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I. INTRODUCTION

The emergence of nanomaterials, such as carbon nanotube, graphene, and 2D materials in general, has triggered much interest in the context of their use as a membrane for water filtration [START_REF] Park | Maximizing the right stuff: The trade-off between membrane permeability and selectivity[END_REF] . In this context, carbon materials were systematically found to outperform other materials in terms of water permeability or separation efficiency [START_REF] Faucher | Critical Knowledge Gaps in Mass Transport through Single-Digit Nanopores: A Review and Perspective[END_REF][START_REF] Bocquet | Nanofluidics coming of age[END_REF] . This puzzling result has triggered many fundamental investigations, with the emergence of nanofluidics, the science exploring the molecular mechanics of nanometer flows. In particular, membranes made of carbon nanotubes (CNT) were shown to exhibit huge water permeabilities down to (sub-) nanometer porosities [START_REF] Holt | Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes[END_REF][START_REF] Secchi | Scaling Behavior for Ionic Transport and its Fluctuations in Individual Carbon Nanotubes[END_REF][START_REF] Tunuguntla | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF] . This puzzling performance has been rationalized theoretically by invoking the radius-dependent role of quantum excitations between collective modes of water and plasmons in the multiwall CNT in the terahertz regime [START_REF] Kavokine | Fluctuation-induced quantum friction in nanoscale water flows[END_REF] .

Apart from CNTs, carbon nanomaterials in various forms have been considered for water filtration [START_REF] Wang | Fundamental transport mechanisms, fabrication and potential applications of nanoporous atomically thin membranes[END_REF] : membranes made of nanotube porins [START_REF] Holt | Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes[END_REF][START_REF] Tunuguntla | Enhanced water permeability and tunable ion selectivity in subnanometer carbon nanotube porins[END_REF] , graphene membranes [START_REF] Wang | Fundamental transport mechanisms, fabrication and potential applications of nanoporous atomically thin membranes[END_REF][START_REF] Celebi | Ultimate Permeation Across Atomically Thin Porous Graphene[END_REF] , graphene oxide membranes [START_REF] Abraham | Tunable sieving of ions using graphene oxide membranes[END_REF] and nanoporous graphene [START_REF] Cheng | Differences in water and vapor transport through angstrom-scale pores in atomically thin membranes[END_REF] . These systems exhibit outstanding performances in the context of filtration, but a formidable challenge with these nanomaterials though, is the scale-up process, mandatory for practical applications.

In this context, the recently synthesized carbon nanomembranes (CNM) are promising [START_REF] Yang | Rapid Water Permeation Through Carbon Nanomembranes with Sub-Nanometer Channels[END_REF] : CNMs are ultra-thin, but large-scale, membranes made of carbon material, with high densities of sub-nanometric porosities. They exhibit excellent ion separation and very high water permeabilities [START_REF] Yang | Rapid Water Permeation Through Carbon Nanomembranes with Sub-Nanometer Channels[END_REF] . Quantitatively, the nanopore exhibit a size in the range of a few Angströms, with high densities, ∼ 10 13 -10 14 pores/cm 2 , and CNM permeabilities reach values ∼ 3000 -7000 L/m 2 /h/MPa, which is several orders of magnitude higher than typical reverse osmosis membranes (∼ a few L/m 2 /h/MPa). Now the results for the outstanding permeability of CNM, together with an excellent selectivity, raises the question of its underlying mechanism. This permeability/selectivity balance is usually a trade-off [START_REF] Park | Maximizing the right stuff: The trade-off between membrane permeability and selectivity[END_REF] , which CNM membranes seem to bypass to some extent.

To date, the CNM membrane lacks a fundamental understanding of the fluid transport mechanism. To this end, we aim at proposing a realistic atomistic model for CNM and developing classical non-equilibrium molecular dynamics simulations suitable to all membrane systems in general, to rationalize the transport of nanoconfined water and salt through it.

In terms of computational methodology, one general difficulty of non-equilibrium simulations is to apply thermodynamic driving forces across a non-translationally invariant system, here nanopores pierced in a membrane, while using globally periodic boundary conditions. This is specifically important for transport across nanoporous membranes where entrance effects are expected to play a central role in the transport. For pressure-induced water flow across nanopores, an approach proposed by Goldsmith and Martens consists in applying external forces to selected atoms in the liquid water reservoir and computing the induced pressure drop [START_REF] Goldsmith | Pressure-induced water flow through model nanopores[END_REF] . We show that the approach can be generalized to any thermodynamic force in order to generate pressure, chemically and electrically-induced flows across a nanopore. It makes use of various sets of external forces applied on a slab of atoms inside the reservoir and inferring the corresponding pressure, concentration and potential drops associated with the specific external forces. This non-equilibrium methodology allows us to quantify pressure-, concentration-and voltage-driven transport across the CNM, and derive the complete transport matrix [START_REF] Yoshida | Generic transport coefficients of a confined electrolyte solution[END_REF] . We can then compare the various transport mobilities to analytical predictions based on continuum frameworks. This allows to disentangle the mechanisms at the core of the underlying transport phenomena, and specifically address the limiting role of access effects. Overall our results highlight the geometric specifications that govern the reported performances of CNM membranes.

II. REGULAR ATOMISTIC MODEL FOR CNM

The CNMs introduced in Ref. [START_REF] Yang | Rapid Water Permeation Through Carbon Nanomembranes with Sub-Nanometer Channels[END_REF] are nanoporous carbonbased membranes with high densities of sub-nanometric pores and nanometric thickness. Their synthesis procedure is depicted in figure 1a. TPT (TerPhenylThiol) molecules are covalently grafted on a gold substrate via its ending sulfur atom. As such, the TPT molecules form a close-packed array. The adsorbed molecules are then exposed to an electron beam which leads to a dehydrogenation process and the formation of novel C-C bonds between the adjacent adsorbed TPT (see new C-C bonds represented in blue on the figure 1a). Eventually, the resulting carbon overlayer is separated from the original gold substrate and the anchoring sulfur atoms. The asobtained two-dimensional nanoporous structure is thus a compact self-assembled monolayer (SAM) only made of crosslinked precursor molecules. It leads to an array of non-regular nanopores of subnanometer sizes and of fixed thickness of 1 nm(see Figure 1a bottom).

