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Abstract

:

In a previous publication, a tribute to Michel Armand was provided, which highlighted his outstanding contribution to all aspects of research and development of lithium-metal and lithium-ion batteries. This area is in constant progress and rather than an overview of the work of Armand et al. since the seventies, we mainly restrict this review to his contribution to advances in solid polymer electrolytes (SPEs) and their performance in all-solid-state lithium-metal batteries in recent years.
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1. Introduction


All-solid-state lithium batteries (ASSLBs) are one of the most promising energy storage systems [1]. Their application coupling with a Li metal anode could expedite the advent of a clean energy era, especially in assembling high-energy systems [2]. Since the perceptive proposal of their application in all-solid-state lithium-metal batteries by Armand in 1978 [3], solid polymer electrolytes (SPEs) have attracted considerable attention. Along with their ease of processing, cost-effectiveness, excellent flexibility, and light weight, SPEs are inherently safer than conventional liquid electrolytes due to the absence of highly flammable carbonate solvents; thus, they offer a perfect solution to safety concerns as well as the enhancement of energy density in potential safe use with high-capacity Li-metal electrodes. Different lithium conducting groups are used in SPEs. They are presented as the foundation of macromolecular design by Meng et al. [4]. The ester group including poly(ethylene oxide) (PEO) is the most popular since the pioneering works of Armand et al., reviewed in [5]. The ester has a large dipole moment, which improves the dissociation of lithium salt and segmental motion of the polymer matrix promoting the ionic conductivity and Li+ transference number of poly(vinyl carbonate) (PVC), poly(propylene carbonate) (PPC), and poly(methyl methacrylate) (PMMA) [6]. The second group is the fluorine group, which has a strong electron-withdrawing ability, insuring a wide electrochemical stability window and high dielectric constant. The best representative of this family is poly(vinylidene fluoride) (PVDF) and the composite poly(vinylidene fluoride)-hexafluoropropylene (PVDF-HFP). These polymers can be mixed, as shown by the PEO/PVDF-based SPE used in the commercialized Bluecars of Bolloré. On another hand, the nitrile group shows poor compatibility with the lithium metal anode and will not be discussed here. Nevertheless, polymers belonging to this family, like polyacrylonitrile (PAN) can still be used in composite polymers. For instance, multilayered structures, where PAN with high electrochemical stability faces the cathode and ether or ester-based polymer contacts with the lithium anode in the multilayer SPE [7], showed remarkable performance with high-voltage cathodes [8]. The role of the architecture of the polymers will be reported for polymers of the ester or the ether families.



The chemical reaction between the polymer and the salt is of primary importance. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was suggested as a conducting salt for SPEs by Armand et al. in 1989 [9]. To date, different salts are able to become solvated in polymer matrices. Hereunder, we review recent data obtained with sulfonimide salts. To improve the mechanical strength of the SPEs, one solution is to incorporate inorganic fillers, including ceramics, nano-powders [10] or metal oxides [11], among others. Otherwise, co-polymerization is a strategy to obtain SPEs that satisfy, simultaneously, sufficient mechanical strength to prevent the formation of dendrites and good ionic conductivity. Co-polymerization and the role of the structuration of polymers will also be reported in light of the contribution of Armand et al. The understanding of the SPEs promotes not only the development of new materials and chemistry by a material genome approach [12,13], but also the key to enrich strategies for solving the issues of operating SPE-based ASSLBs, namely, higher ionic conductivity, enhanced mechanical properties and good compatibility with the electrodes.



In a previous publication, a tribute to Michel Armand was provided, which high-lighted his outstanding contribution to all aspects of research and development of lithium-metal and lithium-ion batteries [5]. Herein, we report how Armand et al. con-tribute to the development of advanced solid polymer electrolytes and their performance in all-solid-state lithium-metal batteries in recent years.




