START_REF] Majumder | Enhanced flow in carbon nanotubes[END_REF][START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF][START_REF] Holt | Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes[END_REF][START_REF] Whitby | Enhanced Fluid Flow through Nanoscale Carbon Pipes[END_REF][START_REF] Ramya | Ultrafast proton transport in sub-1-nm diameter carbon nanotube porins[END_REF][START_REF] Ramya | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF] and electro-dynamic couplings are accordingly expected to be exalted. However, probing transport in individual carbon nanotubes with nanometric radius under coupled voltage and pressure drops has been so far a considerable challenge, notably in terms of fabrication and sensitivity, and most experimental studies in such tiny nanotubes have been restricted up to now to electric forcings [START_REF] Pang | Origin of Giant Ionic Currents in Carbon Nanotube Channels[END_REF][START_REF] Yazda | Voltage-activated transport of ions through single-walled carbon nanotubes[END_REF][START_REF] Choi | Diameter-dependent ion transport through the interior of isolated single-walled carbon nanotubes[END_REF][START_REF] Liu | Translocation of Single-Stranded DNA Through Single-Walled Carbon Nanotubes[END_REF]. To overcome this bottleneck, we built on the transmembrane nanotube methodology, initially developed for the measurement of ionic transport through larger 10 -50 nm radii nanotubes [START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF][START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF], but here applied to 2 nm nanotubes.

Our study evidenced mechanically activated ionic transport in narrow carbon nanotubes, which takes the form of an ionic conductance that depends quadratically on the applied pressure. This behaviour is rationalized theoretically in terms of the complex interplay between electrical and mechanical drivings, resulting in an accumulation of ionic species in the nanotube and in the overall increase of the conductance, for both positive and negative pressure drops. Furthermore, our analysis showed that a mechanosensitive conductance can only be observed if the pressure-driven flushing of the ions is strong enough: it appears then that ultra-low friction of water on the carbon nanotube surface (leading to high flow rates through the nanotube) is a prerequisite to attain mechanically activated transport.

The pressure sensitivity of narrow carbon nanotubes shares similarities with mechanosensitive biological ion channels, which were shown to exhibit non-linear dependence of ionic currents under applied pressure [START_REF] Anishkin | Feeling the hidden mechanical forces in lipid bilayer is an original sense[END_REF][START_REF] Stephen | Mechanosensitivity is mediated directly by the lipid membrane in TRAAK and TREK1 K + channels[END_REF][START_REF] Cox | Biophysical Principles of Ion-Channel-Mediated Mechanosensory Transduction[END_REF][START_REF] Schmidt | Mechanistic basis for low threshold mechanosensitivity in voltage-dependent K + channels[END_REF][START_REF] Wu | Touch, Tension, and Transduction -The Function and Regulation of Piezo Ion Channels[END_REF]. These mechano-sensitive biological channels function as mechanotransducers capable of generating both electrical and ion flux signals as a response to mechanical stimuli. Thus, they are pivotal in numerous mechanosensory transduction processes ranging from osmotic and blood pressure regulation, to the highly specialized senses of hearing, touch and proprioception [START_REF] Stephen | Mechanosensitivity is mediated directly by the lipid membrane in TRAAK and TREK1 K + channels[END_REF][START_REF] Cox | Biophysical Principles of Ion-Channel-Mediated Mechanosensory Transduction[END_REF].

Hence, a transmembrane narrow carbon nanotube reproduces the basic functionalities of mechanosensitive biological channels. Therefore it provides a unique bioinspired platform to study advanced biological responses such as electrical signaling in response to a mechanical stimulus, in a well-calibrated and controlled artifical device (instead of investigating complex biological systems directly), thus allowing identifying the key physical ingredients responsible for subtle biological activities. Furthermore, the possibility of inserting carbon nanotubes into lipidic membranes, as developed in [START_REF] Liu | Ultrashort singlewalled carbon nanotubes in a lipid bilayer as a new nanopore sensor[END_REF][START_REF] Ramya | Ultrafast proton transport in sub-1-nm diameter carbon nanotube porins[END_REF][START_REF] Ramya | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF][START_REF] Kim | Osmotically-Driven Transport in Carbon Nanotube Porins[END_REF], then provides an original route to conceive new types of ultra-local pressure sensors, using e.g. assemblies of vesicles as electric compartments with pressure-modulated potential. This would constitute a promising building-block to fabricate sensitive soft materials, enabling one to reproduce artificial sensing devices for (light) touch or proprioception inspired by their biological counterpart. Finally, this discovery should benefit to the flourishing field of bottom-up artificial cells fabrication [START_REF] Ivanov | Bottom-Up Synthesis of Artificial Cells: Recent Highlights and Future Challenges[END_REF][START_REF] Xu | Artificial cells: From basic science to applications[END_REF] for synthetic ion channels design [START_REF] Ghadiri | Artificial transmembrane ion channels from self-assembling peptide nanotubes[END_REF][START_REF] Bacri | Ionic channel behavior of modified cyclodextrins inserted in lipid membranes[END_REF][START_REF] Sisson | Synthetic ion channels and pores (2004-2005)[END_REF][START_REF] Thomas | Synthetic ion channels in bilayer membranes[END_REF][START_REF] Jung | Synthetic ion channel based on metal-organic polyhedra[END_REF][START_REF] Matile | Recent synthetic transport systems[END_REF], which mechanosensitive response can be rationally engineered, via our theoretical model, by tuning the nanochannel nature, length or size.

Our study of ion transport through narrow carbon nanotubes highlighted the crucial role of water slippage as a prerequisite to attain mechanically activated transport. Water slippage is now a well-known feature of flows through carbon nanotubes, but still defies state-of-the-art understanding. In particular, measurements of water transport in carbon and boron nitride nanotubes, exhibiting the exact same crystallography and structural properties but radically different electronic properties, reveal profound differences for water flows on carbon and boron nitride surfaces [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF][START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF]. This points out the role of solid-state electronic properties in determining the dynamics of the liquid-solid interface. This observation motivated the study reported in the second part of this thesis, whereby we investigated how a flowing liquid impacts the electron dynamics at the liquid-graphite interface.

Flow-induced electricity generation at the liquid-graphite interface In the second part of this thesis, we investigated the coupling between liquid flow and electron dynamics in graphite. More precisely, we used a tuning fork-based Atomic Force Microscope to deposit a very small amount of room temperature ionic liquid on a graphite sample, and to put the micrometric ionic liquid droplet in motion over the substrate while recording the electric current through the graphite flake. Our study revealed that the droplet oscillatory motion induces an alternating current in graphite, at the same frequency as the droplet oscillations, provided that the flake displays enough corrugations under the form of wrinkles. When this is the case, the amplitude of the induced alternating current scales linearly with the droplet velocity, in the order of a few nanoamperes for velocities in the order of a few microns per second. Experimentally, the role of wrinkles in the current generation manifests itself in several ways: first, their density conditions the observation of a generated current high enough to be detected. Second, their random orientation could be at the root of the non trivial dependency of the generated current as a function of the motion direction, depending on the central position of the droplet over the sample. Third, Raman mapping of wrinkled graphite samples revealed inhomogeneous doping locally promoted by wrinkles.

We suggested two scenarios that could possibly explain the observed phenomenon. The first scenario relies on long-range Coulomb interactions between the charges in the droplet and the electrons in graphite. In the second scenario, the electronic response is mediated by the interaction of electrons with a phonon wind resulting from the mo-5.4. Big picture mentum transfer from liquid molecules to quasimomenta of phonons in the solid. Both models account for a linear dependency of the generated current on the flow velocity, and for an amplification of the current by doping. However, the phonon drag current is expected to be 1000 times larger than the Coulomb drag current, and could in principle be experimentally detected. Furthermore, the phonon drag-based scenario sheds a new light on the role of wrinkles as 'current-amplifiers': as vertical structures, they can more effectively absorb momentum from the flowing liquid, and redistribute it to phonons along non-trivial directions.

Although the role of corrugations has still to be unveiled in an unambiguous way both experimentally and theoretically, our work suggests interesting developments from an experimental point of view. Indeed, it is now possible to produce graphene sheets with wrinkles of controlled density and orientation [START_REF] Bao | Controlled ripple texturing of suspended graphene and ultrathin graphite membranes[END_REF][START_REF] Calado | Formation and control of wrinkles in graphene by the wedging transfer method[END_REF][START_REF] Li | Interfacial stress transfer in strain engineered wrinkled and folded graphene[END_REF][START_REF] Pacakova | Mastering the Wrinkling of Self-supported Graphene[END_REF]. Therefore, we could optimize the electric response of graphene by engineering the geometry of its corrugations. Further study will then be needed to properly calibrate the electric current response to the flow, so as to be able to use this system as a flow sensor [START_REF] Kailian | Flow sensing of single cell by graphene transistor in a microfluidic channel[END_REF][START_REF] Zhang | Flow-sensory contact electrification of graphene[END_REF], or for electrical energy harvesting [START_REF] Yin | Generating electricity by moving a droplet of ionic liquid along graphene[END_REF][START_REF] Yin | Waving potential in graphene[END_REF].

