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Understand the electron transfer as the key to the 1 success of biredox ionic liquids 2 3

Successfully propagating electrons and storing them in the electrolyte is a significant challenge that would allow supercapacitors to exceed their current limit, especially in terms of energy density. With this objective in mind, we have synthesized new ionic liquid molecules that allowed a limited electron propagation and storage in the electrolyte. These new molecules are named as biredox ionic liquids. In the present paper, we will show how biredox ionic liquids build a new paradigm in the field of supercapacitors. Despite our encouraging results, storage of electrons in the electrolyte still has a long way to go before being mastered, given the remaining scientific and technological issues to consider. These challenges will also be outlined in this paper.

Introduction

The field of electrical energy storage is among the significant challenges of our century.

To address this challenge, it is necessary to obtain storage devices with high energy density and high power. Batteries and supercapacitors are the devices of choice to meet any of the performance criteria. [START_REF] Miller | Supercapacitors[END_REF][START_REF] Miller | Materials science -Electrochemical capacitors for energy management[END_REF] However, the dilemma is on the choice to be made between power and energy densities as a given device cannot provide both, simultaneously. For a battery, the sacrifice of power is for the benefit of energy density while for the supercapacitor it is the opposite. [START_REF] Simon | Where Do Batteries End and Supercapacitors Begin[END_REF] But the dream would be a device combining energy density without losing power.

Thus, the scientific challenge in this field is to discover electrode materials and new electrolytes that can address this dilemma.

An electrochemical double layer supercapacitor (EDLC) operates carbon electrodes with suited porosities (micropores and hierarchical porosities). [START_REF] Pandolfo | Carbon properties and their role in supercapacitors[END_REF][START_REF] Yan | Recent Advances in Design and Fabrication of Electrochemical Supercapacitors with High Energy Densities[END_REF] Electrodes are stable over time (up to 1 million charge/discharge cycles), and their synthesis is simple. The storage principle is kinetically fast; the ions are adsorbed on the surface of the electrode. However, EDLC supercapacitors store 20 times less energy than a lithium-ion battery. The increase in storage capacity then requires an increase in the surface area of carbon. [START_REF] Chmiola | Anomalous increase in carbon capacitance at pore sizes less than 1 nanometer[END_REF] However, at its maximum, the developed surface could not be greater than that of a single layer of graphene. Beyond the difficulty of synthesizing such a stable carbon, theoretical studies have shown that this graphene material would have a capacitance of 550 F/g (i.e., state of the art activated carbon capacitance is above 100 F/g). [START_REF] Huang | An Overview of the Applications of Graphene-Based Materials in Supercapacitors[END_REF][START_REF] Jiang | 3D carbon based nanostructures for advanced supercapacitors[END_REF] Note that this capacity value is not obtained by a theoretical prediction from a DFT or MD calculation, but rather from a back-of-the-envelope calculation assuming that all the surface is accessible and covered with one type of ions only, this value corresponds to a high approximation. Although attractive, 550 F/g leads to an energy density that is still lower than that of a battery (10 times lower). At this limit and it seems impossible for this supercapacitor technology to become competitive with batteries, energy wise, at least. Pseudocapacitive materials are usually considered to overcome this limit but the slower kinetics of the (sub)surface Faradaic reactions involved in the charge storage are impeding the resulting power. [START_REF] Augustyn | Pseudocapacitive oxide materials for high-rate electrochemical energy storage[END_REF][START_REF] Brousse | To Be or Not To Be Pseudocapacitive[END_REF][START_REF] Toupin | Influence of microstucture on the charge storage properties of chemically synthesized manganese dioxide[END_REF][START_REF] Toupin | Charge storage mechanism of MnO2 electrode used in aqueous electrochemical capacitor[END_REF] An innovative alternative is to consider the electrolyte for electrical charge storage (i.e., electrons and holes). Potentially, storage capacities would be increased thank to molecular Faradaic reaction while liquid state dynamics would be in favor of power. Three requirements are needed: (1) The transfer of the electron between a molecule in the electrolyte and the electrode, (2) the propagation of the electron in (a part of) the electrolyte and (3) the retention of the charge stored in the electrolyte to avoid recombination (self-discharge). The successful implementation of these three steps represents a real breakthrough in the field of supercapacitors. Associated with this new paradigm, it becomes crucial to design new molecules with the targeted properties. Ionic liquids (ILs) should thus be considered. There is an almost infinite number of possible combinations of molecules to build ILs. The organic cations and anions of ILs are obtained under specific design in regard to application. [START_REF] Davis | Task-specific ionic liquids[END_REF][START_REF] Lee | Functionalized imidazolium salts for task-specific ionic liquids and their applications[END_REF] Moreover, by controlling simple organic chemistry reactions, it is possible to build new ILs by functionalizing either the cation or the anion, or both. [START_REF] Arnaud | Theoretical study of CF3SO3Li, (CF3SO2)(2)NLi, and (CF3SO2)(2)CHLi ion pairs[END_REF][START_REF] Toulgoat | An efficient preparation of new sulfonyl fluorides and lithium sulfonates[END_REF] To use the electrolyte to propagate and store electrons, we have recently synthesized a new salt called biredox ionic liquids. [START_REF] Bodin | Biredox ionic liquids: new opportunities toward high performance supercapacitors[END_REF][START_REF] Mourad | Biredox ionic liquids: electrochemical investigation and impact of ion size on electron transfer[END_REF][START_REF] Mourad | Biredox ionic liquids with solid-like redox density in the liquid state for highenergy supercapacitors[END_REF][START_REF] Vioux | From Ionogels to Biredox Ionic Liquids: Some Emerging Opportunities for Electrochemical Energy Storage and Conversion Devices[END_REF] This molecule, soluble in a standard ionic liquid, has the advantage of conducting the ions, and, simultaneously, of being able to carry out a redox reaction at both positive electrode and negative electrode. Figure 1 illustrates this concept of storage using biredox ionic liquids. However, even if the proof of concept has been shown.

