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A comprehensive review of lithium salts and beyond for rechargeable batteries: Progress and perspectives

Introduction

The rapid conversion from fossil to green energy was endorsed at the political level by the Paris agreement to address climate change [1]. The increased average economic growth rate is concomitant with an increase in electricity consumption per capita. In addition, the population on earth is increasing very rapidly. When applied to the present situation, we know that with chain reactions that lead to a first-order transitions, this means a shortage of electricity and forces a drastic change in lifestyle. The challenge for scientists and technologists is to propose solutions to avoid this first-order transition. The solution will not be unique, but requires a variety of energy sources (geothermal, biomass, hydroelectricity, etc.), and energy storage will play an increasing role. Different kinds of energy storage systems are used at different levels to manage the electricity supply from the GWh scale down to kWh used by consumers. A review paper [START_REF] Zaghib | Rechargeable Lithium Batteries for energy storage in smart grids[END_REF] provides a comparison in performance between various energy storage modes, including a discussion on their relative efficiency and cost. Attention is also focused on rechargeable batteries, which constitute a market in exponential growth that has major demand for portable use, electric cars, and large-scale energy storage to solve the problems with intermittence electricity production by windmills and solar plants. Today, the lithium batteries are almost exclusively used for this type of energy storage, while flow batteries are being tested. Na/S and Na/NiCl 2 batteries operating at > 300°C are developing slowly after a major incident. In parallel with the research on these batteries to improve their performance and safety, new efforts are under way to identify alternatives to lithium. In particular, recent progress on more abundant sodium, magnesium, aluminum and potassium batteries, as well as lithium-sulfur chemistry, are receiving significant attention. Review papers are available on these advanced batteries. However, these reviews are usually focused on one particular battery system, which is justified by the huge amount of publications. For example, in 2016, 900 research papers were published on Li-S batteries only.

There are numerous reviews on the different components utilized as electrode materials in advanced batteries, with a lesser number on separators. Only a few reviews are devoted to the electrolyte. All the aspects of the electrolyte have been reviewed in 2014 by Xu [START_REF] Xu | [END_REF], but usually the reviews focus on the additives chosen to improve the safety or control the solid-electrolyte interface (SEI). In addition, the salts used in the electrolyte are very important as they insure the ionic conductivity and the stability window, but this has not been a major topic of many reviews so far.

These considerations guided us to the present work, which focuses on the electrolyte salts used in the different battery chemistries mentioned here. Every battery chemistry has its advantages and disadvantage due to the different elements that are used. The salts are effective depending on their concentration and type of solvent in the electrolyte because the electrolyte interacts with the electrodes via SEI formation and the insertion or de-insertion of anions or cation in the electrodes. In addition, the separator plays a role in battery safety, and may also be functionalized to prevent the internal shuttle in Li-S batteries, for example. Therefore, battery performance depends on the compatibility between all the components. Nevertheless, a review that focuses on the salts (in relation to the solvents) is timely, and a discussion of their application in various advanced batteries is useful. One reason is that the performance of a battery is due to the ions in the electrolyte, and the behavior of anions in different batteries are often the same, for example: (1) ion mobility and dissociation depend primarily on the delocalization of the anion; (2) carbon is commonly used as the active electrode component, so the interaction and insertion properties of this anion towards carbon is similar in many batteries; [START_REF] Xu | [END_REF] electrolyte conductivity also depends on salt concentration, which usually shows a maximum at 1 molar salt, a compromise between viscosity and concentration of the charge carriers and is optimized to achieve the best conductivity and/or electrochemical properties.

In this work, we review the salts and their solvent employed as electrolytes in non-aqueous batteries. Section II is devoted to salts used in rechargeable lithium batteries. In sections III-VII, we report on the salts-solvents used in sodium, magnesium, calcium, aluminum batteries, which are currently under investigation to prepare the next generation of high density/high power batteries.

Section VIII is devoted to a discussion on the different chemistries, their impact on the environment and cost issues that will guide the future research and development of electrochemical energy storage.

Lithium salts

Salts in Li-ion batteries

The salt used in commercial Li-ion batteries is almost exclusively lithium hexafluorophosphate (LiPF 6 ) [4], because its solutions in dipolar aprotic organic solvents, either cyclic carbonates (e.g. ethylene carbonate) or linear carbonates (e.g. dimethyl-, diethyl-, and ethyl-methylcarbonate) show high ionic conductivities, good electrochemical stability and protects the Al current collector against corrosion. There are, however, several drawbacks. First, its thermal stability above 55 °C is poor: at high temperature it decomposes through the reaction: LiPF 6 ⇒ LiF (s) + PF 5 (g) [5][6][7]. Then, pentafluorophosphorane (PF 5 ) reacts with the solvents to generate highly toxic chemicals [8], and also initiates polymerization of solvents [9][10][11]. LiPF 6 is also extremely moisture sensitive [10][11][12][13][14], and readily hydrolyzes to form HF and PF 3 O by trace amounts of water (or alcohols) [10][11][12][13][14]. As a rule, in carbonate-based dipolar aprotic solvents, the poorly solvated PF 6 -anion is highly reactive even towards weak nucleophiles.

These limitations of LiPF 6 have motivated extensive research on other salts. Some properties of usual Li-salts investigated in the 1980s are reported in Table 1, which was reproduced from [START_REF] Marcus | Ion Solvation[END_REF]. Some of the salts are not practical for different reasons; LiAsF 6 and LiClO 4 are poisonous and explosive, respectively. The anion (BF 4 ) in LiBF 4 is not very conductive and creates problems on the surface of Li [START_REF] Zhang | [END_REF][17][18]. However, when the anode is graphite, LiBF 4 was claimed to be the only salt that permits full charge-discharge cycles in γ-butyrolactone (GBL)-ethylene carbonate (EC) mixtures [19]. Acceptable electrochemical properties of C-LiFePO 4 //C-Li 4 Ti 5 O 12 cells were obtained with 1.5 mol L -1 LiBF 4 in GBL-EC (1:1) electrolyte at a temperature of 60 °C when LiPF 6 must be avoided because of its poor thermal stability [20] (see Fig. 1). Therefore, LiBF 4 is superior to LiPF 6 , in EC:GBL electrolytes in Li-ion batteries that are used or stored at high temperatures, whether the cathode is LiFePO 4 [21] or LiCoO 2 [22]. Other anions containing phosphorous were considered [23][24][25][26][27], including LiPF 3 (CF 2 CF 3 ) 3 (LiFAP) [25][26] or lithium tris[1,2-benzenediolato(2)-O,O] phosphate [28]. However, the former salt is too expensive and produces a large amount of HF in a battery fire, while the latter salt is too resistive because its ion-dissociation is limited and the size of the anion with its rigid phenyl rings increases markedly the local viscosity for practical applications in Li batteries. Many other anions in Li salts were considered: those containing nitrogen [29][30][31], carbon [32], or boron [33][34][35][36][37][38][39][40][41][42][43] as the central atom, large cluster-based anions [44], and aromatic heterocyclics [45][46]. They include lithium bis(trifluoromethanesulfonyl)imide Li[N(SO 2 CF 3 ) 2 ] (LiTFSI) [29,47] lithium bis(fluorosulfonyl)imide, Li[N(SO 2 F) 2 ] (LiFSI), lithium bis(oxalato)borate, Li[B(C 2 O 4 ) 2 ] (LiBOB) [36][37][38][39]. Benzimidazole and imidazole lithium salts for battery electrolytes are illustrated in Fig. 2 reproduced from Ref. [46].

From Table 1, LiTFSI is the best candidate for a Li salt in lithium batteries and LiTFSI is highly soluble in the usual solvents (see also [START_REF]Fluorinated Materials for Energy Conversion[END_REF]). Unfortunately, LiTFSI allows severe aluminum corrosion near 3.6 V due to the solubility of Al(TFSI) 3 in alkyl carbonates [30]. The only case where this corrosion problem is not significant is in C-LiFePO 4 //C-Li 4 Ti 5 O 12 cells, because the upper operating voltage is less than 3.6 V and the titanium spinel does not build a thick SEI at its operating voltage of 1.5 V vs. Li + /Li. These cells containing 1 mol L -1 LiTFSI in GBL-propylene carbonate (PC) gave remarkable results even at 80 °C [20]. In this case, PC was used instead of DEC, DMC, because of its lower vapor pressure. In other Li-ion batteries using higher potential (layered oxides) active cathode elements, aluminum corrosion prevents the use of LiTFSI alone. To overcome this problem, LiTFSI was mixed with another salt. These salt blends were investigated to combine the advantage of the different components [START_REF] Jiang | [END_REF][50][51][52]. In particular, corrosion of Al foil in the LiTFSI-based electrolytes can be suppressed successfully by the addition of LiBOB as a co-salt [53], which also provides the benefit of higher thermal stability and better tolerance to water of LiTFSI compared to LiPF 6 [54]. The LiTFSI-LiBOB mixed salts are much more thermally stable than LiPF 6 [53]. The corrosion of aluminum can also be mitigated, at least partly, by mixing LiTFSI with LiPF 6 so that the latter still produces the AlF 3 protecting film on the Al current collector [55]. This LiPF better results than the cell containing 1.5 LiBF 4 in GBL+EC at 60 °C [20], which illustrates the superiority of blends to optimize performances by taking advantage of the different salts synergies.

Another example is provided with electrolytes comprising a mixture of LiPF 6 and LiPF 3 (CF 2 CF 3 ) 3 (LiFAP) in alkyl carbonates, which were superior to the single salt LiFAP or LiPF 6 alone as electrolyte with lithium-graphite anodes at elevated temperatures [57,58]. ARC measurements showed that LiFAP solutions have a higher onset for thermal reactions (>200 °C) but a much larger self-heating rate than LiPF 6 [59].

The LiBOB salt forms a thick SEI dominated by semi-carbonates that effectively protects the cathode against corrosion by other components of the electrolyte [60][61][62][63][64][65]. The SEI is robust enough to suppress the thermal reactivity of lithiated graphite towards the non-aqueous electrolytes [START_REF] Jiang | [END_REF][50], but the thick SEI is responsible for increased cell impedance when the active element of the cathode is a metal oxide. There is, however an exception: LiBOB is useful with LiFePO 4 [51]. In this particular case, LiBOB has other interesting propertiessimilar to LiPF 6 , it protects the aluminum current collector, and is more stable than LiPF 6 above 55 °C. Even in LiFePO 4 -based lithium batteries, however, LiBOB has not replaced LiPF 6 because it is not soluble enough in carbonate solvents [4,39], so that it is only used in a salt blend or ether-containing solvents limited to 4 V. The LiPF 6 /LiBOB blend combines the advantage of good conductivity, owing to LiPF 6 , while LiBOB improves thermal stability [START_REF] Jiang | [END_REF][50][51]. This blend was recognized as a potential candidate for high-power lithium-ion batteries, especially for transportation applications [66]. Due to the unique case of LiFePO 4 and LiBOB, however, the salt blends containing LiBOB were mainly tested with LiFePO 4 cathodes. Zhang et al. [53] showed that both LiBF 4 -LiBOB and LiTFSI-LiBOB mixed salts are much more thermally stable than LiPF 6 and LiTFSI-LiBOB mixed salt produced the best result as a promising electrolyte candidate for Li-ion batteries in wide-temperature applications.

The LiFSI-LiBOB mixed salt exhibited very good electrochemical results in a cell with a LiFePO 4 cathode and graphite anode in 1.0 mol L -1 LiPF 6 /EC/EMC electrolyte containing 0.2 mol L -1 LiFSI and 0.2 mol L -1 LiBOB salt, proving that LiBOB passivates Al and suppresses corrosion attributed to FSI anions in similarity to LiTFSI [67] (see Fig. 3).

