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Introduction

Access to cheap and low carbon footprint sources of energy has become a key challenge for our modern society 1 . Several opportunities for renewable energy production are now available, ranging from solar and wind to water-based power-generation, all of them contributing to the required mix of energy sources 1,2 . Among others, waste heat recovery technologies have generated a growing interest over the last two decades. Their aim is the harvesting of residual heats generated by industrial processes such as nuclear power plants, foundries or vehicle engines. Several possibilities exist to do so. Originally and most extensively studied, organic rankine cycles (ORC) and solid-state thermoelectrics (Seebeck effect) suffer from their low power density and the prohibitive cost of their materials, which prevent their large-scale deployment 3 . Moreover, recovering energy using these techniques has clear downsides, such as environmentally harmful refrigerants, limitation of downsizing in ORC, low efficiency and poor form factor in thermoelectric element 4 .
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Rennes, France ‡ These authors contributed equally to this work fluid, which is used either directly to produce electricity or via a salinity gradient. For the directs ones, thermoelectrochemicals cells are developed, which use a temperature-dependent redox couple at the electrodes. For the highest Carnot efficiency known, Im et al. report a surfacic power of 6, 6 W.m -2 5 . Another technique, the thermally regenerative electrochemical cycle which was originally designed for high temperatures, now demonstrates Carnot efficiencies up to 40% at lower temperatures (below a hundred degrees Celsius) 6 .

Concerning the techniques using a salinity gradient, they are based on osmotic power such as pressure retarded osmosis (PRO), reverse electrodialysis (RED) and diffusio-osmosis current generation (DO), originally studied and developed for harvesting the energy from the salinity gradient between sea water and rivers. The denomination of osmotic power refers to the free energy that can be extracted from the difference in salinity between two solutions, based on the entropy of mixing of the salt 7 . For a mixture of sea and fresh water, nearly 3 kJ per litre can be typically harvested with this technique 2 . However, beyond their 'blue energy' application, such processes find promising applications to harvest waste heat energy. PRO technique was shown to be efficient in harvesting the energy 8 , with the PRO efficiency increasing when submitted to external heat since osmotic pressure increases with temperature 9 . However this process suffers from fouling, induced by the inherent selectivity needed to perform PRO exper-iments 10 . The principle of waste heat recovery using RED and DO is to use the heat losses as an energy source to separate a thermoresponsive liquid into several phases. As the temperature is lowered to ambient temperature, the two phases recombine and it is possible to harvest this mixing energy. Strategies are based on LCST (lower critical solution temperature) mixtures to induce a salinity gradient under mild conditions with a temperature around 60°C 11,12 . Examples of water-based LCST systems consist of hydrogels 13,14 or ionic liquids (IL) 15,16 . Recent work showed that thermolytic solutions can be used for waste heat recovery using RED process 4 , this study shows performances in the range of 0.8 W.m -2 , using ammonium bicarbonate. Overall, one key bottleneck of this energy conversion technology is the limited energy efficiency of the conventional methods 17 . Therefore the state-of-the-art efficiency of current technologies is still too low to make these sources of energy industrially viable processes at large scales. 2 . On the other hand, using DO to harvest mixing energy has several benefits compared to conventional processes. First, DO is a surface induced phenomenon (at the surface of the pores of the membrane), and does not require full selectivity and thus no osmotic pressure is built across the membrane. This gives the benefit of avoiding the need of sub-nano pores structures of the membrane, which are complex and expensive to manufacture. Moreover, as the membranes are not selective, they are not subjected to osmotic pressure which usually induce high mechanical stresses on the material. Membrane materials are usually designed in order to sustain these high stresses, which restricts the materials selection and complicates manufacturing. Last, the PRO process requires industrial equipments which can withstands high pressures, and this results in a more complex and expansive setup, associated with higher development/operational costs. Avoiding the need of selectivity should also lead to reduce membrane fouling which is one of the biggest limitation of conventional techniques. Overall DO mechanisms and its consequences allow broadening the range of materials for membrane and their structure, with less constraints, and possibly cheaper materials. This is a key advantage to explore.