There are still many questions to be addressed. In this manuscript, we will address three of the main issues: We will present the state of the art of electrolyte electro-activity and then propose to discuss the associated electrochemical dynamics. These elements will allow us to describe the key points to be improved. For this reason, we will in particular discuss the concept of biredox ionic liquids as a new salt.

Performance of biredox ionic liquids

In this section, we will show the performance of biredox ionic liquids and compare it with other studies from the literature. Figure 2 summarizes the performance obtained for a biredox ionic liquid dissolved in BMImTFSI as electrolyte in a symmetric activated carbon as device. Electrochemical measurement of biredox ionic liquids are shown in Figure 3, a capacitance increased by two compared to a typical EDLC without observing a decrease in power. [START_REF] Mourad | Biredox ionic liquids with solid-like redox density in the liquid state for highenergy supercapacitors[END_REF] Cyclability is also high, but it depends strongly on the nature of the electrode material. [START_REF] Bodin | Biredox ionic liquids: new opportunities toward high performance supercapacitors[END_REF] Adding redox molecules to the electrolyte increasing the capacitance is not a new idea. 21- 23 Active material inside the electrolyte compensates the inert part of the electrolyte, in term of storage. The nature of redox molecule is very broad, modulated by their solubility, hydrophilicity, stability window and oxidizing or reducing environment. Currently, aqueous electrolytes are the most commonly used. However, these electrolytes offer both advantages and disadvantages. The main advantage is the low toxicity, but above all, in terms of performance, they have a high power. The disadvantage is a low cell voltage (electrochemical stability window of water is 1.23 and ∼1.5 V). This low stability window can be compensated by the capacity gain. The first reported redox molecules for aqueous media is alkali metal iodide salts, in both alkaline conditions and neutral. Other study explored hydroquinone. Many other families of redox molecules have been investigated in aqueous media, including halides, metallic cation (Cu 2+ , V 2+ , Fe 2+ , etc.), complexes (i.g., ferricyanide,), and organic molecules (i.g, viologens, quinones, etc.). In contrast to redox mediators in a water-based electrolyte, these same redox mediators in organic solvents, or even in liquid ionic media, have been very rarely studied. However, organic electrolytes offer significant advantages in terms of cell voltage over water-based electrolytes.