2. The Lithium Sulfonimide-Based Salts


LiTFSI has been extensively used as a conducting salt for lithium metal batteries due to its advantageous stability and innocuity. TFSI− is a large highly delocalized anion, so the interactions of Li ions and the anionic structure are weakened, which insures a high number of free Li ions and a good flexibility of the polymer chains. This property of LiTFSI is due to its highly delocalized and flexible sulfonimide anion center (−SO2N(−)SO2−), which effectively reduces the interactions between TFSI− anion and Li+ ion.



Widely used electrolyte salts, such as LiTFSI, generally contain the trifluoromethyl (−CF3) group, which has very low chemical and biochemical degradability. Instead, Qiao et al. proposed a trifluoromethyl-free anion, namely bis(difluoromethanesulfonyl)imide {[N(SO2CF2H)2]−, DFSI−}, as an environmentally benign and interfacially favorable anion for high-performance SPEs [14] (see Figure 1). DFSI-based salts keep the strong electron-withdrawing ability, which is essential for the dissolution and transport of ions in SPEs, and show higher chemical degradation than LiTFSI and a higher Li-only conductivity. As a result, the Li//LiFePO4 cell with the LiDFSI/PEO SPE at 70 °C delivered a high capacity of 123 mAh g−1 even after 140 cycles at a constant C-rate of C/3.



Another motivation to circumvent the use of LiTFSI comes from the fact that LiTFSI-based electrolytes are corrosive towards aluminum current collectors at low potentials (>3.8 V vs. Li+/Li), thereby excluding their application in 4 V-class lithium batteries. Qiao et al. solved this drawback with lithium (difluoromethanesulfonyl) (trifluoromethanesulfonyl)imide (LiDFTFSI), which remarkably suppresses the anodic dissolution of the aluminum current collector at high potentials (>4.2 V vs. Li+/Li) and improves the cycling performance of Li(Ni1/3Mn1/3Co1/3)O2 (NMC111) cells. The replacement of LiTFSI with LiDFTFSI endows a Li//NMC111 cell with superior cycling stability and capacity retention (87% at cycle 200) [15]. DFTFSI-based electrolytes also enable the long-life cycling of Li-S cells with high capacities and excellent Coulombic efficiencies, thus opening a new avenue toward the design of new and tailored SPEs for applications in a high-performance and safer Li-S battery, as well as other rechargeable Li batteries [16,17] (see Figure 2).



In the conventional PEO-LiTFSI SPE, both Li+ and the anion TFSI- are mobile. The relative motion of anion with respect to the cation is measured by the Li+ transference number tLi+. The motion of the anion is damageable, because it generates gradient concentrations of the charges inside the SPE, which degrades the rate capability and the interfacial performance of the battery. It is thus of primary importance to immobilize the anions, i.e., to obtain a so-called single ion polymer electrolyte (SIPE) with Li+ transference number close to unity. The co-polymerization of monomeric Li salts is a facile and efficient strategy [18,19]. In particular, high values of tLi+ ≥ 0.9 can be obtained by replacing LiTFSI in PEO-LiTFSI by PEO-X with X = lithium propanesulfonyl(trifluoromethylsulfonyl)imide (LiPSTFSI) or X = poly[(4-styrenesulfonyl)(fluorosulfonyl)imide] (LiPSFSI). Indeed, LiPSFSI/PEO exhibited a high Li+ transference number (tLi+ = 0.90), an anodic electrochemical stability as high as 4.5 V vs. Li+/Li, excellent interfacial compatibility with the Li-metal electrode, and its decomposition temperature was up to 200 °C [19]. This would essentially be due to the FSO2- group in the polyanion of LiPSFSI. A new type of single Li-ion conducting polymer electrolyte, which is prepared by simply dissolving, in PEO, the lithium salt of a super-delocalized polyanion, namely poly[(4-styrenesulfonyl) (trifluoromethyl(S-trifluooromethylsulfonylimino) sulfonyl)imide] (PSsTFSI−). The super delocalized property is due to the strong electron-withdrawing group, =NSO2CF3 in −SO2−N(−)−SO(=NSO2CF3)−CF3, sTFSI− [20]. It can be regarded as a derivative of TFSI− obtained by replacing a = NSO2CF3 for = O group in TFSI−. The blended polymer electrolyte LiPSsTFSI/PEO exhibits a high Li+ transference number (tLi+ = 0.91) and high ionic conductivity of individual Li+ cations (σLi+ = 1.35 × 10−4 S cm−1 at 90 °C). This work was continued more recently by the insertion of LisTFSI salt in PEO by a simple casting method [21]. The PEO-LisTFSI SPE exhibits a still higher Li+ ion-only conductivity (σLi+ = 2.5 × 10−4 S cm−1 at 80 °C) owing to the better dissociation and higher mobility of Li+ ions enabled by the extremely delocalized negative charge and strong flexibility of the −SO2N(−)−SO(=NSO2CF3)− structure in sTFSI− with respect to TFSI-. Moreover, the interphases of Li-metal electrode|SPE formed in LisTFSI/PEO show superior stability upon storage.