A very interesting experiment would be to check the reciprocity of the hydro-electronic coupling signature, in the friction experienced by the droplet while vibrating over graphene travelled by an electric current. This could be done with our AFM set-up, since the tuning fork-based AFM can measure the dissipative forces in the tangential direction. This study should provide us with crucial elements for the design of two-dimensional graphene slits that could act as electrically activated ion transporters. Furthermore, the efficiency of such an artificial ion pump could be optimized by the proper engineering of corrugations on the inner walls.

In conclusion, this thesis unravelled two consequences of the peculiar properties of the dynamics of liquid-carbon interfaces: high slippage in narrow carbon nanotubes results in pressure-sensitive ion transport, and the electron dynamics of graphite is sensitive to the flow, thus generating an electric current that depends on the flow velocity. Beyond their fundamental interest, these phenomena provide new bioinspired perspectives for the design of 'smart' nanofluidic processes, such as mechanically and electrically activated ion transport. 

Analytical calculations

Fluxes

The cation and anion fluxes can be written as j ± = D 0 (-∂ x ρ ± ) + v ± ρ ± , so that

j ± = D 0 -∂ x ρ ± + ρ ± k B T [(±e)(-∂ x φ) + (-∂ x U ± )] + v w ρ ± . (6.3) 

Transport equations

At steady state, the conservation equations write:

∂ x (πR 2 v w ) = 0, ∂ x (πR 2 j ± ) = 0. (6.4)
This is complemented by the Poisson equation for the electric potential:

∂ x R 2 (-∂ x φ) = R 2 e(ρ + -ρ -). (6.5) 

Ionic current

The measured ionic current is I = πR 2 e(j + -j -). This takes the expression:

I = πR 2 e D 0 -∂ x ρ + + ρ + k B T [e(-∂ x φ) + (-∂ x U + )] -D 0 -∂ x ρ -+ ρ - k B T [-e(-∂ x φ) + (-∂ x U -)] + (ρ + -ρ -) v w . (6.6) 
Replacing the water velocity with the expression given in Eq.(6.2) leads to the form:

I = πR 2 e D 0 -∂ x ρ + + ρ + k B T [e(-∂ x φ) + (-∂ x U + )] -D 0 -∂ x ρ -+ ρ - k B T [-e(-∂ x φ) + (-∂ x U -)] +K app (ρ + -ρ -) (-∂ x P ) + (ρ + (-∂ x U + ) + ρ -(-∂ x U -)) + e (ρ + -ρ -) (-∂ x φ)
. (6.7)

General solution

We now consider transport under voltage and pressure drops.

Concentration profiles: exact results and approximation

We introduce intermediate function c ± defined as:

ρ ± (x) = ρ ∞ c ± (x) e ∓ϕ-βU±-Vw , (6.8) 
where ϕ = eφ/k B T is the dimensionless electrostatic potential, β = 1/kT , and the potential V w is defined as:

V w (x) = - 1 D 0 x -∞ dx v w (x ) (6.9) with v w (x) = Q/πR 2 (x).
The fluxes are accordingly

j ± = -D 0 e ∓ϕ-βU±-Vw ρ ∞ ∂ x c ± (x). (6.10) 
Now according to the conservation laws of Eqs.(6.4), the fluxes write

j ± = J ± πR 2 (x) , v w = Q πR 2 (x) , (6.11) 
where J ± and Q are constant along the channel length (i.e. with regard to x). We deduce therefore

-D 0 ρ ∞ ∂c ± (x) = J ± πR 2 (x) e ±ϕ+βU±+Vw , (6.12) 
so that c

± (x) = c 0 ± - J ± D 0 ρ ∞ x -∞ dx 1 πR 2 (x ) e ±ϕ+βU±+Vw . (6.13) 
Now at infinity the density is ρ ± (±∞) = ρ ∞ , while the potential is ϕ(±∞) = ±∆ϕ/2 so that we deduce the limiting values for c ± :

c ± (-∞) = exp[∓∆ϕ/2], c ± (+∞) = exp[±∆ϕ/2 -Pe], (6.14) 
where

Pe = Q D 0 ∞ -∞ 1 πR 2 (x ) dx .
It can be interpreted in terms of a Péclet number.

Inserting the boundary conditions in Eq.(6.13), we then obtain

J ± = -D 0 ρ ∞ e ± ∆ϕ 2 -Pe -e ∓ ∆ϕ 2 +∞ -∞ dx exp[±ϕ+βU±+Vw](x) πR 2 (x) (6.15)
and the corresponding intermediate functions:

c ± (x) = e ∓ ∆ϕ 2 + e ± ∆ϕ 2 -Pe -e ∓ ∆ϕ 2 × x -∞ dx exp[±ϕ+βU±+Vw](x) πR 2 (x ) +∞ -∞ dx exp[±ϕ+βU±+Vw](x) πR 2 (x)
.

(6.16)

As for now, there is no approximation made. However the intermediate functions are defined in terms of the potential ϕ(x) which has to be defined self-consistently using the 6.2. Analytical calculations Poisson equation. In particular ϕ(x) appears in the integrands of the integrals defining c ± (x).

Assuming that the electrostatic potential is small, we neglect the ϕ dependence in the integrals in Eq.(6.16). The idea is that the dependence in ∆ϕ is already somewhat captured in the prefactor of the integrals, i.e. the term e ±∆ϕ/2+Pe -e ∓∆ϕ/2 . We then approximate

c ± (x) e ∓ ∆ϕ 2 + e ± ∆ϕ 2 -Pe -e ∓ ∆ϕ 2 × x -∞ dx exp[βU±+Vw](x) πR 2 (x ) +∞ -∞ dx exp[βU±+Vw](x)
πR 2 (x) (6.17) This leads to a closed form for the ionic fluxes:

J ± -D 0 ρ ∞ × 2e -Pe 2 sinh ±∆ϕ-Pe 2 +∞ -∞ dx exp[βU±+Vw](x) πR 2 (x) (6.18)
Given the radial function R(x) and potentials U ± , one can explicitly calculate c ± (x) and J ± , as we will do below.

Fluxes

In Eq.(6.18) above, we have obtained a closed form for the fluxes J ± in terms of ∆ϕ and flux Q (via the coefficient Pe). The ionic current is accordingly

I e = e(J + -J -), (6.19) 
so that (6.20) which is for now a function of ∆ϕ and Q.

I e -2eρ ∞ D 0 e -Pe 2 × sinh +∆ϕ-Pe 2 +∞ -∞ dx exp[βU++Vw](x) πR 2 (x) - sinh -∆ϕ-Pe 2 +∞ -∞ dx exp[βU-+Vw](x) πR 2 (x)
In order to close the system, we need to obtain the flux Q as a function of the applied pressure drop ∆P and (dimensionless) potential drop ∆ϕ. To do so, let us calculate

dx v w /K app = Q dx(K app πR 2 ) -1 : Q ∞ -∞ dx 1 K app πR 2 = (-∆P ) + ∞ -∞ dx ρ + (-e∂ x φ -∂ x U + ) + ρ -(e∂ x φ -∂ x U -) (6.21)
The last integral can be interpreted as an equivalent osmotic pressure, and we proceed by integrating the ion flux equation Eq.(6.3) in order to calculate this term:

k B T D0 ∞ -∞ dx j ± = -k B T ∆ρ ± + k B T D 0 ∞ -∞ dx v w ρ ± + ∞ -∞ dx ρ ± [(±e)(-∂ x φ) + (-∂ x U ± )] 121 6.2. Analytical calculations
where the first term in the right hand side vanishes, ∆ρ ± = 0. We obtain that

∞ -∞ dx ρ + (-e∂ x φ -∂ x U + ) + ρ -(e∂ x φ -∂ x U -) = k B T D 0 (J + + J -) ∞ -∞ dx 1 πR 2 - k B T D 0 Q ∞ -∞ dx 1 πR 2 [ρ + + ρ -] . (6.22) 
Inserting in Eq.( 6.21), one gets

(-∆P ) = Q × ∞ -∞ dx 1 K app πR 2 + k B T D 0 πR 2 (ρ + + ρ -) - k B T D 0 (J + + J -) ∞ -∞ dx 1 πR 2 , (6.23) 
where the expressions for J ± are given in Eq.(6.18), while the concentration profiles c ± (x) such that ρ ± (x) = ρ ∞ c ± (x) e ∓ϕ-βU±-Vw are given in Eq.(6.17). All these fluxes and profiles are given as a function of ∆ϕ and Q. Therefore, Eq.(6.23) can be thought as a closed equation of implicit form for the flux Q, as ∆P = ∆P (∆ϕ, Q).