However, for all these results, the biredox ionic liquid stood out because it avoided two significant problems: shuttle effect and self-discharge (figure 3). In our studies on biredox ionic liquid as a redox molecule and at the same time as salt, we used BMimTFSI as a co-solvent.

BMimTFSI is an ionic liquid commonly used in the field of supercapacitors.

In the following sections, we will describe why biredox ionic liquids have distinguished itself, by comparing it to other remarkable studies. The difficulty of these measures is the choice of the right performance indicator, the right metric. Indeed, in this case, the charge is stored in the electrolyte, and the capacitances are normalized by the mass of active material. It is important in future studies to include the mass of the electrolyte. However, cells must be developed to take into account the mass of the electrolyte in a precise way. Correct evaluation is critical to realize the limitations of these technologies and target areas for further development. Interpreting performance correctly requires choosing the appropriate parameter to normalize the power and the energy density. The cells in the laboratories are not comparable to those in commercial cells. In the academic field, it is common to standardize by the mass of active material. For redox molecule including in electrolyte, the electrolyte contributes to the total mass and contains active material. In order to address this issue, the electrolyte mass (including solvent, redox couples, and supporting electrolyte) should be included, and excess electrolyte should be eliminated using volume-limiting cells. In practice, however, electrolyte mass is difficult to measure and minimize because test cells always contain some extra volume.

All these problems have been very well explained in a recent review by Evanko et al. of biredox ionic liquids at 0.5 M in BMimTFSI, (B) Stability in times, biredox ionic liquids at 0.5 M in BMimTFSI (red) and pure BMimTFSI (blue), and (C) Self-discharge measurement, red curve is biredox ionic liquids at 0.5 M in BMimTFSI and blue curve is pure BMimTFSI. [START_REF] Mourad | Biredox ionic liquids with solid-like redox density in the liquid state for highenergy supercapacitors[END_REF] We can cite the work of Frackowiak et al. In this work she used iodine as a redox shuttle to increase storage capacity, this result was remarkable, with a capacity of 1000 F/g. [START_REF] Frackowiak | Electrochemistry Serving People and Nature: High-Energy Ecocapacitors based on Redox-Active Electrolytes[END_REF][START_REF] Lota | Alkali metal iodide/carbon interface as a source of pseudocapacitance[END_REF][START_REF] Lota | Striking capacitance of carbon/iodide interface[END_REF] Here too, the question of the right metric to use in this new type of storage remains to be defined.

However, this work has opened up the significant issues of shuttle effect and self-discharge.

While the capacities were exceptional, the high shuttle effect and the high self-discharge were the limits of its approach. Strategies have been proposed to avoid it. A first strategy concerns the addition of liquid crystal molecules that inhibit self-discharge. This strategy is fascinating, but it requires adding an additive to the electrolyte and that it is at a sufficiently high concentration to have a positive effect but without disrupting storage capacity. A second strategy was used, that of Cu 2+ ions. As it reduces, the copper deposits on the electrode and thus the copper cannot diffuse into the electrolyte. The limitation of this last study is that it is necessary to work in an aqueous electrolyte. However, the influence of the concentration, temperature and even current loads are neglected in the studies. It has been proved that these factors impact the self-discharge rate remarkably.

To limit the shuttle effect and self-discharge, biredox ionic liquids represented a third alternative, inspired by the two previous phenomena. Indeed, during electron transfer, the formation of a di-cation and a tri-anion is observed. The composition of these bulky molecules disrupts the diffusion phenomenon in the pores of the electrodes. The diffusion being strongly slowed down (even inhibited) then the redox molecules remain confined in the pores. The consequence is that the shuttle effect and self-discharge are then slowed down. This particular reactivity of biredox ionic liquids is at the heart of their originality. While the large size of the solvated radius could have been seen as a limit to better stroring, this bulky property has turned into a decisive advantage, limiting the two significant storage problems by redox molecules dissolved in the electrolyte.

It is therefore essential to keep in mind that from a technological point of view, the primary challenge is to avoid self-discharge and shuttle effect. Without bypassing these two problems, then storing electrons or holes in the electrolyte will remain a dead-end academic concept.

Molecular electrochemistry in porous media.

