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This book chapter presents an overview on the electrode materials and electrolytes used in supercapacitors. The working principles, the mechanisms of charge storage, and the configuration of supercapacitors are briefly discussed. A first focus is on electrode materials relying on different charge storage mechanisms, i.e., electrochemical double-layer carbon materials and pseudocapacitive transition-metal oxides and metal-sulfides materials. The last part focuses on the electrolytes used in supercapacitors. Classical liquid electrolytes are reviewed and the development of gel-and solid-like electrolytes is presented. The advantages, current limitations, and challenges of electrodes and electrolytes are also addressed.
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I.

General introduction

The population of Earth is constantly increasing and accordingly our needs in transportation, resources and energy. This leads to a sharp increase in the consumption of fossil fuels. As a consequence, the environmental problems such as climate change related to greenhouse gas emissions are increasing along with the water and the air pollution. Moreover, fossil fuel reserves are limited and are unevenly distributed on our planet creating geo-political tensions.

Tackling these issues requires the development of new energy sources, but also technologies for efficient energy transportation and storage. Thus, there is an urgent need to progress on the conception of energy storage devices that provides the energy when needed.

The importance of electrochemical energy storage devices (EESD) is attested by the 2019 Nobel Prize awarded for the discovery and development of lithium ion batteries. [START_REF] Brédas | An Electrifying Choice for the 2019 Chemistry Nobel Prize[END_REF] Among the EESD, the most commonly used are batteries and supercapacitors, which have complementary characteristics. Batteries are used whenever high energy density is needed, whereas supercapacitors are more adapted for applications requiring high power density, namely when energy uptake occurs in short time period, such as automotive kinetic energy recovery system (KERS) and opening emergency doors of airplanes. [START_REF] Frackowiak | Carbon/Carbon Supercapacitors[END_REF] Supercapacitors are also increasingly demanded due to rapid development of flexible and wearable electronics. The attention is directed towards ecological, high-performing, and long-life devices. The research challenges are focused on practical requirements such as light and ultrathin devices, [START_REF] Noori | Towards Establishing Standard Performance Metrics for Batteries, Supercapacitors and Beyond[END_REF] but also on expanding the life of EESD. For this purpose, novel electrode materials and a new type of electrolytes are being developed.

Today, commercial supercapacitors use mostly carbon with high surface area as electrode material and generally organic liquid electrolytes. However, other types of electrode materials are promising for supercapacitors, such as transition metal oxides (TMO) and transition metal sulfides (TMS). All of these categories of electrode materials will be discussed in detail in the first part of this chapter. The mechanisms of charge storage by formation of an electrical double layer and pseudocapacitance are briefly summarized for better understanding. Lastly, the latter section is dedicated to the description of electrolytes used in supercapacitors. A classification of conventional liquid electrolytes will be provided, as well as their interaction with electrode materials. Moreover, the emerging development of gel and solid-like electrolytes is presented.

A comparison between the two families is proposed and their advantages, current limitations and challenges addressed.

II. Supercapacitors: Stat-of-the-art II.1. Brief history and definition of a supercapacitor

The electrostatic capacitor concept was demonstrated firstly in 1745 by Leyden Jar, using a glass container acting as a dielectric separator and metal external and internal foils as electrodes. [START_REF] Rand | A Journey on the Electrochemical Road to Sustainability[END_REF] The capacitance of a simple capacitor is given by Eq. 1.

𝐶 =

𝜀 0 𝜀 𝑟 𝐴 𝑑 𝐸𝑞. (1) Where: C is the capacitance in F, 𝜀 0 = 8. 85 ⋅ 10 -12 𝐹 𝑚 -1 is the electrical permittivity of vacuum, εr is the dielectric constant of a separator, A is the electrochemically accessible surface area (m 2 ) and d is the distance between the electrodes (m). Therefore, surface specific capacitance 𝐶 𝑠 = 𝐶 𝐴 ⁄ is dependent on the distance d and dielectric constant of separator εr.

In the 19 th century, the electric double layer (EDL) model of electrode/electrolyte interface was proposed by the German physicist Helmoltz. He suggested a compensation of a free charge of the electrode by electrostatic adsorption of the opposite electrolyte charged ions at a distance d, forming an interfacial capacitor with capacitance given by Eq.1. Afterwards, Gouy, Chapman and Stern improved this model. [START_REF] González | Review on Supercapacitors: Technologies and Materials[END_REF] , as will be further discussed in more detail.

Contrary to electrostatic capacitors, the parameters (namely d and ε) determining surface specific capacitance of electrochemical interface, Cs in pseudocapacitors, are potentialdependent. Depending on the mechanism of charge storage (see II.2), the potential dependence of charge storage capacitance can be negligible, as in pure EDL materials, significant, as in some pseudocapacitive materials, and very significant in batteries-like materials.

In general, the terms supercapacitors, electrochemical capacitors (ES) or ultracapacitors are used to describe the same device. They could be defined as a class of EESD that has charging behavior similar to that of electrostatic capacitors (contrary to batteries), namely weak dependence of charge capacitance and energy density on applied voltage and charging rate.

The performance of electrode materials is conventionally compared in terms of mass-specific capacitances (Cm) or volume-specific capacitances (CV).

𝐶 𝑚 = 𝐶 𝑠 ⋅ 𝑆𝑆𝐴 𝐶 𝑉 = 𝐶 𝑠 ⋅ 𝑆𝑆𝐴 ⋅ 𝜌

Here, SSA is specific surface area, that is, surface area of 1 g of a material, and ρ is the density of the material.

Energy storage devices are characterized by energy capacitance E and power P. For supercapacitors, the energy and power are calculated according to Equations 2 and 3: Where: Cm is mass-specific device capacitance, V is the voltage of the device, E is the energy density R is the system resistance t is the discharge time and P is the power density.

The energy storage in supercapacitors is faster than in batteries and makes the former ones capable of maintaining high power rates (above 10 kW kg -1 ). The so-called Ragone plot is used to classify the different energy storage technologies as presented in Figure 1. One can see that supercapacitors are particularly interesting as they fill the gap between simple capacitors and batteries. On the one hand, their specific energy is several orders of magnitude higher than that of capacitors, and on the other hand, their specific power is significantly higher than that of batteries. An ES is composed of two electrodes containing an active material, a binder and often a conductive material to boost the conductivity. Both electrodes are immersed in an electrolyte assuring the ion transport, an insulator separator is used to prevent short circuits and the whole is connected to two current collectors from the two parts (Figure 2). In laboratory research, several types of 2 electrode cells/devices are used. The most employed ones are Swagelok 6 , coin [START_REF] Karade | Coin Cell Fabricated Symmetric Supercapacitor Device of Two-Steps Synthesized V2O5 Nanorods[END_REF] and pouch 8 cells. One should be aware that each of these systems has different characteristics: dimension, type of current collector, etc. Therefore, the resistivity for each type of cell is different, and this has a direct impact on performance. 9

II.2. Mechanisms of energy storage

Depending on the charge storage mechanism, two main types of ES are outlined, namely electrochemical double-layer capacitors (EDLC) and pseudocapacitors.

II.2.1. Electrochemical double layer capacitors (EDLC)

As noted above, the concept of EDL was introduced by the Helmoltz model (Figure 3 The short thickness of the EDL, d 1-2 nm (in concentrated solutions) and the high solvent dielectric constant (in aqueous solutions, ε≈80), results in a relatively high interfacial capacitance Cs 5-20 μF/cm 2 , much higher than one of the electrostatic capacitors (hence is the term "supercapacitors"). The small thickness of EDL also allows using rough or porous electrodes with high SSA. In particular, the carbon electrodes with SSA>2500 m 2 g -1 are often used in ES (see III.3), thus providing high mass specific capacitance of the device Cm above 100 F g -1 .

The decrease of the pores of the material allows its SSA to increase without a strong decrease in its density, resulting in high values of both Cs and CV. In fact, an increase in mass specific capacitance Cm is observed with an increase in SSA 10 in a wide range of SSA from below 1000 m 2 g -1 up to SSA>2500 m 2 g -1 . However, the detailed analysis of numerous literature data [START_REF] Bi | Pore-Size-Dependent Capacitance and Charging Dynamics of Nanoporous Carbons in Aqueous Electrolytes[END_REF] suggested a decrease of surface-specific capacitance Cs of carbon electrodes from ca. 14 μF cm - 2 at SSA<1000 m 2 g -1 to ca. 5 μF cm -2 at SSA>2500 m 2 g -1 . These discrepancies might be related to an inaccessible porosity (pore size not matching the electrolyte one) or due to other factors (conductivity etc.).

The Stern model gives correct description of EDL of flat uniform electrodes, but is less capable to describe the electrosorption of ions within the electrode micropores with diameter comparable to EDL thickness. In such case the EDL of opposite walls are overlapping, which may result in a decrease of Cs.

More recently, new in situ characterization tools, for instance, nuclear magnetic resonance (NMR), Raman spectroscopy, and X-ray scattering, have been used to deepen the understanding of ion mobility within the pores. Furthermore, electrochemical quartz-crystal microbalance proved to be a powerful technique in revealing electrolyte dynamics and ion adsorption during polarization. [START_REF] Simon | Perspectives for Electrochemical Capacitors and Related Devices[END_REF] Parallel to experimental techniques, modeling answered several questions not achievable by experimental procedures. [START_REF] Forse | New Perspectives on the Charging Mechanisms of Supercapacitors[END_REF] Studies using Carbide-derived carbon (CDC) with narrow pore size distribution, [START_REF] Chmiola | Anomalous Increase in Carbon Capacitance at Pore Sizes Less Than 1 Nanometer[END_REF][START_REF] Largeot | Relation between the Ion Size and Pore Size for an Electric Double-Layer Capacitor[END_REF] have been used in several studies and demonstrated an increase in C when the diameter of the pores dp becomes small and comparable with the size of the ions of the electrolyte di depending on the electrolyte/solvent system. Thus, complex dependence of Cs on dp has been suggested, with the maximum Cs at ca. 15 μF cm -2 in ionic liquids, or 10-12 μF cm -2 in organic electrolytes, [START_REF] Jiang | Solvent Effect on the Pore-Size Dependence of an Organic Electrolyte Supercapacitor[END_REF] and in aqueous electrolytes [START_REF] Bi | Pore-Size-Dependent Capacitance and Charging Dynamics of Nanoporous Carbons in Aqueous Electrolytes[END_REF] for pores with size dp ≈ di (d<0.7 nm) [START_REF] Ji | Capacitance of Carbon-Based Electrical Double-Layer Capacitors[END_REF][START_REF] Yan | Template-Assisted Low Temperature Synthesis of Functionalized Graphene for Ultrahigh Volumetric Performance Supercapacitors[END_REF][START_REF] Ba | Tridimensional Few-Layer Graphene-like Structures from Sugar-Salt Mixtures as High-Performance Supercapacitor Electrodes[END_REF] .