Mechano-sensitive conductance

A convenient shape for the nanotube and its reservoirs is: where δ is a cross-over distance, which we will put to zero at the end of the calculation.

The potentials βU ± are non-vanishing only inside the nanotube.

Potential V w

We first calculate the potential V w and Pe: (6.27)

V w (x) = - 1 D 0 Q x -∞ dx 1 πR 2 (x ) , ( 6 
In order to simplify calculations, one may assume that V w (x) is constant for |x| > L/2 in the limit where L δ → 0: V w (x) ≈ 0 for x < -L/2 and V w (x) ≈ -Pe for x > L/2, while V w (x) is a linearly increasing function between -L/2 and L/2.

Concentration profile c ± and ρ ± Determining the concentration profiles requires to calculate:

f ± (x) = x -∞
dx exp[βU ± + V w ](x) πR 2 (x ) . (6.28)

Making the above approximation for V w (x), and assuming that βU ± is constant in the nanotube and equal to βU 0 ± , one obtains: -for x < - 1 -e -(x-L/2)/δ (6.29)

We deduce f ± (∞) ≡ f ∞ ± , as

f ∞ ± δ πR 2 0
1 + e -Pee βU 0 ± D 0 Q e -Pe -1 (6.30)

where we neglected δ against L, so that Pe QL/(D 0 πR 2 0 ). In terms of these solutions, the profiles for the intermediate functions are 

Calculating the Péclet number

Since in the end, we want to obtain the dependence of the streaming current to the second order in ∆P and to the linear order in ∆ϕ, one needs to invert the equation for the water flux Q in Eq.(6.23) to obtain the Péclet number in terms of ∆ϕ (to the first order) and ∆P (to the second order), and then re-inject this relationship in Eq.(6.32). As pointed out above, this requires to calculate the effective permeance of the tube to the linear order in ∆ϕ and Pe. The permeance K tot is defined as:

L K tot πR 2 0 = ∞ -∞ dx 1 K app πR 2 + k B T πR 2 D 0 (ρ + + ρ -) (6.35)
and is a function of Péclet number and voltage drop: We assume the second term of the integrand in Eq.(6.35) to be negligeable. Under this assumption, the permeability K tot becomes a constant, independent of ∆ϕ (K tot = b R 0 /2η for large slippage). We can therefore simplify Eq.(6.23) as

K -1 tot = [K 0 tot ] -1 + [K 1,ϕ tot ] -1 ∆ϕ + [K
-∆P L πR 2 0 × Q K tot - k B T D 0 (J + + J -) (6.37)
where the expressions for the fluxes are given in Eq.(6.18), which we recall here for the particular situation: In line with the experimental results which show that the mechano-sensitive conductance is independent from the voltage drop, one may finally drop the term linear with ∆ϕ for the calculation of the mechano-sensitive conductance and we end up with the simple expression:

J ± D 0 × L πR
G(∆p) = G0 × 1 + 1 12 (K eff × (-∆p)) 2 (6.42) 
where we introduce:

K eff = 1 1 + Ktot D0 k B T ρ ∞ (τ + + τ -) (6.43) 
Expressing the mechano-sensitive conductance as a function of the pressure drop ∆P leads to:

G(∆P ) = G0 × 1 + C 1 b 1 + C 2 b 2 × (-∆P ) 2 (6.44)
where we highlighted the dependence on the slip length b; C 1 and C 2 are functions of the potential barriers U 0 ± . This form is actually further confirmed by the numerical simulations displayed on Figure 6.4. This highlights that large slippage is a necessary condition for the observation of a pressure-dependent conductance. 6.3. Numerical simulations

Numerical simulations

In this section, we recollect and complement the numerical methods implemented to solve the full modified PNPS framework introduced in the analytical section above. 

Dimensionless governing equations

Dimensionless variables

We use the following dimensionless variables:

variable rescaled x x → Lx R R → R o R ρ ± ρ ± → ρ ∞ ρ ± P P → ρ ∞ k B T P φ φ → k B T e φ U 0 ± U 0 ± → k B T U 0 ± v w v w → D L v w j ± j ± → ρsD L j ±
Using, these rescaled variables, the dimensionless Poisson equation writes:

∂ x [R 2 (-∂ x φ)] = κ 2 D × R 2 (ρ + -ρ -) (6.45) 
where we introduced the dimensionless parameter: .46) Likewise, introducing the dimensionless parameter:

κ 2 D = e 2 ρ ∞ L 2 0 k B T . ( 6 
Pe osm = R 0 k B T ρ ∞ 2ηD × b (6.47)
with b the slip length, the dimensionless apparent permeability K app is expressed by: 6.3. Numerical simulations K app (x) = Pe osm × R(x), (6.48) so that the fluid velocity writes:

v w = K app (x) (-∂ x P ) + (ρ + -ρ -)(-∂ x φ) + ρ + (-∂ x U + ) + ρ -(-∂ x U -) . (6.49) 
The dimensionless Nernst-Planck equations are:

j ± = -∂ x ρ ± + ρ ± k B T [(∓∂ x φ) + (-∂ x U ± )] + v w ρ ± . (6.50) 
Finally, we numerically solve with COMSOL the following system of dimensionless equations:

         ∂ x [R 2 (-∂ x φ)] = κ 2 D × R 2 (ρ + -ρ -) ∂ x (πR 2 v w ) = 0 ∂ x (πR 2 j + ) = 0 ∂ x (πR 2 j -) = 0.
(6.51)

Boundary conditions

We used the following boundary conditions: In the experiments, we applied pressure drops typically comprised between -1.5 bar and 1.5 bar. This range corresponds to a dimensionless pressure drop ∆P roughly comprised between -0.06 and 0.06.

   φ(x = -∞) = ∆V P (x = -∞) = ∆P ρ ± (x = -∞) = ρ ∞ (6.
Likewise, the experimental bias voltages were typically of the order of a few k B T /e. In the simulations, we explored the ionic current response under bias voltages comprised between -2 and 2.

Channel geometry

To model the reservoirs in a simple way, we assumed that the radius of the tube is a function of x, with R(x) constant for x ∈ -L 2 ; L 2 and diverging to infinity for |x| L 2 . In the numerical simulations, we used the following geometry (as in [START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF]):

R(x) R o =      Γ L x L + 1 2 2 + 1, x ∈ [-∞, -L 2 ] 1, x ∈ [-L 2 , + L 2 ] Γ R x L -1 2 2 + 1, x ∈ [+ L 2 , +∞] (6.54) 
We considered both sides of the nanotube as symmetrical, so that Γ L = Γ R ≡ Γ. We arbitrarily chose Γ = 1 in the simulations.

Energy barriers

The barrier energies are implemented in the following way:

U ± (x) = U 0 ± × tanh x+L/2 lα -tanh x-L/2 lα 2 (6.55)
where l α is an arbitrary length, shorter than all other physical length scales. In the simulations, we chose l α = 3 × 10 -4 , which corresponds to 0.3 nm, the size of a water molecule.

Additional result: dependency on the slip length

Our numerical simulations confirm the dependence of the mechanosensitive conductance on the slip length predicted by the analytical derivations, Eq. 6.44, as highlighted by Figure 6.4. 

Time-dependent perturbation theory

In this section, we briefly introduce the time-dependent perturbation theory, at the root of the theoretical model developed by Baptiste Coquinot to describe the Coulomb draginduced current in graphene.

We consider an Hamiltonian H(t) = H 0 + H int (t). H 0 is time constant, while H int is a small time-dependent perturbation Hamiltonian.

Let's consider a general observable A. Its expectation value is:

A (t) = φ(t)|A|φ(t) , (7.1) 
where φ(t) is the normalized quantum state of the perturbed system at time t. It obeys the time-dependent Schrödinger equation:

H |φ(t) = i ∂ ∂t |φ(t) . (7.2) 
We can perform the following unitary transformation to the interaction picture: |φ(t) = e -i H0(t-t0) |φ I (t) ,

where t 0 is a time t 0 < t for which the system is unperturbed.

We denote H int,I = e i H0(t-t0) H int (t)e -i H0(t-t0) the perturbation Hamiltonian operator in the interaction picture.