In this study, we model the closed pores of CNM with a tubular model obtained after the rolling up of a layer formed of N t fully cross-coupled TPT molecules (see figure 1b). Using this regular model, it is straightforward to tune its geometry by changing its radius R c and to quantify such effect on the fluid transport mechanisms at play. In previous experimental studies [START_REF] Yang | Rapid Water Permeation Through Carbon Nanomembranes with Sub-Nanometer Channels[END_REF] , transmission electron microscopy pictures revealed a pore diameter distribution that ranges around 0.7 nm. In our regular nanopore model, this average diameter is reached with the wrapping of 7 TPT molecules -CNM7 -as represented in figure 1c. The length of the nanopore is fixed by the length of a TPT molecule, i.e. 1 nm. Hence in CNM pores the aspect ratio -radius R c versus thickness L c -is close to 1. Interestingly this carbon system lies in between nanoporous graphene membranes and carbon nanotubes for which the fluid transport properties strongly differ. For the former, entrance effects dominate the transport [START_REF] Zhao | Two-Dimensional Material Membranes: An Emerging Platform for Controllable Mass Transport Applications[END_REF] , while for the latter the micrometer length induces a key role of the internal friction although the water friction is unexpectively low for nanometric carbon nanotubes [START_REF] Secchi | Massive radius-dependent flow slippage in carbon nanotubes[END_REF] . This following study will decipher the type of transport mechanism through CNM with a specific focus on the diverse role of access effects on the various transport phenomena.

III. UNIFIED METHODOLOGY FOR NON-EQUILIBRIUM MD SIMULATIONS ACROSS A NANOPORE

We will investigate the flux properties through a CNM nanopore under different stimuli: pressure, chemical or electrical potential difference as illustrated in figure 2a. 

A. The nanofluidic periodic model

The nanofluidic model shown in figure 2b is built as follows. The regular CNM nanopore is positioned and aligned with the z direction of space (horizontal axis in the simulation box) and sandwiched between two vertical porous graphene sheets to ensure the sealing. A reservoir of water and ion molecules is placed in contact with the as-formed pierced membrane. The radius of the nanopore can vary between 0.4 nm and 1.0 nm (figure 1d).

B. The mechanical modelling of the flow stimuli

We generalize Goldsmith and Martens's approach [START_REF] Goldsmith | Pressure-induced water flow through model nanopores[END_REF] to apply a pressure, chemical and electrical potential drop across a nanopore. We define a slab of width l inside the reservoir -here called the control slab and located in the center of the liquid reservoir-, in which we apply a set of molecular forces to all atoms(see figure 2b and3). The various thermodynamic drivings are then obtained by choosing specific sets of molecular forces inside the slab. Pressure drop ∆P -Let us illustrate the spirit of this methodology through the example of pressure-driven flows.

In order to study flow under a pressure drop ∆P across a nanoporous membrane, one applies a molecular force f to all atoms in the control slab. This can be understood in simple terms. In a translationally invariant system, one can indeed simulate a pressure driven flow by applying a force f along z to all particles (water molecules and ions) in the simulation box. The force balance shows acccordingly that the equivalent pressure drop ∆P is related to the applied molecular force f according to ∆P = N f A . Now, in a non-translationally invariant system, e.g. involving a nanopore across a membrane as considered here, the slab of finite width in the reservoir acts as a 'bulk' system inside the reservoir (see figure 3a). A pressure drop ∆P is built across this slab and a simple force balance shows the relation to the force f is the same as above [START_REF] Goldsmith | Pressure-induced water flow through model nanopores[END_REF][START_REF] Zhu | Pressure-Induced Water Transport in Membrane Channels Studied by Molecular Dynamics[END_REF][START_REF] Suk | Water Transport through Ultrathin Graphene[END_REF] ,

∆P = N f A . (1) 
N is the number of particles inside the control slab and A is the cross-section area. Accordingly an opposite pressure drop is generated across the complementary part of the system, including the nanoporous membrane. This builds a (periodic) pressure profile across the whole system as sketched in figure 3a. This methology can be generalized to any thermodynamic driving force by applying a specific set of mechanical forces to all atoms.

Chemical potential drop ∆µ -We adapt an approach used to simulate diffuso-osmosis near a surface [START_REF] Yoshida | Osmotic and diffusio-osmotic flow generation at high solute concentration. II. Molecular dynamics simulations[END_REF] in order to create a chemical potential drop. In the control slab, we apply a force f w along z to all water molecules and a counterforce f s to the ions such that the sum of the external forces is zero (figure 3b). Next, we relate the magnitude of the external force to the osmotic pressure difference ∆Π :

N w f w = -N s f s = A∆Π.
(2)

N s and N w are the numbers of solute particles and water molecules inside the control slab. The force can be related to the concentration difference across the control zone using the van 't Hoff (or Gibbs-Duhem) relation:

∆Π = ρs ∆µ = k B T ρs ∆ ln ρ s ≈ dilute k B T ∆ρ s (3) 
with ρ s = ρ Na + ρ Cl the concentration of the solute, ∆ρ s the concentration drop, ρs the bulk density and ∆µ the chemical potential difference.The corresponding chemical potential profile across the whole system is sketched in figure 3b.