Another design of anions with highly delocalized negative charges is a partial substitution of F atoms in TFSI− with H atoms, which can effectively enhance the Li-ion conductivity at a low expense of the total ionic conductivity [22]. Another strategy to overcome the low ionic conductivity and limited compatibility of LiTFSI/PEO electrolyte with lithium is the substitution of LiTFSI for lithium bis(fluorosulfony)imide LiFSI. LiFSI has been intensively investigated, not only in PEO [23], but also in different polymers [11,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39] including poly-ionic liquids (PILs) [40,41], and poly(ethylene carbonate) (PEC) [42,43,44]. This substitution of LiFSI for LiTFSI in SPE also proved efficient in Li-S batteries [45,46,47,48]. Compared with TFSI-based SPEs, the corresponding FSI-based ones show lower glass transition temperatures (Tg) and higher ionic conductivities, which prove the better plasticizing ability of FSI− anion vs. TFSI− anion. In addition, the formation of protective and high Li+-conductive solid-electrolyte interphase (SEI) layers in LiFSI/PEO results in a much more stable interface resistance [23] and an improved cycle life of the Li anode [24] compared with LiTFSI/PEO. Inspired by this improved compatibility with Li anode, LiFSI was also studied as SEI-forming additive in concentration of 1–2 wt.% for SPEs [27], which effectively extended the lifespan of symmetric Li cells by forming an insulating SEI layer that prevents the continuous reduction of the SPE.



The electrochemical properties of polymer-LiFSI solid-state electrolytes are reported in the following Table 1. Some of them contain Jeffamine, of great interest for obtaining crosslinking networks in robust SPE matrices because only mild reaction conditions are required for amino groups to, respectively, react with carboxylic acid, epoxide, anhydride, etc., and the presence of EO units in Jeffamine would certainly enhance the solubility of the Li salt [49]. Further insight into the physical, chemical and electrochemical properties of FSI- can be found in [50], including its use in liquid and gel polymer electrolytes.



Note, the SPEs in cells with cathodes of the 4-V class reported in Table 1 are not based on PEO, because PEO oxidizes at high potential, which is responsible for a poor cycle life [51]. The best that has been observed with PEO and NMC was obtained with the addition of 10 vol.% Li6.55Ga0.15La3Zr2O12 (LLZO) ceramic garnet to PEO-LiFSI (EO/Li+ = 20), 5 vol.% of LiOH was also added to the SPE to promote the cleavage of the S–F bond in the LiFSI salt, leading to the spontaneous formation of LiF, to obtain a less resistive and more robust SEI. The NMC622//Li metal cells at C/20 and 70 °C with this SPE delivered the capacity on 164 mAh g−1, reduced to 145 mAh g−1 in the 20th cycle, while the Coulombic efficiency (CE) of the cell remained over 90% [52].