Thus, the Schrödinger equation in the interaction picture writes: 

H int,I ( 
This expression can be inserted into the expectation value of the observable A: A (t) = φ I (t)e i H0(t-t0) |A|e -i H0(t-t0) φ I (t) . This leads to the expansion: A (t) = A 0 (t) +

A 1 (t) + A 2 (t) + ..., where the first term is the non-interacting expectation value, the second term is the linear response to the perturbation, and the third term is the second order response.

A where we set t 0 → -∞. . 0 means that the expectation value in the last equation is calculated in the unperturbed system: X 0 (t) = φ(t 0 )|X(t)|φ(t 0 ) .

Coulomb drag at first order

Generated current

To get more insight into the Coulomb drag mechanism at stake for current generation, let's first consider the current response at first order in perturbation theory. Here we restrict ourselves to the simple case of a charge distribution n w (r w , t) moving at constant velocity v = ve x , with vanishing electric potential drop between the electrodes U = 0. The charges in the fluid generate a Coulomb potential:

V ind (r, t) = dr w n w (r w , t)V (rr w -vt),

where V (r) = e 2 4π 0||r|| . A polarisation charge arises within the solid in the infinite half-space z < 0. In the framework of linear response theory, the polarisation charge n e (r, t) is given by: n e (r, t) = +∞ -∞ dt dr χ(rr , tt )V ind (r , t ). (7.9)

This defines the density response function χ of the solid. To obtain the electric current, we calculate the time derivative of the charge polarisation: 130 7.2. Coulomb drag at first order ∂n e ∂t (r, t) = dt dr w dr ∂ t χ(rr , tt )n w (rw, t )V (rr w -vt ) = -dt dr w dr χ(rr , tt )n w (r w , t )v.∇V (rr w -vt ) -... ... dt dr w dr χ(rr , tt )n w (r w , t )∇.φ w (r w , t )V (rr w -vt ) (7.10)

where we use the mass-conservation equation in the liquid: ∂ t n w + ∇.φ w = 0. Using this result, we can write the electric current flowing through the section x = x 0 in the solid:

I(x o , t) = e dr w drdr dt θ(xx 0 )χ(rr , tt )n w (r w , t )v.∇V (rr w -vt ) + ... ...dr w drdr dt θ(xx 0 )χ(rr , tt )n w (r w , t )∇.φ w (r w , t )V (rr w -vt ). (7.11) The first integral corresponds to electrons being dragged by charges in liquid moving vith a global velocity v. The second integral corresponds to the drift of electrons induced by the electric flux φ w inside the liquid.

The solid is translationally invariant parallel to the surface. Therefore, we may carry out spatial Fourier transforms with respect to the x and y coordinates as well as Fourier transforms in time, and we introduce the surface response function of graphene: g e (q, ω) = -α 2π q 0 -∞ dzdz χ(z, z , q, ω)e qz . (7.12)

Altogether, this yields for the total current expressed in Fourier frequencies:

I tot (ω) = - e L x
+∞ 0 dz w g e (q → 0, ω) [φ w x (z w , q → 0, ω) + n w (z w , q → 0, ω)v] . (7.13) The form of this result could have been anticipated on physical grounds. Indeed, each charge in the liquid (of density n w ) induces counter charges of opposite sign in the solid, which are dragged by the moving charge. Similarly, the electric currents (φ w x ) inside the droplet generate mirror currents in the solid. The way the charges and currents in the liquid induce countercharges and mirror currents in the solid is specified by the surface response function of the solid g e (q, ω).

In the limit of vanishing frequency (i.e. the limit relevant in the case of a linear displacement at constant velocity), it can be shown that g e (q → 0, ω → 0) = 1 (see Appendix 7.2.2). Furthermore, the droplet is globally neutral which yields: +∞ 0 dz w n w (z w , q → 0, ω → 0) = 0. For the same reason, there is no net electric current generated in the half-space z = z w > 0, thus: +∞ 0 dz w φ w x (z w , q → 0, ω → 0) = 0. Therefore:

I tot = - e L x +∞ 0
dz w [φ w x (z w , q → 0, ω → 0) + n w (z w , q → 0, ω → 0)v] = 0. (7.14)

Coulomb drag at first order

The total current induced in the solid by the motion of a globally neutral charge distribution with fluctuations of zero mean value in the liquid, is zero. Therefore, we need to take into account charge fluctuations in the liquid. This can be done by considering the second-order response of the solid to charge fluctuations in the liquid.

Estimation of the surface response function of graphene

Let's estimate the surface response function of graphene in the long wavelength limit, at vanishing frequency. The surface response function of graphene g e (q, ω) is defined as: g e (q, ω) = -α 2π q 0 -∞ dzdz χ(z, z , q, ω)e qz . (7.15) where r = (x, y). This definition reveals that the surface response function plays the role of a reflexion coefficient for evanescent plane waves. Consider an evanescent plane wave at frequency ω, of the form φ(r, z, t) = φ ext e i(q.r-ωt) e qz . In momentum space for x and y, the induced charge density is δn e (q, z, ω) = 0 -∞ dz χ(q, z, z , ω)e qz φ ext . (7.16)

Then, the induced polarisation charge is:

δQ(q, ω) = φ ext 0 -∞
dzdz χ(q, z, z , ω)e qz = -q 2πα g e (q, ω)φ ext . (7.17)

Now, we use the specular reflexion approximation to model this system as a bulk problem where a potential φ eff (q, z, ω) = φ eff e -q|z| is applied. According to [START_REF] Kavokine | Fluctuation-induced quantum friction in nanoscale water flows[END_REF], the effective potential is φ eff = 2 qlq(ω)+1 φ ext , where l q (ω) = 2 π ∞ 0 dqz (q 2 +q 2 z ) (q,qz,ω) , (q, q z , ω) = 1 -4πα q 2 +q 2 z χ B (q, q z , ω) is the bulk system's dielectric function and χ B is the solid bulk susceptibility. In this new framework, δn e (q, z, ω) = +∞ -∞ dz χ B (q, zz , ω)e -q|z | φ eff = φ eff q π +∞ -∞ dq z χ B (q, q z , ω) q 2 + q 2 z e iqzz , (7.18) then,

δQ(q, ω) = φ eff q 2π +∞ -∞ dz +∞ -∞
dq z χ B (q, q z , ω) q 2 + q 2 z e iqzz . (7.19)

Using the RPA approximation for small q, the susceptibility can be written in function of the non-interacting susceptibility χ 0 B : χ B (q, q z , ω) = χ 0 B (q, q z , ω) 1 -4παχ 0 B (q,qz,ω) q 2 +q 2 z .

(7.20) Thus, δQ(q, ω) = φ eff qχ 0 B (q, 0, ω) q 2 -4παχ 0 B (q, 0, ω) = -q 2πα 1 1 + ql q (ω) 1 1 -q 2 4παχ 0 B (q,0,ω) φ ext . (7.21) 7.3. Coulomb drag at second order: non-linear susceptibility of graphene Therefore, in the long wavelength limit q → 0, for ω → 0: g e (q → 0, ω → 0) = 1 1 + ql q (ω) 1 1 -q 2 4παχ 0 B (q,0,ω) → 1.

(7.22)

7.

3 Coulomb drag at second order: non-linear susceptibility of graphene

Here, we report the general expression for the two-dimensional nonlinear susceptibility of graphene obtained by Narozhny et al. [START_REF] Narozhny | Coulomb drag in graphene: Perturbation theory[END_REF] in the ballistic regime, that is injected into Eq. 5.16, to estimate the Coulomb drag-induced current of expression Eq. 5.17.

For concision, we denote W = ω k B T , Q = vgq 2k B T and x = µ k B T where v g is the velocity of quasiparticules and µ is the chemical potential of graphene. The non-linear susceptibility writes:

Γ(q, ω) = -2 eτ π 2 qg(W, Q, x) (7.23) 
where We use this expression to estimate the generated current Eq. 5.17 at linear order in velocity:

g(W, Q, x) =      W 2 Q 2 -1 1 0 dz z √ 1-z 2 z 2 -W 2 Q 2 I(z, W, Q, x) if |W | > Q -1 -W 2 Q 2 ∞ 1 dz z √ z 2 -1 z 2 -W 2 Q 2 I(z, W, Q, x) if |W | < Q
I tot (v) = - L y l B α 2 eτ 2π 3 2 v k B T dq q dω ω q 2
x ∂ W g(W, Q, x)Im(g w (q, ω))

= e τ L y l l B l v v g k B T τ -1 4 dQdW π 2 Q 2 g(W, Q, x)∂ W Im(g w (Q, W ) W .
F (x) (7.24)

ABSTRACT

In this Manuscript, we report two experimental studies of the nanoscale properties of the liquidcarbon interface, when the fluid flows over the solid surface. The dynamics of the liquid-carbon interface is investigated in two different geometries: in one-dimensional multiwalled carbon nanotubes inducing nanometric confinement of the flow, and on two-dimensional graphite sheets.