Electrical potential drop ∆V -To reproduce an electric potential drop ∆V , we propose likewise to use a force-derived approach: an electric field E = -∆V l is applied in the control slab where l is its thickness. If ∆V > 0 (as shown in figure 3c), the electric field will create an opposite move of the ions and hence a charge imbalance on both sides of the system. Consequently, there will be more Na + ions downstream of the control slab and more Cl -ions upstream. Thus, one can compare the impact of this control layer to that generated by electrodes on either side of a system that imposes a Nernst potential drop. The corresponding electric potential profile across the whole system is sketched in figure 3c. We checked that results were independent of the width of the control slab, provided it is larger than the molecular size (say, larger than 0.5 nm). Other works apply a homogeneous electric field throughout the cell ? and we verified that results are similar in terms of fluxes and electric profile. In the nonequilibrium situation under consideration, there are non-zero ionic fluxes, and the electric potential is determined by the conservation laws governing these fluxes. Unlike in equilibrium, there is no formation of an electric double layer, and the resulting electric potential profile is not screened. Just like ∆P and ∆µ, we denote ∆V as the electric potential difference generated by an external thermodynamic force acting on the system. Note that, as in the experiments, these externally applied quantities do not account for the local system's response, which involve the susceptibility of the fluid.

Altogether these three methods provide a simple unified approach to characterize the flow of water and ions through a nanofluidic membrane under multiple external constraints, keeping a single simulation cell. We hence differ from traditional methods that rely on two separate reservoirs with different thermodynamic conditions, typically different solute concentrations [START_REF] Shen | Dynamics of water and solute transport in polymeric reverse osmosis membranes via molecular dynamics simulations[END_REF][START_REF] Wu | Water Transport and Ion Diffusion Investigation of an Amphotericin B-Based Channel Applied to Forward Osmosis: A Simulation Study[END_REF] , or adjustable reservoir size [START_REF] Kalra | Osmotic water transport through carbon nanotube membranes[END_REF][START_REF] Raghunathan | Molecular Understanding of Osmosis in Semipermeable Membranes[END_REF] . In short, our approach allows to perform out-of-equilibrium simulations at steady state and provides multiple benefits: only one reservoir is simulated, statistics can be accumulated over long times and long time dynamics can be run. We perform molecular dynamics simulations using a modified version of GROMACS 2021 package. [START_REF] Abraham | GROMACS: High performance molecular simulations through multi-level parallelism from laptops to supercomputers[END_REF][START_REF] Monet | Gromacs: Versatile non equilibrium molecular dynamics methodology to implement flow and fluxes through nanopores[END_REF] Dispersion interactions are modeled using effective Lennard-Jones potentials truncated at 1.2 nm using a Verlet cutoff scheme. The Coulomb force is treated using a real-space cutoff at 1.2 nm and particle mesh Ewald summation (pseudo-2D particle mesh Ewald [START_REF] York | The effect of longrange electrostatic interactions in simulations of macromolecular crystals: A comparison of the Ewald and truncated list methods[END_REF] ). We use the three-site model SPC/E for water molecules. The Lennard-Jones interaction parameters for NaCl ions are those given by Smith and Dang [START_REF] Smith | Computer simulations of NaCl association in polarizable water[END_REF] . We consider the parameters given by Werder et al. [START_REF] Werder | On the Water-Carbon Interaction for Use in Molecular Dynamics Simulations of Graphite and Carbon Nanotubes[END_REF] for carbon atoms. The carbon atoms, which constitute the walls and the nanopore, are kept frozen during the simulation.

The thermalization process is done as follows. A first simulation in the canonical ensemble (NVT) of 1 ns duration with a time step of 1 fs is performed. During this run, the system is coupled to a thermostat at 300 K using velocity rescaling with a stochastic term [START_REF] Bussi | Canonical sampling through velocity rescaling[END_REF] . Such initial MD run permits to ensure liquid equilibrium, i.e. the mass density at the center of the reservoir is equal to that of bulk water (∼ 1 g/cm [START_REF] Bocquet | Nanofluidics coming of age[END_REF] ) and that the NaCl ion concentration is equal to 1 mol/L. Under these conditions, there are more than 4000 water molecules and about 60 Na and Cl ions in the system.

Computing flux averages

Under an external force field, water molecules and ions are flowing through the nanopore. We hence perform a simulation using the canonical set (300 K) of 1 ns with a time step of 1 fs. At the end of the simulation, we check that the system has reached a steady state, i.e., that the particle flux has reached a constant value (within statistical fluctuations). Then we perform a long-time simulation (100 ns) with a time step of 2 fs. According to the desired statistics on the particle flux, we perform several simulations (about 15 runs) in parallel with different initial atomic configurations. To determine the average particle flux, we simply count the number of particles that passed through the nanopore during the simulations. When several simulations that share the same configuration (apart from the initial atomic distribution) are performed in parallel, the results are concatenated (see figure 4). Then, we compute the average flux of water molecules and Na/Cl ions through the system. The confidence interval is computed from the block average method to eliminate correlations at short times. [START_REF] Flyvbjerg | Error estimates on averages of correlated data[END_REF] 3. Homogeneous fluid approximation model using particle depletion lengths The NEMD simulation results presented below will be analyzed in the light of a continuum model. We model the particle flux i passing through a nanopore of radius R c by an homogeneous fluid of radius R i = R cδ i with density equal to that in the bulk (figure 5). δ i , the depletion length represents the characteristic distance separating the considered species (solvent and solute particles) from the carbon walls. More precisely the depletion length definition [START_REF] Janeček | Interfacial Water at Hydrophobic and Hydrophilic Surfaces: Depletion versus Adsorption[END_REF] is adapted for a cylindrical geometry such that

πR 2 i = π (R c -δ i ) 2 = 2π R c 0 ρ i (r) ρi r dr. (4) 
ρ i (r) is the average density of water molecules (i = w) or solute particles (i = Na,Cl) in the nanopore at a distance r from the pore axis.

