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delivery and regenerative braking) and grid energy storage (power quality and smoothing, frequency regulation).

Supercapacitors are also used in the control systems of wind turbines. Although applications will continue to emerge, the need for increasing the energy density of these high power devices is expected to become even more apparent in the near future. In this perspective, we highlight the significant role that electrolyte-electrode interfaces can play in increasing the energy density of ECs.

Electrochemical Double Layer Capacitors

Electrochemical Double Layer Capacitors (EDLCs) store charge via ion adsorption onto high surface area porous carbons, without any redox reactions. There has been significant progress in the past 10 years in understanding ion adsorption in carbon nanopores [START_REF] Simon | Perspectives for Electrochemical Capacitors and Related Devices[END_REF] and it is now well established that the confinement of ions in nanopores results in increased charge storage due to the partial desolvation of ions [START_REF] Chmiola | Anomalous Increase in Carbon at Pore Sizes Less than 1 Nanometer[END_REF][START_REF] Prehal | Quantification of Ion Confinement and Desolvation in Nanoporous Carbon Supercapacitors with Modelling and in Situ X-Ray Scattering[END_REF] . Because of these and other discoveries, the energy density of commercial EDLC devices has doubled over the past decade, reaching values close to 10 Wh kg -1 , while still delivering extremely high peak power density (~30 kW kg -1 ) 2 .

In the research efforts directed towards improved energy density of supercapacitors, experimental approaches which modify the electrolyte-electrode interface as well as the use of analytical methods to characterize these interfaces are being actively pursued. Recent examples of the former include attempts at increasing cell voltage above the 1.0 V range that limits aqueous electrolyte systems. The design of new electrolytes with large voltage window stability, including ionic liquid electrolytes 2 , is of great importance, but remains a challenge. One alternative route is based on cleaning the porous carbon surface from surface groups present at carbon edge and basal planes 5 , while a second scheme involves preparing ionically conducting hydrophobic passive layers onto porous carbon particles for operation in the aqueous electrolyte [START_REF]Skeleton Technologies[END_REF] . The utilization of analytical tools which characterize the electrolyte-electrode interface is becoming increasingly important. To some degree, the approach towards achieving higher energy density supercapacitors is generic as one starts by designing porous carbon structures with controlled pore size and texture [START_REF] Shao | Nanoporous Carbon for Electrochemical Capacitive Energy Storage[END_REF] . Where the characterization tools become important is in analyzing ion and electron transfer at the nanoscale (< 1 nm). In recent years, the use of electrochemical quartz crystal microbalance (EQCM) has gained renewed interest. This technique allows for measuring the electrode weight change under polarization [START_REF] Levi | Application of a Quartz-Crystal Microbalance to Measure Ionic Fluxes in Microporous Carbons for Energy Storage[END_REF][START_REF] Tsai | Electrochemical Quartz Crystal Microbalance (EQCM) Study of Ion Dynamics in Nanoporous Carbons[END_REF] . The latest results have shown that local carbon ordering was important as charge storage was enhanced as a result of increased carbon-ion interaction simply by having cation reorganization at the electrode surface. 9,10 (Fig. 1a). Electrochemical QCM with Dissipation Monitoring (EQCM-D) analyzes the change of the resonance frequency over multiple overtones to track the change of the visco-elastic properties of the electrode / electrolyte interface and the modification of the mechanical properties [START_REF] Levi | Quartz Crystal Microbalance with Dissipation Monitoring (EQCM-D) for in-Situ Studies of Electrodes for Supercapacitors and Batteries: A Mini-Review[END_REF][START_REF] Levi | In Situ Porous Structure Characterization of Electrodes for Energy Storage and Conversion by EQCM-D: A Review[END_REF] (see Fig. 1b). c, ref. [START_REF] Black | Strain-Based in Situ Study of Anion and Cation Insertion into Porous Carbon Electrodes with Different Pore Sizes[END_REF] ; d, ref. [START_REF] Zeng | In Situ Observation of Interface Evolution on a Graphite Anode by Scanning Electrochemical Microscopy[END_REF] .