In the first part of this thesis, we study the ion transport through individual 2 nanometers-radius multiwalled carbon nanotubes, driven by the combination of mechanical and electrical forcings. Our results evidence mechanically activated ion transport in narrow carbon nanotubes which takes the form of an ionic conductance depending quadratically on the applied pressure. Physically, this square-like dependence of the conductance on pressure results from the complex interplay between electric and mechanical drivings, that leads to an overall growth of the ionic cloud in the nanotube for positive and negative pressure drops. Furthermore, this response is shown to be intimately connected to the ultralow friction of water on the nanotube wall: high slippage appears as a prerequisite to attain mechanically activated transport.

In the second part of this thesis, we use a tuning fork-based Atomic Force Microscope to deposit and set in motion a micrometric ionic liquid droplet over a graphite flake, electrically connected to two gold electrodes. We observe that the oscillations of the droplet along the flake induce an alternating electric current in graphite, at the same frequency as the droplet oscillations. The current generation is the signature of a strong coupling between flow and electron dynamics, indicating that the solid-state electronic properties might contribute to the dynamics of the liquid-carbon interface. This suggests new ways to control ionic and fluidic transport at the nanoscale.

MOTS CLÉS

Transport -Nanofluidique -Matériaux carbonés -Interfaces RÉSUMÉ Dans ce Manuscrit, nous présentons deux études expérimentales des propriétés dynamiques de l'interface liquide-carbone aux échelles nanométriques, dans deux géométries différentes : dans des nanotubes de carbone multi-parois unidimensionnels, induisant un confinement nanométrique de l'écoulement, et sur des feuillets de graphite bidimensionnels.

Dans la première partie de cette thèse, nous étudions le transport ionique induit par la combinaison de forçages électrique et mécanique, au travers de nanotubes de carbone multi-parois individuels, de 2 nanomètres de rayon interne. Nos résultats démontrent que le transport ionique dans les nanotubes de carbone étroits, peut être stimulé mécaniquement, ainsi que le révèle la dépendance quadratique de la conductance ionique en la différence de pression appliquée de part et d'autre du nanotube. Physiquement, cette dépendance quadratique de la conductance en la pression provient de l'effet conjugué des forçages mécanique et électrique qui conduit à l'accumulation d'espèces ioniques dans le nanotube, sous des pressions positives comme négatives. De plus, nous montrons que cette réponse est intimement liée à l'absence de friction liquide-solide sur la paroi du nanotube : le glissement est ainsi un prérequis au transport mécaniquement activé.

Dans la seconde partie de cette thèse, nous utilisons un Microscope à Force Atomique à diapason, pour déposer et mettre en mouvement une goutte micrométrique de liquide ionique sur un échantillon de graphite, électriquement connecté à deux électrodes en or. Nous observons que les oscillations de la goutte le long de l'échantillon induisent un courant électrique alternatif dans le graphite, à la même fréquence que les oscillations de la goutte. La génération de courant est la signature d'un couplage liant la dynamique de l'écoulement à celle des électrons, ce qui indique que les propriétés électroniques du solide peuvent contribuer à la dynamique de l'interface liquide-carbone. Ces observations pourraient suggérer de nouvelles façons de contrôler le transport ionique et fluidique aux nano-échelles.
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 111 Figure 1.1 Partial slip condition and definition of the slip length b. The effect of the partial slip condition is to simply shift the no-slip velocity profile by the slip velocity vs.
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 12 Ionic transport under electrical forcing where the dimensionless potential ψ = eφ k B T has been introduced. Combining this with the Poisson equation Eq 1.4 leads to the Poisson-Boltzmann equation: ∆ψ -λ -2 D sinh(ψ) = 0 (1.11)

Figure 1 . 3

 13 Figure 1.3
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 20 To proceed further, we notice that combining the Stokes and Poisson equation, the fluid velocity obeys:η r ∂ ∂r r ∂v x ∂r = -e(ρ + -ρ -)E = r ∂ ∂r r∂φ ∂r E

1. 3 .Figure 1 . 4

 314 Figure 1.4 Schematic representation of the streaming current in the Debye overlap regime, assuming slippage. A pressure-induced Poiseuille flow advects the ions screening the surface charge within the Debye layer.

Figure 2 . 1 A

 21 Figure 2.1A From[START_REF] Holt | Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes[END_REF]. Scanning electron micrograph of an array of CVD-grown carbon nanotubes (CNTs) prior to filling by silicon nitride. B Adapted from[START_REF] Choi | Diameter-dependent ion transport through the interior of isolated single-walled carbon nanotubes[END_REF]. Schematic representation of a single walled carbon nanotube on an oxidized silicon wafer, covered by a microfluidic chip consisting in two fluidic reservoirs. C From[START_REF] Ramya | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF]. Cartoon showing a phospholipid vesicle with embedded carbon nanotube porins (CNTPs). D From[START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF]. Transmission Electron Micrograph of a boron nitride nanotube inserted into a silicon nitride membrane.

Figure 2 . 2 A

 22 Figure 2.2 A From [51]. (Top) Conductivity as a function of salt concentration at pH 5, for boron nitride nanotubes of various radii R: from bottom to top R=40 nm, 29 nm, 22 nm and 15 nm. (Bottom) Conductance as a function of pH for a boron nitride nanotube of radius 29 nm and length 900 nm at salt concentration ρs = 10 -2 M (i.e. in the saturation regime). B From [52]. Conductance measured inside carbon nanotubes with various inner radii and at different pHs (a) pH=6, 9, 10, 14 from bottom to top, (b) pH=6, 9, 10 from bottom to top, (c) pH=4, (d) pH=4, 6, 8, 10 from bottom to top. The dashed lines are predictions according to the charge-regulation model Eq. 2.4.

Figure 2 . 3

 23 Figure 2.3Experimentally determined slip length in carbon nanotubes (green dots) and in boron nitride nanotubes (blue dots) as a function of the nanotube radius. The salt concentration is ρs = 10 -3 M. The horizontal dashed line indicates the no-slip prediction and the green dashed line is a guide to the eye. From[START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF].
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Figure 2 . 4 A

 24 Figure 2.4 A A carbon nanotube observed under TEM imaging. B Inner radii distribution for a sample consisting in 57 carbon nanotubes observed under TEM imaging.

2. 2 .Figure 2 . 5 SEM

 225 Figure 2.5 SEM images of the device fabrication procedure (step 1). A The tungsten tip is brought in contact with a carbon nanotube. B The carbon nanotube is glued to the tip by cracked naphtalene deposition. C The carbon nanotube is cut by highly energetic e-beam exposure in water vapor. D The carbon nanotube, glued on one end to the tungsten tip, is cut free from the nanotubes bundle.

Figure 2

 2 Figure 2.5.

2. 2 .Figure 2 . 6 SEMFigure 2 . 7

 22627 Figure 2.6 SEM images of the device fabrication procedure (step 2). A The nanotube is inserted into the nanohole of a silicon nitride membrane. B The nanotube is sealed into the hole by cracked naphtalene deposition. C The nanotube is cut free from the tungtsen tip under highly energetic e-beam exposure in water vapor environment.

Figure 2 . 8

 28 Figure 2.8 Sketch of the nanofluidic cell. The membrane is squeezed between two PEEK chambers. Two O-rings and a plexiglass clamp screwed to one of the reservoirs ensure the sealing and prevent leakages. The reservoirs are closed by functionalisable PEEK caps, pierced by a hole for electrode insertion, and apertured to control the pressure on both sides of the membrane. From [86].

2. 2 .Figure 2 . 9

 229 Figure 2.9 Ionic conductance measurement through an individual single-digit carbon nanotube. A periodic triangular voltage drop ∆V (t) (Bottom left) is imposed between the electrodes. The ionic current responnse I(t) (Top left) is recorded and plotted as a function of ∆V to obtain the IV characteristic of the nanochannel (Right). The conductance is the slope of the best linear fit (black solid line) for the asymptotic current value as a function of ∆V : G = I(∆V, t → ∞)/∆V .

  Figure 2.10

Figure 3 . 1

 31 Figure 3.1 Experimental set-up for measuring the ionic current response under electrical and mechanical forcings in an individual transmembrane single-digit carbon nanotube.