It should be mention that there is no full consensus on this complex Cs-dp dependence: a constant value of Cs inside of micropores has also been recently suggested. [START_REF] Centeno | Capacitance in Carbon Pores of 0.7 to 15 Nm: A Regular Pattern[END_REF] The unambiguous interpretation of experimental data is complicated due to (i) a certain broadness of pore size distributions even for model 3D carbon materials, such as CDC and (ii) difficulties in interpretation of BET isotherms especially in the case of micropores. However, it is generally accepted that pore sizes that match the size of electrolyte ions proved to be the best pore geometry. [START_REF] Platek-Mielczarek | Link between Alkali Metals in Salt Templates and in Electrolytes for Improved Carbon-Based Electrochemical Capacitors[END_REF][START_REF] Ruch | A Comparison of the Aging of Electrochemical Double Layer Capacitors with Acetonitrile and Propylene Carbonate-Based Electrolytes at Elevated Voltages[END_REF] It is also argued that mesopores (pores wider than 2 nm) [START_REF] Béguin | Carbons and Electrolytes for Advanced Supercapacitors[END_REF] have been argued to improve ES performance, as they assure rapid access of electrolyte ions to micropores. The geometry and connectivity of mesopores are also of great importance to enhance diffusion and capacity retention. 23

II.2.2. Pseudocapacitors

Pseudocapacitance is a phenomenon of interfacial charge storage involving a faradaic (charge transfer) reaction, contrast pure electrostatic adsorption in the case of EDL formation [START_REF] Brousse | To Be or Not To Be Pseudocapacitive?[END_REF] . The term 'pseudo'-capacitance is justified by a signature behavior (cyclic voltammetry (CV) or galvanostatic charge-discharge (GCD) of pseudocapacitors similar to EDLC, showing only a weak dependence of capacitance on potential. Generally speaking, pseudocapacitance occurs when fast reversible faradaic reactions arise at or near the surface of an electrode material [START_REF] Augustyn | Pseudocapacitive Oxide Materials for High-Rate Electrochemical Energy Storage[END_REF] , resulting in charge accumulation in the interfacial region. For a deeper understanding, the historical evolution of pseudocapacitance definition is nicely summarized in the literature. [START_REF] Augustyn | Pseudocapacitive Oxide Materials for High-Rate Electrochemical Energy Storage[END_REF][START_REF] Fleischmann | Pseudocapacitance: From Fundamental Understanding to High Power Energy Storage Materials[END_REF] The use of pseudocapacitance in ES emerged with the report of Trasatti et al. in 1971, on highly reversible charge transfer reactions for hydrous ruthenium oxide RuO2. [START_REF] Trasatti | Ruthenium Dioxide: A New Interesting Electrode Material. Solid State Structure and Electrochemical Behaviour[END_REF] It exhibited symmetric and reversible CV that was explained by reversible redox reactions later on in 1990. [START_REF] Ardizzone | Inner" and "Outer" Active Surface of RuO2 Electrodes[END_REF] Other reports reveled that nanoscale structure contributes to enhance the performance, a capacitance of 700 F g -1 being reached. [START_REF] Long | Voltammetric Characterization of Ruthenium Oxide-Based Aerogels and Other RuO2 Solids: The Nature of Capacitance in Nanostructured Materials[END_REF] Since ruthenium is rare and high cost material, there was a sparkling interest to find low-cost and abundant metal oxides that show similar behavior.

Goodenough et al. reported in 1999 capacitive behavior for amorphous hydrated MnO2 in neutral aqueous electrolytes (2 M KCl). [START_REF] Lee | Supercapacitor Behavior with KCl Electrolyte[END_REF] The specific capacitance was lower (~ 200 F g -1 ) than RuO2 in a potential window of 0 V to 1.2 V. Although MnO2 has lower electrical conductivity, it attracted interest due to its capacitance and economic affordability. To date, MnO2 has become one of the most studied pseudocapacitive materials.

Later on in 1999, Conway suggested 3 major categories of faradaic mechanism of charge storage [START_REF] Conway | Electrochemical Supercapacitors: Scientific Fundamentals and Technological Applications[END_REF] (Figure 4): Obviously, the shape of the electrochemical signatures is different depending on the type of pseudocapacitance and many other factors, such as the size and shape of the particles within the electrode, and the respective interaction of the electrode with the electrolyte. [START_REF] Platek-Mielczarek | Link between Alkali Metals in Salt Templates and in Electrolytes for Improved Carbon-Based Electrochemical Capacitors[END_REF] Nanostructuration plays an important role in pseudocapacitance as it controls the transport of ions within the material. In some cases, typically for materials that have faradaic charge storage via ion insertion (Fig. 4c), the CV and GCD shape are closer to battery-type insertion materials [START_REF] Gogotsi | True Performance Metrics in Electrochemical Energy Storage[END_REF] , but show more reversible behavior due to a shorter ion diffusion distance achieved by nanostructuration of the material. This manifests itself in an appearance of pseudocapacitance and is considered extrinsic pseudocapacitance. [START_REF] Fleischmann | Pseudocapacitance: From Fundamental Understanding to High Power Energy Storage Materials[END_REF] For example, Nb2O5 was tested as nanoscale material and showed an intercalation pseudocapacitance which do not appear for bulk Nb2O5 [START_REF] Come | Electrochemical Kinetics of Nanostructured Nb2O5 Electrodes[END_REF] (Fig. 5). This was defined as extrinsic pseudocapacitance. In addition to this example, other materials such as V2O5 [START_REF] Dong | Electrochemical Properties of High Surface Area Vanadium Oxide Aerogels[END_REF] and TiO2 35 LiCoO2 36 showed pseudocapacitance when nanostructured.

Figure 5 Schematic representations and corresponding electrochemical responses for 'extrinsic'

and 'intrinsic' pseudocapacitors. [START_REF] Come | Electrochemical Kinetics of Nanostructured Nb2O5 Electrodes[END_REF] Reproduced by permission of IOP Publishing Ltd.

Generally, pseudocapacitive materials possess higher theoretical capacitance than EDL materials. [START_REF] Costentin | How Do Pseudocapacitors Store Energy? Theoretical Analysis and Experimental Illustration[END_REF] Hence, they are promising to develop high energy and power devices. However, their large utilization is often impeded by their limited conductivity and low cycling stability, consequently their improvements still require significant attention.

II.3. Types of supercapacitors

As has been demonstrated before, the nature of the electrode mainly defines the mechanism of energy storage. Thus, electrode materials of EC can be classified by the mechanism of energy storage as EDL capacitors and pseudocapacitors. Alternatively, supercapacitor devices can be classified by their configuration as symmetric, asymmetric, and hybrid supercapacitors.

II.3.1. Symmetric supercapacitors

Symmetric capacitors are intensively studied due to the simplest approach to building a capacitor and interpreting performance. [START_REF]An approach to classification and capacitance expressions in electrochemical capacitors technology -Physical Chemistry Chemical Physics[END_REF] In a symmetric supercapacitor, the nature of active material in the positive and negative electrodes is the same. The equivalent circuit of this configuration is depicted in Figure 6, assuming that each electrode behaves as a capacitor C1.

The performance of the device depends on both C1 and R -equivalent serial resistance of the device. Figure 6 shows how the shape of CV curves (Figure 6A) and GCD curves (Figure 6B)

changes with an increase in R, assuming that the value of C is potential independent. As R increases, the area under both CV and GC curves, proportional to the capacitance of the device, decreases, especially for fast charging rates. In many studies, the performance of electrode materials are determined in 3-electrode configuration by using relatively low loadings of material, below 1 mg cm -2 . Utilization of thin deposits in the model studies allows one to avoid strong resistance of electrode deposit and to demonstrate high specific capacitance of a given electrode material under the optimal conditions. On the other hand, a higher mass loading (ca. 10 mg cm -2 ) of electrode material is generally required in symmetric supercapacitors [START_REF] Gogotsi | True Performance Metrics in Electrochemical Energy Storage[END_REF] to maximize the mass of active components for charge storage. For this high loading, the electrode material contributes ca. 30% of the total mass of capacitor, which makes the specific capacitance of the device ca. three times lower than the capacitance of the electrode material.

An increase in the loading of electrode materials often results in a decrease in the energy capacitance and power density of the supercapacitor, as a thicker electrode layer has higher resistance. Furthermore, to form a stable and uniform thick layer (few hundreds of μm), a structuring binder (PVDF most commonly) is added, which can further increase electrode resistance and decrease electrolyte accessibility. The optimization of the composition and the structure of the electrode, as well as the conditions of its formation, have the same importance as a search for the most performing electrode material [START_REF] Dong | Carbon Materials for High Mass-Loading Supercapacitors: Filling the Gap between New Materials and Practical Applications[END_REF] .

In symmetric supercapacitors, the open circuit potential (E OCP) on both electrodes is the same, and open circuit voltage of the device VOCP is 0V (Figure 7). Charging the symmetric supercapacitor results in the same absolute shift of the potential of positive and negative electrodes (but in the opposite directions). Thus, the maximal voltage of the symmetric supercapacitor Vmax depends on Emax, that is, the closest position of the EOCP of the electrode material relative to the positive or negative limits of its potential stability range Vmax = 2 Emax.

The optimal electrode/electrolyte system for symmetric superacpacitor has a position of its EOCP close to the middle of the potential range of stability of the electrode material.

Figure 7 Schematic CV curves of electrodes in symmetric supercapacitors (top) and of the whole symmetric supercapacitor device (bottom). The CV curves of each electrode are shown for 3-electrode configuration (dashed), when the potential of each electrode is controlled by applied voltage

Electrode materials widely used in a symmetric capacitor are carbonaceous ones. [START_REF] Frackowiak | Carbon/Carbon Supercapacitors[END_REF] Symmetric devices based on pseudocapacitive materials are also developed, but to a lesser extent. [START_REF] Abouali | Electrospun Carbon Nanofibers with in Situ Encapsulated Co 3 O 4 Nanoparticles as Electrodes for High-Performance Supercapacitors[END_REF] In general, carbon materials are considered to be electrochemically stable and inert, [START_REF] Noked | The Electrochemistry of Activated Carbonaceous Materials: Past, Present, and Future[END_REF] allowing them to operate in a wide potential window, mostly limited by the potential range of stability of solvent: from 0.00 V to 1.23 V RHE (Reversible Hydrogen Electrode) for aqueous electrolytes.