To compute these depletion lengths, we performed a 15 ns molecular dynamics simulation at equilibrium with a time step of 2 fs considering a 0.93 nm radius nanopore (CNM15). As a result, we obtain for water a depletion length δ w = 0.20 nm in agreement with the measured values on hydrophobic surfaces such as graphene [START_REF] Janeček | Interfacial Water at Hydrophobic and Hydrophilic Surfaces: Depletion versus Adsorption[END_REF][START_REF] Huang | Water slippage versus contact angle: A quasiuniversal relationship[END_REF] . For ionic solutes, the depletion lengths are larger than that of water molecules because ions enter the nanopores 'dressed' with their solvation sphere and we obtain the following values : δ Na = 0.49 nm and δ Cl = 0.55 nm. As illustrated in figure 5, there is a difference in the size of the solvation sphere and the depletion length between these ions. The solvation sphere of Na has inward-pointing oxygen atoms, while for Cl ions, it is one of the water's hydrogen atoms that points inward, leading to an expansion of the water shell. This model captures well the specific and main effect of nanoporous membranes: the ability to separate ions from water molecules. With this model, we can also predict the effect of an evenly distributed surface charge on the nanopore: the depletion length would further depend on the sign of the surface charge attracting (repelling) mobile ions with opposite (same) signs respectively.

IV. THE EFFECT OF PRESSURE DROP ∆P

To start we consider the most common stimuli -an applied pressure -onto an electrolyte, since it mimics the principles of a standard desalination process using Reverse Osmosis. Using the methodology described above, we have performed NEMD simulations under the effect of a pressure drop. The applied pressure should lie within the linearity of the flux response and this constraint leads us to consider a pressure difference of 10 MPa in the following (see details in appendix A 1).

The figure 6 shows the particle volume flux ϕ i of particles i as a function of nanopore radii R c . It is defined as the molecular flux Ṅi divided by the volume density in the bulk ρi . The particle volume flux allows to compare the flux of all particles on a single scale. As expected the flux increases with the pore size and exhibits a limit radius (0.5 nm) below which the ions can not enter. Since CNM membranes consist of pores with radius approximately equal to 0.4 nm (CNM7), our simulations predict that CNM membranes are impermeable to the salt, in complete agreement with the measurements [START_REF] Yang | Ultrahigh Ionic Exclusion through Carbon Nanomembranes[END_REF] . Moreover, we can derive the permeability of a nanopore L such that ϕ w = L /∆P. Thus, for a nanopore N t = 7 (CNM7), we obtain L ≈ 160 molecules/pore/µs/MPa. This value is in the range of the experimental measurements; the pore density for a CNM membrane being 0.1 -1 pores/nm 2 , the experimental permeability is around 70 -700 molecules/pore/µs/MPa [START_REF] Yang | Rapid Water Permeation Through Carbon Nanomembranes with Sub-Nanometer Channels[END_REF] .

As shown in the inset of figure 6, the particle flux scales as R 3 and we can reproduce theoretically these results on the basis of entrance effects. For a nanotube of radius R and length L, the permeability is indeed the sum of two components 34

L -1 = L -1 entrance + L -1 friction , (5) 
where L entrance is the entrance effect according to Sampson's law,

L entrance = R 3 3η , (6) 
with η the viscosity of water, and L friction is the friction component of the water on the nanotube walls. The latter component can be written as a Hagen-Poiseuille equation with a finite slip condition at the boundaries, In order to compare these two components, we need to evaluate the slip length b or friction λ . Therefore we performed additional MD simulations of water flow through an infinite nanotube. The nanotube is based on the structure of a CNM nanopore shown in figure 2b-c where the TPT chains have been extended to infinity along the nanopore axis via periodic boundary conditions. Under the effect of an acceleration field of 100 nm/ns 2 , the water molecules reach a terminal velocity. In this situation, the external acceleration field and the friction force compensate each other and one can deduce the friction coefficient from the value of the terminal velocity. We accordingly deduce the slip length for nanotubes with different radii ranging from 0.5 nm to 1.0 nm. In all cases, we measure a slip length higher than 20 nm. This value is in agreement with what is conventionally computed in carbon nanotubes [START_REF] Kannam | Modeling slip and flow enhancement of water in carbon nanotubes[END_REF] . As a result, for a CNM nanopore (R, L ∼ 1 nm), the inner friction contribution to the permeability is negligible against the entrance contribution: typically, one finds that the impact of the entrance component on the total permeability is at least 100 times higher than the Hagen-Poiseuille component. Therefore, we neglect the friction term.

L friction = πR 4 8ηL 1 + 4b R (7 
In figure 6, the simulated water flux is perfectly reproduced (solid curve in red) considering only the entrance effect with the homogeneous fluid model (figure 5):

ϕ w = R 3 w 3η ∆P (8) 
where η = 0.853 mPa • s and R w = R cδ w is the effective radius of the nanopore for water (δ w = 0.2nm is the depletion layer for water, measured above). The homogeneous model also works well for ions by considering that the velocity of the solvent particles is equal to that of the solute:

v Na/Cl = v w ⇒ ϕ Na/Cl = R 2 Na/Cl R 2 w ϕ w = R 2 Na/Cl R 2 w R 3 w 3η ∆P (9) 
For ionic concentrations up to 1 mol/L as considered here, the ionic fluxes are found to be linear in the bulk ion concentration, and the corresponding volumetric fluxes and ion velocities in equation 8 and 9 are independent of the ion concentration.

As a final note, we address the potential effect of the deformed shape of the nanopore with non-circular shape and a dissymmetry between the entrance and exit sections of the nanopore. We investigated this geometry effect by additional numerical simulations (see Appendix B) and the general conclusion is that the deviation to the circular shape is not an influential parameter, the crucial parameter being the overall surface area of the entrance of the pore validating the regular tubular model for CNM.