Figure 3 . 2 IV

 32 Figure 3.2 IV characteristics of the three devices used in the study. The IV curves are measured at pH 5.5 and for a salt concentration of 1 M. No pressure is applied during these measurements. For all plots, the dots are the experimental points and the solid line is the best linear fit. The conductance is determined as the slope of the best linear fit.

Figure 3 . 3 Pressure

 33 Figure 3.3Pressure-driven current without bias voltage (∆V = 0). A Ionic current as a function of time, at a salt concentration of 1 M and pH 10.8 without bias voltage (∆V = 0). A sliding average of the current over four data points is performed. Current overshoots once the pressure is applied, and then saturates to a steady-state value. Inset: Sketch for the pressure-driven current through a carbon nanotube. B Streaming current as a function of the pressure drop ∆P at different pHs without applied voltage (∆V = 0). For each pH, the dashed line represents the best linear fit. The error bars in B represent the standard error over five experimental replicates.

Figure 3 . 4 Figure 3 . 4 Pressure

 3434 Figure 3.4 Pressure-driven current while applying a bias. A, Streaming current as a function of time, at c = 1 M and at pH 10.5 while applying a bias voltage ∆V = 25 mV (red curve) and ∆V = -25 mV (blue curve). B Streaming current as a function of the pressure drop ∆P while applying a bias voltage ∆V ∈ [-100 mV, 100 mV], at c = 1 M and at pH = 5.5 (left) and pH = 10.5 (right). For each applied bias, the dashed line represents the best parabolic fit. C Mechano-sensitive conductance G as a function of the pressure drop ∆P for different bias voltages ∆V ∈ [-25 mV, 25 mV], at c = 1 M and pH = 5.5. The dashed line represents the best parabolic fit. Inset: Second-order coefficient from the best parabolic fit in B, as a function of the bias ∆V , for c = 1 M and pH = 5.5. The dashed line represents the best linear fit. Error bars represent: B, standard error over 25 replicates; C, inset: uncertainty in the fit value obtained in B.
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 3 Figure 3.5 shows that G 2 increases with salt concentration (for both pH 5.5 and pH 10.5) with only a weak dependence on pH. This suggests that this result does not stem from a surface charge effect contrary to the case of the -much smaller -streaming currents obtained without applied bias displayed in Figure3.3 B. In the latter case, the pHdependent surface charge of the carbon nanotube is expected to be the main contribution to the bare streaming current.Furthermore, both the effects of the stretching of the supporting membrane, and the change of radius of the carbon nanotube can be discarded as the origin of this phenomenon, since both are negligible due to the high stiffness of the materials, in contrast to explanations for the pressure-dependent conductance of nanopores drilled in thin membranes[START_REF] Davis | Pressure-Induced Enlargement and Ionic Current Rectification in Symmetric Nanopores[END_REF]. Indeed, the stiffness of the 50 nm-thick silicon nitride membrane is of the order of 10 kN/m, so that a pressure drop of 1 bar would lead to a maximal deformation in the tens of nanometer range. As compared to the lateral size of the deformable area, in the tens of micron range, this corresponds to a deformation of the membrane in the 10 -3 range. Here the relative change in conductance under pressure drop may reach 30%, see Figure3.4 C. If this variation would be attributed to a change ∆R in the inner radius R of the nanotube, this would correspond to a relative increase: ∆R/R ∼ 15%. This deformation is far larger than what could be obtained by the deformation of the membrane. Furthermore, a 15% deformation would correspond to stresses in the nanotube walls reaching at least tens of GPas, which is far above any mechanical tension that can be achieved under the action of hydrostatic pressure. Finally, the streaming currents obtained for ∆V = 0 are linear in pressure drop, which experimentally indicates that the change in area, if any, is negligible.Interestingly, voltage controlled-modulation of the streaming current was also observed in 2D Angström slits with carbon confinement[START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF]. However, only a linear dependence of the ionic current as a function of pressure drop could be observed, and the applied voltage merely modifed the electro-osmotic mobility: I str (∆P, ∆V ) = µ EO (∆V ) × ∆P .
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 2535 Figure 3.5 Dependency of the mechano-sensitive conductance on the salt concentration and on the solution pH. The coefficient G2 (see Eq. 3.3) as a function of the salt concentration, at pH 5.5 (red dots) and at pH 10.5 (blue dots) in CNT3. The error bars represent the uncertainty on the fit values obtained by fitting the curves displayed on Figure 6.3 with a second-order polynomial function.
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 33738 Figure 3.7Streaming current as a function of the pressure drop ∆P while no bias voltage is applied, for UΣ,± = ∓kBT (red dots), UΣ,± = ∓2kBT (orange dots), UΣ,± = ∓5kBT (blue dots), A for Peosm = 0.001 and B for Peosm = 1. The dashed lines represent the best linear fits.

Figure 3 . 9

 39 Figure 3.9 Streaming current as a function of the pressure drop while applying a bias voltage ∆V ∈ [-50 mV, 50 mV], with potential barriers U 0 ± = U self ∓ kBT . A, In the high friction regime (Peosm = 0.001). B, In the low friction regime (Peosm = 1). For each curve in A and B, the dashed line represents the best parabolic fit.

Figure 3 . 10 Figure 3 . 11 From [ 74

 31031174 Figure 3.10 Schematic representation of the mechanotransduction performed by a cation-selective mechanosensitive biological channel. The mechanical stimulus induces a change of tension in the lipid bilayer, detected by the channel, thus resulting in its opening and in a cation influx into the cell cytoplasm. The ion influx leads to membrane depolarization (electric signal in sensory neurons) and activation of cation-dependent signaling pathways.

Figure 4 . 1 56 4. 1 .

 41561 Figure 4.1 Schematic of the quartz tuning fork used throughout this part of my PhD, with its geometrical and mechanical parameters. From [107]..

Figure 4 . 2

 42 Figure 4.2Measured amplitude (A) and phase shift (B) of the tuning fork as a function of the excitation frequency f , for a resonant frequency f0 = 32, 182 Hz and a quality factor Q0 = 12, 525. On A, the red curve corresponds to the Lorentzian approximation for a(ω) (Eq. 4.8).
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 143 Figure 4.3

Figure 4 . 4 AFM

 44 Figure 4.4AFM-based liquid dispensing devices. A, Dip-pen nanolithograpy set-up (from[START_REF] Piner | Dip-Pen[END_REF]). B, Nanoscale dispensing device (NADIS) (from[START_REF] Fabié | Capillary Forces during Liquid Nanodispensing[END_REF]).
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 412413 Figure 4.12 Chemical structure of the ionic liquid under investigation: 1-Butyl-3-methylimidazolium hexafluorophosphate (Bmim-PF6)

Figure 4 . 16 A

 416 Figure 4.16 A AFM image of a graphite flake. B Height profile along the dot line displayed on A.

Figure 4 . 17 AFigure 4 . 18 A

 417418 Figure 4.17 A Schematic of the sample integrated into a centimetric chip for electrical measurements. B Optical image of a graphite sample transferred onto a Si/SiO2 wafer. Two Ti/Au electrodes deposited on the wafer electrically connect the graphite flake. Thin gold wires link these electrodes to the centimetric gold pads placed on both sides of the wafer as sketched on A. The white scale bar represents 25 µm.

4. 3 .Figure 4 . 19

 3419 Figure 4.19 Schematic of the integrated AFM set-up, with coarse positioning inertial motors (X, Y, Z) and 3-axis piezoscanner (xyz), the tuning fork, graphite sample, piezo-dither and imaging system.

20

 20 Schematic diagram of the operation principle for two-phase lock-in detection.

4. 3 .

 3 Experimental set-up and procedure input signal

Figure 4 . 21

 421 Figure 4.21 Schematic diagram of the Phase Lock Loop operation principle.

Figure 4 . 22

 422 Figure 4.22

Figure 4 . 23

 423 Figure 4.23Camera screenshot showing the AFM capillary tip along with its reflection close to a SiO2 substrate after tip receding. A An ionic liquid droplet is left on the surface. B An array of ionic liquid droplets was deposited on the SiO2 surface. The process is highly reproducible and the size of the produced droplets is commensurate with the tip outer diameter.