Moreover, carbon is a poor catalyst of hydrogen evolution and, thus, tolerates voltage below 0.00 V RHE, allowing over polarization of carbon when it is utilized as a negative electrode.

However, carbon is thermodynamically unstable and is electro-oxidized above 0.204 V RHE. [START_REF] Trogadas | Carbon as Catalyst and Support for Electrochemical Energy Conversion[END_REF] Its oxidation is kinetically hindered, but, nevertheless, does not allow applying too high positive potentials. Thus, in aqueous electrolytes, the generally accepted operational potential range of carbon electrodes is ca. 1.20 V.

In the absence of any redox system in the electrolyte and specific adsorption of the electrolyte components on the electrode, the value of EOCP is determined by the value of the potential of zero free charge EPZC. [START_REF] Frumkin | Potentials of Zero Total and Zero Free Charge of Platinum Group Metals[END_REF] The value of EPZC of the graphite electrode in neutral solution is relatively negative (-0.125 V SCE in KF solution), [START_REF] Golub | The Electrical Double Layer of Carbon and Graphite Electrodes: Part V. Specific Interactions with Simple Ions[END_REF] while for more oxidized carbon samples, positive values are reported (ca. 0.090 V SCE in KCl for glassy carbon electrode, for example [START_REF] Shao | Electrocapillary Maximum and Potential of Zero Charge of Carbon Aerogel[END_REF] ). On the other hand, the value of EPZC can be strongly modified by surface functionalization. [START_REF] Wu | Surface-Treated Carbon Electrodes with Modified Potential of Zero Charge for Capacitive Deionization[END_REF] Thus, surface treatment of carbon electrode materials allows optimizing its utilization in electrodes of symmetric supercapacitors for a given electrolyte. Nevertheless, the maximal voltage range of operation of symmetric supercapacitors cannot exceed the potential range of operation of electrode materials, e.g. ca. 1.2 V for an aqueous electrolyte.

Considering a symmetric device construction, the mass, thickness, and size of both electrodes should be equal in order to speak about symmetry. Reporting this to Eq. ( 4), one can conclude that:

𝐶 𝑑𝑒𝑣𝑖𝑐𝑒 = 1 2 𝐶 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝐸𝑞. ( 5 
)
Considering mtot and melec the mass of total active material in the device and in one single electrode, and neglecting the mass of other components, a relationship between the specific capacitance Cm of a device and of a single electrode can be expressed:

𝐶 𝑚,𝑑𝑒𝑣𝑖𝑐𝑒 = 𝐶 𝑑𝑒𝑣𝑖𝑐𝑒 𝑚 𝑡𝑜𝑡 = ( 𝐶 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 2 ) . ( 1 2. 𝑚 𝑒𝑙𝑒𝑐 ) = 𝐶 𝑚,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 4 𝐸𝑞. ( 6 
)
When electrochemical metrics are reported in the literature, the calculation methods should be given with all the details, formulas, and units to avoid any confusion. Many reported documentation have been proposed [START_REF] Gogotsi | True Performance Metrics in Electrochemical Energy Storage[END_REF][START_REF] Stoller | Best Practice Methods for Determining an Electrode Material's Performance for Ultracapacitors[END_REF][START_REF] Mathis | Energy Storage Data Reporting in Perspective-Guidelines for Interpreting the Performance of Electrochemical Energy Storage Systems[END_REF][START_REF] Xie | Puzzles and Confusions in Supercapacitor and Battery: Theory and Solutions[END_REF] in this direction, with the aim of distinguishing misunderstandings and clarifying the appropriate electrochemical performance metrics. The main difficulties come from the lack of performance standardization in this field.

Despite these limitations, symmetric supercapacitors have certain advantages compared to other types of supercapacitors. Symmetric supercapacitors are easier to optimize, as the same amount of electrode materials is required. Moreover, the polarisation of symmetric supercapacitors can be safely inversed without risk of electrode damage.

II.3.2. Asymmetric supercapacitor

Asymmetric supercapacitors are used in a wide variety of devices using dissimilar materials in each electrode. Electrodes could be EDL or pseudocapacitive materials. [START_REF] Choudhary | Asymmetric Supercapacitor Electrodes and Devices[END_REF] There is some confusion in the identification of capacitors through the literature, as the term asymmetric has been used for a long time, and for any non-symmetric device. Brousse et al. gave a clear distinction between pseudocapacitors, asymmetric capacitors and hybrid supercapacitors: [START_REF] Brousse | To Be or Not To Be Pseudocapacitive?[END_REF] according to their definition, asymmetric supercapacitors consist of electrode materials exhibiting capacitive or pseudocapacitive mechanisms, or even having the same mechanism storage but different mass loading, or surface functional groups. [START_REF] Choudhary | Asymmetric Supercapacitor Electrodes and Devices[END_REF][START_REF] Shao | Design and Mechanisms of Asymmetric Supercapacitors[END_REF] Consequently, the term hybrid should be used when a battery type electrode material is used with another type of electrode, [START_REF] Brousse | To Be or Not To Be Pseudocapacitive?[END_REF] either capacitive or faradaic. According to this, hybrid supercapacitor may be seen as a particular type of asymmetric capacitors.

The high loading requirements and, thus, the importance of fabrication of thick, uniform, stable electrode with structure easily accessible for an electrolyte are similar to the electrodes of symmetric supercapacitors. However, utilization of different materials for negative and positive electrodes in asymmetric supercapacitors allows operating wider voltage range compared to symmetric supercapacitors.

The open circuit voltage of the asymmetric supercapacitor VOCP is determined by the difference between EOCP of positive and negative electrodes. Adjustment of the properties and the amount of materials on the two electrodes allows to utilize the whole potential range of both electrodes:

In this case, the maximal voltage Vmax is determined by the difference between the lower potential limit of the negative electrode and the higher potential limit of a positive electrode (Figure 8), and can significantly exceed the stability potential range of each of the electrode material. As each of the electrodes operates in a limited potential range, the degradation of materials can be avoided while maintaining a wide operation voltage of the whole device. This is especially important for oxide electrode materials, which show high specific capacitance but in a rather limited potential range. The choice of electrode material is crucial for the operating potential window of the asymmetric supercapacitors.

The asymmetric pseudocapacitors mentioned in the literature include either a positive pseudocapacitive electrode and a negative capacitive electrode composed of carbon or a positive and negative electrode both composed of pseudocapacitive materials but with different redox reactions (Table 1). As can be seen, the use of carbon as negative electrode is frequently preferred because it offers a low-cost material that has high conductivity and specific surface area, which will boost the asymmetric supercapacitor performance. Moreover, operating carbon as a negative electrode allows to avoid the oxidative degradation of carbon materials at high potentials. Some transition metal oxides (TMO) can also operate as negative electrodes in an electrode potential range close to 0.00 V RHE, as illustrated by E-pH Pourbaix diagrams (Figure 9): namely, oxides of Fe (Figure 9A) [START_REF] Wang | Electrode Materials for Aqueous Asymmetric Supercapacitors[END_REF] in basic electrolytes, oxides of V (Figure 9B) in weak acidic or neutral electrolytes, trioxide of tungsten WO3 in acid electrolytes. [START_REF] Peng | High-Performance Aqueous Asymmetric Supercapacitor Based on Carbon Nanofibers Network and Tungsten Trioxide Nanorod Bundles Electrodes[END_REF] On the other hand, oxides of Co, Ni, and especially Mn (Figure 9C) and Ru (Figure 9D) are considered promising positive electrode materials due to redox transitions and intercalation occurring at high potentials. [START_REF] Wang | Electrode Materials for Aqueous Asymmetric Supercapacitors[END_REF] Except for RuO2, the other oxides have relatively high electrical resistance and conductive additive, most commonly carbon is necessary, especially to build thick electrode deposits.

However, carbon materials are less stable at these high potentials, especially in the presence of metal oxides, which can catalyze their oxidative degradation. [START_REF] Dong | Carbon Materials for High Mass-Loading Supercapacitors: Filling the Gap between New Materials and Practical Applications[END_REF] In general, highly conductive and stable carbon materials, such as graphitized carbon blacks, are utilized. For the case where two pseudocapacitive materials are used, the most important criteria is to choose them properly according to their standard potential value in the electrolyte. [START_REF] Dubal | Towards Flexible Solid-State Supercapacitors for Smart and Wearable Electronics[END_REF] As seen from the table, the extension of the voltage window for asymmetric capacitors is achieved while using liquid electrolytes (1.7 -2 V) unlike for symmetric capacitors (~1 V). [START_REF] Lu | High Energy Density Asymmetric Quasi-Solid-State Supercapacitor Based on Porous Vanadium Nitride Nanowire Anode[END_REF] Consequently, the energy density can be improved without any need to modify the nature of the electrolyte. [START_REF] Jiang | A Green and High Energy Density Asymmetric Supercapacitor Based on Ultrathin MnO 2 Nanostructures and Functional Mesoporous Carbon Nanotube Electrodes[END_REF] It is worth mentioning that the value of current density at which the device is tested may affect its retention capacity after certain cycles. Thus, this aspect needs to be taken under consideration when comparing different values. Limiting the potential operation range for each of the electrodes allows us to avoid degradation of electrode material. However, tuning and maintaining asymmetric supercapacitors is significantly more challenging. The inversion of the polarizability of the asymmetric supercapacitor above Vmin is critically damaging for electrode materials. The amount of electrode material at both electrodes must be equilibrated to ensure the maximal operating voltage without overstepping the safe potential operating range. However, the most challenging part is the management of performance retention. Faster degradation of the material of one of the electrodes results in its stronger polarizability under the same voltage, which may cause its even faster degradation.

III. Electrode materials III.1. Carbon Materials

Carbon materials are the most commonly used class of materials in supercapacitor electrodes.

A predominant part of supercapacitor market is occupied by EDLC, in which carbon are the main component of electrodes. [START_REF] Huang | Challenges and Opportunities for Supercapacitors[END_REF] There are several advantages of using carbon-based materials as electrodes in electrochemical energy storage devices.

• Carbon is the 12 th most abundant element on Earth [START_REF] Dutch | Periodic Tables of Elemental Abundance[END_REF] , and can be synthesized from various fossil and biomass sources.