V. THE EFFECT OF CHEMICAL POTENTIAL DROP ∆µ

We now consider transport and flows under chemical potential drop ∆µ. This thermodynamic driving force is relevant for energy-related applications like "blue energy" arising from the mixing between salted water and fresh water [START_REF] Siria | New avenues for the largescale harvesting of blue energy[END_REF] As explained in the methodology section, we apply forces on each species that mimic the osmotic pressure drop ∆Π, and which is related to the solute concentration drop across the membrane according to equation 3. In figure 7a, we plot the concentration profiles of Na and Cl ions along the reservoir as obtained with the simulations. Near the walls, at z = 0 nm and 5nm, the concentration is zero due to the depletion zone. When approaching the center of the box, we identify two plateaus on both sides of the reservoir which allows defining the concentration drop ∆ρ i = ρ i (z ∈ [3.0, 4.0 nm])ρ i (z ∈ [1.0, 2.0 nm]). Finally, in the control slab at the center of the reservoir -marked by the green colored area on figure7a-, we identify the transition zone in which we apply the external force field. Figure 7b clearly shows that the concentration drop evolves with ∆Π in accordance with the van 't Hoff relation (equation 3) up to 10 MPa. Additionally, we find that the flow response becomes nonlinear above 10 MPa (see appendix A 2).

In the following we fix an osmotic pressure of 5 MPa in order to obtain a solute concentration drop ∆ρ Na/Cl ≈ 1 mol/L. The NEMD results are displayed in Figure 8. The model for small pore radius is shown with a solid line. The inset shows the volume flux at power 1/3. The dotted lines outline the linear dependence of the flux for nanopore radii larger than 0.6 nm.

Since ions follow the concentration gradient by diffusion, we observe a positive ion flux that increases with the size of the pores. In contrast, under the effect of osmotic pressure, the water goes in the opposite direction with a more important volume flux with larger pore radii. For radii smaller than 0.6 nm, the ion flux is negligible and one can model the water flux in a way similar to the permeability (equation 8),

ϕ w = - R 3 w 3η ∆Π. ( 10 
)
The model is represented by the red solid curve in figure 8. For nanopores with larger radii, R c > 0.6 nm, the flow structure is much more complex. The molecular flux strongly depends on the Debye length λ D and the solute-membrane interaction potential. For the considered system, the Debye length is approximately equal to 0.3 nm, which is smaller than the radius. Assuming that the interaction potential depends mainly on the distance between the solute and the side of the nanopore, Rankin et al. [START_REF] Rankin | Entrance effects in concentration-gradient-driven flow through an ultrathin porous membrane[END_REF] found that the flux of water molecules and ions must evolve linearly with the radius of the nanopore. Using the homogeneous fluid model, we should have

ϕ i ∝ R i . ( 11 
)
Our simulation results are in qualitative agreement with this relationship with some fluctuations (see dotted line in Figure 8).

VI. THE EFFECT OF ELECTRICAL POTENTIAL DROP ∆V

Finally, we perform a third set of non-equilibrium simulations by imposing an electric potential drop ∆V across the system. Figure 9 shows the simulation results under the effect of a 0.2 V potential drop for nanopore radius ranging between 0.4 to 1.1 nm. We also checked that the system responds linearly for this value of potential drop (see appendix A 3).

As expected, the larger the nanopores, the larger the individual ion flux, with opposite signs for Na + and Cl -anions.

Here we find that the sieving limit, i.e. the radius beyond which ions can cross the pore, is 0.6 nm, similar to that in the case of pressure driving force. Furthermore, the water volume flow is found to remain low compared to the solute volume flow. This is expected because the molecules are neutral and the ionic fluxes that can drive water molecules, through the solvation sphere, compensate each other (see the discussion on the streaming current below).

To analyze these results we define the conductance G as I e = G∆V , with I e the electric current generated by the circulation of ions through the system. Similarly to the permeability, there are two components to the conductance 34

G -1 = G -1 entrance + G -1 volume . ( 12 
)
The first term involving G entrance , is the entrance effect.

G entrance = σ B αR (13) 
with σ B the conductivity and α a constant approximately equal to 2. We remind that the conductivity can be related to the mobilities of Na and Cl ions (µ Na and µ Cl ) by the following relation: σ B = e 2 ( ρNa µ Na + ρCl µ Cl ). The second term G volume is the conventional bulk conductance. It is the conductance of a tube of radius R, length L and conductivity σ B ,

G volume = σ B πR 2 L . ( 14 
)
On the figure 9, we find both components: a first quadratic regime for small radii dominated by the bulk conductance then a second linear regime described by the entrance effects. We can measure quantitatively this agreement by computing the partial components of Na and Cl ions in the conductance G Na/Cl and their mobility µ Na/Cl . Indeed, assuming that the ionic volume flux is

ϕ i = µ i ρi z i L πR 2 i + 1 αR i -1 ∆V ( 15 
)
with R i = R cδ i and z i the ionic valency, we can determine the evolution of the mobility as a function of the nanopore size.