In this context, recent works using nanomaterials for DO current generation have unveiled new perspectives in this domain, with proof of concepts for high energy conversion 7,18,19 . In 20 , the osmotic energy production using boron-nitride nanotubes (BNNT) as membrane was shown to reach kilo-Watts per square meter, which is more than two orders of magnitude larger than what has been reached so far with classical membranes and nanopores 7,21 . These performances were even surpassed in recent experiments using thin films of MoS 2 , with an osmotic power reaching megaWatts per square meter 22 at the single pore level. The origin of such performance is a combination of several factors. First, it was shown in the experiments using single BNNT nanotube that the electric current is generated via a diffusioosmotic mechanism under salinity gradients, rather than based on a complete ion selectivity as in RED or PRO. Diffusio-osmosis is a surface driven mechanism which takes its origin in a local osmotic pressure gradient occurring within the first few nanometers from the surface of the pores [23][24][25][26][27] . The surface nature of the diffusio-osmotic current releases the condition for selectivity achieved by sub-nanometric pores through the membrane: for example, the diameters of the BN nanotubes in Ref. 20 were in the range of tens of nanometers. A second key ingredient for the large energy conversion measured in the BNNT membrane is a material property of the BN itself. As shown in 20 , the BNNT surface exhibits a very large surface charge, rising up to -1 C.m -2 and the generated electric current and power were shown to be directly proportional to this surface charge. In the case of the results of Ref. 22 , the high power also originates in the molecular thickness of the membrane, leading to very steep salinity gradients 28,29 . These fundamental results merely offer a guideline and a blueprint to propose alternative avenues to harvest osmotic energy, based on membrane processes involving diffusio-osmotic mechanisms across highly charged nanoporous materials. In this context, we show that a water-ionic liquid (IL) LCST mixture coupled with a titanium dioxide (TiO 2 ) nanoporous membrane could be an interesting process to harvest waste heat. Titanium dioxide is a very interesting material due to its high surface charge 30,31 , up to -0.2 C.m -2 , making it a good candidate for the production of osmotic energy conversion membranes [START_REF] Mottet | Device for producing energy by salinity gradient through titanium oxide nanofluid membranes[END_REF] . Furthermore, it can be coated on various substrates such as glass, fibres, stainless steel and other inorganic materials 33,34 , and is available at a large-scale. However, the ultra-high performance of DO at nanoscale are known to decrease when going from single nanopores to many pores and membranes. Reservoir and interfacial resistances as well as concentration polarization effects are usually invoked as a limiting mechanism in the scale-up 35,36 . In this context, we propose a study comparing different scales going from single nanopore to multi-pores and commercial membrane. Our work is focused on the feasibility of waste heat harvesting using DO currents in IL-water mixtures. We thus describe an experimental investigation of ionic liquid ions transport through various TiO 2 nanoporous membranes, with (i) a unique nanopore, (ii) multiple nanopores designed with controlled crystallinity by Atomic Layer Deposition (ALD) and (iii) through a commercial, macroscopic TiO 2 nanoporous membrane. This allows (i) to characterize exhaustively the properties of water-ionic liquid mixtures and TiO 2 as materials for osmotic energy conversion, and (ii) to assess their potential in terms of energy conversion at larger scale and make a proof-of-concept for the first steps of upscaling. A power density up to ≈ 7 W.m -2 can be harvested under temperature gradients across a commercial TiO 2 membrane. This proof of concept paves the way for novel waste heat recovery applications. This first experimental scaling step -from single nanopore to labscale-underlines the potential of such systems, which presents several benefits compared to conventional techniques. In addition to their promising performance, such systems could potentially be used in a wide range of industrial applications, where energy losses due to dissipated heat represent a significant industrial cost. Moreover, the use of IL mixture allows also the recovery of wasted heat at non-excessive temperature (∼ 50 • C), which is usually not efficient for conventional processes. 

Material & Methods

In this paper, we explore mainly two types of systems: on the one hand, single or multiple nanopores pierced in SiN membranes, then coated with a TiO 2 layer using atomic layer deposition (ALD) process; and on the other hand a macroscopic TiO 2 membrane.

First, silicon nitride (SiN) membranes (Norcada), pierced with 1 or 900 (30 × 30) nanopores, are coated with Al 2 O 3 and TiO 2 by atomic layer deposition (ALD) process. Al 2 O 3 is first deposited on the SiN membrane and helps with the adhesion of the TiO 2 layer. The membranes size is 0.5 × 0.5 mm; they are 500 nm in thickness and fixed on a 7.5 × 7.5 mm frame. The pore diameter obtained after ALD coating is around 190 nm. porous layers made on TiO 2 with 5 µm pores size. The top layer (thickness ≈ 5 -10 µm) is also in TiO 2 but with an average 30 nm pore size. This value, measured by mercury intrusion measurements by Fraunhofer, is consistent with our SEM images. We assemble this macroscopic membrane on a Silicon nitride (SiN) membrane (Norcada) without TiO 2 with a window of 10 µm 2 so that the active surface of TiO 2 membrane used to study the transport is also 10 µm 2 . We have examined its structure in the SEM, see Fig. 6(a) and Fig. S7 of the supplemental materials. By imaging the surface it provides an estimate of the surface density of pores of ≈ 50-100pores.µm -2 .