• Carbon has the lowest electrical resistance among all nonmetal elements. The in-plane resistivity of graphite is 0.4 μΩ m [START_REF] Serp | Carbon Materials for Catalysis[END_REF] , which is just a few times higher than the typical resistivity of transition metals (e.g. 0.096 μΩ m for Fe). The conductivity of carbon is provided by the ππ electrons in ordered carbon sheets sp [START_REF] Frackowiak | Carbon/Carbon Supercapacitors[END_REF] . The conductivity of carbon materials is related to the ratio of sp 2 and sp 3 carbon, as well as to the size of ordered sp 2 domains. The conductivity of carbon materials spans from about 105 Ω -1 cm -1 for the defect-free graphene sheet to ca. 10-15

Ω -1 cm -1 for the diamond.

The apparent conductivity of powdered carbon materials depends on the intrinsic resistivity of carbon and the intergranular resistance of the carbon particles. In general, more compact materials (i.e. carbon materials with higher apparent density) have higher conductivity due to lower intergranular resistance [START_REF] Sánchez-González | Electrical Conductivity of Carbon Blacks under Compression[END_REF] ; compressing porous activated carbon results in many times (3-10 times) increase of its apparent conductivity. [START_REF] Barroso Bogeat | Understanding and Tuning the Electrical Conductivity of Activated Carbon: A State-of-the-Art Review[END_REF] • An important advantage of carbon materials is their versatile structure. In particular, macro-, micro-, and nanostructures of carbon materials can be varied and adjusted to the best performance. Carbon materials can be prepared in the form of powders, paper-like fibrous tissues, sheets, felts, amorphous strong solids, etc., e.g. in various macrostructures. On the other hand, due to the variability of microsturcture, the specific surface area of carbon materials can be varied from ca. 2.5 m 2 g -1 for natural graphite to >2000 m 2 g -1 for activated carbons [START_REF] Noked | The Electrochemistry of Activated Carbonaceous Materials: Past, Present, and Future[END_REF] .

According to their architectures, carbon materials can be classified as 0D, 1D, 2D and 3D materials.

III.1.1 0D carbon materials

Carbon nanodots (CND) are a relatively recent class of 0D carbon materials with a characteristic size of carbon particles or sheets below 10 nm. [START_REF] Li | Carbon Nanodots: Synthesis, Properties and Applications[END_REF] CND can be synthesized by controlled strong oxidation (thermal, thermochemical, or electrochemical) of graphitic carbon, resulting in exfoliation and rupture of graphene sheets, producing nanoparticles or nanosheets of graphene with oxidized carbon edge atoms. Alternatively to this top-down approach, CND can also be synthesized by bottom-up approach from organic precursors. [START_REF] Zhang | A Novel One-Step Approach to Synthesize Fluorescent Carbon Nanoparticles[END_REF][START_REF] Gutiérrez-Sánchez | Direct Covalent Immobilization of New Nitrogen-Doped Carbon Nanodots by Electrografting for Sensing Applications[END_REF] The small size of the carbon domains and the strong influence of the carbon atoms on the edges result in a disruption of π-π electrons conjugation. Below a certain size (few nm) small CND are becoming semiconducting quantum dots (CQD), [START_REF] Shao | Electrocapillary Maximum and Potential of Zero Charge of Carbon Aerogel[END_REF] which attract little interest for energy storage applications due to limited conductivity. However, CND is studied as an interesting system for the supercapacitors electrode as a precursor for the 3D porous carbon electrode material [START_REF] Strauss | A Simple Route to Porous Graphene from Carbon Nanodots for Supercapacitor Applications[END_REF] , or as an additive to other electrode materials. [START_REF] Kumar | Activated Carbon Modified with Carbon Nanodots as Novel Electrode Material for Supercapacitors[END_REF][START_REF] Wang | Carbon Nanodots for Capacitor Electrodes[END_REF] The presence of polar hydrophilic oxygen-containing functional groups at the carbon edges strongly influences the properties of CND. In particular, CNDs are easily dispersible in aqueous solutions. Controlled reduction (thermal, thermochemical, or electrochemical) of oxidized edge carbon results in re-stacking of CND in a 3D porous carbon structure, [START_REF] Zhang | Ultramicroporous Carbons Puzzled by Graphene Quantum Dots: Integrated High Gravimetric, Volumetric, and Areal Capacitances for Supercapacitors[END_REF] with similarly high SSA>1700 m 2 g -1 as activated carbon (AC). However, CND-derived carbon has a more compact structure, resulting in a higher apparent density, ca. 1 g cm -3 compared to typical densities of thermochemical AC of 0.3-0.6 g cm -3 . This results in high mass-specific (270 F g -1 ) and volume-specific (262 F cm -3 ) capacitances in 6 M KOH at 1 A g -1 detected for high electrode loading of 10 mg cm -2 .

CNDs are utilized for the functionalization of porous carbon electrode materials. [START_REF] Kumar | Activated Carbon Modified with Carbon Nanodots as Novel Electrode Material for Supercapacitors[END_REF][START_REF] Hu | Carbon Nanodot Modified N, O-Doped Porous Carbon for Solid-State Supercapacitor: A Comparative Study with Carbon Nanotube and Graphene Oxide[END_REF] The strong hydrophilic nature of CNDs allows better electrolyte accessibility for carbon micropores. This effect is claimed to be particularly strong in the case of N-doped CND. [START_REF] Pandolfo | Carbon Properties and Their Role in Supercapacitors[END_REF] CNDs are also utilized as a building conducting block of composite materials with metal oxide nanoparticles [START_REF] Strauss | Carbon Nanodots as Feedstock for a Uniform Hematite-Graphene Nanocomposite[END_REF] and halide perovskites [START_REF] Oloore | Surface Capacitive Charge Storage in Carbon Nanodots-Anchored Hybrid Halide Perovskites[END_REF] with high capacitance and electrochemical stability.

High-temperature (above 1200°C) vacuum annealing of nanodiamonds (produced by detonation) results in ca. 10 nm graphitic carbon nanoparticles, consisting of concentric spheres: carbon nanoonions (CNO). [START_REF] Portet | Electrochemical Performance of Carbon Onions, Nanodiamonds, Carbon Black and Multiwalled Nanotubes in Electrical Double Layer Capacitors[END_REF] Due to its inner graphitic structure, CNO has higher conductivity than CND: apparent conductivity of CNO increases with annealing temperature up to ca. 3 Ω -1 cm -1 . Furthermore, despite the higher intergranular resistance of CNO, its apparent conductivity is higher than the typical conductivity of activated carbon, [START_REF] Mcdonough | Influence of the Structure of Carbon Onions on Their Electrochemical Performance in Supercapacitor Electrodes[END_REF] which, in general, lacks long ordered graphitic sp 2 domains. Due to the larger particle size, the SSA of CNO is ca. 500 m 2 g - 1 , that is a few times lower than SSA of CND. Thus, the mass-specific capacitance of CNO is not high: generally, the values of ca. 40-50 F g -1 are reported. However, chemical functionalization allows increasing capacitance up to ~ 100 F g -1 . Nevertheless, lack of micropores in dense CNO deposit and its high conductivity make it an interesting material for capacitors with high power output. [START_REF] Gutiérrez-Sánchez | Direct Covalent Immobilization of New Nitrogen-Doped Carbon Nanodots by Electrografting for Sensing Applications[END_REF][START_REF] Pech | Ultrahigh-Power Micrometre-Sized Supercapacitors Based on Onion-like Carbon[END_REF][START_REF] Moussa | Relationship between the Carbon Nano-Onions (CNOs) Surface Chemistry/Defects and Their Capacitance in Aqueous and Organic Electrolytes[END_REF] 

III.1.2. 1D Carbon

Carbon nanotubes (CNT) and nanofibers (CNF) are the most commonly used types of carbon 1D material in supercapacitors, which can be synthesized by various methods. [START_REF] Zhang | X. Carbon-Based Materials as Supercapacitor Electrodes[END_REF] The most commonly used method is chemical vapor deposition by decomposition of hydrocarbon precursors, allowing the preparation of vertically aligned nanotubes (VACNT).

The main advantage of 1D carbon as an electrode material is controlled porosity with predominance of mesopores, especially in the case of VACNT. The geometry and composition of CNT can be finely tuned, which makes CNT a very suitable model material for studying the performance of supercapacitors. Due to their regular and tunable geometry and composition, CNTs and CNFs are often used in composites with conductive polymers and/or metal oxides in supercapacitors. [START_REF] Zhang | X. Carbon-Based Materials as Supercapacitor Electrodes[END_REF] On the other hand, the disadvantage of CNT is a relatively low SSA (generally less than 250 m 2 g -1 ). Chemical post-treatment may result in an increase in SSA up to ca. 500 m 2 g -1 and functionalization of the carbon surface by O-and N-containing groups, [START_REF] Pan | Carbon Nanotubes for Supercapacitor[END_REF] providing massspecific capacitance of ~ 200 F g -1 .

III.1.3 2D Carbon

Graphene is the 2D carbon material, which consists of separated (exfoliated) sheets of sp 2 carbon. This material has high mechanical stability: the Young modulus of the defect-free single graphene sheet is equal to 1.0 TPa, its breaks stress is 130 GPa. [START_REF] Zhu | Graphene and Graphene Oxide: Synthesis, Properties, and Applications[END_REF] Graphene has high theoretical SSA of 2628 m 2 g -1 . [START_REF] Chen | Structural Design of Graphene for Use in Electrochemical Energy Storage Devices[END_REF] The single sheet of graphene has relatively low electrical surface electrical resistance 400 Ohm sq -1 , which is decreased to ca. 30 Ohm sq -1 . for the film of 4 stacked graphene sheets with ca. 2 nm stack thickness. [START_REF] Pei | The Reduction of Graphene Oxide[END_REF] The bulk conductivity of such a graphene-type film is estimated to be 1.6 10 6 Ohm -1 cm -1 .

The high electronic conductivity and mechanical stability make graphene a very attractive electrode material for EDLC. Moreover, on the basis of experimental data for graphene deposits on flat Cu substrate and molecular dynamics simulations, high surface capacitance (ca. 13.5 μF cm -2 ) of a single graphene sheet has been argued, [START_REF] Wang | Preventing Graphene Sheets from Restacking for High-Capacitance Performance[END_REF] which decreases to approximately. 5 μF cm - 2 with increase of graphene stack thickness. Thus, the mass-specific capacitance of an electrode material composed of single sheet graphene is expected to provide maximal theoretical capacitance of 355 F g -1 . However, there are two main challenges of graphene utilisation as an electrode material: (i) the tendency of restacking of graphene sheets upon deposition on the electrode, and (ii) the cost of graphene synthesis scaled up to the quantities above laboratory needs.