In contrast to conventional gravimetric EQCM, AC-electrogravimetry is an alternative and complementary characterization tool which couples fast electrochemical quartz crystal microbalance (EQCM) with electrochemical impedance spectroscopy (EIS). AC-electrogravimetry allows for accessing the gravimetric ECQM response of individual cations, anions and solvent molecules even in complex electrolyte mixtures [START_REF] Lé | Unveiling the Ionic Exchange Mechanisms in Vertically-Oriented Graphene Nanosheet Supercapacitor Electrodes with Electrochemical Quartz Crystal Microbalance and Ac-Electrogravimetry[END_REF] . This enables the double-layer formation mechanism to be refined. Another recent development has been the use of Atomic Force Microscopy (AFM) with an in-situ electrochemical cell. The advantage here is the ability to determine the electrode volume change at the nanometer level as a function of applied potential [START_REF] Gao | In Situ and Operando Force-based Atomic Force Microscopy for Probing Local Functionality in Energy Storage Materials[END_REF] (Fig. 1c). The development of scanning electrochemical microscopy (SECM) is certain to have an impact on understanding the electrode-electrolyte interface as it enables one to determine local electrode reactivity and kinetic parameters of the electrochemical processes by recording the current flowing through an ultra-microprobe electrode (the tip), while controlling the tip-electrode distance [START_REF] Polcari | Scanning Electrochemical Microscopy: A Comprehensive Review of Experimental Parameters from 1989 to 2015[END_REF] (Fig. 1d). While there is the expectation that these electrochemical tools will provide a new understanding which, in turn, can be expected to lead to advances in energy density, the energy density values for EDLCs will always be lower than batteries because of the electrostatic charge storage mechanism. For this reason, there has been significant interest in pseudocapacitive materials.