The thermosensitive binary system of interest is a mixture of MilliQ water with the ionic liquid tetrabutylphosphonium trifluoroacetate (P 4444 CF 3 CO 2 ) 41,42 , already used in different applications 11,12,15 . This system is known as a Lower Critical Solution Temperature (LCST) binary solution, i.e. it phase separates above a critical temperature to yield two distinct phases, as shown on Fig. 1(a),(b). The phase rich in IL has a higher salinity than the water-rich phase, hence those two phases are used to generate the salinity gradient across the nanopores. Fig. 1(c) displays the phase diagram of this binary mixture with the critical point at 29.5 o C and 35 wt% in IL. For a mixture heated at 50 o C, the two phases are respectively 10 wt% (0.25 M) and 68 wt % (1.8 M) in IL, providing a salt concentration ratio c max /c min = 7.2. An immediate consequence of this phase diagram is that this type of IL mixture undergoes phase separation at relatively mild temperatures, and this separation process can be reversed when going back to ambient temperature. In our work, we use this (de)mixing process to show that waste heat can be used to induce phase separation in the IL, which will then recombine and produce an electric DO current at lower temperature. The phase diagram shown in Fig. 1(c) shows that the concentrations of the two phases are governed by the temperature used for heating, thus we studied several temperature inputs which translates into several concentration ratios, ranging typically from 1 to 10. In order to investigate the behavior of this type of system at higher concentration gradients, we also diluted the water rich phase in order to obtain concentration ratios in IL up to 2000.

Ion transport measurements were performed in a home-built flow cell with the TiO2 nanopore(s) membrane or the macroscopic TiO 2 membrane separating two reservoirs. The silicon nitride membrane used to support the TiO 2 nanopores defines the active surface of the macroscopic membrane and fits in a 7.5 × 7.5 mm groove specifically made in the cell. Then it is sealed on both sides with two O-rings 43 . A sketch of the sealed nanopore is shown in Fig. 2(a). The two reservoirs contain solutions of IL in MilliQ water at various concentrations c s from 10 -3 M to 1.8 M. The pH of the solutions ranges from 4 to 11 and is controlled by adding proper amounts of P 4444 OH (for pH > 7) or CF 3 CO 2 H (for pH < 7). We use Ag/AgCl electrodes (silver wires with a diameter of 0.5 mm), connected to an amplifier Axopatch 200B or a SP-200 potentiostat from Biologic, to impose a voltage and to measure the ionic current across the TiO 2 nanopore, with a precision in the picoampere range. Typical imposed voltage ranges from -0.1

V to 0.1 V .
Additional low profile reference electrodes (RRPEAGCL2, PineResearch) are inserted in both reservoirs to monitor the electrode potential of the homemade Ag/AgCl wire electrodes in ionic liquid solutions before and after the measurements. This 4-electrodes set-up allows to isolate the electric potential of each electrodes, without measuring the membrane contribution. This set-up is therefore useful to measure the Nernst potentials of the electrodes under salinity gradients. The electrodes potentials of our homemade Ag/AgCl electrodes is expected to follow the Nernst equation prediction when immersed in KCl solutions, however with IL solutions their value is unknown and needs to be recorded in order to isolate the Nernst contributions from the osmotic currents. The experimental determination of the electrode potential as a function of IL concentration can be found in the supplementary material Fig. S10.