The methods of graphene synthesis are typically divided into 2 groups: top-down methods (e.g. mechanical exfoliation, chemical and sonochemical exfoliation) and bottom-up methods (e.g. chemical vapor deposition, CVD). The CVD and mechanical exfoliation allow one to produce high quality graphene films [START_REF] Zhang | Ultramicroporous Carbons Puzzled by Graphene Quantum Dots: Integrated High Gravimetric, Volumetric, and Areal Capacitances for Supercapacitors[END_REF] , however, their application is limited to nonporous substrates.

Moreover, among the top-down methods, mechanical exfoliation is the most difficult to scale up. Alternatively, the chemical exfoliation route can be easily scaled up to mass production.

The two most common strategies for chemical exfoliation are sonochemical exfoliation and the chemical route (Hummer method [START_REF] Hummers | Preparation of Graphitic Oxide[END_REF] and its derivatives [START_REF] Marcano | Improved Synthesis of Graphene Oxide[END_REF] ).

The sonochemical exfoliation of graphite is based on the presence of an exfoliating chemical agent in the sonicated liquid dispersion of graphite. The most typical efficient exfoliating agents are polycyclic aromatic hydrocarbons, pyrene derivatives, or certain polymers. [START_REF] Ciesielski | Graphene via Sonication Assisted Liquid-Phase Exfoliation[END_REF] The variety of exfoliation agents allows to form stable aqueous and organic dispersions of partially stacked graphene sheets, most commonly with few (less than 10) layers stacked. Thus, the resulting materials are commonly referred to as few-layer graphene (FLG). In recent years, the utilization of biocompatible surfactants, such as oligopeptides [START_REF] Ihiawakrim | A Single-Stage Functionalization and Exfoliation Method for the Production of Graphene in Water : Stepwise Construction of 2D-Nanostructured Composites with Iron Oxide Nanoparticles[END_REF] tannic acid [START_REF] Hamze | Few-Layer Graphene-Based Nanofluids with Enhanced Thermal Conductivity[END_REF] is proposed for preparation of a stable aqueous dispersion of FLG.

The first step of the chemical route consists of the chemical oxidation of graphite; resulting in efficient exfoliation of graphene sheets and formation of graphene oxide (GO). The oxygen containing functional groups introduces repulsive interaction between GO sheets. The hydrophylic nature of GO sheets facilitates oxidative exfoliation of graphite in aqueous solutions, resulting in stable water suspension of GO. The next step is the reduction of GO, either thermally at a temperature above 750°C, or chemically by NaBH4, N2H4, or electrochemically [START_REF] Hu | Carbon Nanodot Modified N, O-Doped Porous Carbon for Solid-State Supercapacitor: A Comparative Study with Carbon Nanotube and Graphene Oxide[END_REF] , and the formation of reduced graphene oxide, rGO [START_REF] Li | Graphene-Based Materials[END_REF][START_REF] Ke | Graphene-Based Materials for Supercapacitor Electrodes -A Review[END_REF] . rGO is a graphenelike material characterized by a relatively high density of structural defects owing to oxidationinduced structural damage and an incomplete reduction of oxidized functional groups.

From the viewpoint of energy storage applications, the additional advantage of the GO / rGO route is that the partially reduced oxygen-containing functional groups can be electrochemically active and thus can add the charge storage capacitance due to the pseudocapacitance. [START_REF] Zhang | Ultramicroporous Carbons Puzzled by Graphene Quantum Dots: Integrated High Gravimetric, Volumetric, and Areal Capacitances for Supercapacitors[END_REF] The main challenge of the GO / rGO route is to find the optimal conditions for each of its steps. The typical SSA and the mass specific capacitance of rGO electrode materials are reported in the range of 400-700 m 2 g -1 and 150-260 F g -1 respectively.

A comparison of the chemical or electrochemical oxidation/reduction (GO/rGO) route and the sonochemical exfoliation (FLG) demonstrated [START_REF] Xia | The Exfoliation of Graphene in Liquids by Electrochemical, Chemical, and Sonication-Assisted Techniques: A Nanoscale Study[END_REF] that the latter generally has lower yield and requires a longer time to prepare a comparable amount of graphene-type material, but results in a less severely damaged final material.

Stand-alone graphene materials (rGO or FLG) are rarely utilized in supercapacitors due to the re-stacking tendency and limited accessibility of the carbon surface in the presence of surfactants. [START_REF] Mcdonough | Influence of the Structure of Carbon Onions on Their Electrochemical Performance in Supercapacitor Electrodes[END_REF] To avoid re-stacking, spacers are introduced between graphene sheets: for example, CNT [START_REF] Fan | A Three-Dimensional Carbon Nanotube/Graphene Sandwich and Its Application as Electrode in Supercapacitors[END_REF][START_REF] Cheng | Graphene and Carbon Nanotube Composite Electrodes for Supercapacitors with Ultra-High Energy Density[END_REF] or metal nanoparticles. [START_REF] Wang | Preventing Graphene Sheets from Restacking for High-Capacitance Performance[END_REF] An alternative approach is the introduction of structuring compounds, i.e. template synthesis, in the thermal annealing step. Polymers, metals, or metal oxides are commonly applied as templates. [START_REF] Zhang | Ultramicroporous Carbons Puzzled by Graphene Quantum Dots: Integrated High Gravimetric, Volumetric, and Areal Capacitances for Supercapacitors[END_REF] The resulting materials have high conductivity due to graphitic, or FLG core structure, and high SSA and open controlled porosity due to the presence of structuring components. The electrode consisted of graphene/PANI foam with loading of 0.90-0.96 mg cm - 2 demonstrated an outstandingly high mass-specific capacitance of 790 F g -1 in 1 M H2SO4 at 1

A g -1 . This high capacitance is above the theoretically predicted value of the stand-alone graphene sheet (ca. 550 F g -1 ), indicating the contribution of PANI.

Inorganic templates, most commonly SiO2, MgO or Mg(OH)2, are also used to control the carbon structure during thermal reduction of graphene. [START_REF] Yan | Template-Assisted Low Temperature Synthesis of Functionalized Graphene for Ultrahigh Volumetric Performance Supercapacitors[END_REF]100 Carbon thermochemical activation by KOH in the presence of NaCl as an inorganic soluble template has been demonstrated to produce porous layered carbon with FLG core structure, [START_REF] Ba | Tridimensional Few-Layer Graphene-like Structures from Sugar-Salt Mixtures as High-Performance Supercapacitor Electrodes[END_REF] and the thickness of FLG stacks of few tens of graphene sheets. This carbon has a relatively developed surface area (630-890 m 2 g -1 ) and a high mass specific capacitance of 293 F g -1 (i.e. ca. 38 μF cm -2 ) at 1 A g -1 in 0.5 M H2SO4. Only moderate decrease in specific capacitance to 230 F g -1 (ca. 30 μF cm -2 ) observed when the charging rate is increased to 50 A g -1 , demonstrating the faster pseudocapacitance phenomenon.

III.1.4. 3D Carbon

The activated carbon (AC) forms the class of 3D carbon materials with the highest experimentally observed SSA, larger than 3000 m 2 g -1 . [START_REF] Wu | Surface-Treated Carbon Electrodes with Modified Potential of Zero Charge for Capacitive Deionization[END_REF] It is important to recall that the highest SSA of graphene, calculated from the density of carbon atoms in closed-packed sp 2 layers is 2628 m 2 g -1 . The SSA values above this value suggest an anomalously high utilization of the carbon surface and distortion of the sp 2 carbon structure.

The other advantage of the activated carbon is relatively straightforward synthesis routines, which can be broadly classified as (i) the physical and (ii) the chemical carbon activation methods using affordable precursors such as biomass. 101 In both routes, an annealing of carbon precursor material at high temperature, generally above 600 °C, is utilized to transform an initial compact carbon structure into a highly porous one. In the physical activation route the modification is typically done at a temperature above 800 °C in the inert atmosphere (i.e. carbonization), or in the presence of etching gas components, such as the CO2, H2O stream. 102 Chemical activation is similar to the physical activation except that carbon modification is assisted by chemical etching agents mixed with the carbon precursor before thermal annealing. The most typical etching agents are NaOH/KOH, H3PO4, H2SO4, K2CO3, ZnCl2. The temperature at which the resulting carbon material has the highest SSA depends on the source of carbon. For example, a detailed study of the activation of pine-derived biomass 102 demonstrated that the highest surface area of BET was obtained after pyrolysis at 600-800°C, while a further increase in temperature resulted in a sharp decrease in surface area.

Thermochemical activation of carbon results in carbon materials with a strong contribution of micropores and a high SSA above 2000 m 2 g -1 . This high SSA results in mass-specific capacitance Cm above 200 F g -1 routinely reported for AC carbon materials.

Various sources of carbon have been used for the preparation of AC using the chemical activation method. The utilization of natural, abundant, and cheap carbon sources, such as peat, wood, biowastes, wastes, or agricultural wastes attracted strong research interest as a strategy of biomass valorisation. 103,104 The chemical activation of a biosource precursor eliminates most of the elements other than carbon and creates a porous structure with a well-developed surface area. The structure of the final activated carbon depends on the activation parameters: namely, nature and concentration of an activation agent, temperature, and duration of the activation step.

III.2. Carbon/ transition metal oxide composites

Transition metal oxides (TMO) are attractive as a supercapacitor electrode, as they have a specific capacitance of one order of magnitude higher than carbon. 105 However, in general, metal oxides alone present some drawbacks while cycling: i) poor conductivity that yields a high resistivity of the device, ii) strain developed during cycling that causes cracking of the electrode, hence poor long-term stability, and iii) a restricted surface area that is difficult to tailor for metal oxides, 106 iv) significant loss of capacitance with an increase in charging rate:

For instance, it has been reported that only 23% of NiO capacitance is kept at a sweep rate of 100 mV s -1 compared to 1 mV s -1 . 107 All of these inconvenient leads to research efforts to develop new composite materials made from metal oxides and carbon materials. Figure 10 presents current investigation routes to obtain improved electrochemical capacitors.