Li@borate salts with orthoborate chelate-type anions were introduced by Barthel et A new type of imidazole-based salt was proposed [77], 2-trifluoromethyl-4,5-dicyano-imidazole (TDI) based on the principle of negative charge stabilization in conjugated 5-membered rings (Hückel rule), which has the properties needed for application in lithium-ion batteries: high stability, +4.6 V vs.

Li against aluminum collectors, +4.0 V vs. Li anode in PEO (limitation by the polymer), and thermal stability at over 200 °C. Its only drawback is a conductivity 65% of that of LiPF 6 in the same solvents.

First-principle calculations showed that Li@carborane (LiCB 11 H 12 ) is a superhalogen that can be used as a building block for halogen-free electrolytes in lithium-ion batteries [78]. However, the synthesis of this derivative is tedious. Mg(CB 11 H 12 ) 2 was synthesized, and experiments showed that it is a promising electrolyte for Mg batteries with a smooth plating/stripping of Mg [79]. First-principle calculations also suggest that B 12 (CN) 12 clusters have potential applications for halogen-free electrolytes in both Li and Mg batteries [80].

Ionic liquids

The ionic liquids (Ils) or molten salt liquids contain only ionic species and are a field in their own. By definition, these salts are liquid below 100 °C, but in the context of batteries, this term is used for salts that are already liquid at room temperature. These ionic liquids are composed of a "onium" unsymmetrical cation and a delocalized anion, largely TFSI and FSI. In turn, these molten salts can dissolve a lithium salt (LiTFSI or LiFSI) resulting in a transport of this metal cation representing @ 20-30% of the total conductivity. To these true ILs, we regroup here the solvates formed by LiTFSI or LiFSI with some glymes (Gn:

(CH 3 O(CH 2 CH 2 O) n CH 3
)) [81][82][83][84]. They have some advantages over organic molecules as electrolyte solvents; they are less flammable and practically non-volatile. The very low charge to radius ratio of both the anion and the cation explains their very small lattice energy and low melting point. However, they also have disadvantages -high cost, low conductivity at low temperature, high viscosity and poor wetting characteristics with some electrodes due to high contact angle [85].

The main problem with ILs is the cathodic stability at low potential, which is attributed mainly to the cations. ILs containing nitrogen in a heterocyclic structure (imidazolium family) cannot be used with carbon anodes because the imidazolium cations are reduced or decomposed at the carbon electrode when the potential is polarized down to 0.7 V vs Li + /Li. The electrochemical stability of ILs is improved in the negative voltage region with the addition of lithium salts [43][44][45] forming a SEI. In the case of Li-metal, the SEI is formed from ionic species that prevent further the electrochemical reduction of cationic species.

The stability at high potentials is relatively good and is due to oxidation of anions [86]. The 1ethyl-3-methylimidazolium (EMI)-based ionic liquid has stimulated interest because of its low viscosity, high conductivity, and its oxidative potential is almost 5.0 V, but with the reducive potential at + 1 V vs. Li + /Li, in practice the electrochemical window is 4 V. Anions with higher oxidation resistance are highly fluorinated ions such as tetra-fluoroborates [87], hexafluorophosphates but result in highly viscous liquids [START_REF] Ue | Book of Abstracts of the 41st Battery Symposium in Japan[END_REF].

In most cases, the hydrophobicity of ILs is improved by the use of highly fluorinated anions ([(R F SO 2 ) 2 N -]) with R F = CF 3 , C 2 F 5 , C 4 F 9 , although cation-containing perfluorinated alkyl chains have also been beneficial [START_REF] Merrigan | [END_REF]90].

The interest in ILs for Li-ion batteries was first investigated with ILs based on perfluoroanions that were already studied as counter-anions for lithium salts, in particular BF 4 -and TFSI - [START_REF] Clare | Synthesis, Purification and Characterization in Ionic Liquids[END_REF]. In practice, however, ILs based on TFSI -were preferred because they are immiscible in water so that the residual products such as alkali metal salts can be removed by washing in water. This is not possible with borate-based ILs, which are miscible with water [START_REF]Electrolytes for Lithium and Lithium-Ion Batteries[END_REF]. In addition, the viscosity of the borate-based ILs (over 300 mPa s) [START_REF] Sato | [END_REF] at room temperature is greater than that of the corresponding TFSI --based ILs (69 mPa s) [94]. In particular, TFSI -and further FSI forms low viscosity ILs even with aliphatic quaternary ammonium cations (AQA) mainly pyrrolidinium or piperidinium [95], which have wider electrochemical window [START_REF] Matsumoto | Electronic windows of Room-Temperature Ionic Liquids[END_REF] and are compatible with Li-metal [START_REF] Matsumoto | [END_REF][START_REF] Matsumoto | Molten salts XII Proceedings of the International Symposium[END_REF][START_REF] Howlett | [END_REF] so they can be used at > 4 V.

The AQA was used successfully in a cell with a lithium metal anode and LiCoO 2 cathode without any additive [START_REF] Sakaebe | Electrochemical aspect of ionic liquids[END_REF]. The onium cations, such as AQA and imidazolium-based C nmim+ , do not participate in the electrochemical process in lithium batteries, and their unique role is to maintain the IL in the liquid state.

With carbon anodes, ILs alone do not work due to the co-intercalation of the cationic species [46]. Although the addition of lithium salt is beneficial to solve the problem, the viscosity increases by adding LiTFSI salt is a drawback. The FSI anion ILs are as said above, less viscous, and even with concentrated LiFSI addition (50 mol.%) show very promising Li/LFP electrodes behavior. Another solution is to add carbonates [START_REF] Matsumoto | [END_REF]102], but the increased volatility and flammability become problematic. More recently, however, promising results were obtained [102] (see Fig. 4).

Li [FTFSI], where FTFSI -represents the (fluorosulfonyl)-(trifluoromethylsulfonyl)amide anion [(FSO 2 )(CF 3 SO 2 )N] -, was tested as a model of a pure lithium ionic liquid without any solvent molecules and also without a long alkyl and/or alkoxy moiety in the anionic species [103]. This salt melts at 100 °C and was tested at 110 °C in cells with lithium anode and either LiFePO 4 or LiCoO 2 cathodes. The electrochemical properties were encouraging, but the tests only lasted two cycles, so the aging and cycling life are unknown. These results showed that Li[FTFSI] is a unique lithium single ionic liquid that is promising in batteries used above 100 °C with an electrolytic window exceeding 4

V. Other electrolytes that satisfy these criteria are alkali molten salts at eutectic point:

Li[TFSI]-K[TFSI] and Li[TFSI]-Cs[TFSI], Li[FTFSI]-Cs

[FTFSI] and their mixtures [104]. However, Li-ion batteries are useful near room temperature, while the operating temperature for lithium metalpolymer batteries is typically 70 °C because the conductivity of the polymer at room temperature is too small and this is considered as a handicap.

The introduction of siloxyl groups improves hydrophobicity [105,106], and this property was used to synthesize a new family of ILs composed of tetraalkylammonium cations with increased hydrophobicity; one alkyl chain is the (trialkyl-siloxy)ethyl group and anions of bis(perfluorosulfonyl)amide (TFSI, FSI, and FTFSI) [107]. All of them are liquid at room temperature except N-(2-Trimethylsiloxyethyl)-N-methylpyrrolidinium TFSI. The cathodic stability is improved owing to the silylation of the OH group rendering the electrolyte stable to 0 V vs. Li + /Li. The electrochemical window may exceed 5 V, depending on the anion that is used. Various ILs were tested with different anions, but in practice the best choice is the TFSI -anion because of its superior stability due to the fact that it contains no hydrolysis-sensitive fluorine atoms as FSI -does. A family of molten salts that is based on the N-alkyl, N-alkyl pyrrolidinium cation and the TFSI -anion was proposed [95,108]. Some of these molten salts are highly conductive, or form highly conductive plastic crystals upon doping with LiTFSI [109].

The disadvantage of TFSI-based ILs is the lower conductivity with LiTFSI in the electrolyte compared with FSI-based ones [START_REF] Guerfi | Safe lithium rechargeable batteries based on ionic liquids[END_REF]. Another problem that limited the use of ILs in Li-ion batteries is their decomposition on graphite anodes. This problem was resolved by using an ILs-based electrolyte containing TFSI anions and an additive of vinylene carbonate (VC) that suppresses ILs reduction and stabilizes the SEI [START_REF] Holzpfel | [END_REF][112][113][114]. This finding was extended to the use of ILs blended with organic electrolytes (EC-DEC) to take advantage of the low vapor pressure and high non-flammability of ILs to improve safety, and inherit the high conductivity of organic electrolyte, even though adding carbonates [START_REF] Matsumoto | [END_REF] is effective in increasing the conductivity and the fluidity. A thorough study of the IL, with TFSI anions combined with EMI cations, which was selected because of its relatively high conductivity and low viscosity was reported [115]. The conductivity and viscosity of the EMI-TFSI ionic liquid/EC-DEC mixtures at different concentrations of EMI-TFSI are reported in Fig. 5. When the IL concentration in the mixture increases from 0 to 60%, the conductivity rises as the "salt" (IL) is added to the solvent EC-DEC. However, the conductivity reaches a maximum and decreases at higher concentrations to return to the lower conductivity of the pure IL. The viscosity increases with the IL concentration up to 60%, so there is an optimum concentration of IL around 60% in the mixed electrolyte where the viscosity is still low (16-17 Pa s), and the conductivity is still acceptable (greater than 10 mS cm -1 ). Moreover, the electrolyte was not flammable at this composition, and the evaporation temperature increased by 252% with respect to the organic electrolyte. Therefore, this new electrolyte is an improvement, with the three properties needed for an electrolyte: high conductivity, low viscosity and non-flammability. The tests on a LiFePO 4 half-cell showed that the addition of 60% EMI-LiTFSI Il in the organic electrolyte did not affect cell performance at 2C rate.

Salts for Li metal batteries

The only industrial systems that use Li are the "Bluesolution" batteries, in a car pay-and ride scheme in several cities, the largest fleet deployment being in Paris. The electrolyte is a solid polyether, mainly PEO, and the salt LiTFSI. The temperature of operation of the batteries is on average 70 °C.

Effectively, the development of lithium metal/polymer batteries has been impeded by the difficulty in finding solid electrolytes with good ionic conductivity and mechanical properties that minimizes dendrite formation at the lithium surface. The difficulty arises from the fact that these properties are antinomic. The best conductivity in PEO electrolytes is obtained with LiFSI. Other hosts polymers with remarkable conductivities are polyesters, like random copolymers of trimethylene carbonate and co-εcaprolactone [116] or poly(ethylene carbonate) [117]. Solid-state batteries with these polymers and TFSI were able to operate at RT, albeit at low current densities. A distinct advantage of the polyesters is a higher transference number (t + > 0.4) as compared with PEO (t + ≈ 0.2) especially at high salt concentrations, reducing the establishment of a salt gradient. A recent review [118] on electrolytes and the fabrication of lithium films describes encouraging progress on the development of all-solid lithium batteries. Mendemark et al. have reviewed the "Beyond PEO Electrolytes" [119]. There is also considerable activity worldwide for Li metal-based batteries using a liquid electrolyte to meet the conductivity requirement and the choice of the solvent is sovereign since it contains most of the organic components that forms the SEI, which in turn determine the morphology of the lithium deposit and the electrochemical properties [120]. The most popular solvent in such batteries is 1,3-dioxolane (DOL), first proposed by Aurbach and co-workers [121]. The salts in the electrolyte are also important to stabilize the SEI and prevent dendrite. The salts used with Li-metal are limited but include LiPF 6 , LiTFSI, LiFSI, TDI [118]. An interesting salt is LiNO 3 , which participates, mainly as additive, in the formation of a stable passivation film on the lithium surface [122,123]. It thus protects against the attack of polysulfides in Li-S batteries [124] and potentially suppresses gas generation [125] (see Fig. 6). However, from other sources, above 40 °C, LiNO 3 itself produces gas and causes swelling [126], so cells containing this salt cannot pass Test 2 of UN38.3 Transport of Dangerous Goods Certification [START_REF] Un | Recommendations on the transport of dangerous goods: model regulations[END_REF] and cannot be used in mass-produced commercial batteries. In batteries with lithium anodes, including Li-S batteries (see [START_REF] Zhang | [END_REF] for a review), ionic liquids containing TFSI -anions are often used because they improved Li metal cycling efficiency, but only at low C-rates. The reason is that the larger number of F atoms in TFSI form a LiF passivation layer at the lithium surface. The rate capability remains a problem because LiF forms an insulating layer. The first salt blends tested in Limetal batteries were not successful because of low conductivity [129]. However, more recent salt blends were much more successful. In particular, the mixture LiTFSI/LiFSI with DOL solvent mitigated dendrite formation at the lithium surface, even at current densities as high as 10 mA cm -2 [130]. The success of this salt combination was due to the synergetic effect of LiFSI that provides high conductivity and improves the interfacial behavior, while LiTFSI acts as stabilizer. A catalytic action tertiary amine base is admixed with the LiFSI in order to prevent polymerization of DOL. Adding dimethoxymethane (DME) as co-solvent improves further the solubility of LiFSI. The LiFSI-LiTFSI/DOL-DME solution was tested in Li//Li symmetric cells and in cells with Li anode and LiFePO 4 or sulfur composite (38.7% S). In all these cases, high cycle efficiency of ca. 99% and dendrite-free Li deposit were achieved. The excellent cycling performance and favorable lithium morphology were obtained, even at a high current density of 10 mA cm -2 . The combination of LiTFSI and LiBOB in a carbonate solvent mixture also formed an effective SEI at the lithium surface in Limetal batteries because of the highly conductive sulfur-rich components found in the SEI film [131].