Results

Caracterisation of individual nanopore

Firstly, we examine a single nanopore of TiO 2 . In Fig. 2 At small salt concentration the conductance exhibits a strong deviation from the bulk linear law for both KCl and IL electrolytes, which is a signature of a surface conductance due to the presence of surface charge 24 . One specific feature is the low aspect ratio of the nanopores, which exhibit a diameter D comparable to their length L, and the electric entrance effect for the conductance has to be properly taken into account. Such effect was demonstrated experimentally and successfully modelled theoretically in Ref. 43 . The theoretical relation for the nanopore ionic conductance G, accounting for both the pore contribution and the electric entrance effect, is predicted as 43 :

G = κ b 4L πD 2 1 1 + 4 Du /D + 1 D + Du -1 (1)
with κ b the bulk conductivity of the electrolyte and Du = Σ/(ec s ) the Dukhin length, Σ the surface charge. The above equation can be used to extract the surface charge from the conductance measurements with KCl. These data are shown in the supplementary materials (Fig. S4(b)): the extracted surface charge is then found to increase with the salt concentration as Σ ∝ c γ s , with γ an exponent in the range 0.25 -0.35. The blue dashed line in Fig. 2(c) is accordingly a fit of the conductance using equation 1 with Σ = ac γ s . The value of the surface charge measured for the two membranes is up to -0.3 C.m -2 for large pH values and salt concentrations, in agreement with previously reported values [30][31][START_REF] Mottet | Device for producing energy by salinity gradient through titanium oxide nanofluid membranes[END_REF] . Independent measurements of zeta potential via pressure driven streaming currents, see Fig. 3(a), allow us to assess the negative sign of the surface charge, again for both KCl and IL electrolytes. Note that the rise of ζ with IL concentration echoes the viscosity increase of the solution (see Fig. S2a for the IL viscosity). Interestingly a similar behaviour for the salt concentration dependence of the surface charge was also reported for other materials, see e.g. Ref. 44 for individual carbon nanotubes. As shown in 44 and further discussed in 45,46 , such scaling behaviour can be attributed to a charge regulation mechanism for the surface charge at the surface of the nanopores. A scaling analysis of the ionic transport within the non-linear Poisson-Boltzmann framework leads in the small concentration regimes to a scaling of the surface charge as

Σ ∝ c 1/3 s .
The conductance of a pore filled with IL is sensibly smaller than with KCl, this discrepency stems from the lower conductivity of the IL solutions: IL ions are bigger and less mobile than KCl ions (see Fig. S4b in the supplementary materials for the IL conductivity). The purple dashed line in Fig. 2(c) reports the pore conductance filled with IL in the absence of surface contribution. As the interaction of the IL with the surface is not well understood yet, we remove the surface charge contribution in the fit by setting Du = 0.

After studying IL transport under electrical polarisation, we ex-amine IL transport under a concentration gradient. We used different salt concentrations in the range 10 -3 -1.8 M in the two reservoirs and measured the resulting electric current for a variety of concentration ratios, c max /c min . The ionic current is corrected for the contribution resulting from the Nernstian potential originating in the difference of salt concentration at the two electrodes following the same procedure as in Ref. 20 . I-V curves under concentration gradient allows to extract the conductance in presence of a chemical potential drop across the membrane, which is necessary to isolate the Nernst current (see 20 ). Fig. 3(b) displays the I-V curve obtained for a TiO 2 nanopore submitted to a salt gradient with 0.3 and 1.8 M in IL. The curve shows a slight rectification which is characteristic of a concentration diode 47 . The current I 0 at ∆V = 0 is non-zero and is the sum of a Nernst current and an eventual difffusio-osmotic current:

I 0 = I Nernst + I DO , with I Nernst = G × ∆V Nernst .
For KCl solutions the Nernst potential difference ∆V Nernst at a given concentration is given by the Nernst equation:

E = E o + 0.059 log a ox a red (2) 
yielding for the following reaction Ag + Cl -←→ AgCl + e -(in Volt):

E = 0.222 -0.059 log([Cl -]) (3) 
However, for IL solutions we need to measure this Nernst potential for the Ag/AgCl electrode in each reservoir in order to get ∆V Nernst . The inset in Fig. 3(b) shows the electric potential of the electrodes immersed in the IL solutions of 0.3 and 1.8 M. The values recorded for the entire IL concentration range of this study are gathered in Fig. 3(c). The Nernst potential difference is systematically smaller with the IL salt than with KCl salt, and the pH has little effect. This trend is consistent with the osmolality measurements of the IL, showing a non-ideal behavior of the concentrated IL solutions 15 . Those values are used to estimate the Nernst contribution to the current in order to deduce the diffusio-osmotic contribution I DO with IL solutions. The Nernst contribution takes its origin in the electrochemistry at faradic electrodes, such as the Ag/AgCl electrodes used here, while no Nernst contribution builds up for non-faradic, capacitive electrodes. In the former case both the Nernst and DO contributions to the current can be harvested, while in the latter (capacitive) case, only the DO current can be harvested and it is therefore important to isolate its contribution. At large scales, the type of electrode used depends of course on the way the global system is built (e.g. using ferri-/ferrocyanide electroactive species or carbon electrodes). In the present experiments, Ag/AgCl electrodes prove very convenient to investigate the various processes at play.