Figure 10 shows the evolution of the ion mobility µ (or equivalently the ion diffusion coefficient D = µk B T ) as a function of R c computed from the simulated ionic volume flux compared to the prediction in equation 15. For radii smaller than 0.5 nm, the mobility is not defined because there is no ionic flux. Between 0.5 and 0.7 nm, the mobility increases progressively until reaching a threshold value. Beyond that, the mobility (diffusion coefficient) remains constant with µ Na = 2.9 10 -4 cm 2 /V/s (D Na = 0.8 nm 2 /ns) and 0.5 0.6 0.7 0.8 0.9 1. µ Cl = 4.4 10 -4 cm 2 /V/s (D Cl = 1.3 nm 2 /ns). It should be noted that these latter values were computed for a salt concentration fixed at 1 mol/L. Yet it is well known that the diffusion coefficient of NaCl decreases significantly with the concentration [START_REF] Robinson | Electrolyte Solutions[END_REF] . So we have performed additional MD simulations to estimate the diffusion coefficient at infinite dilution. We find D 0 Na = 1.31 nm 2 /ns and D 0 Cl = 1.77 nm 2 /ns, which are closer to the experimental data [START_REF] Lide | CRC Handbook of Chemistry and Physics: A Ready-Reference Book of Chemical and Physical Data[END_REF] measured at infinite dilution, i.e., D 0 Na = 1.33 nm 2 /ns and D 0 Cl = 2.03 nm 2 /nm. Gathering all results, one can compare the ionic fluxes to the predictions obtained from equation 15, with mobility values fixed to the computed threshold values (see Figure 10). As shown in figure 9, the model (solid color curve) is in very good agreement with the simulation data (color symbols, figure 9).

VII. TRANSPORT MATRIX

So far, we considered the flows of each species (ions and water) separately under the effect of thermodynamic forces. More generally, it is relevant to quantify the complete transport matrix relating fluxes to thermodynamic forces. In linear response, the transport matrix L is accordingly defined as:

  Q J I e   = L ×   ∆P ∆µ ∆V   . (16) 
The various fluxes which enter the transport matrix are:

• the volume flux of water

Q = ϕ w . (17) 
• the excess ionic molecular flux (in excess to the convective transport by water) 

J = ρNa (ϕ Na -ϕ w ) + ρCl (ϕ Cl -ϕ w ) . (18) 
Due to the Onsager principle, the transport matrix is symmetric and definite positive [START_REF] Onsager | Reciprocal Relations in Irreversible Processes. I[END_REF][START_REF] De Groot | Non-Equilibrium Thermodynamics[END_REF] . Each term of the matrix corresponds to a specific transport process (see figure 11a). Figures 11b-j show the simulation results for all terms of the matrix, here plotted as a function of the pore radius. On the diagonal, we find respectively the permeability (panel b), the ionic diffusion (panel f) and the ionic conductance (panel j).

The off-diagonal terms correspond to cross-terms in the transport: electro-osmosis, streaming currents, diffusio-osmotic flows, diffusio-osmotic currents, etc. These mobilities contain a wealth of information on the molecular mechanism at play and we shortly discuss the behaviors.

First, one can check the symmetry of the transport matrix: in the off-diagonal panels of 11b-j, we compare the mobilities to their symmetric counterpart (with lighter curve colors), showing a very good agreement. For example, the excess ionic flux coefficient generated under a pressure drop (panel e) is found to be remarkably equal to the diffusio-osmotic co-efficient (panel c), demonstrating the reliability of our simulations. Similarly, the results of the simulations in terms of streaming current (panel h) and, respectively, electro-osmotic flow (panel d) are also very close, as well as the excess ionic flux under a voltage (panel g) and the diffusio-osmotic current under a chemical gradient (panel i).

All coefficients are compared to predictions based on continuum modeling described in the previous sections. From the previous predictions for the water, Na + and Cl -fluxes under the various thermodynamic drivings, one can calculate the excess ionic current J and I e as a function of the pore size.

The appendix C gathers the expressions of the individual transport matrix coefficient (equations C1-7). For example, the prediction for the excess flux under a voltage drop (panel g) (equal to the diffusio-osmotic current under a chemical drop, panel i) is obtained by using equations ( 15) and ( 18), with the simplifying hypothesis of vanishing water flux in this condition (see equation C6). This leads to the solid curve shown in panels g and i, which are in good qualitative and quantitative agreement with the simulation data. A similar prediction can be obtained for the streaming currents using the prediction for the Na/Cl fluxes as a function of pressure drop, in equation ( 9), combined with the definition of the ionic current in equation ( 19), as provided explicitly by equation C3.

In most cases, one can easily interpret the signs of the mobilities, e.g. the negative diffusio-osmotic flow, by realizing that the water molecules enter the nanopores more easily than the solute. This reflects the selectivity of the membrane that we simply captured by considering a lower depletion length for water than for ions. However, some mobility coefficients are more subtle to interpret physically. For example, the non-vanishing diffusio-osmotic current (panel i) -and its symmetric in panel g -is somewhat unexpected for a neutral nanopore. Usually, such diffusio-osmotic currents under chemical gradients are interpreted in terms of a large surface charge on the pore surface [START_REF] Siria | New avenues for the largescale harvesting of blue energy[END_REF][START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF] . Here a diffusio-osmotic ionic current can be generated under a salt gradient, in spite of the pore being neutral. This can be explained by the difference in the interfacial ion profile for the sodium and chloride ions, as inferred from the different values of the depletion layer for the ions δ Na + < δ Cl -. We discuss below some implications of this result.

VIII. DISCUSSION

To conclude, we have introduced a molecular dynamics methodology that allows computing the non-equilibrium transport of water and salt through nanoporous membranes. The fluid transport can be investigated under different classical driving forces, like pressure, concentration and voltage drops. Our approach is based on a unified mechanical approach, mimicking the thermodynamic drivings via a different set of forces applied on the atoms inside a controlled slab of the liquid reservoir. The full transport matrix can be calculated, giving hints on the properties and performance of specific membranes under the different drivings.