Utilization of graphite as both the anode and cathode is possible and constitutes an example of dual-ion battery. LiPF 6 salt was chosen, because both Li + and PF 6 -ions can be inserted in graphite. Li + intercalates into the negative electrode, and PF 6 -intercalates into the positive electrode when the cells are charged, depleting the electrolyte of salt. The ions return to the electrolyte during discharge. The cell potential during anion intercalation rises to over 5 V, so the solvent chosen for such a battery is ethyl methyl sulfone (EMS), which oxidizes only above 5.5 V. A capacity of 100 mAh g -1 was obtained with a LiPF 6 /EMS electrolyte [132]. Comparable capacities with very good cycle life were obtained with for dual-graphite cells using ionic liquid-based electrolytes, where the anion was TFSI - [133,134].

Since the chemical compatibility of LiTFSI with graphite is rather poor, dual-batteries with LiTFSI salt utilized Li anodes instead of graphite [135][136][137], in combination with graphite cathodes. The electrolyte was a mixture of LiTFSI and N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl) imide (Pyr 14 TFSI), in which only LiTFSI is active, while Pyr 14 TFSI increases the ionic conductivity and stays a liquid. Another electrolyte was proposed by Meister at al. [138] fluorosulfonyl-(trifluoromethanesulfonyl)imide (FTFSI -) in Pyr14FTFSI, that takes advantage of the smaller size of the FTFSI -ion compared to the TFSI -ion. However, the results were not much different, with capacities in the range 43-50 mAh g -1 and a cut-off voltage of 4.8 V. When the cut-off voltage is raised to 5.2 V, the capacity increases to 99 mAh g -1 , but the capacity fade is much more important (see Fig. 7) and the coulombic efficiency decreased. Another anion insertion battery with Al-metal anodes will be discussed later in the section on Al-based batteries.

This use of Pyr 14 TFSI illustrates the interest in pyrrolidinium-based electrolytes. Not only Pyr 14 + , but also N-propyl-N-methyl-pyrrolidinium Pyr 13 + cations are used in lithium batteries. The Pyr 13 + cation is slightly smaller than the Pyr 14 + cation, so we can expect better ionic conductivity at low temperature.

The Pyr 13 TFSI-Pyr 13 FSI blends have ionic conductivities greater than 10 -4 S cm -1 at -20°C, and an optimized TFSI:FSI mole ratio of 2:3 [START_REF] Appetecchi | Green and Safe Electrolytes Based on Ionic Liquids in Advanced Manufacturing Processes For Low Cost Greener Li-Ion Batteries -The White Paper of The GREENLION Project[END_REF]. The TFSI -anions increase the stability towards oxidation, and the FSI -anions increase the ionic conductivity. The fact that the blend is a liquid with high ionic conductivity even at -20°C was attributed to the combination of the two ionic liquids, which hinders crystallization of the resulting mixture. An electrolyte with LiTFSI salt in this ionic liquid mixture was tested with the optimized concentration of 0.1LiTFSI-0.3Pyr 13 TFSI-0.6Pyr 13 FSI, and good compatibility was observed with a high-voltage cathode (NMC) and graphite anode [START_REF] Moreno | [END_REF]. The next section discusses the important role of pyrrolidinium-based ionic liquids in sodium-ion batteries.

Salts for use in organic battery

The discussion focused on results obtained with Li salts added to electrolytes so far. Li with a sustained reversibility of ∼200 mAh g -1 at an average potential of 1.8 V. This battery chemistry displays a more stable cycle compared to inorganic electrode materials, but the operating voltage is too low. Since then, a novel quinone-based oligomeric lithium salt of poly(2,5-dihydroxy-pbenzoquinonyl sulfide) with average polymerization degree of 7 was used as a cathode in a lithiummetal battery. High reversible capacity (268 mAh g -1 ), high cycling stability (1500 cycles, 90%) and high rate capability (5000 mA g -1 , 83%) were obtained. The high capacity compensates for the low potential (the main charge/discharge process was in the range 1.8-2.3 V) [142].

To achieve the sustainability required for next generation energy storage systems, the development of rechargeable batteries with a low CO 2 footprint is desirable. This is the motivation for extended research to replace the inorganic electrodes by organic electrodes. The dual-battery with graphite anode and cathode mentioned in the previous section is an example. The use of the salts mentioned in the present section also belongs to this approach. A huge amount of work devoted to organic-based lithium and sodium batteries justifies a separate review that we are presently writing, which should be published by next year. Therefore, the oxocarbon salt we have mentioned should be considered only as an example in this context. The reason of this choice is that, except 5,7,12,14pentacenetetrone, Li sodium rhodizonate dibasic (SR) sodium salt that has tested as a cathode for sodium-ion batteries [144].

Structured in nanorods with uniform diameters of ca. 200 nm, SR delivered 190 mA h g -1 at current density of 0.1C and retained 90% of its second cycle capacity after 100 cycles.

Sodium salts

Salts for sodium-ion batteries

The studies of Na-ion batteries (SiBs) are taking place in parallel with the studies of Li-ion batteries. The Li-ion battery dominates the market today because of its high rate capability and energy density. Sodium is abundant and a low-cost element for energy storage devices but has a propensity for dendrite formation [145]. Some reviews on Na batteries have addressed the electrolytes, for example, non-aqueous electrolytes [146], while other reviews discussed aqueous liquid electrolytes and solid electrolytes [147]. Reviews of anodes and cathode materials for Na-based batteries are available [148][149][150][151], which suggest that there is significant interest in SiBs. A review on SiBs including electrolyte salts, solvents, additives and binders can be found in Ref. [152]. The use of aqueous solvents will not be addressed here for several reasons:

(1) electrochemical window possible for aqueous SiBs is only 1.23 V;

(2) energy density is low (below 80 mAh g -1 in practice for the electrodes);

(3) cycle life is low, partly due to corrosion of the current collectors.

Sodium salt with non-aqueous solvents

The usual non-aqueous solvents in LiBs are also used in SiBs: binary or ternary systems of cyclic (PC, EC) and linear (EMC, DEC, DMC) carbonate esters. One key difference between the component in LIBs and SiBs is the choice of negative electrode. Graphitized carbon is the most popular anode material in LiBs, while for SiBs, hard carbons (HCs) are used, presumably because the Na-C system lacks suitable binary intercalation compounds. This issue was circumvented by co-intercalation that occurs in diglyme-based electrolytes, in which a SiBs with graphite anodes is able to deliver a capacity close to 100 mAh g -1 for 1000 cycles [153]. However, graphite cannot be used in SIBs with carbonate ester-based electrolytes, a major difference with LIBs, and the reason for the choice of hard carbon in SiBs. Hard carbons do not co-intercalate solvent molecules, which is responsible for exfoliation of graphite. Consequently, PC that is prohibited in LiBs is now a potential solvent in electrolytes with hard carbon in SIBs [154], especially when sodium polyacrylate is used as a binder with hard carbon, because this binder covers the surface of hard carbon and the passivation is highly improved in comparison to poly(vinylidene fluoride) (PVdF) binder [155].

The salts that are used with carbonate ester solvents in SiBs are almost exclusively either NaClO 4

or NaPF 6 . Similar to LiPF 6 , NaPF 6 is sensitive to moisture, while NaClO 4 has safety problems that will forbid a commercial use. In addition, the oxidative stability of ClO 4 -anions is less than that of PF 6 -in EC:DEC solvents [156]. Despite its combination of very electronegative element, ClO 4 -, electrolyte decomposition occurs at >4.5 V vs. Na + /Na, which limits the cut-off voltage to 4.5 V when NaClO 4 is used [157,158]. Therefore, NaPF 6 is preferred, especially in dual-ion cells with graphite cathode and Na-metal counter-electrode in 0.5 mol L -1 NaPF 6 /EC:EMC electrolyte that delivered 86.2 mAh g -1 discharge capacity at the 120th cycle at C/4 rate, and with coulombic efficiency of nearly 97% [156].

However, this performance is still not as good as that achieved with the lithium-based counterpart (Limetal anode, graphite cathode, LiPF 6 /EC:EMC electrolyte). A tin-graphite dual-ion battery with 1 mol L -1 NaPF 6 in EC:DMC:EMC (1:1:1 v/v/v) delivered 74 mAh g -1 at 2C (1C corresponding to 100 mA g -1 ), 94% capacity retention after 400 cycles and high coulombic efficiency of 95% in a voltage window of 2.0-4.8 V [159] (Fig. 8).

The reason why graphite is viable for Na-ion storage in cells with ether-based electrolytes is due to co-intercalation of solvent molecules and Na + -ions to form ternary graphite intercalation compounds (t-GICs) [160,161]. Different results were obtained in cells with Na-metal counter-electrodes [162][163][164]. The remarkable cycle life is strong evidence that graphite in ether-based electrolytes is compatible with sodium metal. Cui et al. suggested that when the salt is NaPF 6 , in ether solvents (except triglyme) forms a uniform and thin SEI layer mainly composed of Na 2 O and NaF to protect the surface of sodium [164], which suppresses dendritic growth and promotes high coulombic efficiency and high cycle life.

Crystalline polymeric Schiff bases are able to electrochemically store more than one Na atom per azomethine group at potentials between 0 to 1.5 V vs. Na + /Na. These Schiff-base anodes provided reversible capacities of up to 350 mA h g -1 in SiBs with an electrolyte consisting of NaFSI in methyltetrahydrofuran (Me-THF) [165].

Organic electrolytes have the advantage of good conductivity, but their flammability can result in safety hazards. The safety hazard was overcome with an electrolyte composed of 0.8 mol L -1 NaPF 6 in trimethyl phosphate (TMP) plus 10 vol.% fluoroethylene carbonate (FEC) as a SEI-forming additive.

TMP is a liquid organic phosphate that is nonflammable and a very appropriate choice for safe electrolytes in SiBs [166] (see Fig. 9). Note the TMP decomposes electrochemically on carbonaceous anode, which is the reason why it cannot be used in lithium-ion batteries, and it prohibits the use of hard carbon as an anode in SiBs. The SiB using this electrolyte with Sb-based anode and NaNi 0.35 Mn 0.35 Fe 0.3 O 2 cathode delivered a capacity of 300 mAh g -1 at current density of 50 mA g -1 .