In Fig. 4 (a) & (b) we report the experimental results for the electric (ionic) current measured across a single TiO 2 nanopore as a function of the salinity ratio c max /c min , at pH 4 and 11. Results for concentration gradients up to 10 are obtained by heating the IL mixture, while higher ratios are obtained by diluting the IL water phase in order to investigate broadly the behavior of DO currents. Results in Fig. 4 (c) corresponds to currents that can be harvested in a realistic application (i.e. for ratios up to 10, see Fig. 1 (c)) As already shown for individual boron-nitride nanotubes 20 , a key feature of these results is that an osmotic ionic current is generated under salinity gradients, in spite of the nanopore being fully permeable to the ions (its diameter ∼ 190 nm being much larger than the ion size). This points to an origin which differs from the standard RED technology using anion and cation fully selective membranes. In spite of the membrane being permeable to ions, a diffusio-osmotic transport can be induced at the surface of the nanopore. Diffusio-osmosis is an osmotically driven, interfacial transport [23][24][25][26][27] : under a salinity gradient, an osmotic pressure drop is generated within the first few nanometers close to the confining surface, inside the electric Debye layer, and generates a water mass flow. This diffusio-osmotic flow however differs from the bare osmosis which requires semi-permeability of the membrane, while the pore is fully permeable to the fluid here. The diffusio-osmotic mass flow carries counter-ions within the electric Debye layer at the surface, thereby generating an electric current, I DO .

For salts in water, and following the general theoretical framework presented in 20 , the diffusio-osmotic water flow is typically given by a balance between interfacial osmotic pressure and the viscous stress over the Debye layer, leading in f ine to

v DO ∼ λ 2 D η k B T ∇c ∞ where λ 2 D ∼ (8π B c ∞ ) -2
is the Debye length, c ∞ the salt concentration in the bulk, ∇c ∞ its gradient; η is the electrolyte viscosity and B = e 2 /(4πεk B T ) the Bjerrum length, B = 7 angstroms in water at room temperature. Accordingly:

v DO ∼ D DO ∇c ∞ c ∞ ( 4 
)
with D DO = k B T /(8πη B ) a transport coefficient, whose dimension is that of a diffusion coefficient. The electric current carried out by this flow is accordingly

I DO 2πRΣ × v DO .
From the non-monotonous trend of the I DO values on Fig. 4(a)&(b), we understand that the above description shall work with simple electrolytes such as KCl but is no longer valid with concentrated solutions of IL. When c max ≥ 1 M, |I DO | first increases with c max /c min and then decreases, even changing sign for the data at pH 11. To our knowledge, such and inversion of the diffusio-osmotic current vs concentration has not been reported experimentally up to now, although it was recently observed in simulations of KI (potassium iodide) transport along a hexagonal boron nitride surface in a concentration gradient 48 . The direction of the osmotic transport is expected to depend on the specific interactions of the solute with the surface: attractive interactions with common salts like KCl lead to a flow from high to low salt concentration, while depletion interactions with polymers lead to an opposite flow 25 . Nevertheless this classical picture does not capture every situation, and PEG or ethanol diffusio-osmotic transport led to flows from low to high concentrations despite obvious adsorption of both solutes on the walls 49 . Thus in the case of IL solutions, the sign inversion shall lie in the molecular aspects of the near-wall solute dynamics inside the nanopore and asks for a more comprehensive study. Note that this inversion of DO current appears for concentration ratios higher than the realistic applicable concentrations ratios of the IL, which are defined by the phase diagram in Fig. 1(c). Indeed, the phase diagram suggests ratios between 1 to 10 since the thermodynamics of IL separation only allow these gradients by heating the solution. Figure 4 (a,b) shows that the inversion of DO occurs out of this range of concentration ratios and should thus not be limiting in realistic applications.

To further attest the existence of diffusio-osmotic currents with IL concentration gradients, we repeat the measurements with the water-rich and IL-rich separated phases collected at various separation temperatures T sep . The results are plotted in Fig. 4(c): |I DO | is shown to increase with T sep , which is consistent with an increase of the concentration ratio c max /c min (see Fig. 1). The pH does not have a major effect on the magnitude of I DO , as opposed to Ref. 20 . All the error bar represented in Fig. 4(c) are calculated from several experiments on the same device.