Tong et al. studied SPEs comprising lithium-fluorinated sulfonimide, including Li[(FSO2)(RFSO2)N] (R-F = n-CmF2m+1, m = 0 (LiFSI), 1 (LiFTFSI), 2 (LiFPFSI), and 4 (LiFNFSI)) and Li[(CF3SO2)(2)N] (LiTFSI), as conducting salt and poly(ethylene oxide) (PEO) as polymer matrix (Figure 3) [24]. The cycling stabilities for both the Li//Li and Li//LiFePO4 cells with Li[(FSO2)(RFSO2)N] systematically outperform those with LiTFSI at 0.2 mA cm−2 at 80 °C (i.e., being increased in the order of LiTFSI < LiFTFSI, LiFPFSI < LiFSI < LiFNFSI for Li//Li cells, and in the order of LiTFSI < LiFSI, LiFTFSI < LiFPFSI < LiFNFSI for Li//LiFePO4 cells). Therefore, even though LiFPFSI/PEO polymer electrolyte possesses a high ionic conductivity of 6.2 × 10−4 S·cm−1 at 80 °C, which qualifies LiFPFSI as a potential salt for SPEs-based Li batteries [53], LiFNFSI is preferred. The Li/PEO-LiFNFSI/LiFePO4 cell demonstrated 80.8% capacity retention after 570 cycles at 1.0 °C and 80 °C.



Recently, a new kind of sulfonimide salt, namely, Li(trifluoromethanesulfonyl)(N-ethyl-N-methyl-sulfamoyl)imide (LiTFEMSI) was proposed by Martinez-Ibanez et al. [54]. The effective reduction in anion mobility allowed the obtention of PEO/LiTFEMSI SPE with a Li-ion conductivity as high as 2.2 × 10–4 S cm–1 at 70 °C and tLi+ = 0.64. Moreover, the excellent electrochemical stability against oxidation up to 4.6 V vs. Li+/Li and the avoidance of Al current collector corrosion evidence the potential application of LiTFEMSI salt for >4 V-class batteries.




3. Polymer Architecture


3.1. Copolymerization


Copolymerization allows the combination of different functional groups to obtain SPEs with optimized properties by the synergetic effects of the different groups. Oligomer polyethylene glycol (PEG) with ether groups is often used as the ionic conducting segment, in particular those with allylic end groups. As an example, Bouchet et al. synthesized a multifunctional single-ion polymer electrolyte based on polyanionic block copolymers comprising polystyrene segments. It overcomes most of the above limitations, with a Li+ transference number close to unity, excellent mechanical properties and an electrochemical stability window spanning 5 V vs. Li+/Li [55].



Another attempt to increase the conductivity is to use co-doping with a more conductive polymer, in particular aliphatic carbonates to take advantage of the coordination between Li+ and a carbonyl group resulting in moderate ionic conductivity and a high Li+ transference number [56]. Meabe et al. synthesized poly(ethylene oxide) segments linked by carbonate groups with cross-linkable methacrylic pendant groups. Once the polymer and LiTFSI were mixed, the poly(ethylene oxide carbonate) was cross-linked by UV light producing a free standing SPE [57]. For the optimized salt concentration (30 wt.% LiTFSI equivalent to an O:Li mole ratio of 1:16), the conductivity reached 1.3 ×·10−3 S cm−1 and the Li+ transference number was 0.59. The corresponding Li//Li cell at 70 °C, showed low overpotential values and a stable solid-electrolyte interphase layer. PEO-poly(propylene carbonate) (PPC) composite polymer does not work with LiTFSI, because of the interdiffusion between LiTFSI and the two polymers. Arrese-Igor et al. unveiled the Li salt interdiffusion occurring between the two different dual-ion conducting polymer electrolytes: the replacement of LiTFSI by lithium poly[(4-styrenesulfonyl) (trifluoromethanesulfonyl)imide] (LiPSTFSI), with the anionic moiety SO2N(-)SO2CF3 immobilized, hinders such unwanted interdiffusion [58] (see Figure 4). In addition, the use of two different polymers (PEO and PPC), one for the cathode and another one as electrolyte was used for chemical stability allowing compatibility with the positive electrode and lithium metal anode.