Associated with this technological challenge, the associated redox dynamics are also an important challenge. In particular, understanding the redox reactions in pores makes it possible to better select molecules and materials. Indeed, to successfully store electrons in the electrolyte, it is necessary to transfer electrons from the electrode to the molecule successfully. Understanding this transfer between an electrode and a molecule has been very well established since Marcus' Nobel Prize in 1992. 28- 32 However, all these theories work for homogeneous electron transfers and heterogeneous electrons transfers when the electrode is ideally flat. [START_REF] Marcus | On the Theory of Electron†Transfer Reactions. VI. Unified Treatment for Homogeneous and Electrode Reactions[END_REF] This is not the case in an electrode material of a supercapacitor. The porosity of the electrode material is close to the size of a molecule. This difference changes our understanding of electron transfer theory. We are here at the frontier of the formalism of classical molecular electrochemistry.

Marcus' theory describes the speed at which an electron is transfered, this theory links, in particular, the kinetic constant to two parameters: the reorganization energy and the coupling parameter. The reorganization energy represents the energy required to reorganize the solvent close to the molecule. The coupling parameter represents the interaction between the molecule and the electrode.
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Here, is the equilibrium constant for the precursor complex, is the frequency of crossing the free energy barrier (nuclear vibration), is the reorganisation energy and is the probability for electron tunnelling in the transition state. Equation 1 can be used for both heterogeneous electron transfer at an electrode and homogeneous electron transfer. For heterogeneous electron transfer the pre-exponential factor is around 10 3 to 10 4 cm•s -1 . (REF: [START_REF] Marcus | Electron transfer at electrodes and in solution: Comparison of theory and experiment[END_REF][START_REF] Savéant | Evidence for Concerted Pathways in Ion-Pairing Coupled Electron Transfers[END_REF][START_REF] Fawcett | An International Journal Devoted to all Aspects of Electrode Kinetics, Interfacial Structure, Properties of Electrolytes, Colloid and Biological ElectrochemistyOn the differences in the magnitude of the observed solvent effect in the kinetics of simple heterogeneous electron transfer reactions[END_REF][START_REF] Fawcett | Estimation of the rate constant for electron transfer in room temperature ionic liquids[END_REF] About , the question is easy to solve: the porosity being close to the size of the molecule. As the molecule is surrounded by electrode materials, the coupling between the molecule and the electrode is intense. However, it must be successfully modelled.

On the other hand, concerning the reorganization energy, the question is entirely open:

is the environment of the molecule favorable or unfavorable to electron transfer? Currently, no experimental data are available to measure the speed at which the electron transfers in such an environment. And above all, no metric can provide an equation of the reorganization energy.

In the case of a solvated molecule, the equation used to describe electron transfer is simple, it involves the dielectric constant of the solvent as well as the size of the molecule. Obtaining a formalism expressing the energy of reorganization in the pore is therefore an important issue, but the theoretical tools are missing. Thermal agitation is an important energy in solution processes. Indeed, in the context of a redox reaction in solution, the redox molecules, as well as the molecules that surround them (ions and solvents), have a thermal agitation that increases the degree of mobility of the molecule. In other words, when the molecule approaches the electrode, statistically, the redox molecule can approach with a very different orientation. This effect is even more important when the molecule is asymmetric because some areas of the molecule may be more reactive than others.

Thus, the degree of mobility of a redox molecule in solution is greater than that of a redox molecule immobilized on the surface or of an electroactive chemical element included in a crystal mesh of a lithium-ion battery material.

Another important phenomenon in the degree of mobility is the arrival of the counterion, in an electrochemical process in solution, the establishment of electro-neutrality is obtained by the approach of a counterion to compensate for the change in the degree of oxidation of the molecule. In solution, this counterion can approach with a large degree of mobility around the molecule, so in a battery material, the counterion must migrate into a crystalline mesh and position itself in the vacant cells of the mesh. This illustration of the opposition between the redox processes of an electroactive material in an electrode material and that of a free molecule in solution aims to better understand the differences in dynamics. But, above all, a molecule confined in a pore whose pore size is close to the size of the molecule loses part of its degree of mobility. Is the molecule considered as a molecule immobilized on the surface, or does the molecule still have its degree of mobility? Probably a combination of the two. This still shows the intrigue of storage using biredox ionic liquid. Finally, it is fully accepted that in a lithiumion battery material, the insertion of lithium causes a change in the crystalline mesh of the material, a mechanical deformation of the electrode is then present. The arrival of counterions to establish electro-neutrality changes contributes to the local deformation of the pore, it is a purely steric effect.