These results are consistent with theoretical expectations. Indeed, the diffusio-osmotic current can be estimated from the prediction I DO 2πRΣ×v DO (2πR/L)ΣD DO (c max -c min )/c mean , with c mean = (c max + c min )/2 and η 3 mPa.s the IL viscosity. In the temperature range T sep ∼ 35 -70 o C, the phase separation leads a concentration ratio between the high and low concentration phase of typically 3.3 to 9, see Fig. 4(c). For the nanopore under investigation, with R = 190 nm, L = 500 nm, and surface charge Σ -0.2 C.m -2 , one obtains a current I DO ∼ 0.3 -0.7 nA, in quite good quantitative agreement with the experimental data (although slightly underestimating the measurements).

Harvested power

The previous results were demonstrated on a single TiO 2 nanopore and we now scale up the process by exploring larger scale TiO 2 membranes. As mentionned above, we consider two types of systems: (i) first a grid of 900 nanopores drilled across a membrane and further coated with TiO 2 and then (ii) a macroscopic nanoporous ceramic membrane made of bulk TiO 2 materials. In the latter, measurements were performed on a measurement window of 10 µm 2 on the nanoporous membrane, in order to compare the two sets of systems.

TiO 2 multipores

Let us first consider the 900 nanopore grid. In order to investigate the osmotic power, the fluidic cell is connected to an external load resistance R L , as sketched in Fig. 5(a) and we directly measure the harvested electric power as

P = I L × ∆V L = R L I 2
L , with I L and ∆V L the electric current and voltage drop across the load resistance.

In Fig. 5(b) we report the harvested power versus the load resistance. In this figure, the IL concentration contrast was obtained by heating the IL at 50 o C, giving a concentration ratio c max /c min ∼ 7. This plot exhibits a maximum for a resistance R L ∼ R multipores , with R multipores the ionic resistance of the pore; under the present conditions the multipore resistance is typically R multipores ∼ 0.6 MΩ. The multiple nanopores membrane can be represented as a (diffusio-osmotic) current generator in parallel to the pore resistance, so that, by solving the equivalent electrical circuit, one expects accordingly:

P(R L ) = R L (R L + R multipores ) 2 ∆V 2 cell (5)
with ∆V cell the cell potential (which for a faradic electrode involves both the DO and Nernst contributions). The harvested power thus presents a maximum for R L = R multipores , in agreement with the experimental observation. The maximum value for the power measured under these conditions reaches P ≈ 0.35 nW for the 900 nanopores. This corresponds to a maximum power density of ≈ 5 W.m -2 for this specific concentration ratio, see Fig. 5(c).

TiO 2 membrane

We now turn to the macroscopic ceramic membrane of TiO 2 . We first characterized the membrane functional specificities (porosity, surface charge) and details are reported in the supplementary materials. To summarize, SEM images suggest that the pores have a typical 30 nm diameter and a length in the range 5-10 µm (Fig. S7). We did also measure the electric conductance of the membrane, as well as its dependence on KCl salt concentration (Fig. S8). The concentration dependence for the conductance can be accounted for by G membrane = N × G 1 where G 1 follows equation 1 for a unique nanopore with diameter D = 30 nm and length L = 10 µm; N is here the estimated number of pore on the measurement window. This comparison leads to a pore density of ∼ 50 -100 pores.µm -2 , consistent with the SEM images, and a surface charge which varies with the salt concentration between 6.10 -3 and 4.10 -2 C.m -2 . We further tested the response of this membrane under KCl salt gradients (Fig. S9), confirming its electric response to salinity gradient.

We now turn to the electric response under various IL concentration gradients in order to highlight the diffusio-osmotic currents across the TiO 2 membrane. Fig. 6(a) shows the different current-voltage curves across the membrane under IL gradient. For each concentration ratio, the conductance G of the system can be obtained from the slope of the I -∆V curve, and we also extract the current at zero-voltage, which is plotted in Fig. 6(b). Now, the diffusio-osmotic contribution is deduced by substracting the Nernst contribution to the total current. To do so, we measured independently the Nernst potential for the IL solutions at various concentration using a reference electrode, see Fig. S10. The DO current is then defined as