The LiFePO4//Li cells with LiPSTFSI, PPC as catholyte, and PEO as solid-electrolyte separator, display an outstanding cycling performance, with above 80% capacity retention at C/10, over 120 cycles, nearly reaching the theoretical capacity of 170 mAh g−1, and maintaining 99% Coulombic efficiency. Moreover, PPC has a high electrochemical stability up to 4.6 V, so that its use as catholyte allows for the use of the SPE with a cathode of the 4 V-family, even with PEO as the electrolyte. The same double-layer SPE integrated in a cell with LiNi0.6Mn0.2Co0.2O2 (NMC622) and Li-metal electrodes employing a high-areal-capacity electrode (1 mAh cm–2) cycled between 2.7 and 4.2 V vs. Li+/Li at C/20 and 70 °C delivered an initial capacity of 160 mAh g–1, maintained at 130 mAh g–1 after 80 cycles [59]. These results demonstrate the high-energy promise of the dual-layer polymer electrolyte concept to the next generation of all-solid-state lithium batteries. They also evidence the promise of the LiPSTFSI salt, since the grafting of TFSI- to the polystyrene chain effectively minimizes its mobility, which increases the Li+ transference number of this double-layer polymer SPE to 0.98. The SEI formed between the Li-metal anode and LiPSTFSI/PEO tends to be very resistive. To overcome this drawback, Martinez-Ibanez et al. introduced LiFSI as a dopant level (2 wt.%) into the LiPSTFSI/PEO to obtain an SPE; this type of electrolyte is also known as additive-containing single Li-ion conductor (ACSLIC) [60]. This choice was motivated by the fact that the reduction of FSI− on the surface of the Li electrode leads to the rapid formation of a stable LiF-rich SEI layer. Moreover, this dopant promoted the interaction between LiPSTFSI and PEO. As a result, the Li+ transference number of the ACSLIC was raised to 0.63. The 2 wt.% LiFSI-additive increased the ionic conductivity by one order of magnitude.




3.2. Branched Architecture


Compared with linear polymers, branched architectures effectively increase polymer segmental mobility, restrain crystallization, and reduce chain entanglement, which increases Li transport [61]. Branched polymers include starlike polymers (SPs), comb-like polymers (CPs), bottlebrush-like polymers (BBPs), and hyperbranched polymers (HBPs) (see Figure 5 for chemical structures).



Comb-like polymers are a variety of branched polymers where monomers, oligomers, or macromonomers are anchored onto polymeric backbones with the aid of various chemical junctions. These backbones have a linear structure, and the grafted molecular chains, referred to as side chains, dangle along the backbone [62]. They are one of the most auspicious candidates for building fully amorphous and highly conductive SPEs [49,63]. Wang et al. synthesized two kinds of comb-like polymers, containing either polymethacrylate or polyacrylate as main chains, which were comparatively investigated, aiming to illustrate the role of polymer backbones. They found that the polymethacrylate-based SPEs show significantly improved interfacial stability against lithium metal electrode compared with the polyacrylate-based ones, due to the elimination of an electrochemically labile C−H moiety at the alpha position of the carbonyl group (C=O) in the polyacrylate structure [64]. This result illustrates the key role played by the structure of the polymer main backbone in determining the properties of SPEs. It also proposes a new family of SPEs, consisting of lithium bis(fluorosulfonyl)imide (LiFSI) and poly(methoxy-polyethylene glycol methacrylate) (i.e., LiFSI/P(CH3-MPEGMA)), with high ionic conductivities at room temperature, but also insights into developing a lithium-metal-friendly SPE for safe lithium metal batteries, with a conductivity of 3.69 × 10−5 S cm−1 and stable galvanostatic cycling of the Li symmetric cells over more than 1500 h at 80 °C with a current density of 0.2 mA cm−2 and a half-cycle duration of 2 h (see Figure 6).