This performance is attributed to the stable SEI film formed by FEC decomposition on the anode and cathode.

Ionic liquids in SiBs

Perfluoroanions, which were evaluated as counter-anions (e.g. BF 4 -and TFSI -) for lithium salts were also used in SiBs with EMI cations because of its relatively high conductivity and low viscosity [167][168][169]. However, the electrochemical window of EMI-based ionic liquids is limited to 4 V. EMI-TFSI oxidative potential is almost 5.0 V, but the reducive potential is + 1 V vs. Li + /Li. In practice its use as electrolyte is limited, in the absence of a SEI builder, to anode materials like Li 4 Ti 5 O 12; this material intercalates lithium, but the result is a two-phase mixture. The potential window for electrolytes in SiBs was increased by adding NaBF 4 to EMIBF 4 but was detrimental to the ionic conductivity [169].

For these reasons, attention was focused on pyrrolidinium-based ionic liquids (Pyr 14 + and Pyr 13 + cations) for SiBs, similar to those in lithium batteries. NaFSI in Pyr 13 FSI was considered as electrolyte for Na/NaCrO 2 SiBs [170,171] and Na/HC half-cells [172]. These cells, however, have good electrochemical properties only at high temperature (90°C), and the performance depends significantly on the salt concentration. For Na/NaCrO 2 cells at 90 °C, the optimum concentration is 40 mol.% NaFSI, while the best composition for Na/HC at 90 °C is 10 mol.% NaFSI. The capacity of the HC reached 260 mAh g -1 at 50 mA g -1 , and 211 mAh g -1 at 1000 mA g -1 [173]. A high salt concentration (1 mol L -1 NaFSI) gives poor results with Na metal, but better results than conventional organic electrolytes in full cells (HC anode, Na 0.44 MnO 2 cathode), where the cathode capacity was 117 mAh g -1 at 0.1C rate, with 3% decay after 100 cycles [174].

Pyr 14 + -based electrolytes were explored in parallel with Pyr 13 + . The analog to Pyr 14 + cations in electrolytes is NaFSI in Pyr 14 FSI ionic liquid [174]. The interface between this electrolyte and Au [START_REF] Holzpfel | [END_REF] was investigated as a function of salt concentration [175], and confirmed the general trend already observed in lithium batteries that the decomposition potential of the cation shifts to more negative potentials when metal salts are added to ILs [176]. In most cases, however, the Pyr 14 + cations are associated to the TFSI -anions rather than FSI -. A study of Pyr 14 TFSI-NaTFSI was conducted [177,178], and this electrolyte was tested with different salt concentrations in a NaFePO 4 /Na cell [179].

An optimum capacity of 125 mAh g -1 was observed in 0.5 mol L -1 NaTFSI in Pyr 14 TFSI at 50 °C, and 65% capacity was retained at 1C. However, the capacity decreased by a factor 2 at room temperature, which confirms that ionic liquids are preferred to organic electrolytes only at higher temperatures. ) -1 that was stable over 100 cycles [170]. This electrolyte has good conductivity and high stability up to 5 V, and thus is a potential electrolyte for SiBs [184], but has not been tested.

Salts in all-solid-state sodium metal batteries

So far, solid polymer electrolytes with sodium have not been successfully deployed, as is the case with lithium batteries with its only exception, which is attributed to several reasons. The solid polymer must be used at higher temperatures, typically >60 °C, because of its low conductivity, but since the melting point of sodium is 98 °C, the practical temperature range to use Na anodes with polymer electrolytes is very limited. In practice, the temperature in solid sodium metal-polymer batteries must be reduced to 60 °C, where the conductivity of the polymers is usually low. The main efforts to overcome this problem is to reduce the activation energy for the ionic conductivity of the polymers.

PEO-based electrolytes were investigated many years ago with different salts: NaClO 4 [185], NaPF 6 [186], NaClO 3 [187], and NaLaF 4 [188] (a crystalline solid electrolyte with fluorite structure).

However, the ionic conductivity of these salts in PEO-based electrolytes is only about 10 -6 S cm -1 at RT. Recently, NaTFSI and NaFSI were tested with PEO [189]. A higher conductivity was obtained with NaTFSI because of the stronger interaction between FSI -with Na + compared to TFSI -. The ionic conductivity of NaTFSI-(PEO) 9 is 4.5×10 -5 S cm -1 at 20 °C. A conductivity of 2×10 -5 S cm -1 was obtained with PEO-PEGDME blend host polymer with SiO 2 particles that were functionalized by grafting with sodium 2-[(trifluoro-methane-sulfonylimido)-N-4-sulfonylphenyl]ethyl salt [190]. The grafting on the polymer immobilized the F-bearing anions, which increases the transference number of the sodium ions to close to unity, and the conductivity increased to close to 1.3×10 -4 S cm -1 at 60 °C.

An even better conductivity was measured at the same temperature with NaClO 4 in the ceramicpolymer electrolyte, TiO 2 :PEO, at an optimum composition 5 wt.% TiO 2 , EO/Na=20 [191]. However, the electrochemical properties were disappointing, so compatibility with sodium metal is questionable.

Other polymer-salt combinations were also considered: poly(vinyl alcohol) with NaBr salt [192],

poly(vinyl pyrrolidinone) with NaClO 3 [193] and NaClO 4 [194], NaF [195]. However, the only combination that produced electrolytes with an appreciable conductivity (7.1×10 -4 S cm -1 ) that is greater than that of ceramic-polymer blends is polyacrylonitrile (PAN) with 24 wt.% NaCF 3 SO 3 (sodium triflate, also denoted NaTf) [196].

Sodium triflate NaCF 3 SO 3 (NaTf) was also evaluated in a hybrid solid electrolyte that is based on a poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP) matrix with a NASICON ceramic powder Na 3 Zr 2 Si 2 PO 12 , PVdF-HFP binder, and 1 mol L -1 NaTf/TEGDME liquid electrolyte in a 70:15:15 weight percentage. The conductivity of this electrolyte is 1.2×10 -4 S cm -1 at 0 °C. Studies of the electrolyte in a half cell with a NaFePO 4 cathode yielded a capacity of 131 mAh g -1 at 0.2C, and 330 mAh g -1 relative to the negative for the full cell, NaFePO 4 //hard carbon, with good rate capability and cyclability [197]. These results are much better than the performance obtained with inorganic ceramic electrolytes, which have better bulk ionic conductivity. Note, however, that owing to the presence of TEGDME plasticizer, this electrolyte already belongs to the family of gel-polymer electrolytes.

Salts in gel-polymer electrolytes

Gel-polymer electrolytes are distinguished from polymer-salt electrolytes by the use of a solvent or plasticizer to improve the ionic conductivity. For example, a solution of NaTf in EMI triflate (EMITf) ionic liquid immobilized in PVdF-HFP increased the conductivity to 5.74×10 -3 S cm -1 at room temperature for a gel polymer electrolyte EMITf:PVdF-HFP (4:1 w/w) + 0.5 mol L -1 NaTf [198].

The most common salt in gel-polymer electrolytes is NaClO 4 , which is found in poly(methyl methacrylate (PMMA) with SiO 2 nanoparticles and 1 mol L -1 NaClO 4 /EC-PC [199], cross-linked PMMA and 1 mol L -1 NaClO 4 /PC-FEC [198], PVdF-HFP with 1 mol L -1 NaClO 4 /EC-DC-DEC [200],

PVDF-HFP plus glass-fiber paper and polydopamine (PDA) coating with 1 mol L -1 NaClO 4 /PC [201].

The gel polymer electrolyte with a conductivity of 5.4×10 -3 S cm -1 produced the best results [202]; an initial capacity of 120 mAh g -1 that decreased to @100 mAh g -1 after 100 cycles was obtained in a cell with Na 2 MnFe(CN) 6 cathode and Na metal anode.

General trends

The ionic conductivity of the electrolyte in SiBs receives the most attention. The conductivity depends on all of the components in the electrolyte. The salt plays a major role, for example, the conductivities of PC-based electrolytes (1 mol L -1 salt) with NaPF 6 , NaClO 4 and NaTFSI, are 8, 6.5 and 6.2 (×10 -3 S cm -1 ) at room temperature, respectively [157,158]. However, when the salt is added to ionic liquids, promising conductivities are also observed. For instance, the conductivities of ionic liquid Py 1,4 -TFSI with NaBF 4 , NaClO 4 , NaTFSI and NaPF 6 are 1.9, 1.0, 0.5 and 0.4 (×10 -3 S cm -1 ) [87]. The lowest conductivity was obtained with NaPF 6 in the IL electrolyte, while in the PC-based electrolyte, it yielded the highest conductivity. This illustrates the synergy between the salt and other components of the electrolyte, particular the solvent, in determining the ionic conductivity. For instance, monoclinic Na 2 Fe 2 (CN) 6 .2H 2 O//graphite cell with 1 mol L -1 NaBF 4 /tetraglyme electrolyte showed excellent capacity retention at 35 mAh g -1 (anode + cathode) over 3000 cycles at C/4 rate and 2.3 V average operating potential [203], which is a much better performance than in case carbonate-based electrolytes are used either with NaPF 6 or NaClO 4 .

The electrochemical stability shows a general trend. With a carbon gas diffusion layer as the electrode, the electrochemical stability of the NaPF 6 -based electrolyte is 5.0 V, much higher than that of NaClO 4 [50]. This is consistent with the trend PF 6 -> ClO 4 -> CF 3 SO 3 -observed in lithium batteries [186]. The salt plays a crucial role in electrolyte stability, as illustrated with electrolytes containing difluoro(oxalato)borate salt that are stable up to 5.5 V in PC, EC/DEC or EC/DMC, while none of these electrolytes are stable to such high potential when the salt is NaClO 4 .

Magnesium salts

Magnesium batteries are very attractive despite the lower theoretical capacity of Mg, 2061 mAh cm -3 than that of lithium (3862 mAh cm -3 ). Magnesium has several advantages over lithium:

 Mg is abundant and much cheaper than Li,  Mg is not prone to dendrite formation [204],

 Mg is more stable than lithium in air.

The major problem with Mg remains the lack of a suitable solvent-electrolyte combination [205] because the SEI formed at the Mg surface in common electrolytes blocks ion transport [206,207]. In addition, the electrolyte must be stable at the Mg redox potential (-2.37 V vs. NHE, compared to that of Li, -3 V), and the cathode active element that may operate at + 1 V vs. NHE. In addition, Mg is reactive to many polar solvents and anions [208,209], so that in practice the choice of electrolyte has been limited to inert ethereal solvents [210][211][212][213]. The first results on rechargeable Mg-batteries were obtained with an electrolyte obtained by electrolysis of Grignard, organo-borate and amino-magnesium reagents, with ethereal solvents such as tetrahydrofuran (THF) [206]. Different solutions were proposed in the 1990s, but they did not solve the poor cycle life and rate capability. There are several reviews on Mg-batteries that were published a few years ago [214,215]. The major challenge is to identify suitable salts and non-polar solvents for the electrolyte that have an acceptable potential stability window.

Aurbach et al. [212] reported a major breakthrough with an electrolyte that has improved oxidative stability, which was obtained by a Grignard reagent combined with Al-based Lewis acid including an alkyl group. This finding initiated further research on other organohalo-aluminate electrolytes by the same group [211,216,217] and others [218], which further improved the performance by developing an electrolyte with oxidative stability up to 3.2 V vs. Mg and higher current densities [218]. The oxidative stability was raised to 3.5 V and 3.7 V by using phenylmagnesium chloride with a boron-based Lewis acid in tetrahydrofuran, such as tris(pentafluorophenyl)borane [205], or tri(3,5-dimethylphenyl)borane [212]. The fluorinated alkoxyaluminate magnesium electrolytes [219], and fluoroalkoxyborate electrolytes [220] also have oxidative stability > 3.5 V vs. Mg, which is typical for electrolytes with aluminum trichloride as the Lewis acid. The fluorinatedaryl magnesium reagents or fluorinated organo aluminates can react explosively. It is highly recommended to replace the fluorinated aluminates by borates because the latter are not explosive [205].