From double layer to high-rate (pseudocapacitive) redox materials

Significant improvements in energy density can be achieved in certain materials where charge storage occurs via redox reactions. Because the reactions are not limited by semi-infinite diffusion, the materials maintain high power performance [START_REF] Anasori | 2D Metal Carbides and Nitrides (MXenes) for Energy Storage[END_REF] . While pseudocapacitive materials were once restricted to largely RuO2 and MnO2, research efforts during the past decade have resulted in the discovery of new materials as well as developing our basic knowledge regarding the charge transfer process under confinement [START_REF] Simon | Perspectives for Electrochemical Capacitors and Related Devices[END_REF][START_REF] Choi | Achieving High Energy Density and High Power Density with Pseudocapacitive Materials[END_REF] . In particular, the design and use of mesoporous architectures, where the electrolyte accesses the redox-active walls through nanoscale porosity, was instrumental in recognizing the pseudocapapcitive behavior of various transition metal oxides [START_REF] Brezesinski | Pseudocapacitive Contributions to Charge Storage in Highly Ordered Mesoporous Group v Transition Metal Oxides with Iso-Oriented Layered Nanocrystalline Domains[END_REF][START_REF] Brezesinski | Ordered Mesoporous α-MoO3 with Iso-Oriented Nanocrystalline Walls for Thin-Film Pseudocapacitors[END_REF] . MXene materials complement this work as they provide interesting opportunities as model 2-dimensional (2D) materials systems [START_REF] Anasori | 2D Metal Carbides and Nitrides (MXenes) for Energy Storage[END_REF] . MXenes are prepared by selective etching of atomically thin A layer elements from MAX phase precursors, where M is an early transition metal, A is an element from group 13 or 14 of the periodic table and X is C and/or N [START_REF] Anasori | 2D Metal Carbides and Nitrides (MXenes) for Energy Storage[END_REF] . The 2D Ti3C2 material, the most popular member of the MXene family, achieves high capacitance and fast charge storage in aqueous sulfuric acid electrolyte [START_REF] Anasori | 2D Metal Carbides and Nitrides (MXenes) for Energy Storage[END_REF][START_REF] Lukatskaya | Ultra-High-Rate Pseudocapacitive Energy Storage in Two-Dimensional Transition Metal Carbides[END_REF] as the Ti 3+/2+ redox couple is activated following H + intercalation in the interlayer gap between Ti3C2 sheets [START_REF] Lukatskaya | Probing the Mechanism of High Capacitance in 2D Titanium Carbide Using in Situ X-Ray Absorption Spectroscopy[END_REF][START_REF] Shao | Unraveling the Charge Storage Mechanism of Ti3C2Tx MXene Electrode in Acidic Electrolyte[END_REF] . In this material, fast H + transport is achieved from the presence of interstitial H2O molecules between the MXene layers. This pathway for fast proton transport effectively activates the redox reaction of the Ti atoms [START_REF] Shao | Unraveling the Charge Storage Mechanism of Ti3C2Tx MXene Electrode in Acidic Electrolyte[END_REF] . A similar mechanism is at work in other materials such as tungsten oxide WO3, where structural water molecules in crystalline tungsten oxide hydrates WO3•nH2O, enables highly reversible proton intercalation at subsecond time scales [START_REF] Mitchell | Transition from Battery to Pseudocapacitor Behavior via Structural Water in Tungsten Oxide[END_REF][START_REF] Mitchell | Confined Interlayer Water Promotes Structural Stability for High-Rate Electrochemical Proton Intercalation in Tungsten Oxide Hydrates[END_REF] . These results highlight the importance of the confined, interlayer H2O solvent molecules and their influence on the charge storage mechanism. It is not surprising that upon thermal annealing of Ti3C2 MXene samples, a drastic decrease in charge storage occurs, suggesting that the surface termination groups control the presence of the confined H2O molecules [START_REF] Shao | Unraveling the Charge Storage Mechanism of Ti3C2Tx MXene Electrode in Acidic Electrolyte[END_REF] . Although charge storage in MXenes arises from redox reactions, it is evident that electrolyte-electrode interactions are of central importance as the solvent molecules are confined within the MXene layers. For this reason, electrochemical characterization of the electrolyte-electrode interface at the nanoscale by using advanced techniques such as EQCM and SECM may help in clarifying the fast charge storage mechanism in these layered materials [START_REF] Shao | Unraveling the Charge Storage Mechanism of Ti3C2Tx MXene Electrode in Acidic Electrolyte[END_REF][START_REF] Djire | Basal Plane Hydrogen Evolution Activity from Mixed Metal Nitride MXenes Measured by Scanning Electrochemical Microscopy[END_REF] . 002) peak shows the peak position shift is less than 0.25Å during cycling. (e) Tuning surface groups of MXene by performing substitution and elimination reactions in molten inorganic salts. Reproduced with permission from: a,b, ref. [START_REF] Wang | Influences from Solvents on Charge Storage in Titanium Carbide MXenes[END_REF] ; c,d, ref. [START_REF] Li | A General Lewis Acidic Etching Route for Preparing MXenes with Enhanced Electrochemical Performance in Non-Aqueous Electrolyte[END_REF] ; e, ref. [START_REF] Kamysbayev | Covalent Surface Modifications and Superconductivity of Two-Dimensional Metal Carbide MXenes[END_REF] .

While aqueous electrolytes allow for high capacity and fast redox reaction rates, a significant challenge for pseudocapacitive materials is to achieve similar performance in non-aqueous electrolytes which can increase the energy density due to an extended voltage window. Li-ion intercalation in host materials is governed by desolvation and charge transfer kinetics at the material / electrolyte interface, as well as by Li-ion diffusion in the material host structure. Thus, one approach for preparing materials with high-rate Li-ion intercalation redox reactions is to design specific material structures which allow for fast Li ion diffusion. A good example of this strategy is mesoporous orthorhombic Nb2O5 31 where the mostly empty octahedral sites between (001) planes provides natural tunnels for lithium-ion transport throughout the a-b plane. Tuning the surface group and/or widening the interlayer gaps in 2D materials stacked by van der Waals (vdW) interaction is another promising research direction to follow. In the case of MoS2, (002) oriented planes lead to a high degree of edge sites and extremely fast kinetics with 80% of the theoretical capacity for Li achieved in only 20 seconds [START_REF] Cook | Mesoporous MoS2 as a Transition Metal Dichalcogenide Exhibiting Pseudocapacitive Li and Na-Ion Charge Storage[END_REF] . The creation of oxygen vacancies in MoO3 is another route for improved electrochemical properties. In this case, a larger b-axis lattice spacing promotes faster kinetics without altering the a-MoO3 phase upon Li-ions insertion and de-insertion [START_REF] Kim | Oxygen Vacancies Enhance Pseudocapacitive Charge Storage Properties of MoO3-X[END_REF] . These approaches also apply for multi-ion batteries. For example, a highly defective iron phosphate-carbon composite was reported to enhance magnesium-ion diffusion in the solid phase, leading to fast, reversible ion intercalation reactions and stable cycling [START_REF] Orikasa | Noncrystalline Nanocomposites as a Remedy for the Low Diffusivity of Multivalent Ions in Battery Cathodes[END_REF] .