In Table 1, one result is reported with long-subchain-hyperbranched copolymers from various compositions of AB2 macromonomers of PCL-2N3 (polycaprolactone, PCL) and PS-2N3 (polystyrene) doped with LiFSI [30]. The good electrochemical performance of the Li//LiFePO4 cell reported in Table 1 is due to the synergetic effect of the architecture of the polymer, the co-polymerization and the choice of the LiFSI salt. First, the hyperbranched architecture effectively suppressed the crystallization of PCL, leading to a purely amorphous state, which is beneficial for ionic conductivity. Also, at the same molecular weight, branched polymers (BPs) have shorter chains than linear analogues, which can reduce chain entanglement and the viscosity of the polymer. Second, polystyrene enhances the mechanical strength of the SPE, which is needed to avoid the growth of dendrites on the li anode. Third, we have already discussed the advantage of the LiFSI salt. As a result, this SPE exhibited high ionic conductivity (1.59 × 10−4 S cm−1 at 80 °C), a broad electrochemical stability window (>4.6 V) and a high Li+ transference number (>0.40). Block polymerization is another strategy to build composite polymers, since it permits modification of the architecture of the polymers at the molecular level [28,55].





4. Design of the Cathode


While efforts have been focused on the electrolytes to avoid the formation of dendrites on the Li anode, much less attention is paid to the design of high-performance positive electrodes. However, their design is crucial to improve the electrochemical performance of the Li-metal batteries (LMBs) [65]. Most of the intercalation cathodes utilized for rechargeable LMBs are directly inherited from lithium-ion battery technology. However, the properties for Li metal are distinct from those of the graphitic anode utilized in lithium-ion batteries (LIBs). In particular, the degree of volume expansion and contraction during cycling is significantly higher for the lithium metal anode. Also, lithium metal is more chemically reactive compared to a graphite anode, which may impact the properties of the cathode via cathode–anode cross-talk. Therefore, the replacement of the graphite anode by a lithium metal anode requires rational design of the intercalation cathode, particularly the electro-inactive materials including catholyte and binding polymers [66]. PVDF and its derivatives have been among the most commonly used binder materials. However, PVDF has a very low ionic conductivity. Also, it requires the use of the toxic organic solvent, N-methyl-2-pyrrolidone (NMP). Therefore, different attempts are being made to replace it with more conductive and environmentally friendly polymeric materials [67,68]. In recent years, several kinds of alternative polymeric material have been investigated for high-voltage cathodes [69,70,71], such as lithium poly(acrylic acid) (LiPAA) [72], and PAA-based amphiphilic bottlebrush polymers [73]. Santiago et al. proposed a new strategy [74]. They reported a new single lithium-ion-conducting (SLIC) polysalt based on imide ring and (TFSI−) anion as dual-functional materials for 4-V-class rechargeable LMBs. The polysalt itself could act as a binding agent for gluing active materials and conductive carbon, and could transport Li+ ions within the cathode materials due to its ionic nature; thus, the polysalt is named as Binderlyte (i.e., binder + catholyte). The implementation of designer Binderlyte endows the Li//Li(Ni1/3Mn1/3Co1/3)O2 (NMC111) with superior cycling stability and capacity retention even at an extremely high C-rate of 10 C. Another advantage of Binderlyte concerns the so-called calendaring (the continuous roll compaction that is the established method for industrial scale). As electrodes are compressed, thermal and electrical conductivity are improved, but high compression rates can lead to high mechanical levels of stress on active material particles which is detrimental to cell performance and lifetime [75]. The soft and flexible nature of Binderlyte allows the thick NMC cathode to operate at extremely low porosity (20 vol.%) with almost no capacity decay. Binderlyte is thus proven as a successful strategy and should encourage further works on the development of a new generation of binder materials.




5. Conclusions and Perspectives


Owing to progress in the recent years, some SPEs can now exhibit room temperature ionic conductivity of ∼10−4 S cm−1, with oxidative stability approaching 5 V. With functional fillers, composite SPEs can even have conductivity up to 10−3 S cm−1. The efforts to synthesize single-ion SPEs has been successful, and some of them have tLi+ close to unity, which promotes uniform transport of Li+, while high shear modulus can be obtained by appropriate polymer architectures. The use of soft polymers on the lithium anode site can improve the contact between the anode and the SPE.