The electrolytes containing organometallic reagents are unstable to air and water, and until recently, it was assumed that inorganic electrolytes did not work in Mg batteries. However, Doe et al.

[216] made a breakthrough by synthesizing Mg m Al n Cl [2m+(3n)] salts by acid-base reaction of MgCl 2 and the Lewis acidic compound AlCl 3 and demonstrating upwards of 99% coulombic efficiency with anodic stability of 3.1 V [221]. Further studies were pursued on this new family of magnesiumaluminum chloride-complex (MACC) electrolyte that avoided the onerous conditioning process [222].

As-prepared MACC is inactive for Mg deposition, and therefore conditioning the electrolyte is required to enhance Mg electrodeposition [223,224]. The onerous conditioning process was successfully overcome by using a higher Mg/Al ratio in the synthesis procedure [225]; however, there are some drawbacks. The presence of free chloride ions in the salts/complexes results in corrosion of non-noble metals, which prevents the use of Al or stainless steel current collectors [205,212,226,227]. Tutusaus et al. [79] applied an ion-exchange pathway to synthesize an active, non-corrosive electrolyte (Mg(CB 11 H 12 ) 2 /tetraglyme (MCC/G4) and MCC/triglyme) with high oxidative (3.8 V vs. Mg) stability.

Another strategy to improve the stability in air and moisture is to enhance the stability of the modified Grignard reagents by replacing phenoxides [212,228] with alkoxides [229]. The non-Grignard magnesium halide salts [230,231] show very good electrochemical properties and better stability towards air, compared to those of Grignard reagents, because THF is the solvent. However, THF is not desirable because of its high volatility and its tendency to form peroxides, so recent efforts were focused on electrolytes that are THF-free and chloride-free.

THF-free liquid electrolytes

Boron hydride Li(BH 4 ) is of interest for lithium batteries because of its high ionic conductivity and relatively strong reducing power of BH 4 -anions, which led to the proposal to investigate magnesium borohydride Mg(BH 4 ) 2 for Mg batteries [232]. Li(BH 4 ) has many applications, and one example is for hydrogen storage, which was the subject of a recent review on its synthesis and structure [233]. As expected, this salt facilitates Mg deposition and stripping when a standard Chevrel phase cathode is chosen [232]. [234]. DGM is a diglyme (a tridentate ligand) with boiling and flashpoint temperatures of 162 and 57 °C, respectively, which produces a much safer Mg battery than one using THF. To understand the remarkable improvement linked to the addition of LiBH 4 , Chang et al.

investigated the electrodeposition of Mg on the anode in this electrolyte and attributed the effect to the co-intercalation of Li and Mg ions [235]. These results suggest that MgBH 4 + is the electroactive species in magnesium borohydride electrolytes. The anodic-stability potential on stainless steel in 0.5 mol L -1

Mg(BH 4 ) 2 /1.5 mol L -1 LiBH 4 /tetraglyme solution was 2.4 V vs. Mg. 100% Mg deposition/dissolution efficiency was obtained, with high cycling reversibility [236] (see Fig. 10). Such a high coulombic efficiency was also achieved with another THF-free electrolyte, namely 0.35 mol L -1 (HMDS) 2 Mg-2AlCl 3 in diglyme, where HMDS is bis(hexamethyldisilazide anion) [205]. The salt blend (HMDS) 2 Mg with MgCl 2 instead of AlCl 3 has the advantage of a simpler synthesis [237]. This result also illustrates that the solubility of non-Grignard magnesium halide salts, which is low when they are used individually in ethereal solution, is greatly enhanced by adding a second salt [238,239]. In the same way, ternary electrolytes consisting of non-Grignard magnesium chloride, Mg(TFSI) 2 ), and triglyme were proposed, and tests showed seemingly good electrochemical properties at 100 °C [240].

Electroactive cations

The electroactive species in halide-based electrolytes is MgCl + or Mg 2 Cl 3 + [241][242][243][244][245][246][247][START_REF] Brouillet | Exposing elusive cationic magnesium-chloro aggregates in aluminate complexes through donor control[END_REF]. The organohalo-aluminate electrolytes obtained by reaction between a Grignard reagent and AlCl 3 [241],

was a subject of a review publication [249]. The Mg 2 Cl 3 + ion is one of the active species in HMDSbased electrolytes [213] that has attracted significant interest because of its oxidative stability (3.3 V) and applications in haloaluminate-based electrolytes [218] and carboranyl-MgCl electrolytes [250].

The promising performance of a Mg/TiS 2 cell with MgCl + electroactive ions in a standard electrolyte, [Mg 2 Cl 3 ] + [AlPh 2 Cl 2 ] -+ THF and Py14 + Cl -], was reported [251]. The TiS 2 cathode was expanded by intercalation of Py14 + [1-butyl-1-methylpyrrolidinium] ions during full discharge. A reversible intercalation of 1 and 1.7 magnesium monochloride cations per titanium at 25 and 60 °C, respectively, was observed, corresponding to 400 mAh g -1 capacity based on the mass of TiS 2 ; the capacity at 240 mA g -1 was 150 mAh g -1 and remained above 100 mAh g -1 after 500 cycles. Similar tests with a THF-free electrolyte have not been performed, consequently the possibility of eliminating THF from commercial cells remains unanswered.

Ionic liquids

The high volatility of alkyl carbonates or of THF and monoglyme that leads to safety hazard is an issue in both Li-ion batteries and Mg batteries. Therefore, the same remedy was investigated for both types of batteries, namely the use of ionic liquids as an alternative to volatile solvents. Magnesium triflate in an imidazolium-based ionic liquid was proposed for Mg batteries [252], but it was not compatible with Mg electrodes (unstable SEI problems) [253]. However, phenyl magnesium bromide [254] and alkylmagnesium bromide [255] are viable options in ionic liquid solvents containing the salts of N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium DEME + cation like DEMETFSI dissolving LiFSI and Mg(TFSI) 2 [256]. This finding motivated studies on DEME-based ionic liquids as a solvent and an electrolyte consisting of Grignard reagent (ethylmagnesiumbromide in THF) and

[DEME] + [TFSI] -ionic liquid was evaluated [255], but effective plating/stripping of Mg was obtained only if THF is added as co-solvent. Stripping peaks for magnesium were observed in solutions of phenylmagnesium chloride in BMP -TFSI, but only at 150 °C [254]. MgCl 2 reacts with AlCl 3 in ionic liquids to produce an electrolyte that co-deposits Al and Mg [256][257][258], like the MgCl 2 /AlCl 3 (MACC) electrolyte in the initial cycles [259]. Watkins et al. reported that the chelating ILs with a polyether chain from the organic pyrolidinium cation from the IL forms a complex with the magnesium ion in the ionic salt [260]. The presence of a polyether chain in the IL improves electrochemical performance [261][262][263][264][265][266][267][268][269].

Mg(TFSI) 2 salt was also used [270], which is compatible with Mg, and it showed good cyclability even at 1C rate in a liquid electrolyte of Mg(TFSI) 2 dissolved in glyme/diglyme [271]. Furthermore, this liquid electrolyte was compatible with aluminum, stainless steel and copper electrodes. The large polarization of the Mg plating/stripping process was eliminated by adding triphenolate-borohydride anions, [B(OPh) 3 H] -as Mg[B(OPh) 3 H] 2 to Mg(TFSI) 2 in glyme containing a small amount of MgCl 2 [272]. The addition of MgCl 2 improves the electrochemical performance, but its amount must be small, because it renders the electrolyte more corrosive [238,273,274]. Higher oxidative stability is obtained by switching from Al(Cl) 3 to aluminum triphenoxide C 18 H 15 AlO 3 [219].

Solid-state electrolytes

Ionic liquids were not successfully employed yet in Li-batteries, consequently, alternatives such as solid or gel-electrolytes are being pursued. In the case of Li-batteries, some success was achieved, and

Mg should be more promising, because it is not prone to dendrite formation. The conductivity of magnesium ions in solid-state electrolytes is very low so the temperature must be raised to 500 °C to be useful [261][262]. An exception, however, is borohydride-based solid electrolytes, if BH 4 -is partly substituted with Mg(BH 4 )(NH 2 ) salt to enlarge the anion cage to enable migration of Mg ions [263,264]. The addition of Mg(BH 4 )(NH 2 ) salt, which promotes good ionic conductivity at 150 °C, also leads to improved cycle life in Mg batteries at this temperature [265]. Recently, a high magnesium conductivity was claimed in a magnesium scandium selenide spinel but only by NMR. Should these results be confirmed, the scarcity of both Sc and Se leaves these materials as a curiosity, as the philosophy behind Mg batteries is widespread availability [275]. [266][267][268][269]. The abovementioned studies suggest that liquid electrolytes are promising for commercial magnesium cell, in particular with TiS 2 cathodes also described elsewhere [251].

Aluminum salts

Aluminum batteries

Research on rechargeable Al-ion batteries has been underway for about 30 years. These batteries are attractive because of their potentially high energy density due to the redox reaction Al 3+ <=> Al 0 involving three electrons. In addition, aluminum is abundant and very low-cost. However, Al-ion batteries have encountered technical problems such as poor cycle life and significant capacity fade. The high corrosion and hydrogen evolution prohibits the use of aqueous electrolytes with Al has stimulated the investigation of IL-based electrolytes [274][275][276][START_REF] Paranthaman | Abstract #314, 218th ECS Meeting[END_REF].

Promising results were obtained recently with AlCl 3 dissolved in an Al-conducting ionic liquid, 1ethyl-3-methylimidazolium chloride ([EMIm]Cl) [START_REF] Das | The Rechargeable Aluminum-ion battery[END_REF][START_REF] Jayaprakash | [END_REF]. A cell containing this electrolyte with a V 2 O 5 cathode and Al anode delivered an initial discharge capacity of 305 mAh g -1 that decreased to 273 mAh g -1 after 20 cycles. Lin et al. used the same kind of electrolyte with a graphitic cathode [280],

but the voltage is decreased to 2 V, and the specific capacity was reduced to 70 mAh g -1 . However, the high conductivity of the graphitic carbon yielded remarkable rate capability, and the cycle life was outstanding with an optimal ratio of AlCl 3 /[EMIm]Cl of 1.3-1.5. Also, the coulombic efficiency was 98%, and the cell showed charging times of 1 minute with a current density of 4 A g -1 , retaining the initial capacity over 7500 cycles, but the areal capacity was very small. These results clearly demonstrate that Al-ion batteries with high power density and very long cycle life are feasible, and that the diffusion of intercalated AlCl 4 -/Al 2 Cl 7 -ions in graphite is very fast. Jiao et al. developed an Al-ion battery with a higher voltage plateau [281] in which the expensive ionic liquid was replaced by a much cheaper molten salt electrolyte prepared by melting a mixture of AlCl 3 and NaCl (molar ratio of ~1:63), close to the eutectic temperature of 108 °C. The ionic conductivity increased, but the drawback is that the battery works at 120 °C close to the melting point of the salt mixture. At this temperature, the battery with Al//graphite electrodes delivered a discharge capacity of 190 mA h g -1 at a current density of 100 mA g -1 and showed excellent cyclic performance, even at an extremely high current density of 4000 mA g -1 , a capacity of 60 mA h g -1 was observed after 5000 cycles and 43 mAh g -1 capacity after 9000 cycles, with a coulombic efficiency constantly higher than 99% [282]. This performance was attributed to the unique dynamic equilibrium between Al 3+ , AlCl 4 -and Al 2 Cl 7 -in NaAlCl 4 melts. The power density of the battery was calculated to be equivalent to ~3000 W kg -1 and an energy density of 50 Wh kg -1 . In addition, the battery is projected to be low cost, so it shows good prospects for commercialization for some applications, even though the energy density is about three times less than that of Li-ion batteries.