Figure 4 . 24 A

 424 Figure 4.24A Camera screenshot showing the AFM capillary tip along with its reflection in contact (via an ionic liquid droplet) with a graphite flake electrically connected by two Ti/Au electrodes. B Post-experiment Scanning electron micrograph of a graphite sample. Two ionic liquid droplets remain on the graphite flake. In spite of the scanning of the sample by the capillary tip during the experiments, no elongated or line-shaped deposits can be observed. Instead, the remaining droplets exhibit the shape of a spherical cap.
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 51 Figure 5.1

Figure 5 . 2 A

 52 Figure 5.2 A Current as a function of time, for droplet oscillations of 2 µm amplitude and 0.5 Hz frequency.B Current spectrum as a function of frequency. The spectrum displays a peak at the droplet oscillation frequency (0.5 Hz). The peak maximal value is defined as the generated current amplitude.
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 54 Figure 5.4
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Figure 5 . 6 A

 56 Figure 5.6A Current (nA) as a function of time generated by droplet sinusoidal oscillations over the graphite sample along the X-direction (roughly perpendicular to the electrodes axis), at a frequency of 0.5 Hz, and for various amplitudes, here : 1 µm, 1.5 µm and 2 µm. For clarity, a moving average over 4 points is used to filter the current data. B Generated current (nA) as a function of the droplet oscillation amplitude (blue diamonds). The oscillation frequency is 0.5 Hz. The blue dot line is the best linear fit. No bias voltage is applied for the data displayed in A and B.

Figure 5 . 7

 57 Figure 5.7 Sketch of the meniscus on the verge of sliding along with the tip over the graphite flake. The droplet motion is only possible for a tip displacement larger than the critical threshold ∆xc which equilibrates the elastic force Ftip exerted by the tip with the retention force Fret exerted by the graphitic surface.

Figure 5 . 8 A

 58 Figure 5.8 A Scanning electron microscope image of a graphite sample. The 0 • -direction corresponds to the axis perpendicular to the electrodes axis, while the 90 • -direction is parallel to the electrodes axis. Current is generated by droplet oscillations of constant amplitude and frequency, along axis forming an angle with the electrodes axis between 0 • and 170 • , for different central positions over the graphite sample. As best illustrated by B, the angle corresponding to maximal generated current varies depending on the central position. B Generated current as a function of the angular direction of droplet oscillations of frequency 0.5 Hz and amplitude 1 µm , around various central positions. As expected, the current is a 180 • -periodic function of the oscillations angle, but interestingly the phase depends on the central position of the oscillations. For clarity, current values were adimensionalized by dividing them by their maximal values. The experimental points are pictured by circles, while solid lines are guides for the eyes

  Figure 5.9

Figure 5 . 10

 510 Figure 5.10Semilog plot of the generated current per µm of droplet motion amplitude at 0.5 Hz frequency, as a function of the graphite flake thickness. For each dot, the errorbar represents the uncertainty in the α coefficient of the best linear fit I = αA + β, where I is the generated current and A the droplet oscillation amplitude.

Figure 5 . 11 AFMFigure 5 . 12 A

 511512 Figure 5.11 AFM images of two transferred graphite flakes with thickness 3.6 nm (left) and 11.7 nm (right). The surface of the thinner sample displays much more wrinkles and trapped air bubbles than the thicker one.

Figure 5 . 13

 513 Figure 5.13 Schematic of a Raman microscope. The sample is illuminated by a laser beam. The scattered radiation is collected by an objective and filtered to extract the Raman-scattered light, which is then dispersed onto a spectrometer grating. The spectrum is detected by a charge-coupled device (CCD) camera.

Figure 5 . 14 A

 514 Figure 5.14 A AFM image of a graphite sample, exhibiting edges and wrinkles. For the comparison with the Raman maps, we focus on one edge (denoted as 1) and on three well-defined wrinkles (denoted as 2, 3 and 4). B Raman map of the G peak intensity. C Raman map of the D to G intensity ratio. D Raman map of the G peak position. On the Raman maps, the features 1 to 4 are indicated when visible.

Figure 5 . 15

 515 Figure 5.15 Schematic of a carbon nanotube immersed into a laminar flow of velocity vm. The molecules coat the nanotube in a form of slipping layers, which generates a phonon wind in the tube, driving free carriers in the nanotube.

Figure 5 . 16 A

 516 Figure 5.16 A Schematic of the experimental set-up used in [156] to produce electricity by moving a salted solution droplet over a strip of monolayer graphene. B Schematic illustration of the charging/discharging pseudocapacitance formed by the moving droplet. C Equivalent circuit for B. Solid arrows indicate the flow direction of electrons in graphene and Na + ions in the droplet.From[START_REF] Yin | Generating electricity by moving a droplet of ionic liquid along graphene[END_REF].
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  Figure 5.17

  Sketch illustrating Coulomb drag between two electrically isolated conductors, interacting via long-range Coulomb interactions: an electric current I drive flowing through the "active" layer induces a voltage V drag in the "passive" layer.
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 2518 Figure 5.18 A Schematic of the liquid-graphite interface. The liquid occupies the semi-infinite half-space z > 0 and graphite, the semi-infinite half-space z < 0. The charge density is nw(rw) in the liquid and ne(r) in graphite. The liquid moves at velocity v = vex. B Schematic of the droplet moving on graphite, seen from above. The electrodes, of length Ly, are separated from each other by a distance Lx.
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 519 Figure 5.19 Dimensionless integral F as a function of the chemical potential µ (eV) at room temperature.

Figure 5 . 20 (

 520 Figure 5.20 (Left) Phonon population n R,L q

Figure 5 . 21 Few

 521 Figure 5.21Few-layer graphene flake (1.3 nm thick) with corrugations of controlled orientation. The flake is on top of a bottom flake (inset) with grooves either perpendicular or parallel to the electrodes axis, or with random orientation.
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 616263 Figure 6.1 Quadratic streaming current in CNT1. A Streaming current as a function of the positive pressure drop, for different bias voltages ∆V , at c = 1 M and pH 9. For each ∆V , the dots are the experimental points, while the dashed line represents the best parabolic fit. B Second-order coefficients from the best parabolic fits in a, as a function of the applied bias voltage ∆V , at c = 1 M and pH 9. The dashed line represents the best linear fit. C Streaming current as a function of the pressure drop, at c = 1 M and pH 9, for positive and negative pressure drops, for bias voltages ∆V = 10 mV and ∆V = -10 mV. For each ∆V , the dots are the experimental points and the dashed line represents the best parabolic fit. The error bars represent in A, C: the standard error over 5 experimental replicates and in B: the uncertainty on the fit values obtained in A.
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 0 c ± (x) ≈ e ∓ ∆ϕ 2 + e ± ∆ϕ 2 -Pee ∓ ∆ϕ 2 f ± (x)Putting δ → 0 to simplify, the ionic current can be calculated asI e = -eρ ∞ D 0 τ ± = e -βU 0± . This result can be expanded in ∆ϕ and leads toI e = μEO × Pe + G(Pe) × (-∆ϕ) + . . . + -τ -) (6.33)can be interpreted as an electro-osmotic mobility andG(Pe) = eρ ∞ D 0 πR 2 (τ + + τ -)× -dependent conductance which can be expanded as G(Pe) = G0 ×(1+ Pe 2 12 +...).
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 315 Numerical values of the fixed parameters • Inner radius of the nanotube: R 0 = 2 nm • Length of the nanotube: L = 1 µm • Salt concentration in the reservoirs: ρ ∞ = 6 × 10 26 m -Diffusion coefficient of anions and cations in the reservoirs: D 0 = 2 × 10 -9 m 2 .s -Thermal energy: k B T = 4 × 10 -21 J • Bulk dielectric permittivity of water: r = 78.Viscosity of water: η = 10 -3 Pa.s

  = +∞) = 0 ρ ± (x = +∞) = ρ ∞ (6.53)

Figure 6 . 4 ×x 2 ,

 642 Figure 6.4 Dependency of the mechano-sensitive conductance on the slippage. The quantity Peosm is proportional to the slip length asn defined as Peosm = R0kBT ρ∞/2ηD0 × b. Here we assume U 0 + = U 0 -= 2.5 kBT . For a given slip length (or equivalently, for a given value of Peosm), we fit the numerical results for the streaming current with a function of the type: Istr(∆P, ∆V ) = µEO × ∆P + β(∆V ) × ∆P 2 . Then we look for the best linear fit for the function β(∆V ) = G2 × ∆V . The red dots correspond to the values of G2 we obtained by iterating this procedure for different slip lengths. The red line is the best fit of the type y(x) = C 1 ×x 1+C 2 ×x 2 ,in perfect agreement with the analytical result Eq. 6.44.

  andI(z, W, Q, x) = th zQ + W + x 2 -th zQ + Wx 2 +th zQ -Wx 2 -th zQ -W + x 2 .
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  We can expand the last term in ∆ϕ up to first order, giving-∆p = Pe × 1 + K tot D 0 k B T ρ ∞ × (τ -+ τ + ) +