Composite materials combine the merits of both components and lessen the shortcomings of both. The most used approach is composite engineering with a very conductive material, i.e., carbon. At the same time, it ensures a physical support for the TMO materials and a rapid charge transport [START_REF] Béguin | Carbons and Electrolytes for Advanced Supercapacitors[END_REF] , providing a high power density of the device. On the other hand, the presence of metal oxides in the composite provides high capacitance, leading to high energy density of the device. The synergistic effect of the two materials is then expected to boost the key metrics of a supercapacitor. 108 Since the surface area of metal oxides depends strongly on their microstructures, 109 nanostructuration is highly desired. The confinement of TMO in the carbon matrix constitutes a double gain, as the conductivity is improved and the nano effect is preserved during cycling due to the presence of carbon that encloses the particles and prevents their aggregation. 110 Various metal oxides with different pseudocapacitive mechanisms were reported as electrode materials for supercapacitors : intrinsic pseudocapacitive materials such as RuO2 112 , MnO2 113 and battery types materials, that exhibit pseudocapacitance when nanostructured, i.e., V2O5 114 , nickel 115 and cobalt hydroxides 116 . Concerning the morphological control, the synthesis of TMO/carbon nanocomposites has included nanoparticles 110 , nanowires 117 , nanofibers 118 , nanoflakes 119 , nanospheres 120 and other nano-forms. 121 As for the electrochemical performance, TMO/carbon nanocomposites allows increasing the capacitance and/or the voltage window for certain configurations and hence, improving the energy and power density compared to EDLC. Table 2 presents the electrochemical performance characteristics of different TMO /carbon composites. Many parameters influence capacitance and energy density and one should be aware of the experimental conditions/calculations that might lead to atypical performance. [START_REF] Gogotsi | True Performance Metrics in Electrochemical Energy Storage[END_REF]122 In particular, numerous studies report the performance of electrode material measured in the 3electrode configuration. As explained in II.1, the energy density of a 2-electrode device with the same electrode materials is expected to be at least a few times lower due to the contribution of other components to the device mass/volume. One should keep in mind that the threeelectrode system must be used only to study the properties of electrode materials and, in particular, charge mechanisms of electrodes. Moreover, in an asymmetric 2-electrode device, the properties of an electrode material strongly depend on a choice of the opposite electrode (composition and amount) and its energy storage mechanism. Methods of calculation are often mentioned in the literature but still are a source of confusion. [START_REF]An approach to classification and capacitance expressions in electrochemical capacitors technology -Physical Chemistry Chemical Physics[END_REF] Several insightful reports attempted to standardize the good practice of supercapacitor metrics through the last decades. [START_REF] Mathis | Energy Storage Data Reporting in Perspective-Guidelines for Interpreting the Performance of Electrochemical Energy Storage Systems[END_REF]123 These precautions are valid for any type of material and cell, and have to be considered in order to properly evaluate the electrochemical characteristics of electrode materials. As can be seen from Table 2, the values of specific capacitance, energy, power, and retention are very different due to numerous factors as discussed above. Thus, it may be sometimes difficult to compare the same materials that were used in different configurations and analysis conditions. However, some interesting synthetic results that compare different materials can be proposed.

Figure 11 presents the specific capacitance for different electrode materials by electrode material type. As expected, composite materials the combination of EDLC and pseudocapacitive nature show the highest specific capacitance compared to other groups.

Although there is some heterogeneity within each group, the tendency is still relevant. 

III.3. Carbon/ metal sulfide composites

The quest of finding the appropriate electrode materials remains the most pivotal approach to boosting the energy and power density of supercapacitors and to obtaining their commercialization. As mentioned in the previous part, transition-metal-based materials have been reported through the literature. 126 In particular, transition-metal sulfides (TMS) and their composites gained specific attention due to their high theoretical capacitance, enhanced electric conductivity, and good electrochemical activity compared to their corresponding oxides. 127,128 TMS are semiconductors in the majority of cases, resulting in a better electrical conductivity.

The reason comes mainly from the sulfur atom, which has a lower electronegativity than oxygen, which promotes electron transfer and the improvement of electrochemical performance. 129 All of this makes TMS a very potential electrode material. Nevertheless, their huge volume variation and slow kinetic reactions hinder their commercialization and use at a larger scale.

Numerous routes have been proposed to improve the electrochemical performance of TMS. The most used one relies on the synthesis strategies, as it permits controlling the size and shape of the particles. Many synthesis methods were used, such as hydro/solvothermal, 130 coprecipitation 131 and electrodeposition. 132 As for the incorporation of sulfur sources, it includes thioacetaminde, 133 thiourea, 134 sodium sulfide 135 and sulfur hydrogen, among others. TMS is a relatively new family of supercapacitor electrode materials compared to that of TMO. However, a tremendous development in tailoring the shape and dimension of the particles is seen. 136 In a similar way to TMO, TMS show the same drawbacks, namely low electronic conductivity, agglomeration and poor cycling stability. One of the most widely used strategies to address this problem is the composite engineering with carbon. 137 Different carbonaceous materials were used as matrix for TMS: graphene oxide 138 , carbon nanotubes (CNT) 139 , nanofibers 140 , etc.

Table 3 summarizes the performance of selected TMS/ carbon composites. It can be seen that most of the TMS composites used are employed with alkaline or neutral electrolytes and that the performance is generally determined in three-electrode systems. Thus, one should be aware that these materials would yield a different performance when a symmetric device is used. 

F g -1 at 1 A g -1 30.3 W h kg -1 1400 W kg -1 141 Co9S8-3D graphene 1 M KOH Three electrode + asymmetric 1032.6 F g - 1 at 1 A g -1 31.6 W h kg -1 910 W kg - 1 142 MoS2- graphene 1 M Na2SO4 Three electrode + symmetric 210.6 F g -1 at 1 A g -1 10.6 W h kg -1 1000 W kg -1 143 MoS2-3D Graphene network 3 M KOH Three electrode + asymmetric 2007.8 F g - 1 at 1 A g -1 5.59 W h kg -1 1281 W kg -1 144 Ni3S2-reduced graphene oxide 2 M KOH Three electrode 1462 F g -1 at 1 A g -1 NA NA 145
In a supercapacitor, the electrodes have the same importance as the electrolyte. Therefore, the choice of the two components determines the capacitance, time response, resistivity and hence the energy and power density of the device. The next part highlights the important parameters to consider when choosing an electrolyte, depending on the nature of the latter.

IV. Electrolytes

Electrolytes are an important element of a supercapacitor. According to Eq. 1, the energy density of supercapacitors depends on the capacitance and the square of the cell voltage.

Therefore, it would be more efficient to increase the cell voltage than to increase the electrode capacitance in terms of energy density improvement. Hence, developing new electrolytes with a wider potential window should require more attention and effort than developing electrode materials.

The electrolyte is a media that provides the ionic conductivity. Its characteristics (ion type, size, and concentration) directly affect the performance of the supercapacitor. The match between the electrode (pore size) and electrolyte (ion size) determined to ensure good electrochemical behavior (see II.2). Moreover, the supercapacitor cell voltage is strongly limited by the electrochemical stability of the electrolyte within the applied potential.

To date, numerous electrolytes have been reported for energy storage use. [START_REF] Béguin | Carbons and Electrolytes for Advanced Supercapacitors[END_REF] Depending on the nature of the electrolyte, they can be classified into two large families: liquid electrolytes and solid electrolytes. 146 Each category can be further divided into small groups as presented in Figure 12. In addition, redox-active electrolytes are also reported.

Figure 12 Classification of electrolytes for supercapacitors: liquid, solid-like and redox active along with their specific type of electrolytes.

IV.1. Liquid electrolytes

Liquid electrolytes are present in the liquid state and are used as solutions in supercapacitors.

Their classification can be further divided into three groups depending on the nature of the salt or solvent used: aqueous electrolytes, organic electrolytes, and ionic liquids (IL). They will be discussed in depth in the next section.

IV.1.1. Aqueous electrolytes

Aqueous electrolytes have high ionic conductivity, 147 low internal resistance but low voltage stability range. Water as a solvent has one of the highest dielectric constant ε≈80, resulting in the highest Cs values. Thus, aqueous electrolytes are considered to be a convenient and affordable yet limited choice for use in supercapacitors. They operate in a narrower voltage window of 1.23 V, limited by water electrolysis, in comparison to organic electrolytes (2.5-2.8

V) and ionic liquids (3.0-3.5 V), resulting in low energy density (Eq.3). The freezing and the boiling points of the solvent also restraint their temperature range. For all of these reasons, commercial electrolytes (ES) often employ organic electrolytes instead of liquid ones.

Nevertheless, aqueous electrolytes are still the most widely used in the research field and the most reported in the literature due to their low cost and easy handling at the laboratory scale. In counterpart, organic electrolytes and ionic liquids require expensive equipment and controlled The narrow voltage window of aqueous electrolytes is the main drawback for their larger use, as it limits the energy density that can be derived from a device. Many attempts of extending the voltage window by benefiting from hydrogen sorption at negative sweeps have been suggested. 148 This is mainly developed for neutral electrolytes due to their convenient pH that inhibits water electrolysis. 149 1 M Li2SO4 allowed the extension of the voltage window to 1.6

V 150 , while an EC used with K2SO4 reached 1.9 V. 151

IV.1.2. Organic electrolytes

An organic electrolyte is composed of a salt (usually tetraalkylammonium salts, such as tetrafluoroborates or hexafluorophosphates) 152 dissolved in an organic solvent. The latter had high salt solubility and low viscosity. Compared to aqueous electrolytes, organic ones provide a much larger electrochemical window of 2.5 -2.8 V. This can be directly translated into the improvement of the device energy density. However, their ionic conductivity is lower than that of aqueous ones, they are more expensive because they require purification, and their handling Table 4 gathers the important characteristics of the three electrolyte families mentioned. It can be seen that each category of liquid electrolytes has its own advantages and drawbacks. For instance, the operating voltage window of IL is promising, but in the counterpart, the high cost and low viscosity cause are respectively considered inconveniences that need to be handled. In recent years, new ideas have emerged to boost the electrolyte contribution in a supercapacitor.

For example, methods such as the introduction of active redox species into the electrolyte were reported and showed a significant increase in the capacitance. 154 Monitoring the pH of the water-based medium was shown to be a crucial aspect in achieving a good electrochemical signature. 155 Regarding the extension of the voltage window, new concentrated electrolytes 'water in salt' proved to be good candidates for this purpose. 156,157 Operating voltage Alkaline and base <1 V

Neutral < 1.8 V 2.5 -2.8 V 3 -3.5 V Cost <100 $ kg -1 345 $ kg -1 1328 $ kg -1

IV.2. Solid-like electrolytes

A solid-like electrolyte consists of a dry polymer electrolyte or a gel polymer electrolyte. Solid -like electrolytes reduce the risk of leakage, flammability, and corrosion. They are suitable for supercapacitors that can be used in portable, wearable, and bendable electronic devices. In such cases, solid-like electrolytes are of great benefit as they can withstand mechanical stress and are lightweight and eco-friendly.