An Al battery using aluminum as the anode, graphite as the cathode, and a ionic liquid as electrolyte was tested in [283,[START_REF] Wu | 3D graphitic foams derived from chloroaluminate anion intercalation for ultrafast aluminum-ion battery[END_REF]. The IL was nonflammable 1-ethyl-3-methylimidazolium chloroaluminate (EMIC-AlCl 3 ). A ratio of AlCl 3 /EMIC = 1.3 by mole was used such that Al 2 Cl 7 -was present in the (acidic) electrolyte to facilitate aluminum deposition. This battery exhibited a cathode specific capacity of ∼70 mAh g -1 with a Coulombic efficiency (CE) of 97-98%, and ultrahigh charge/discharge rate (up to 5,000 mA g -1 ) for over 7,000 cycles. The same group proposed to replace this electrolyte by a cheap ionic liquid analog electrolyte made from a mixture of AlCl 3 and urea in a electrolyte because of the increase of viscosity, but the much reduced cost makes it an attractive option for use on large scales and non-mobile energy storage units.

Al-based dual batteries

Graphite is the anode material in the commercial Li-ion batteries because Li + ions readily intercalate between the graphite layer planes. Therefore, graphite is a useful anode as an Al counterelectrode for dual-ion batteries, provided an electrolyte is available with a salt anion that can also intercalate graphite. The principle processes in dual batteries is as follows: Upon charge, the salt anions intercalate in graphite, while the Li + ions in the electrolyte deposit on the aluminum counter-electrode where they form an Li-Al alloy or they enter graphite layers. During discharge, both the salt cations and anions diffuse back into the electrolyte. In an earlier section, the discussion on lithium batteries showed that LiTFSI satisfies this condition, as both Li + and TFSI -intercalate reversibly in graphite.

The electrolyte consists of LiTFSI in Pyr 14 TFSI, plus ethylene sulfate (ES). The ES additive forms a SEI layer at the graphite surface to prevent the intercalation of the large Pyr 14 + ions, which would result in the exfoliation of the graphene layers [286]. A capacity of 96 mAh g -1 was achieved. An alternative to LiTFSI is the LiPF 6 salt, in which both Li + and PF 6 -intercalate reversibly in graphite [287] (this has been discussed in the Li part). The conventional liquid electrolytes in Li-ion batteries use LiPF 6 salt in carbonates. However, it cannot be used for dual-batteries because they tightly bind to PF 6 -, thus preventing their intercalation in graphite [288]. On the other hand, a novel aluminum-graphite dual-ion battery (AGDIB), with LiPF 6 salt in an ethyl-methyl carbonate (EMC) electrolyte plus 2 wt.% VC additive to form the SEI layer on the aluminum surface delivered a capacity of 100 mAh g -1 and capacity retention of 88% after 200 charge-discharge cycles at 2C (1C corresponding to 100 mA g -1 ).

At the pack level, this result would amount to a specific energy density of ~222 Wh kg -1 at a power density of 132 W kg -1 , and ~150 Wh kg -1 at 1200 W kg -1 , better than the performance of commercial lithium-ion batteries [289] (Fig. 11). These results are an improvement with respect to a dual-ion battery where the counter electrode to Al-metal was mesocarbon microbeads instead of graphite [290].

The dual-ion battery delivered a capacity of 93 mAh g -1 at 2C (1C corresponding to 100 mA g -1 ) with 89.4% capacity retention after 1000 cycles. The energy density was ~204 Wh kg -1 at a high-power density of 3084 W kg -1 (15 C, charging/discharging within 4 min), which is twice as large as most commercial lithium-ion batteries. However, the main difficulty with an Al electrode is the volume change during cycling, which limits the cycling life. To accommodate the volume change between Al and Li 9 Al 4 , a 3D porous Al (pAl) foil coated with a carbon layer (pAl/C) was synthesized for use as the negative electrode and current collector in a dual-ion battery [291]. Used in combination with graphite as the positive electrode, and an electrolyte composed of 4 mol L -1 LiPF 6 in ethyl methyl carbonate (EMC) plus 5 wt.% VC additive (needed to stabilize the SEI film formation on the Al anode) gave good electrochemical properties, delivering a reversible capacity of 104 mAh g -1 at 2C, and 85 mAh g -1 at 20C. Most of all, the battery demonstrated excellent long-term cycling performance. After 1000 cycles, the discharge capacity at 2C rate was 93 mAh g -1 , which amounts to 89.4% capacity retention with a Coulombic efficiency of 93.1% [291]. This battery reached energy density of 204 Wh kg -1 at a high-power density of 3084 W kg -1 , which confirms that this chemistry is very promising. Note the electrolyte was the same composition as in Ref. [289], except that the optimum amount of VC additive was raised from 2 to 5 wt.% to adjust for the porosity.

Calcium salts

Calcium is almost disqualified as an electrode because of its high reactivity due to its strong reducing power and high solubility in molten salts, but the feasibility of plating/stripping was proven by Ponrouch et al. [292] using the salt mixture Ca(ClO 4 ) 2 and Ca(BF 4 ) 2 , in EC:PC solvent in a cell at 100 °C. Therefore, instead of Ca metal alone, secondary batteries were constructed with solid calcium alloy negative electrodes (Ca-Al, Ca-Mg, Ca-Si). Some results were obtained with metal sulfide positive electrodes (FeS, NiS or CoS) in the molten salt electrolyte LiCl-NaCl-CaCl 2 -BaCl 2 [292][START_REF] Nelson | High-performance Batteries for Electric-vehicle Propulsion and Stationary[END_REF][START_REF] Nelson | Highperformance Batteries for Electric-vehicle Propulsion and Stationary Energy Storage[END_REF],

but they were not competitive with Li-ion batteries, and the project was terminated. The only attractive calcium battery is the calcium-based liquid-metal batteries that have higher cell voltages and lower costs than lithium systems [START_REF] Barney | Calcium/Metal Sulfide Battery Development Program[END_REF]. These batteries are described as Ca in metal A/molten salt electrolyte/Ca in metal B, where A is the negative electrode host metal (Mg, Zn, or Al and B) the positive electrode (Bi, Sb, Sn or Pb). The Bi-Ca positive electrode and the molten salt electrolyte, LiCl-NaCl-CaCl 2 -BaCl 2 , used by Argonne National Lab [START_REF] Nelson | High-performance Batteries for Electric-vehicle Propulsion and Stationary[END_REF][START_REF] Nelson | Highperformance Batteries for Electric-vehicle Propulsion and Stationary Energy Storage[END_REF][START_REF] Barney | Calcium/Metal Sulfide Battery Development Program[END_REF] was investigated by Kim et al. [START_REF] Kim | [END_REF]297] in the temperature range 500-700 °C. Excellent reversibility up to current densities of 200 mA cm -2 was observed with high coulombic efficiency >98% at electrode equilibrium potentials between 0.8 and 1.0 V versus Ca. However, problems occur at high C-rates in this molten salt electrolyte, because of the formation of Ca 11 B 10 dendrites mixed with the electrolyte, detached from the bulk electrode. The formation of such intermetallics is the big challenge, even if the introduction of barium could be one strategy to minimize the formation of these Ca-Bi intermetallics.

Potassium salts

Potassium has recently emerged as a potential vector element for secondary batteries. With a melting point of 63.5 °C the temperature span of a K electrode is reduced. Like calcium, potassium is cheap and abundant, but it is also reactive with the electrolyte components, so a SEI is needed to stabilize the interface [298], and until recently, it was a challenge to obtain good capacity retention with cycling. K + intercalates in graphite to KC 8 . It is difficult to find a cathode in which K + ions can intercalate because the ionic radius of K + ions are significantly larger than that of Li + ions. The potassium Prussian blue, K 0.220 Fe[Fe(CN) 6 ] 0.805 ⋅4.01H 2 O (KPB), nanoparticles were proposed as a potential cathode material by Zhang et al. [299] who proved that this material delivers a reversible capacity of 73.2 mAh g -1 , high discharge voltage 3.1-3.4 V, and 52.4 and 44.7 mAh g -1 are retained over 150 cycles at the rate of 200 and 300 mA g -1 , respectively, which amounts to a decay rate of ≈0.09% per cycle [299] in an organic electrolyte. The authors also determined that the redox pair, [Fe II (CN) 6 ] 4-/[Fe III (CN) 6 ] 3-, dominates the K + ion storage. An increased capacity was obtained by substituting one Fe by Mn because MnFe(CN) 6 accepts reversibly almost 2 K + ions per formula unit, as both Mn and Fe are active. Both Fe 3+ /Fe 2+ and Mn 3+ /Mn 2+ redox couples have voltage plateaus at 3.6 V

[300] (Fig. 12). The cathode, however, must be in the discharged state K x MnFe(CN) 6 (x ≈ 2) before use to avoid instabilities associated to the Jahn-Teller Mn 3+ ions. The capacity of 142 mAh g -1 and operating voltage of 3.6 V are promising, when using a saturated KClO 4 in PC containing 10 wt.% FEC as electrolyte. However, the cycling life and rate capability still need improvements to be competitive with current Li-ion batteries. Other electrodes have also been proposed [301,302].

These results show that there are electrodes that are able to insert and release K + ions with a very good ionic diffusivity. However, the electrolyte above mentioned must be improved, because the low content of K + ions in conventional organic liquids limits use at high C-rate. To remedy this problem, some other electrolytes with containing K + -salts were investigated, taking benefit of the prior works on Li-and Na-batteries. For example, LiPF 6 is the preferred salt in lithium-ion batteries, and NaPF 6 salt in diglyme is a good electrolyte for sodium batteries [165]. The research by Miao et al. [130] showed that LiFSI-LiTFSI/DOL-DME avoids the formation of dendrites in Li-metal batteries, and a highly concentrated 4 mol L -1 LiFSI-DME electrolyte works even better [303]. These observations prompted research to study KPF 6 salt in DME. Indeed, 0.5 mol L -1 KPF 6 in DME was used successfully to cycle a potassium-air battery [304]. On the other hand, 1 mol L -1 KPF 6 in DME did not work in a K/Cu halfcell; 1 mol L -1 KTFSI-DME and 0.8 mol L -1 KPF 6 -EC/DEC also did not work [305]. These authors, however, found improved cycle behavior by choosing the KFSI salt instead of KTFSI. The KFSI-DME electrolyte forms a uniform SEI on the surface of potassium, enabling reversible plating/stripping [305], similar to that observed with LiFSI-DME on the Li surface [303]. The K/KPB battery with highly concentrated KFSI-DME electrolyte (KFSI/DME=0.6) delivered a capacity of 65 mA h g KPB -1 at a rate of 100 mA g KPB -1 . But, this capacity is much smaller than the capacity (142 mAh g -1 ) found with the organic electrolyte KClO 4 in PC containing 10 wt.% FEC used in Ref. [300], and the tests were limited to only 50 cycles.

Carbon electrodes can also be used. The full cell with the KPB electrode and a counter-electrode consisting of the commercially available carbon material Super P as the anode still delivered a capacity of 68.5 mAh g -1 at 100 mA g -1 and retained 93.4% capacity after 50 cycles [299]. Insertion in graphite, as said above, is possible, provided the PVDF binder is replaced by functionalized binders that maintain the integrity of the electrode despite its 61% volume change during cycling; a capacity retention of 200-240 mAh g -1 is retained after 200 cycles [306][307][308]. Better rate capabilities were obtained with hard and soft carbon microparticles because they are low-density carbons that expand more easily [309,310]. The best results, however, were obtained with N-rich carbon nanofibers produced by electrospinning of polyacrylonitrile polymer and subsequent carbonization to yield freestanding potassium-ion anodes. The corresponding cell with a potassium counter-electrode, Whatman ® glass fiber separator and 0.8 mol L -1 KPF 6 dissolved in 1:1 volume ratio EC:DEC electrolyte, delivered a stable capacity of 170 mAh g -1 after 1900 cycles at 1C rate, and the capacity was still 110 mAh g -1 at 10C [311]. The only drawback is the low potential (between 0 and 3 V), compared with 3.6 V obtained with K x MnFe(CN) 6 .