Recently, an attempt at rationalization has been made by Salanne et al., [START_REF] Li | Confinement Effects on an Electron Transfer Reaction in Nanoporous Carbon Electrodes[END_REF] using Molecular Dynamics. They have investigated how the electrochemical reactivity in such media may be impacted inside of nanoporous carbon electrodes. To this end, they have studied a simple electron transfer reaction using molecular dynamics simulations. As model molecules, they have showned show that the Fe 3+/ Fe 2+ couple dissolved in an ionic liquid exhibits a deviation with respect to Marcus theory. This behavior is rationalized by the stabilization of a solvation state of the Fe 3+ cation in the disordered nanoporous electrode that is not observed in the bulk.

The simulation results have fitted with a recently proposed two solvation state model, which allows them to estimate the effect of such a deviation on the kinetics of electron transfer inside of nanoporous electrodes. Regardless of the effect of porosity, we studied the impact of the chemical structure of biredox ionic liquids on electron transfer efficiency. [START_REF] Mourad | Biredox ionic liquids: electrochemical investigation and impact of ion size on electron transfer[END_REF][START_REF] Fontaine | Mass transport and heterogeneous electron transfer of a ferrocene derivative in a room-temperature ionic liquid[END_REF] Indeed, by revisiting Marcus' theory, we have shown that biredox ionic liquids orient itself to the surface of the electrode to have a fast electron transfer. To do this, we split the expression of the velocity constant in two. We assumed a constant pseudo-kinetic representing the assumption that only reorganization energy limits electron transfer and then we assumed a constant pseudo-kinetic representing the assumption that only electrode/molecule interaction limits electron transfer. We pull out the part of Eq. 1 that describes the contribution from reorganization energy and denote it as Eq. 2:
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Analogously, we denote the part that describes the contribution of tunneling as Eq. (3):
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Overall Eq. 1 is then rewritten as Eq. ( 4):
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Where A is
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With Q being
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This formalism allowed us to identify that in the case of biredox molecules, the limiting step was the coupling between the electrode and the molecule ( ). However, these models are not applicable to a porous electrode at all. There is, therefore, a lot of conceptualization work to be done to understand the dynamics within a porous electrode better.

Concerning the dynamics of diffusion in pores, the theories and our experimental results are more convincing. Indeed, there is a multitude of formalisms to include porosity in the diffusion coefficient. Recently, we have shown that depending on the nature of the nanostructuring of the electrode, the diffusion of the molecule is modified entirely. Above all, we have shown that in the case of activated carbon, the molecules remain confined in the pores and thus the diffusion phenomenon is almost absent. [START_REF] Bodin | Biredox ionic liquids: new opportunities toward high performance supercapacitors[END_REF] Improving the concept of biredox ionic liquids requires a better understanding of the redox reactions that occur in porous electrodes. So much for mass transfer dynamics, the challenges seem solvable. However, regarding electron transfer in the porous medium, the problem seems almost impossible concerning existing models. It then becomes essential to bring together models such as Molecular Dynamics or DFT to understand these redox reactions better. From an experimental point of view, succeeding in extracting information from the electrochemical signal is also complicated. Indeed, classical molecular electrochemistry is based on two essential criteria. The first criterion is a counter electrode with a surface more significant than the surface of the working electrode. The second criterion is that all electrochemical measurements can be made when the characteristic time of the measured phenomenon is less than the time constant. [START_REF] Amatore | When voltammetry reaches nanoseconds[END_REF][START_REF] Amatore | Ohmic drop compensation in cyclic voltammetry at scan rates in the megavolt per second range: access to nanometric diffusion layers via transient electrochemistry[END_REF] These two missing points are the experimental limit to characterize the redox reactions inside the pores correctly. It is therefore also necessary to successfully develop instrumentation to describe these redox reactions better.