I DO = I o f f set (∆V = 0) -G × ∆V Nernst .
The result, shown in Fig. 6(b), shows an important contribution of diffusio-osmosis to the current under a IL concentration drop across the TiO 2 membrane. Now, in order to properly measure the harvested power, we turn to the same protocol as used for the nanopore grid: a load resistance is connected to the membrane cell and electrode, and the measured electric power P = R L I 2 L versus load resistance is investigated. in Fig. 7 This result confirms that the performances of the macroscopic TiO 2 membranes match those of highly controlled pores in terms of osmotic power and waste heat harvesting. A great advantage though, is that such (commercially available) membrane are already scalable, and this is a key asset in the upscaling of the process. Comparing single pore DO current in Fig. 4 with harvested power for multi-pores and commercial membrane Fig. 5 and Fig. 7 shows a decrease from 0.3 kW.m -2 at the single pore scale (with a DO current around 1 nA) to 7 W.m -2 for multipores and TiO 2 membrane. This decrease from the single to the many pores is expected in agreement with recent literature 35 . It is ususally attributed to reservoir and interfacial resistance as well as concentration polarization 35,36 . However, this power density of ∼ 7W.m -2 is substantial in comparison to conventional techniques performances. Moreover, a nanopore-based process, with large pore sizes, has inherent advantages as discussed previously.

As a final note, we evaluate the efficiency of the process, i.e. the fraction of incoming energy which the system can harvest and restitute in an electric form. To do so we calculate the thermal energy required for the IL mixture separation and compare it to the electrical energy produced by the nanoporous membrane. The typical mass of IL mixture contained in the reservoirs is 1 g, and to raise its temperature from ambient 25 o C to 50 o C we provide ∆U thermal = c p × ∆T ≈ 105 J, with c p = 4.182 J.K -1 the heat capacity for 1 g of water. Note here that the phase separation latent heat of mixture is ≈ 2 J per gram, i.e. small compared to the 105 J.g -1 needed to heat the mixture. The osmotic energy generated by the membrane can be estimated by multiplying its power P with the characteristic time for the osmotic current to fade away because of complete mixing in both reservoirs τ ∼ 1000 s.L -1 ×10 -3 L ∼ 1 s. Finally we obtain ∆U osmotic = P ×τ ≈ 5 J. The ratio ∆U osmotic /∆U thermal ≈ 0.05 confers an operating efficiency of ≈ 5% in the present process, which is more than half the Carnot efficiency η = 1 -T cold /T hot ≈ 0.08. Overall, these performances shows up the potential application of harvesting waste heat using DO of IL mixture through commercial membranes. These new results highlights new opportunities for industrial reduction of energy losses, with several new benefits compared to conventional processes. In order to investigate these potential applications industrially, a larger scale-up work is now necessary, and constitutes the outlook of this experimental proof-of-concept. 

Conclusion

In this paper, we have shown that IL-water mixtures coupled to nanoporous TiO 2 membranes allow for an effective waste heat recovery by osmotic energy conversion under salinity gradients. We report power densities reaching P ∼ 7 W.m -2 over commercial membranes. This value similar to typical performance reached by the state-of-the-art PRO and RED technologies with conventionnal salts. Moreover the efficiency of the cycle is estimated to be 5%. The process offers the advantages inherent to DO current, as it does not require sub-nano porosity of the membrane, and is not subjected to mechanical pressures. This opens up the range of materials as membranes for harvesting this type of energy. Such performance results from the combination of two key features: (i) the specific material properties of TiO 2 , which exhibits high surface charge; (ii) the diffusio-osmotic origin of the osmotic current. The latter is an interfacial transport mechanism occurring at the surface of the nanopores. This mechanism is demonstrated here for nanopores < 200 nm in diameter and therefore does not require highly selective membranes with subnanometric confinements, as usually for PRO and RED. Besides, the sign of the diffusio-osmotic current for IL solutions is found to vary with the IL concentration and this exotic behavior calls for more detailed investigation.

To reach these conclusions, we performed a set of experiments combining (i) single nanopore measurements which allows for detailed investigation of IL transport on the one hand; and (ii) a first proof-of-concept for scalability with the demonstration of energy conversion over a commercial TiO 2 membrane. These results are highly promising since such TiO 2 membrane are already commercially available and scalable. This is a key asset in upscaling the process to harvest waste heats.