In the present work, we have applied this methodology to study the properties of carbon nanoporous membranes (CNM), with a focus on a recently synthesized type of CNMs [START_REF] Yang | Rapid Water Permeation Through Carbon Nanomembranes with Sub-Nanometer Channels[END_REF] . These membranes were reported to exhibit outstanding performances for filtration and desalination, with excellent selectivity and considerable permeabilities. Our numerical results for these quantities (selectivity and permeability) are quantitatively consistent with the experimentally reported results. This assesses the considerable potential of such new types of carbon membranes for water treatment. . Electric power harvested across a single nanopore in a CNM membrane, under a salinity gradient of 0.015M/0.6M (left axis) and power per square meter (right axis) as a function of the nanopore radius. We use the experimental value for the pore density of φ s ∼ 10 14 pores/cm 2 to extrapolate the power per unit surface. Now, beyond their performance in terms of desalination, the detailed knowledge of the complete transport matrix provide some hints on the performances of CNM for other applications at the water-energy nexus. In particular, we can make an estimate here of their potential for osmotic power, i.e. the energy harvested from the mixing of sea and fresh water [START_REF] Siria | New avenues for the largescale harvesting of blue energy[END_REF][START_REF] Siria | Giant osmotic energy conversion measured in a single transmembrane boron nitride nanotube[END_REF] . As shown above, an ionic current I e is generated across the CNM under a salinity gradient (or chemical potential drop ∆µ), according to I e = L I e ,∆µ ×k B T ∆ log ρ s (assuming an ideal solution expression for ∆µ). As commented above, this result is quite counter-intuitive, since the membrane is not charged, and it results from the slight transport asymmetry between sodium and chloride across the carbon nanopores. It can be shown accordingly that the maximum electric power which can be harvested takes the expression [START_REF] Siria | New avenues for the largescale harvesting of blue energy[END_REF] :

P pore = I 2 e 4G = L I e ,∆µ 2 4G × [k B T ∆ log ρ s ] 2 (20) 
per nanopore. Extrapolating to a pore density φ s of nanopores on the CNM membranes, with φ s ∼ 10 13 -10 14 pores/cm 212 , one has therefore

P S = φ s L Ie,∆µ 2 4G × [k B T ∆ log ρ s ] 2 .
We plot in figure 12 the corresponding power -per pore or per square meter -for a salt concentration gradient of 0.015M/0.6M across the CNM membrane (sea/river water conditions). The extrapolated osmotic power is found to depend on the pore radius and reaches considerable values reaching MW per square meter, in the same range as the reported value in single nanopores drilled in MoS2 membrane in Ref. [START_REF] Feng | Single-layer mos2 nanopores as nanopower generators[END_REF] . Of course, in a large-scale osmotic stack, this performance will be reduced by a number of factors, in particular the various electric resistances in the equivalent circuit, e.g., the electric resistances in the low-salinity reservoir, and concentration polarization effects. CNM membranes might also suffer from the usual drawbacks of nanoporous membranes, such as clogging effects. However, they exhibit outstanding performances in terms of ionic transport, with furthermore some scalability of the fabrication process. This points to the potential of novel nanomaterials, exploiting nanofluidic transport, as new avenues for osmotic energy harvesting.

Figure 13 shows the molecular flux as a function of the pressure drop through the system. We notice that the flux of water molecules responds linearly under a pressure drop even beyond very important values (> 150 MPa). This result is already well known and justifies the use of very high pressure difference in literature. Typically, many molecular dynamics simulations of pure water flow through membranes are performed with pressure differences ∆P = 200 -300 MPa to maximize the flux and thus the statistics of the simulations [START_REF] Goldsmith | Pressure-induced water flow through model nanopores[END_REF][START_REF] Zhu | Pressure-Induced Water Transport in Membrane Channels Studied by Molecular Dynamics[END_REF][START_REF] Suk | Water Transport through Ultrathin Graphene[END_REF][START_REF] Ritos | Flow enhancement in nanotubes of different materials and lengths[END_REF] . The situation is different for the ions. On figure 13b, we see that the ion flux becomes non-linear for much smaller pressure differences. The pressure drop must be less than 50 MPa to find a linear behavior of the ionic flux as a function of ∆P. Therefore, a pressure difference of 10 MPa across the system is applied to ensure the linear behavior of the system response. With this value, we approach the pressures typically used in desalination plants.

Chemical potential drop ∆µ

Figure 14 shows that the flux of water and ion molecules scale linearly with osmotic pressure ∆Π up to a pressure of 10 MPa. Beyond this value, the ionic flux seems to saturate. Clearly, despite the large deformations induced on the nanopore, the simulated points are very close to the theoretical curve. Thus, the permeability of a deformed nanopore corresponds to that of a regular nanopore whose cross-section area is equal to the smallest cross-section area of the deformed nanopore. This result underlines the relevance of our model to provide quantitative interpretations of the molecular flows across real CNM membranes. (C7) R j = R-δ j is the nanopore radius from which the depletion length δ j has been subtracted. The sum over i (∑ i ) includes all electrolytes (for example i = Na and Cl). ρi , µ i and z i are respectively the bulk density, the mobility and the valency of the electrolyte i. ρs = ∑ i ρi is the total bulk density of electrolytes. η is the water viscosity and e the elementary charge. α is a geometric constant approximately equal to 2.

Electrical potential drop ∆V

L Q,∆µ = -ρs R 3 w 3η if R < δ Na/Cl ∝ -R if R ≫ δ Na/Cl

Figure 1 .

 1 Figure 1. (a) Illustration of the sequential synthesis of CNM. (top) Close-packed grafting of TPT molecules via sulfur heteroatom onto a gold surface. (middle) Electron irradiation upon TPT molecules yielding cross-links between them. (bottom) After substrate removal, resulting array of roughly circular subnanometer pores. (b) Construction of the atomistic regular pore model : planar structure formed by perfect C-C coupling between N t TPT molecules. A regular nanopore model is formed from the wrapping of this planar structure along the dashed purple vector. (c) Top and side views of a regular CNM nanopore for N t = 7 labelled CNM7 with its two geometric specifications R c and L c (d) Structures of studied nanopores with various radii R c in nm indicated in the rule below and their corresponding labels. The CNMs are filled with water and NaCl salt (Na + in green and Cl -anion in purple).

Figure 2 .