Polymers are crucial components of the cathode. Polymer binders insure the homogeneity of active material distribution and adhesion between nanoparticles of the active material. Some of these are now proposed to eliminate the use of toxic NMP in cathode slurry preparation.



When a conventional organic carbonate electrolyte is used in an LMB, a passivation layer forms between the anode and the electrolyte during cycling. However, this passivation layer shows poor flexibility, which makes it vulnerable to volume changes on the lithium anode interface. Polymer artificial solid-electrolyte interphases were developed to improve interfacial stability. Another solution is the use of a second polymer, such as PSTFSI, to improve interfacial stability. This is a promising solution needing further investigation to obtain an SPE-Li metal interface with high ionic conductivity and a high Li+ transference number to promote uniform transport of Li+.



Despite these advances in the design of polymers, interlayers and electrodes, further challenges should be addressed. The ionic conductivity of the SPEs is still one or two orders of magnitude smaller than that of liquid electrolytes. To overcome this drawback, efforts are being made to reduce the thickness of the SPE. However, the change in volume inside the cell upon cycling will result in the formation of holes in the membrane if it is too thin. Therefore, efforts are still needed to control the thickness during manufacturing and to design thin polymer membranes without sacrificing their mechanical strength. Finally, the huge need for high-performing lithium secondary rechargeable batteries has boosted the research on SPEs, which has resulted in considerable progress in the development of polymer materials for high-energy-density Li-metal polymer (LMP) batteries. They are now a promising solution that could participate in the breakthrough in energy storage that is needed in the fight against global warming and the abandonment of fossil fuels.