Overpass current limitation of biredox ionic liquids

We have shown that biredox stores electrons in the electrolyte. However, the energy density is not competitive with the density of a lithium-ion battery. To make it competitive, electrons would have to be successfully propagated beyond the first layers of EDLC ions.

Depending on the propagation area, the challenges will be different. If the charge only spreads through the pores or if the charge spreads through the entire volume of the electrolyte, then the phenomena will encounter different limits.

Consider the first propagation zone, i.e., the charge only spreads through the pores. The scientific question will be to understand the dynamics of electron transfer and to understand which molecular structure is favorable to electron transfer. However, we have just shown that there is a knowledge gap between the mastery of the theory of electron transfer on a flat electrode vs. electron transfer in a pore.

Let's consider the second propagation zone, i.e., the charge propagates from the volume of the electrolyte. The challenge here will be to produce molecules that will successfully coexist in the electrolyte without reacting with each other. Again, electron transfer theories are constructive. Indeed, the recombination between an electron donor and an electron acceptor, in a homogeneous phase has been very well studied (always through the formalism of Marcus' theory). [START_REF] Heckmann | Neutral Organic Mixed-Valence Compounds: Synthesis and All-Optical Evaluation of Electron-Transfer Parameters[END_REF][START_REF] Heckmann | Organic Mixed-Valence Compounds: A Playground for Electrons and Holes[END_REF][START_REF] Kaupp | Computational and spectroscopic studies of organic mixed-valence compounds: where is the charge[END_REF] However, the self-discharge resulting from the encounter between the oxidant and the reduction is typically a homogeneous phase electron transfer reaction, i.e., a redox reaction between two molecules.

In this formalism of electron transfer in homogeneous phase, as for electron transfer in heterogeneous phase, three criteria explained before select the efficiency of electron transfer:

The ∆< . , , and .

Thus, succeeding in making electrons and holes cohabit in the same zone is reaching in shaping molecules that will modulate these three parameters. The strategy is, therefore, to build molecular buildings to promote electron transfer to the electrodes but above all to hinder the redox reaction in a homogeneous phase.

About ∆< . , it is evident that the energy difference must be negative, the reaction must be thermodymically possible. Thus, it must be made kinetically impossible. For this purpose,

, and parameters will be the choice parameters.

The reorganization energy, , depends on the solvent but also on the size of the molecule. In an ionic liquid medium, from the reorganization energy, it has been shown that it is close to a solvent such as dichloromethane. Thus, reducing the reorganization energy seems complicated given this information. The other parameter, indirectly associated with the reorganization energy, is the movement of the counter-ion to establish electroneutrality. [START_REF] Wang | Electron Transport and Counterion Relaxation Dynamics in Neat Ferrocenated Imidazolium Ionic Liquids[END_REF] Again, decreasing the mobility of the counterion would be equivalent to increasing the resistance of the solution, and therefore reducing the power. This last point is then impossible.

Where electron transfer theory can help us is to make the encounter between the electron donor and the electron acceptor difficult or even impossible. That is to say, reduce the . To do this, there are different possibilities, obtaining redox molecules with a significant steric clutter can prevent recombination between the donor and the electron acceptor.

Conclusions

In this race for high energy density, the supercapacitor is limited to the surface of the electrodes.

Succeeding in storing more charges is a major scientific and technological challenge. Using part of the electrolyte to store electrical charges is then a considerable opportunity. However, the two significant problems are crossover effect and self-discharge. So, for this opportunity to become a reality, it is essential to succeed in finding a strategy to avoid these two problems.

Biredox ionic liquids are one of the possible options. By playing on the nature of cations and anions, through molecular design, it is possible to find molecules that will store part of the electrons but avoid crossover and self-discharge. From a scientific point of view, using redox molecules to store charges in the electrolyte is at the frontier of classical molecular electrochemistry. Indeed, the porosity of the electrode means that there is currently no model to understand the dynamics of electron transfer. This is the most important scientific challenge:

to succeed in understanding the electrochemical signal.
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 3 Figure 3 │ Performance of biredox ionic liquids as electrolyte in symmetric carbon/carbon
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 4 Figure 4 │ Electron transfer at flat electrode vs. in microporous media. (A) diagrams
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