The study of MXenes in non-aqueous electrolytes has led to an interesting series of results in which pseudocapacitive charge storage is influenced by surface groups [START_REF] Li | A General Lewis Acidic Etching Route for Preparing MXenes with Enhanced Electrochemical Performance in Non-Aqueous Electrolyte[END_REF][START_REF] Kamysbayev | Covalent Surface Modifications and Superconductivity of Two-Dimensional Metal Carbide MXenes[END_REF] . In particular, F-and O-rich surface terminated Ti3C2 MXene showed high capacity with fast ion transport in an electrolyte of 1M LiTFSI in propylene carbonate due to intercalation of partially desolvated Li-ions between the MXene layers [START_REF] Wang | Influences from Solvents on Charge Storage in Titanium Carbide MXenes[END_REF] (Fig. 2a). This behavior was the result of specific interactions between the Ti3C2 MXene surface groups and solvent molecules (Fig. 2b). It is interesting to note that the desolvation effects leading to increased capacitance in nanoporous carbons also influence pseudocapacitive charge storage. In addition, the modification of the MXene surface groups has a profound effect on the electrochemical properties. In O-and Cl-terminated Ti3C2 MXene prepared by molten salt synthesis [START_REF] Li | A General Lewis Acidic Etching Route for Preparing MXenes with Enhanced Electrochemical Performance in Non-Aqueous Electrolyte[END_REF] , the cyclic voltammetry sweeps resembled the characteristic 'box' of a capacitive material in which a constant current is obtained as a function of potential, similar to what is observed in a pseudocapacitive material (Fig. 2c). In this study, the intercalation of desolvated Li + between the MXene layers (see Fig. 2d) was deemed responsible for high capacity (200 mAh.g -1 ) and high-rate performance (75 mAh g -1 at 128C rate), as a result of the absence of hydrophilic -OH surface groups. It is evident that the use of non-aqueous electrolytes with MXene is at an early stage where the relationships between surface chemistry and electrochemical properties are still being identified. (Fig. 2e). In general, the development of oxide and non-oxide pseudocapacitive materials which exhibit high rate redox properties associated with Li-ion insertion and de-insertion is providing the basis for a new generation of fast charging Li-ion batteries [START_REF] Choi | Achieving High Energy Density and High Power Density with Pseudocapacitive Materials[END_REF] or hybrid capacitors that combine a capacitive electrode with a battery electrode 2 .

Summary

This perspective has emphasized the role of electrode-electrolyte interfaces in electrochemical capacitors. In the case of supercapacitors, it is evident that techniques dedicated to characterizing surface structure and chemistry are bringing new insights to this field with the likely result being increased energy density. The pseudocapacitive materials field is still emerging as design rules for identifying this promising group of materials are still being established. It is interesting that both types of ECs are linked by the importance of solvation/de-solvation and confinement. The latter topic seems to be especially important. Finally, the search for new pseudocapacitive or redox capacitive materials that store the charge by fast, non-diffusion limited redox reaction will also benefit the entire battery field and it is a safe bet that such materials will emerge in the next few years.
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Quotes

The development of advanced in-situ analytical techniques to understand fundamental electrochemical processes and structural effects (pores, surface groups) down to the nanoscale level will help in better understanding the ion adsorption and electron transfer in (pseudo)capacitive materials.

The emergence of new pseudocapacitive materials offers opportunities for developing the next-generation of ECs combining high power performance together with improved energy density.

The effect of electrolyte confinement in host materials and the associated ion solvation/de-solvation on electrochemical performance should be further explored.