IV.2.1. Gel electrolytes

A gel is a solid material composed of two or more components, where one is liquid. 159 Gel electrolytes (GE) are composed of a polymer network and a solvent, where the polymer encapsulates the solvent ions and prevents them from disappearing. In the case of a water solvent, the gel is called a hydrogel. 160 Depending on the nature of the bond, one can distinguish physical or chemical cross-linking between the polymer chains 161 . In physical cross-linking, electrostatic links, hydrogen-bond or chain entanglements connect the chains. While in chemical cross-linking, the type of reactions occurs via covalent bonds. 162 In general, the structure of the host polymer determines the interaction with the solvent and the properties of the resulting gel. The salt consists of free ions and the polymer serves as a conducting medium.

Proton-conducting polymer electrolytes are the most suited for supercapacitor application, due to their high ionic conductivity at room temperature.

Polymers used to develop GE for electrochemical capacitors can be classified according to their origin in natural, synthetic, or natural polymers. Reported synthetic polymers include poly(vinyl) alcohol (PVA) 162 , poly(ethylene oxide) (PEO) 163 and poly(acrylic) acid (PAA) 164 .

Among these, PVA has been massively investigated for its excellent chemical stability, good mechanical property, and high water absorbance. 165 The presence of synthetic polymers in electrochemical capacitors does not meet biodegradability and environmental friendliness. That is why some natural polymers have been explored as host for GE in supercapacitors. 162 As natural hosts, we can cite cellulose 166 , agar 167 , chitosan 168 and others.

In the search for low-cost and easy-to-handle devices, various polymers have been used for the preparation of aqueous GE either with acidic 169 or alkaline 170 electrolytes. neutral electrolytes been largely promoted since they extend the potential window of the supercapacitor. 171 Recently, Gajewski et al. reported the use of carboxymethylcellulose sodium salt (CMC)

impregnated with 1 M Li2SO4 as both hydrogel electrolyte and separator in symmetric carbon supercapacitors. 160 The hydrogel electrolyte allowed improving performance compared to capacitors using commercial separators such as Celgrad or Whatman.

In recent years, different synthesis methodologies have been used to obtain gel electrolytes. The most frequently employed one is the thawing,called thefreezing drying technique. Hu et al. used this technique on PVA and Kappa-carrageenan (KC) and KOH as an ion source to synthesize the electrolyte PVA / KC / KOH via physical crosslinking. 170 Table 5 presents the electrochemical performance of some GE. Generally, the electrodes used with GE are of carbonaceous nature to benefit from the high SSA and the good stability. When other materials such as the pseudocapacitive one are used, special attention to dissolution problems of the electrode material should be paid. Fabrication of asymmetric capacitors while using a gel electrolyte seems to be an encouraging route to improve the voltage window and the overall metrics of the supercapacitor as is seen in (Table 5). 116 Although GE have an ionic conductivity one order of magnitude lower than that of liquid electrolytes, their performance withstands conventional capacitors and provides in some cases better metrics. When the manufacturing of the electrode-gel electrolyte interaction is efficient, the performance improves significantly.

IV.2.2. Solid electrolytes

Solid electrolytes (SE) are totally solid phase media with significant ionic conductivity.

Therefore, no volatility issues are encountered when handling SE electrolytes. On the basis of these criteria, we propose the division of non-liquid electrolytes into gel and solid electrolytes.

Due to their nature, SEs allow the rise of bending, flexible and wearable capacitors used in bendable and portable electronic devices such as smartwatches. 173 In terms of GE, SE is generally composed of a host, a polymer, and an ion provider. Although they are sometimes described as the same thing as an electrolyte in the literature, we propose a distinction between them. Table 6 presents a brief comparison between gel electrolytes and solid electrolytes. One might remark that the advantages of GE are the drawbacks of SE and vice versa. On one hand, the lower content of water is SE leads to poorer conductivity and performance than GE, but on the other hand it improves the mechanical stability and inhibits the volatility. Therefore, a compromise between water content and mechanical property needs to be achieved.

For SE, the polymer host should have good swelling ability in order to encapsulate as much solvent as possible and increase the water uptake while conserving the solid aspect. Some reports used pore-forming agents such as poly(vinyl pyrrolidone) with PVA, to improve the swelling ratio. 174 In the same study, glutaraldehyde was used as a cross-linking agent to improve the thermal stability of the solid-state electrolyte. This allowed excellent electrochemical performance up to 70 °C compared to the traditional system. Poor electrolyte uptake Table 7 presents selected SE and their electrochemical performance. Like GE, the most widely used liquid electrolytes for SE are aqueous electrolytes because of their facile handling.

Moreover, PVA is the most used host in the literature due to its solubility in water and its excellent mechanical stability. 165 PVA has also been reported to be widely used with KOH, as this salt softens the polymer chains into an amorphous phase, improving its ionic conductivity. 175 Numerous methods were used to avoid SE drawbacks, i.e. poor conductivity and poor solvent uptake. For example, immersion of electrodes in the corresponding electrolyte solution for 12 h prior to cell assembly was necessary in some cases. 174 In another study, electrode material was immersed in HCl solution for 12h, before being used with the PVA-H3PO4 gel electrolyte. 169 In addition to mechanical properties amelioration, the chemistry of a polymer can be adjusted in order to provide additional functionalities. For example self-healing, is the case of damaged material, the latter one has the ability to recover its original state. 179 Currently, the process is achieved by introducing reversible crosslinking chemically or physically.

Most SSSs are fabricated on the basis of synthetic polymers, whereas natural polymers are considered to have weak bonds and undergo weak crosslinking. To progress with the need to use bio-sourced and abundant sustainable earth raw materials, the use of natural polymers should be further investigated and improvement of demerits needs to be sought. 180 More recently, a cellulose-based solid state electrolyte has been reported. 181 In addition, cellulose was also used as the electrode precursor. This afforded a flexible, ultra-light, current collector and binder-free supercapacitor (Figure 13). With NaHSO4 and cellulose as the solid electrolyte, the symmetric device exhibited an operating voltage of 1.5 V, a capacitance of 50 F g -1 at 0.5 mV s -1 . 181 This is a step further to build low-cost sustainable supercapacitors, starting from natural renewable and biodegradable materials. Overall, solid state supercapacitors are usually used with EDLC materials because of their benefits allowing the obtaining of high energy. Yet, SSS has also been investigated with pseudocapacitive materials, although their low SSA or low conductivity might limit the performance.

SE and GE are beginning to get more attention lately as there has emerged an increased interest in safer and more sustainable energy storage devices. They showed good results, which are in some cases better than the respective liquid electrolytes. 

V. Conclusion

A state of the art of supercapacitors, their operation principles, classifications and key parameters was provided herein. Two main mechanisms of charge storage by electrical double layer and pseudocapacitance were discussed in detail. The description, advantages and limitations were enlisted for both symmetric and asymmetric capacitors. The electrode materials and electrolytes used for such type of device were described. Besides, several important issues such as the different cell types, building procedures, calculation and evaluation methods impacting the performance of different devices were discussed.

The most widely used materials for electrodes, the different synthesis methods, and the design and shape of electrodes are discussed along with their impact on electrochemical performance.

Synthesis of carbon materials with different dimensions and internal characteristics (texture, structure, and functionalities) have a direct effect on the performance of the supercapacitor. The introduction of carbon into transition metal oxides and transition metal sulfides is an efficient way to improve the conductivity and limit particle aggregation. The carbon matrix provides a large surface area and facilitates the transport of electrons and ions. Moreover, it permits conservation of the nanoscale effect as it inhibits particle growth that causes poor rate capability.

These large various transition metals were used and the different types of their pseudocapacitance were gathered and explained. However, a lack of understanding of the electrochemical storage mechanism hindered further development and improvement of performance. A deeper understanding of the energy storage mechanism of the different metal oxides/sulfides is required in order to design electrode with maximized performance. Although the characterization of a material by electrochemical techniques in a 3 electrode cell may give promising capacitance, the limitations encountered in real two-electrode devices cause the drastic fall of those values. Therefore, the conditions of the electrochemical measurements should be considered before comparing different materials, and standardized procedures are fully desirable.

A state of the art of current used electrolytes and their classification was also discussed herein.

A summarized look at liquid electrolytes was given as they are largely used since decades. As for relatively new emerging electrolytes such as gel and solid electrolytes, the recent advances were provided with an evaluation of the challenges of the different classes of electrolytes. A state of art of employed polymers to date is presented with a critical evaluation of their results.

Polyvinyl alcohol is by far the most used host due to its abundance and facile handling. New green natural polymers are emerging and attracted attention lately. To emphasize the sustainable aspect, research is oriented towards sustainable devices containing natural precursors for both electrode and electrolytes.

New characterization tools, such as in situ techniques, are required to be largely spread in order to answer raising questions about new developed capacitors. However, cell construction and experimental conditions may hinder a faithful report of ongoing analysis. Additionally, data interpretation is another aspect that may hamper the true phenomenon of storage mechanisms.

However, it is still important to develop and share the current and new results obtained. This brings researchers further to optimizing current systems in order to propose enhanced future energy storage devices.

I.
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Figure 1

 1 Figure 1 Ragone plot for different energy storage devices. Used with permission of Royal Society of Chemistry, from 3; permission conveyed through Copyright Clearance Center, Inc."

Figure 2

 2 Figure 2 Scheme of an electrochemical capacitor in both (a) charged mode (b) discharged mode. Created by authors using BioRender software.

Figure 3 :

 3 Figure 3 : EDL models ,(a) Helmholtz model, (b) Gouy-Chapman model, and (c) Stern model. Reprinted from 5, with permission from Elsevier.

  (a) underpotential deposition, i.e., deposition of a monolayer of adsorbed ions accompanied by charge transfer; it is also called adsorption pseudocapacitance (b) redox pseudocapacitance that takes place when ions are involved in a faradaic reaction with electrode material and (c) intercalation pseudocapacitance that occurs by intercalation of ions into the surface and sub-surface layers of a host material, accompanied by charge-transfer reactions but no crystallographic phase change (contrary to batteries).