						6.2. Analytical calculations
	We define the dimensionless pressure	
			∆p =	K tot D 0	∆P
	and therefore deduce				
	-∆p = Pe +	K tot D 0	k B T ρ ∞ ×	Pe sinh Pe 2	(6.39)
	× -τ + sinh	∆ϕ -Pe 2	+ τ -sinh	∆ϕ + Pe 2	(6.40)
						1 2	(τ + -τ -) 2 tanh Pe	(-∆ϕ) + . . .	(6.41)
						sinh ∆ϕ∓Pe 2 2 sinh Pe	.	(6.38)
						124
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  This equation is equivalent to the following integral form: 7.2. Coulomb drag at first order|φ I (t) = |φ(t 0 ) -i t t0 dt H int,I (t ) |φ I (t ) . (7.5)Since the perturbation is assumed to be very small, this expression can be expanded as: dt 2 θ(t 1 -t 2 )H int,I (t 1 )H int,I (t 2 ) + ... |φ(t 0 ) ,

	|φ I (t) ≈ 1 -	i t t0	dt H int,I (t ) -	1 2	t t0	dt 1

t) |φ I (t) = i ∂ ∂t |φ I (t) . (

7

.4) 

  dt 1 dt 2 θ(tt 1 )θ(t 1 -t 2 ) [[A I (t), H int,I (t 1 )] , H int,I (t 2 )] 0 . (7.7)

		+∞
	2	-∞

2 (t) = -1

A B

Using the thermoplasticity of PPC [START_REF] Pizzocchero | The hot pick-up technique for batch assembly of van der Waals heterostructures[END_REF], the flake can be dropped down on a new Si/SiO 2 wafer with pre-deposited gold electrodes forming a star-like network around a void area, where the flake is deposited.

Once the flake is transferred onto the wafer, two electrodes are successively patterned by electron-beam lithography and deposited by Ti(2 nm)/Au(60 nm) electron-gun evaporation, so as to bridge the graphite flake with pre-deposited gold pads, see 

Thickness determination

Prior to any experiment, the thickness of the graphite flake is determined by Atomic Force Microscopy, see Figure 4.16. The flakes investigated along this study have thicknesses ranging from 1.1 nm (trilayer graphene) to 68 nm.

Chapter 5

Current generation at the liquid-graphite interface

Contents

We may now define a total current averaged over the distance between the electrodes L x :

(5.8)

Interaction Hamitonian

We consider the system {graphene+droplet}, of Hamiltonian H(t) = H 0 + H int (t). The Hamiltonian H 0 is time-independent, while the interaction Hamiltonian H int (t) represents the interactions between the charges in the moving droplet and the electrons. It writes:

where we assume the charge distribution in the droplet to move at constant velocity v.

The general idea is to treat the interaction Hamiltonian H int (t) as a perturbation term in the framework of time-dependent perturbation theory, that we briefly introduce in Appendix 7.1, remaining general.

Coulomb drag at first order

Because of the global charge neutrality of the ionic liquid droplet, no net current is expected to be obtained from calculations up to first order, as checked in Appendix 7.2. Therefore, we need to take into account charge fluctuations in the liquid. This can be done by considering the second-order response of the solid to charge fluctuations in the liquid, which is the object of the next section.

Coulomb drag at second order

Here, the droplet is moving at constant velocity v = ve x . The second-order response of the electric flux is:

is the dynamic structure factor of the liquid, with an average over thermal fluctuations, and

is the non-linear susceptibility of the solid, with an average over quantum fluctuations.

In the above expression, the index I indicates that the operators are in the interaction picture, see Appendix 7.1. The non-linear susceptibility is unvariant under the global time shift (t, t 1 , t 2 ) → (t + τ, t 1 + τ, t 2 + τ ) as well as under translation along the x and y direction, so that we can define its Fourier Transform in time and space with respect to the x and y coordinates and denote:

(5.13) the symmetrized non-linear susceptibility. In the following, we assume that the graphite flake is purely two-dimensional. Without change of notation, we denote Γ(q, ω) = Γ(0, 0, 0, q, ω) the two-dimensional non-linear susceptibility of graphene. Furthermore, the fluctuation-dissipation theorem implies that:

where χ ω is the susceptibility of the liquid. We can now define the surface response function of the liquid:

(5.15)

Denoting the Bjerrum length l B = α k B T = e 2 4π k B T and L y the length over which the current is measured in the y direction (the length of the electrodes), we obtain for the total current in the direction of the droplet motion (the x direction):

This formula shows that the current in the solid originates from the fluctuations of charges in the liquid, described by the surface response function g w (q, ω). The way these charge fluctuations act on the charge carriers in the solid is specified by the non-linear susceptibility of the solid Γ(q, ωv.q).

The surface response function g w (q, ω) has been obtained by classical molecular dynamic simulations in [START_REF] Kavokine | Fluctuation-induced quantum friction in nanoscale water flows[END_REF], in the case of water.

The non-linear susceptibility of graphene was studied by Narozhny et al. [START_REF] Narozhny | Coulomb drag in graphene: Perturbation theory[END_REF] in the context of Coulomb drag occuring between two closely spaced monolayer graphene sheets. In particular, in the so-called ballistic regime, where disorder rather than diffusion dominates the scattering inside the solid, the authors obtain an approximated expression for Γ, reported in Appendix 7.3. Inserting this expression in Eq. 5.16 yields:

(5.17)

In this expression, v F is the Fermi velocity, l is the electronic mean free path and τ = l/v F is the scattering time. F is a dimensionless integral depending only on the surface response function of the liquid and on the dimensionless parameter x = µ/k B T where µ is the chemical potential of graphene, which is 0 at Dirac point. The variation of F with the chemical potential is illustrated by Figure 5.19, where it is assumed that the liquid is water.

We can provide an order of magnitude of the expected generated current in graphene, assuming the liquid is water. The Bjerrum length is l B = 56 nm. The Fermi velocity is typically of the order of v F ≈ 10 6 m.s -1 for graphene. The collision time depends on the 

Additional experimental results

In this section, we provide the whole set of experimental data for pressure-driven current response. In this study, three independent transmembrane carbon nanotube devices (denoted as CNT1, CNT2 and CNT3) with similar geometries were investigated and gave the same quadratic streaming current response under an additional electrical forcing, for all pHs and salt concentrations investigated, see below Figures 6.1, 6.2 and 6.3

Analytical calculations

In this section, we present the analytical calculations performed by Lydéric Bocquet and leading to the prediction for the mechanosensitive conductance Eq. 3.12.

We consider a nanotube with inner radius R 0 , length L R 0 . Only the variations along the pore, in the direction x, will be considered. The nanotube is connected to two reservoirs, with same salt concentration ρ ± = ρ ∞ . A potential drop ∆φ and a pressure drop ∆P are also applied between the two reservoirs. We will assume a large slip length, hence high permeability, and we will therefore neglect flow variations across the nanotube diameter (plug flow).

We start from the extended Poisson-Nernst-Planck framework introduced in [START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF]. The electrostatic potential is denoted as φ. To model the reservoirs in a simple way, we will assume that the radius of the tube is a function of x, with R(x) constant for x ∈ -L 2 ; L 2 and diverging to infinity for |x| L 2 . We add a potential U ± (x) acting on the ions inside the nanotube in order to induce selectivity and account for possible concentration polarization effects. The function U ± (x) are non-vanishing only for x ∈ -L 2 ; L 2 (they plateau to a constant value in the nanotube after a arbitrarily short distance from the ends).

Force balance, fluxes and transport equations

Force balance

Following [START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF], and adding the effect of the potential U ± , the local force balance on ions leads to

Here µ ± is the ion mobility related to the diffusion coefficient as D ± = µ ± k B T . Note that this is a slight notation change as compared to [START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF] (factor e dropped). The coefficients α ± are normalized water-ion friction coefficients. However, in contrast to the Angström slits in [START_REF] Mouterde | Molecular streaming and its voltage control in ångström-scale channels[END_REF], one does not expect the water-ion friction coefficients and the ionic mobilities to depart strongly from the bulk in the 2 nm-radius CNT considered here. To simplifiy we therefore assume that they take their bulk values everywhere. Furthermore, K + and Cl -having the same bulk mobility, we then have D + = D -= D 0 and α + = α -= 1. Such assumptions can be relaxed without any difficulty but do not change the conclusions drawn below. The water velocity v w then takes the form

The second term is an equivalent electro-osmotic contribution, while the two last terms may be interpreted as an osmotic pressure. The permeability K app depends on the radius as K app R b/2 η, with b the slip length. Note that we assume here that b R (corresponding to a plug flow).