 2 Figure 2. (a) Cartoon of the CNM pore through which different observables like water volume flux Q, excess ionic flux J and ionic current I e induced by either pressure ∆P, chemical ∆µ or electrical ∆V potential drop, will be computed. (b) 3D Periodic rectangular cell used in the non-equilibrium MD with its dimensions in nm. The carbon membrane formed by two porous graphene sheets encapsulating the CNM pore is placed in the right side. On the left side a liquid slab fills the resting space. The carbon membrane is also repeated with a lighter color on the left side to show the periodicity of the system along the z axis. The orange highlighted area marked the control slab : volume inside which external forces are applied on each species. See figure caption 1 for atom color codes.

Figure 3 .

 3 Figure 3. Illustration of the non-equilibrium simulation methods for applying a pressure (a), chemical potential (b) and electrical potential (c) drops. The colored and semi-transparent areas indicate the control region where the force fields, displayed below each sub-figures, are applied.

Figure 4 .

 4 Figure 4. (a) Raw number of water molecules (red curve) that passed through the CNM membrane during simulations for R c = 0.55 nm (CNM9) and under a pressure stimulus of 10 MPa. (b) Concatenation of the few simulations with different initial configurations from which the average flux (black line) and its uncertainty (blue area) are computed.

Figure 5 .

 5 Figure 5. Homogeneous fluid model: (Left) Cartoon of explicit water molecules and the solvated ions that enter a nanopore. (Right) Sketch of the equivalent homogeneous fluid model with corresponding depletion lengths δ i with i = w, Na,Cl

Figure 6 .

 6 Figure 6. Particle volume flux (water and ions) as a function of pore radius under the effect of a 10 MPa pressure drop (colored symbols). The continuum model is shown with a corresponding colored solid line. (Inset) the volume flux at power 1/3 is plotted against the radius and displays linearity.
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Figure 7 .

 7 Figure 7. (a) Computation of solute (Na or Cl) concentration (left axis) across the reservoir (light green area) for different osmosis pressure drops (scaled color curves). (b) Osmosis pressure against the log of solution concentration drop. The dashed red line is van 't Hoff's law. Apart from the first few angstroms near the walls, the concentration profile of Cl is very similar to that of Na ions, leading to nearly identical data points on Figure b.

Figure 8 .

 8 Figure 8. Water and ionic volume flux as function of pore radius under the effect of a 5 MPa osmosis pressure drop (∆ρ s ∼ 1 mol/L).The model for small pore radius is shown with a solid line. The inset shows the volume flux at power 1/3. The dotted lines outline the linear dependence of the flux for nanopore radii larger than 0.6 nm.

Figure 9 .

 9 Figure 9. Water and ionic volume flux as a function of pore radius under the effect of a 0.2 V electrical potential drop. The model is shown with a solid line. The inset shows the square root of the absolute value of volume flux. The volume flow of water under an electrical potential difference is also shown separately in figure 11d.

Figure 10 .

 10 Figure 10. Ionic mobility (left axis) and associated diffusion coefficient (right axis) as a function of the nanopore radius. The hatched area covers the region where the mobility is not defined since the ionic flux is null.

Figure 11 .

 11 Figure 11. (a) Explicit transport matrix. (b-j) Response coefficients of water flow, excess ionic flow and electrical current under the effect of pressure, chemical potential and electrical potential drop as a function of nanopore radius. Scatters are related to NEMD and solid lines to theoretical model. On the off-diagonal figures, we show the system response and the reciprocal (or symmetric) response with lighter colors.

  m² [MW/m²]

Figure 12

 12 Figure 12. Electric power harvested across a single nanopore in a CNM membrane, under a salinity gradient of 0.015M/0.6M (left axis) and power per square meter (right axis) as a function of the nanopore radius. We use the experimental value for the pore density of φ s ∼ 10 14 pores/cm 2 to extrapolate the power per unit surface.

Figure 13 .

 13 Figure 13. Particle flux of water (a) and ions (b) as a function of osmosis pressure drop. The hatched area covers the non-linear region.

Figure 15 Figure 14 .

 1514 Figure15shows that the fluxes of water molecules and ions scale non-linearly beyond an electric potential difference of

Figure 15 .

 15 Figure 15. Water and ion molecular flux as a function of electrical potential drop. The hatched area covers the non-linear region.

Appendix C: Equation of transport matrix components 1 . 2 .

 12 Pressure drop ∆P Permeability (figure 11b): current (figure 11h): L I e ,∆P = e R 3 Chemical potential drop ∆µ Diffusio-osmotic flow (figure 11c):

2 w- 1

 21 if R < δ Na/Cl (C5)3. Electrical potential drop ∆VExcess flux under ∆V (figure11g):
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Appendix A: Linearity limit One could question the linearity of the response of the system under an external perturbation. In the following, we look at the threshold of all stimuli values beyond which the system responds non-linearly. In the following, we question the effect of possible deviations from the perfect circular nanopore and how these geometric changes do affect the results. Indeed electron microscopy observations [START_REF] Yang | Rapid Water Permeation Through Carbon Nanomembranes with Sub-Nanometer Channels[END_REF] show deformed nanopores compared to our perfectly circular model. We wish to quantify the effect of these deformations on molecular transport. We start with an initial nanopore with a radius equal to 0.68 nm on both ends (notation CC) and we deform it. The inlet or outlet radius can be shrunk to a radius equal to 0.41 nm (notation "c") or ovalized at a constant perimeter (half-width a = 0.87 nm, halfheight b = 0.41 nm, notation "E"). We apply a linear transformation on the intermediate carbon atoms in order to ensure the continuity between the inlet and outlet sections. Thus we study 5 deformed systems, cC (shown in figure 16a), Cc, EE, EC, CE and the corresponding shapes are sketched below their labels in figure 16b. In Figure 16b, we plot the permeability of the deformed systems as a function of the equivalent radius R