Dual-ion batteries can be constructed with potassium ions to take advantage of the insertion of K + ions in graphite (at contrast with Na + which can reversibly intercalate only with prior graphitic expansion or co-solvent molecules [306,309,312,313]), and similar to that described with Al batteries.

A potassium-based dual-graphite battery (K-DGB) was constructed with commercially available synthetic flake-type graphite as both anode and cathode active materials with Pyr 14 TFSI + 0.3 mol L -1 KTFSI + 2 wt.% ES electrolyte [314]. The Pyr 14 TFSI + ES additive was successfully used in the Aldual battery [286], and as noted earlier, the role of the ES additive is to avoid exfoliation of the graphene layers by insertion of the large Pyr 14 + ions. Therefore, the Pyr 14 + ions remain in the electrolyte because of the presence of ES. During charge, K + ions intercalate graphite on the anode side, while TFSI -ions intercalates graphite on the cathode side; all of these ions de-intercalate during discharge.

This electrolyte with the graphite anode showed a reversible capacity of 230 mA h g -1 , a first cycle capacity of 442 mAh g -1 (with respect to the graphite cathode) even at a current of 250 mA g -1 ; the Coulombic efficiency (CE) exceeded 99% in the potential range from 3.4 V to 5.0 V vs. K + /K with capacity retention of 95% after 1500 cycles.

Prospective

Lithium-ion and lithium-metal polymer batteries are still the best choice for plug-in EVs.

However, Li-S batteries are reaching the market, with some companies (Oxis, Sion power) reporting 400 Wh kg -1 cells [315,316]. The advantage of Li-S over Li-ion batteries is the gravimetric energy density. However, the volumetric energy density is lower for Li-S batteries, and is expected to stay lower in the next few years. The initial application of Li-S batteries in transportation should be in electric buses because there is ample space available for batteries [317]. The cyclability of these batteries, which was a major problem due to the internal shuttle effect, is improving, and the cycling life of recent Li-S cells is typically 1000 cycles [318].

There diffusing in a solid electrode, aluminum being on the contrary a scaffolding element. The interesting results with a graphite positive work on the principle of anion intercalation, the end-product being AlCl 4 -@C 24 + ; with an equivalent mass of 457 g/electron, this chemistry results in practice in low gravimetric energy though high power is available. Needless to say, there is no known practical solid electrolyte for Mg and Al motion, and in solvating polymers like PEO, Mg 2+ is immobile dues to its trapping by the ether oxygens.

Huge efforts have been made on Na-ion batteries and progress has been made through the years, in terms of capacity (similar to Li-ion batteries), cyclability (still smaller with minor exceptions than that of Li-ion batteries), but they did not find a market so far. We will discuss hereunder the prospect of this chemistry, by comparing Na-and Li-batteries in the context of environmental and cost issues.

Environmental issues

Irrespective of their composition, lithium-ion batteries are considered a source of pollutants because this chemistry is classified as mildly toxic, although some of the chemistries are more toxic than others. For instance, the higher energy-density lithium-ion batteries required in some EV applications use cathodes made of lamellar compounds Li(Ni,Mn,Co)O 2 , and cobalt is not only expensive (borderline to be a "conflict element", but also toxic). [149]. All these materials are extracted from mines and purified, so that these figures allow us to understand the conclusion of the Agence de l'Environnement et de la Maîtrise de l'Energie (ADEME) in France that the carbon footprint of EVs is not good and the gain with respect to conventional gasoline cars is small if not negligible and much dependent of the source of electricity [319]. Specific data for comparison from this reference and a discussion on these environmental aspects have been reported in Ref [320], with the conclusion that the advantage of EV cars compared to gasoline cars regarding environmental aspects was mainly a decrease in the production of fine soot particles and NO x and should then be subsidized by government because of their potential impact on health rather than an impact on the climate. Actually, there are many reasons for EV credits, but they are more economic, and will be discussed hereunder in the section devoted to cost; health and climate are not specifically drivers for EVs.

Life-cycle assessment (LCA) of sodium-ion batteries were investigated and compared with that of Li-ion batteries [321][322][323][START_REF] Bauer | Paul Scherrer Inst. LEA[END_REF][START_REF] Notter | [END_REF]. LCA is a standardized methodology for quantifying the environmental impact that takes into account the whole life cycle, from resource extraction over production, use phase until the end-of-life handling, and recycling/disposition of waste. The conclusion of this study is that the environmental impacts of SIBs are at the lower end of those of existing LIBs, as can be seen in Fig. 13, based on the energy capacity of 1 kWh of storage capacity, but only with an assumed cycle life as high as 2000 cycles. So far, however, such cyclability is not available for most Na chemistries, and the cycling life is the main weakness of SiBs, but progress has been recently made. The problem is not due to the anode. Sn-based anodes for SiBs have high cycle life up to 1000 cycles [326], and Bi anode in a NaPF 6 -diglyme electrolyte has capacity retention of 94.4% after 2000 cycles [327]. Even 6000 cycles at 110 mAh g -1 was still obtained in a half-cell with 1 mol L -1 sodium triflate NaCF 3 SO 3 (or NaTf)/tetraglyme electrolyte [164]. Therefore, the limitation of the cycle life is attributed to the cathode. Recent improvements, however, were obtained with NASICON-type cathodes.

Na 4 MnV(PO 4 ) 3 and Na 3 FeV(PO 4 ) 3 cathodes delivered a reversible capacity of over 100 mAh g -1 with good capacity retention at 10 C and stable capacities over 1000 cycles [328]; and the capacity even improved by Mg doping in Na 3 V 2-x Mg x (PO 4 ) 3 /C composites [329]. Na 3 (VOPO 4 ) 2 F shows a 90% capacity retention over 1200 cycles at 2C rate [330]. Na 3 (VO) 2 (PO 4 ) 2 F@C nanocuboïds delivered 70 mAh g -1 with 81% retention after 2000 cycles [331]. NaVPO 4 F is another promising candidate amenable to carbon coating [332]. However, resorting to vanadium compounds annihilates any advantage of SIBs, only displacing the problem of scarcity from that of cobalt to that of vanadium.

From the point-of-view of cycle life, SiBs cannot compete with LIBs, but continuous progress is promising. It will be difficult however, for LIBs to compete with the LiFePO 4 //Li 4 Ti 5 O 12 (LFP//LTO) Li-ion battery which has an outstanding cycleability [20], and the cycle life is a critical parameter implying that the environmental impact of the SIB will exceed that of LFP/LTO, even though the energy density of LFP/LTO is smaller than that of SIBs (and that of other LIBs), due to the lower operating voltage (1.75 V).

The main beneficial effect of the batteries discussed in this review was focused on stationary energy storage of electricity produced by photovoltaic and wind-powered plants, since this mode of storage is competitive for such applications [START_REF] Zaghib | Rechargeable Lithium Batteries for energy storage in smart grids[END_REF]. One critical parameter for battery applications in energy storage is the cycle life, and again the best result is obtained with LFP//LTO batteries [20].

The need for recycling is critical, and the impact was analyzed in a report [333] that claims it takes 6 to 10 times less energy to reclaim recycled metals from batteries than from mining, which further increases the negative impact on the environment. In addition, while it is possible to envision a situation where all large stationary energy storage or EV batteries will be recycled, only 20 to 40 percent of batteries in mobile phones and other consumer products are currently recycled. We also note that Li-ion batteries command a high recycling fee due to poor metal retrieval value. This is an advantage of the lithium-metal polymer over the Li-ion technology because the recycling of lithium is much easier, but the drawback is that they contain three times more lithium than needed for electrochemical activity. We are not aware of any study on the recycling of SIBs or other batteries reported in this review, presumably because they are currently not yet on the market.

Cost issues

On a general basis, the main reason why the governments support the PHEVs and EVs is economic. Most of the developed countries do not take into consideration the energy that has been consumed to build such cars (including extraction of the metals from the mines, synthesis of the materials, assembly of the components, and so on…), especially when the extraction of the raw materials is not made in the countries where the cars are used. They only consider the gain in energy, and thus in money upon using EVs and HEVs once they have been built, and indeed this gain is significant, since the efficiency of the electric engines is much better than that of the combustion engines [334]. However, the purchase prices of these cars can be significantly higher, more or less offset by state incentives. An example of such incentives in the US is given in Ref. [335]. The overprice paid to buy EVs and HEVs mainly comes from the battery, and it is thus of interest to make a comparison between the price expected for the different chemistries is also a parameter to take into consideration in the prospect of the next generation of rechargeable batteries.

The main argument in favor of SiBs has been the lower cost with respect to Li-based batteries, even if recent comparisons between Li-and Na-ion batteries show that the new cathode and anode materials for Li-ion batteries have superior electrochemical activity and stability. However, the suitability of matching the cathode and anode with high cell performance, optimization of electrolyte and additives, and improvement of safety are still needed to insure the viability of SiBs [151]. Also, this advantage of the price in favor of SIBs should be revisited, taking into account the huge decrease in price of lithium batteries by a factor 10 in 20 years to now below 200 € per kWh, which is expected to decrease further below 100 € per kWh within the next 5-10 years [149]. As a confirmation, the French enterprise Valeo has just presented a two-seater electric car with a range of 100 km and a top speed of 100 km/h for the price of 7500 € (approximately US$ 9300) only. Therefore, it is not clear whether the substitution of Li for sodium will decrease significantly the price of the batteries despite the abundance of Na. This abundance is sometimes also invoked as an argument in favor of the Nabase batteries, but this is often not justified as for the vanadium case for the cathode. Also, the battery management system and electronic parts (also cables) can be identified as one of the key drivers for resource depletion (Cu) for the batteries, and these drivers are independent of the chemistry of the batteries [336].

Table 2 lists the properties of three salts currently used in Li-ion and Li-polymer batteries: LiPF 6 , LiFSI and LiTFSI for comparison, including their price. The price expected in 2023 is an estimation of Hydro-Québec. This table illustrates that LiFSI is the best salt but the most expensive. However, according to the decrease of the price expected within 5 years, LiFSI is expected to win the market, LiPF 6 being reduced to the role of additive to passivate the aluminum collector. The cost of the electrolyte [START_REF] Zhang | Consulting 2017[END_REF] is only 6% in the total cost of the battery (Fig. 14). So, there is the margin to introduce new salts.

Conclusions

This review has for goal an assessment of the various salts that are in use or are considered for such in new battery systems. It is certainly impossible to separate this component from the solvent, liquid or solid which together constitute the electrolyte. In turn, each electrolyte is designed to allow a smooth operation of both electrodes with safety included, in a variety of environments and chemistries.

This work reflects this complexity.