In the next steps, a closed loop device should be assembled including all processes at hand, in order to validate the performance of such systems in the context of upscaling. We note that this could take advantage of our recent work emphasizing the influence of confinement on the phase separation of such IL-water mixtures 50,51 . Another prospective route could be the use of UCST (upper critical solution temperature) mixtures, with a phase separated system at room temperature and a recombination across a nanoporous membrane at higher temperature. The higher operating temperature of the diffusio-osmotic module would lead to higher currents. These perspectives could lead to the development of realistic industrial systems for the efficient recovery of dissipated energy by waste heat in a wide range of industrial processes. Altogether our work shows that the use of new materials and new nanofluidic mechanisms offers out-of-thebox perspectives to make osmotic energy a promising renewable energy in the context of waste heat harvesting.

Fig. 1 (Fig. 2 (

 12 Fig. 1 (a) Equilibrium state of the binary mixture at 25 o C and 50 o C. The IL-rich phase is denser than the water-rich phase. The IL is dyed in blue for sake of clarity. (b) Picture of the binary mixture before (left) and after (right) phase separation. (c) Phase diagram of the water-IL mixture. Upon heating, the phase separation generates two phases of different salinities. The critical point of this LCST system is at 35 wt% in IL and 29.5 o C.

Al 2 OFig. 3 (

 23 Fig. 3 (a) Zeta potential deduced from streaming currents measurements. The strong increase at high concentrations is due to the water-IL mixture viscosity increase. (b) Current vs voltage for a TiO 2 nanopore with concentrations in IL of 0.3 and 1.8 M on each side of the membrane, at pH 11. Inset: Ag/AgCl electrode potential in each reservoir vs the reference electrode introduced in the reservoir. (c) Nernst potential measured between the two Ag/AgCl electrodes versus the concentration ratio c max /c min , for KCl and IL salts, at pH 4 and 11. The dotted line gives the prediction of the (Nernst) equation 3.

  (b) we show a representative set of voltage-current curves for this individual nanopore obtained for different concentrations of IL from 10 -3 M to 1.8 M at pH 11. These I-V curves are studied in or-der to characterize and understand the nanopore behavior, especially the presence of a surface conductance. The electric conductance is defined as G = I/∆V and obtained from a linear fit of the voltage-current curves. The experimental conductance values for IL and KCl solutions are shown in Fig. 2(c) as a function of the salt concentration.

Fig. 4 (

 4 Fig. 4 (a) Diffusio-osmotic current versus the concentration ratio c max /c min in IL, for a TiO 2 coated nanopore at pH 4 and (b) pH 11. For (a) and (b), concentration gradients higher than 10 are obtained by dillution of IL rich water phase. (c) Diffusio-osmotic current as a function of the temperature at which the water-rich and IL-rich phases are collected after separation of the mixture. The ratio c max /c min is 3.4, 7.4 and 9.5 for pH 4 points and 2.5, 5.1 and 8.1 for pH 11.

  (a)-(b), we report the result of this procedure for a specific concentration ratio c max /c min ∼ 9. This ratio corresponds to a temperature difference of about 30 o C above room temperature. It also shows the fit of these values according to equation 5. The load resistance dependence of the power follows equation 5, and we observe a maximum reached for R load = R membrane = 2.4 10 6 Ω and P max 7 10 -9 W . Normalized by the active surface S = 10 µm 2 , this yields a power density of P max sur f 7 W.m -2 , see Fig.7 (b). This value is consistent with those of the 900 nanopores grid.

Fig. 5 Fig. 6

 56 Fig. 5 Multipore results: (a) Sketch of the osmotic power measurement: a load resistance R load is connected to the cell holding the nanopores membrane, represented as an ideal current generator in parallel to a pore ionic resistance. For a faradic electrode, a Nernst contribution to the potential builds up and the cell potential ∆V cell = R multipores I L is the sum of the DO and the Nernst contributions. (b) Power generated by the TiO 2 coated multipores for a mixture of pH 11 heated at 50 o C. This corresponds to a concentration ratio c max /c min ∼ 7. The fit is obtained with R multipores = 5.6 10 5 Ω and ∆V L = 28 mV. (c) Power density for the same sample than in (b) obtained by normalizing the measured generated power by the total surface of the 30 × 30 pore array.

Fig. 7

 7 Fig. 7 Osmotic power across the TiO 2 Membrane:(a) Harvested power produced through the membrane under a IL concentration gradient of 9. We measure the current passing through the load resistance connected to the cell. (b) Harvested surface power density. The maximum value reachs 7.2 W.m -2 for R load = 2.40 MΩ.
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