Figure 4 :

 4 Figure 4 : Different types of pseudocapacitance mechanisms: (a) underpotential deposition (b) redox pseudocapacitance (c) intercalation pseudocapacitance. Used with permission of Royal Society of Chemistry, from 25 ; permission conveyed through Copyright Clearance Center, Inc.

Figure 6

 6 Figure 6 Schematic illustration of the changes in the shape of CV curves (A) and galvanostatic charging curves (B) with increasing serial resistance, R. The capacitance of an electrode material is assumed to be potential independent for a simplicity.

Figure 8

 8 Figure 8 Schematic CV curves of asymmetric supercapacitor: dependence on the potential E of each of electrode (top), and on the voltage V=E+ -E-of the supercapacitor (bottom), where E+ and E-are the potentials of positive and negative electrodes correspondingly.

Figure 9

 9 Figure 9 Pourbaix diagrams of some of TMO. Blue fields denote the range of stability of metallic phase, i.e. thermodynamic corrosion immunity. Yellow fields show the range of stability of soluble metallic component, i.e. the thermodynamic range of active corrosion. Green fields show the ranges of the stability of metal oxide phases, i.e. the thermodynamic range of metal passivation. The redox transitions within the green fields are of particular interest for pseudocapacitors.

Figure 10 :

 10 Figure 10 : Scheme of relevant research routes for enhanced electrochemical capacitors including charge storage mechanisms, electrode materials engineering, and functional device assemblies. Figure reprinted from 111

Figure 11

 11 Figure 11 Comparison of specific capacitance for various electrode active materials selected from different categories of supercapacitors: EDLC, pseudocapacitors and EDLC/pseudocapacitors. Figure reprinted from 125 .

6 V

 6 atmosphere to avoid moisture. Aqueous electrolytes can be divided according to the pH of the solution into acid electrolytes (H3PO4, H2SO4), neutral electrolytes (Na2SO4, K2SO4) and alkaline electrolytes (KOH, LiOH).

  requires special equipment. Due to the lower ε, the Cs values of the electrode materials measured in organic solvents are generally lower than those of the aqueous electrolytes. In addition, they commonly use solvents such as acetonitrile (ACN) or propylene carbonate (PC) that are flammable. This results in a potential safety issue on the practical scale. 109IV.1.3. Ionic LiquidsIonic liquids are salts with fusion points below room temperature that maintain their liquid state and ionic conductivity without the need of a solvent. They have low vapor pressure, high electrochemical operating window 3.0-3.5 V, along with high thermal and electrochemical stability. They are considered the most advantageous electrolytes because of their nonvolatility, nontoxicity, and environmental friendliness. Nevertheless, their high cost and low viscosity impede their utilization in commercial supercapacitors. The most widely used IL is 1-ethyl-3methylimidazolium tetrafluoroborate (EMIM)(BF4) for its best ionic conductivity among IL.153 

Figure 13 :

 13 Figure 13 : Example of sustainable solid state supercapacitor based on cellulose/NaHSO4 hydrogel electrolyte. Reprinted from 181 Copyright (2022), with permission from Elsevier.

  For electrode materials, a deep understanding of the kinetics of ions and charge transport within these electrolytes allows us to propose mechanisms for individual systems. Since there are different electrode materials operating with different mechanisms, adequate GE and SE with suitable enough experimental conditions should be ensured.

  

  

  

  [START_REF] Wu | Recent Advances of Asymmetric Supercapacitors[END_REF] 

Table 1 :

 1 Comparison of selected electrode materials and performance for aqueous capacitive asymmetric supercapacitors.

	Positive	Negative	Electrolyte Voltage	Capacitance Energy	Power	Retention	Refs.
	electrode	electrode		window		density	density	(cycles)
	MnO2	Activate	2 M	2 V	140 F g -1 at	21 W	123 kW		55
		carbon	KNO3		0.1 A g -1	h kg -1	kg -1	NA
	MnO2-								56
	carbon	Carbon	H3PO4-		18 F g -1 at	42 W	19.25	
	nanotube	nanotube	PVA	2 V	0.267 A g -1	h kg -1	kW kg -1 98% (500)
						19.7			57
	RuO2-		H2SO4-		167 F g -1 at	W h	6.8 kW	
	graphene graphene	PVA	1.8 V	1 A g -1	kg -1	kg -1	95% (2000)
	RuO2-								58
	Laser				8.6 F cm -3			
	scribed	Activated	1 M		at 500 mA	55 Wh	12 kW	
	graphene	carbon	H2SO4	1.8 V	cm -3	kg -1	kg -1	93% (4000)
					91.3 F g -1				59
	MnO2-	Fe2O3-			(1.5 F cm -3 )	0.55	139.1	
	carbon	carbon			at 2 mA cm -	mWh	mW	
	fiber	fiber	LiCl-PVA	1.6 V	2	cm -3	cm -3	84% (5000)
		Fe3O4-							60
		reduced				45.3		
	CoOx-	graphene			114 F g -1 at	W h	7080 W	
	Ni(OH)3	oxide	6 M KOH	1.7 V	1.2 A g -1	kg -1	kg -1	91.8 (5000)
		Vanadium			1.35 F cm -3			
	VOx-	nitride-			(60.1 F g -1 )	0.61		
	carbon	carbon			at 0.5 mA	mW h	0.85 W	87.5%
	fiber	fiber	LiCl -PVA 1.8 V	cm -2	cm -3	cm -3	(10000)

61

PVA: Poly Vinyl Alcohol

Table 2 :

 2 Comparison of carbon/metal oxide composites as electrode materials for supercapacitors.

	Electrode	Electrolyte Type of	Specific	Specific	Retention	Refs
	material		cell	capacitance	Energy	(cycles)	
					and		
					Power		
	RuO2/graphene 0.5 M	2 electrode	479 F g -1 at	20.28 W	94% (1000) 112
		H2SO4	symmetric	0.24 A g -1	h kg -1 ,		
					600 W		
					kg -1		
	MnO2	1 M	3 electrode 197.2 F g -1	NA	82.2%	117
	nanowire	Na2SO4		at 0.2 A g -1		(10000)	
	/reduced						
	graphene oxide						
	Fe2O3 on	3 M LiNO3 2 electrode	1565 mF	9.2	95% (4000) 120
	carbon cloth		symmetric	cm -2 at 1	mWh		
				mA cm -2	cm -3 , 12		
					mW cm -		
					3		
	Co3O4 carbon	2 M KOH	2 electrode	54 F g -1 at	1.66 W	82%	110
	composite		symmetric	0.1 A g -1	h kg -1 ,	(10000)	
					1223 W		
					kg -1		
	VOx-carbon	LiCl-PVA	2 electrode	60.1 F g -1	0.61	87.5%	61
	fiber		asymmetric	at 0.5 mA	mW h	(10000)	
				cm -2	cm -3 ,		
					0.85 W		
					cm -3		
	NiO-reduced	1 M NaOH 2 electrode	20 F g -1 at	5.4 W h	90%	124
	grapheme		symmetric	1 A g -1	kg -1 ,	(10000)	
	oxide				340 W		
					kg -1		

Table 3 :

 3 Comparison of carbon/metal sulfide composites as electrode materials for supercapacitors.

	Electrode	Electrolyte Type of cell	Specific	Energy	Power	Refs
	material			capacitance			
	CoS2-reduced graphite oxide nano fibers	6 M KOH	NA	at 1 A g -1 635.8 F g -1	h kg -1 13.8 W	kg -1 824.6 W	140
	Co3S4 -						138
	reduced graphene	PVA-KOH Asymmetric	164 F g -1 at 1 A g -1	1.09 W h kg -1	398 W kg -1	
	oxide						
	CoS-reduced graphene	6 M KOH	Three electrode +	468			
	oxide		symmetric				

Table 4 :

 4 Different characteristics of aqueous electrolytes divided by categories

	Characteristics	Aqueous electrolytes	Organic electrolytes Ionic liquids
	Ionic conductivity >100 S cm -1 9	20 -60 S cm -1	<10 S cm -1
	Viscosity	~0.5 cp 158	1 -12 cp	41 -219 cp 153

Table 5

 5 Selected gel electrolytes used for electrochemical capacitors.

	Polymer	Electrolyte Type of cell	Electrode	Voltage	Capacitance Energy	Refs
	host				(V)		and	
							power	
	(PVA)	Na2SO4 1	Three	Microporous	1.8	135 F g -1 at	13 W h	171
		M	electrode +	activated		1 A g -1	kg -1 at	
			symmetric	carbon			100 W	
							kg -1	
	Agar	K2SO4 0.5	Three	Activated	1.6	100 F g -1 at	8 W h kg -	167
		M	electrode +	carbon Kynol		1 A g -1	1 at 100	
			symmetric	507-20			W kg -1	
	Chitosan EMInBF4	2 electrode	Activated	2.5	131 F g-1 at	NA	172
				carbon		2.5 mA cm -		
						2		
	PVA	6 M KOH	Three	Positive:	2	235 F g -1 at	63 W h	116
			electrode +	Co3O4/carbon		1 A g -1	kg -1 , 16.2	
			asymmetric	composite			W kg -1	
				Negative:				
				Activated				
				carbon				

Table 6 :

 6 Comparison between the characteristics of gel electrolytes and solid electrolytes.

		Advantages	Drawbacks
	Gel electrolytes	High content of water	Low stretchability
		Good conductivity	Volatility => Short lifespan
		Good rate capability	Weak cross-linking
			Strained temperature range
	Solid electrolytes No volatility issues	Low conductivity
		Good tensile stress	Lower performance
		Good mechanical property	Synthetic polymers => environmental
		Bending angle possible	issue
		High cross-linking	

Table 7 :

 7 Selected solid-like electrolytes SE used for electrochemical capacitors.

	Polymer	Electrolyte Type of cell	Electrode	Voltage	Capacitance	Energy	Refs
	host				window		and power	
					(V)			
	PVA	1 M	3 + 2	Nitrogen	1	3.88 F cm -3	0.09 mWh	176
		H2SO4	electrode	doped carbon		at 0.02 mA	cm -3 at 72	
						cm -3	mW cm -3	
	PVA	H2SO4	symmetric	Graphene	1	187 F g -1 at	0.61 W h	177
						10 mV s -1	kg -1 at	
							0.67 W	
							kg -1	
	PVA	LiCl	3 + 2	Activated	0.8	297 mF cm -2	6.6 mW h	
			symmetric	carbon		at 0.8 mA	cm -2 and	
			electrode			cm -2	2.4 W cm -