The most used salt, LiPF 6 in classical LIBs is produced in thousands of tons and represents 6% of the cost of the battery. This salt, with its very demanding chemistry (PCl 5 , anhydrous HF) is in fact a technology marker; for instance, the emergence of China as a leader in battery production became possible when the fabrication was controlled within the country. LiTFSI on the other hand is produced by hundreds of tons only but is a critical ingredient of the Li/polymer batteries, stable enough to allow an extrusion process at high temperature. TDI is a possible outsider considering it resistance to oxidation and non-corrosiveness vs. aluminum. None on the alternative battery systems (Na, K, Mg, Ca, Al) being commercial, the production of the corresponding salts is at the lab level and likely to change as more progress is made in the corresponding electrolytes. The same criteria that apply to the availability of components in a sustainable amount are to be applied to the salts. Neither F, P or S are in a critical situation, but boron is. Reproduced from Ref. [19]. LiBOB is shown in the inset. LiFSI helps to suppress the high electrode impedance resulting from the addition of LiBOB, while LiBOB is useful to form a stable passivation film on the Al surface. This figure is reproduced from Ref. [66]. Reproduced from Ref. [119]. Li + /Li). Reproduced from [137]. 
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Different salts (NaClO 4 ,

 4 NaBF 4 , NaTFSI, NaPF 6 ) were tested in Na 0.44 MnO 2 /Na cells in 1-butyl-1methylpyrrolidinium bis(trifluoromethylsulfonyl)amide (BMP -TFSI)[87]. The best performance was obtained with NaClO 4 , with a capacity of 115 mAh g -1 at 0.05C and 75 °C, and 85% of the capacity was retained at 1C, owing to the lower SEI resistance of the cathode and anode. Meanwhile, a capacity of 120 mAh g -1 was obtained at room temperature in a full cell Na 0.66 Ni 0.22 Fe 0.11 Mn 0.66 O 2 /Sb-C with NaTFSI in Pyr 14TFSI [180] at an average working potential of 2.7 V.NaFSI combined with other ionic liquids were tested as electrolytes in full SiBs at high temperature[181][182][183]. For instance, a [NaFSI]-[C 3 C 1 pyrr][FSI] (C3C1pyrr: N-methyl-Npropylpyrrolidinium) electrolyte in Na//NaCrO 2 cells at 80 °C delivered a capacity of 106 mAh (g-NaCrO 2
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 3 1 molar ratio (urea is 50 times cheaper than EMIC, and eco-friendly) [285]. The aluminum deposition proceeded through two pathways, one involving Al 2 Cl 7 -anions and the other involving [AlCl2•(urea)n] + cations that were detected by FTIR. The cathode capacity was 73 mA g -1 at 100 mA g - 1 (1.4 C) stable over 150-200 cycles. The rate capability was much less than with the EMIC-AlCl 3

Fig. 1 .

 1 Fig.1. Inverse modified Peukert plots at 60 °C of the C-LTO//C-LFP cell with different electrolytes.

Fig. 2 .

 2 Fig. 2. The most stable lithium ion pair configuration for each anion reproduced from [45]: 4,5dicyano-2-trifluoromethylimidazolide (TDI), 4,5-dicyano-2-pentafluoroethylimidazolide (PDI), 2,4,5tricyanoimidazolide (CDI), 5,6-dicyano-2-trifluoromethylbenzimidazolide (TDB 56 ), 5,6-dicyano-2pentafluoroethylbenzimidazolide (PDB 56 ), 2,5,6-tricyanobenzimidazolide (CDB 56 ), 4,7-dicyano-2trifluoromethylbenzimidazolide (TDB 47 ), 4,7-dicyano-2-pentafluoroethylbenzimidazolide (PDB 47 ), 2,4,7-tricyanobenzimidazolide (CDB 47 ), 4,5,6,7-tetracyano-2-trifluoromethylbenzimidazolide (TTB), 4,5,6,7-tetracyano-2-pentafluoroethylbenzimidazolide (PTB), and 2,4,5,6,7-pentacyanobenzimidazolide (CTB). The 2-position substituent is changed along each row in the horizontal direction, from -CF 3 , -C 2 F 5 to -CN. In the vertical direction the number and position of the remaining cyano groups are varied. Li + in each ball and stick representation appear without a stick attached to it.

Fig. 3 .

 3 Fig. 3. Rate performance of the graphite anode in the electrolytes containing different Li salt compositions. The very poor rate capability of the graphite anode in 1 mol L -1 LiPF 6 /0.2 mol L -1

Fig. 4 .

 4 Fig. 4. (a) Charge-discharge curves at 0.1 °C and (b) capacity retained ratios at various chargedischarge rates compared to that obtained at 0.1 °C of Li/LiFePO 4 cells incorporating a conventional organic electrolyte and IL electrolytes without and with 5 wt.% VC, γ-butyrolactone, and PC, respectively, at 25 °C. Reproduced from [101].

Fig. 5 .

 5 Fig. 5. Conductivity and viscosity of EC-DEC-VC-1 mol L -1 LiPF 6 with EMI-TFSI. Reproduced from [112].

Fig. 7 .

 7 Fig. 7. Constant current discharge cycling (a) and coulombic efficiency (b) of metallic lithium-KS6L graphite dual-ion cells at a charge/discharge current of 50 mA kg -1 of the first 50 cycles with charging end potentials varying from 4.8 V vs. Li + /Li to 5.2 V vs. Li + /Li (lower cut-off potential: 3.4 V vs.

Fig. 8 .

 8 Fig. 8. Charge-discharge curves of tin-graphite (Sn-G) dual-ion battery (DIB) based on sodium-ion electrolyte. (a) Sn-G DIB at various current rates from 1 to 5 C. (b) Charge/discharge capacities and corresponding Coulombic efficiencies of the Sn-G DIB at various current rates. (c) Long-term cycling stability of the Sn-G DIB at 2C for4 00 cycles. Reproduced form [151].

Fig. 9 .

 9 Fig. 9. Electrochemical properties of a sodium-ion cell with NaNi 0.35 Mn 0.35 Fe 0.3 O 2 cathode and Sbbased alloy anode in different electrolytes coupled with: (a) Initial charge/discharge curves. (b) Cycling performance in the 0.8 mol L -1 NaPF 6 /nonflammable phosphate (trimethyl phosphate, TMP) electrolyte with or without 10 vol.% fluoroethylene carbonate (FEC), and in carbonate electrolyte. (c) Rate capability in the 0.8 mol L -1 NaPF 6 /TMP + 10 vol.% FEC electrolyte. Reproduced from [158].

Fig. 10 .

 10 Fig.10. The cycling curves (a), a typical curve (b), and cycling efficiency (c) of Mg depositiondissolution on stainless steel substrate from 0.5 mol L -1 heated Mg(BH4)2/TG solution. Reported from[258].

Fig. 11 .

 11 Fig. 11. (a) Charge-discharge curves of the aluminum-graphite dual-ion battery (AGDIB) under 0.5, 1, 2, 3, and 5C current rate (1C corresponding to 100 mA g -1 ). (b) Rate capacities and corresponding coulombic efficiencies of the AGDIB. (c) Long term cycle test result of the AGDIB at a current rate of 2C. (d) Performance comparison of the AGDIB with conventional electrochemical energy storage devices and several recently reported advanced energy storage devices, where DGB represents dualgraphite battery. Reproduced from [278].

57

 57 
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 12 Fig. 12. (a) Rate capabilities and (b) cycling performance at 1C rate for a cell assembled with K 1.89 Mn[Fe(CN) 6 ] 0.6 •0.75H 2 O (KMHCF) powder as the cathode, a liquid K-Na anode, and a saturated KClO4 in PC containing 10 wt.% FEC as electrolyte. (c) Charge/discharge curves and (b) cycling performance of NI-KMHCF powder at 1C. Reproduced from [289].

Fig. 13 .

 13 Fig. 13. Relative contribution to environmental impacts per kW h of storage capacity in each assessed category. LFP = lithium iron phosphate, LTO = lithium titanate, LMO = lithium manganese oxide spinel, NCA = layered lithium nickel cobalt aluminium oxide, NCM = layered lithium nickel cobalt manganese oxide, C = graphite. M-B = inventory data from Majeau-Bettez et al. [312], Zak = inventory data from Zackrisson et al. [313], Bau = inventory data from Bauer [314], Not = inventory data from Notter et al. [315]. GWP = global warming potential, FDP = fossil depletion potential, MEP = marine eutrophication potential, FEP = freshwater eutrophication potential, HTP = human toxicity potential, TAP = terrestrial acidification potential. Reproduced from [315].

Fig. 14 .

 14 Fig. 14. Average cost structure of Li-ion cell in 2016. Reproduced from [331].

  2 C 6 O 6 is the only example of four-Li uptake, due to the fact that C 6 O 6

	4-, when

reduced, forms an additional aromatic system (benzene in this case) to help stabilization [143Y. Liang, P. Zhang, J. Chen. Function-oriented design of conjugated carbonyl compound electrodes for high energy lithium batteries. Chem. Sci., 2013, 4, 1330-1337]. Replacing Li by Na, we obtain the Na 2 C 6 O 6

  By mixing the two borohydride salts, LiBH 4 -Mg(BH 4 ) 2 , in dimethoxyethane (DME, monoglyme) solvent, Mohtadi et al. produced a cell with Coulombic efficiency of 94%, and a peak stripping current density of 25 mA cm -2 that was achieved due to the higher conductivity when LiBH 4 is added. A Mg-battery with an electrolyte containing 0.5 mol L -1 Mg(BH 4 ) 2 /1.5 mol L -1 LiBH 4 in tetraglyme and TiO 2 cathode retained a capacity of 140 mAh g -1 over 80 cycles. A coulombic efficiency close to 100% was reported with the electrolyte 0.1 mol L -1 Mg(BH 4 ) 2 /1.5 mol L -1 LiBH 4 in DGM solution with LiBH 4

  The 150 °C of Mg(BH 4 )(NH 2 ) are still too high, especially considering that solid-state lithium batteries are operational at 70 °C. Therefore, efforts are focused on identifying polymers and salts that are compatible, and that have good cycle life. The same classic polymer electrolytes used in Li

	batteries, namely PVDF plus poly(ethylene oxide) (PEO) are also of interest for Mg batteries [266]. So
	far, the best electrochemical performance in Mg batteries was observed with gels consisting of
	tetraglyme, PVdF and Mg(AlCl 2 EtBu) 2 that is stable to oxidation up to 2.2 V vs. Mg 2+ /Mg and forms
	an organo-haloaluminate electrolyte with Grignard reagents (THF, DME, TEGDME) as solvents. Other

gel-electrolytes were tried, but they used Mg salts such as Mg(ClO 4 ) 2 that are not compatible with Mg metal

  is presently no commercial magnesium nor aluminum batteries, despite extensive efforts at the research level. Both systems have in principle solved the problems on the metallic Mg or Al electrode. Mg(CB 11 H 12 ) 2 offers the best performances, high conductivity and a 3.5 V stability window.All electrolytes containing Cl, lead to severe corrosion within the battery components and should be avoided despite their simplicity and lower cost. However, [CB 11 H 12 ]-is complicated to synthesize and boron is a relatively rare element, being half as abundant as lithium. These anions are likely to be permanent in the environment. Aluminum can be easily plated, dendrite free from chloroaluminate melts, and the corresponding ILs would be relatively inexpensive. Chlorine again results in a very corrosive medium, and these electrolytes are to be used in a completely dry environment lest HCl will form. The biggest challenge now for these multivalent batteries is to find good positive electrode material. Mg ++ does not diffuse at an acceptable rate on intercalation oxide, and one has to resort to sulfides (Chevrel phase, Ti 2 S 4 , etc.), where the host lattice is "soft" enough to allow the motion of the polarizing Mg cation. The drawback is low voltage and low gravimetric capacity. This handicap in terms of capacity could disappear if sulfur S 8 could be harnessed, as polysulfides of Mg are likely polymers with low solubility. The situation for Al is even worse, as there is nothing like an Al 3+

  On another hand, a LiFePO 4 cathode is environmentally friendly. Looking at the environmental aspects for electrolytes, the carbonate solvents from the electrolyte have low toxicity and are easily disposed of. Similarly, PEO and polyethers are biodegradable and non-toxic. PF 6 -and FSI -due to their sensitivity to hydrolysis are not permanent but bring the risk of the toxicity of released fluoride ion. Meanwhile, TFSI -with its stable CF 3 groups is permanent in the environment, though by itself only moderately irritant. It can however be recycled easily. The case of ILs is different; the IL cations are toxic for the water ecosytems, the toxicity increasing with the alkyl chain length.

Nayak et al. reported that a 60-kWh EV battery (about 350 km driving range) contains roughly 7.5 kg Li, 65 kg Ni, Co, Mn in total, 55 kg graphite, 48 kg copper and 30 kg aluminum, which points to the need for recycling

Properties
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