It is remarkable to note that the research of Professor Armand is currently applied in real electric transport industries. The solid-state LMP battery technology developed by Blue Solutions, a unit of the Bolloré Group, is now used to power different models of electric transit buses. Thanks to the intelligent interplay of innovative charging and battery technology, the multiplexing of the communication systems and finally its avant-garde design, this technology brings a whole new dimension to electromobility. The fleet of electric buses of the public transport operator RATP, in Paris (France), is equipped with Bluebus 5SE model. These Bolloré 12-metre (39-foot) electric buses emblazoned with the words “100 percent electric vehicle” are fitted with a new generation of “high energy density and optimal safety” batteries spread around the roof and rear of the vehicle. Bluebus’s six-meter minibus, which is leased through the Bluestation turnkey service, is designed for historical city centers, and can accommodate up to 22 passengers. It is equipped with three solid-state LMP batteries, which deliver a range of up to 180 km. Bluebus has sold over 280 units of its six-meter minibus, which is now in operation in more than 60 towns and cities throughout France. Bolloré’s technology is also used by Daimler in its eCitaro electric transit bus. As standard, the roof batteries of the eCitaro are supplemented by four additional batteries at the rear. Each nickel-manganese-cobalt (NMC) type battery consists of a control unit and 15 cell modules, each with 12 cells, for a total capacity of 243 kWh. The standard eCitaro has a range of up to 200 km.
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Figure 1. Comparison between the chemistry of CF2H- and CF3-containing compounds inside and outside a Li-metal cell. The light grey, grey, red, and light blue balls represent H, C, O, and F atoms, respectively. Reproduced with permission from Ref. [14]. Copyright 2020 Elsevier. 
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Figure 2. Electrochemical performance of designer anion. (A,B) Discharge/charge profiles of the Li-S cells using LiX/PEO (X = DFTFSI [A] or TFSI [B]) electrolytes at 70 °C. (C) Rate capability of the Li-S cells with LiX/PEO (X = DFTFSI or TFSI) electrolytes. (D) Long-term cycling stability of the Li-S cells using LiDFTFSI/PEO electrolytes at a discharge and charge rate of 0.1/0.1 C (after C-rate test). Reproduced with permission from Ref. [16]. Copyright 2019 Elsevier. 
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Figure 3. Chemical structures of LiX (a), and photographs (b), phase behaviors (c), and ionic conductivities (σ) (d) of solid polymer electrolytes of LiX/PEO (X = FSI, FTFSI, FPFSI, FNFSI, and TFSI; [EO]/[Li+] = 20, by mol). Reproduced with permission from Ref. [24]. Copyright 2020 Elsevier. 
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Figure 4. Proof-of-concept full cells of dual-layer polymer electrodes. Galvanostatic cycling of cells including different polymer-salt configurations described in (a). Schematics show Li conducting complexes LiTFSI (orange) and LiPSTFSI (purple), SPE PEO (blue), and catholyte PPC (green). Voltage profile upon cycling for the initial cycles at C/20 of (b) Cell A and (c) Cell B. Reproduced with permission from Ref. [58]. Copyright 2022 Elsevier. 
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Figure 5. Chemical structures of (a–d) small compounds, (e–h) macromolecules, and (i) cross-linked cores for SP-PEs. (i) Reproduced with permission from Ref. [61]. Copyright 2021 ACS. 
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Figure 6. Electrochemical properties of the comb-like SPEs. (a) Linear sweep voltammograms (LSV) measured on stainless electrode for LiFSI/poly(methoxy-polyethylene glycol methacrylate) (P(CH3-MPEGMA)), LiFSI/poly(methoxy-poly-ethylene glycol acrylate) (P(H-MPEGA)), and LiFSI/PEO at a fixed salt concentration of [EO]/[Li+] = 20 (temperature: 80 °C; scan rate: 0.5 mV s−1). (b) LSV profiles measured on Pt electrode for the liquid electrolytes of 0.1 mol L−1 LiTFSI-PC with or without addition of comb-like polymers (temperature: 25 °C; scan rate: 0.5 mV s−1). (c) LSV profiles measured on stainless electrode for the three SPEs (temperature: 80 °C; scan rate of 0.5 mV s−1). (d) LSV profiles measured on Ni electrode for the liquid electrolytes of 0.1 mol L−1 LiTFSI-DME with or without addition of comb-like polymers. (e) Schematic electrochemical stabilities diagram of the comb-like polymers and other related electrolyte components. Reproduced with permission from Ref. [64]. Copyright 2022 Wiley. 
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Table 1. Electrochemical performance of lithium batteries using FSI-based SPEs. σi is the conductivity at temperature mentioned in the 4th column. Current density is expressed in C-rate with equivalent in mA cm−2 in parentheses.
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	SPE
	σi

(S cm−1)
	Cathode
	T

(°C)
	Capacity

(mAh g−1)
	C-Rate
	Ref.





	LiFSI/PEO (EO/Li+ = 20)
	3.3 × 10−4
	LFP
	80
	146 (1st); 144 (20th)
	0.2 C (0.1)
	[23]



	LiFSI/PEO (EO/Li+ = 20)
	8.0 × 10−4
	LFP
	80
	160 (1st); 144 (100th)
	−0.3
	[24]



	LiFNFSI/PEO (EO/Li+ = 20)
	5.0 × 10−4
	LFP
	80
	120 (570th)
	0.1 C (0.1)
	[11]



	LiFSI/PEO + Mg3N2 (EO/Li+ = 20)
	1.7 × 10−4
	LFP
	60
	150 (10th); 125 (50th)
	0.5 C (0.26)
	[25]



	LiFSI/PEO + N1222FSI
	2.1 × 10−4
	LFP
	50
	159 (1st); 152 (90th)
	0.2 C (0.06)
	[26]



	LiTCM/PEO + LiFSI (1 wt.%)
	5.0 × 10−4
	LFP
	70
	117 (20th); 108 (120th)
	0.3 C
	[27]



	LiFSI/Jeffamine (EO/Li+ = 20)
	2.0 × 10−4
	LFP
	50
	120 (1st;) 50 (1st)
	0.1 C (0.1)
	[28]



	LiFSI/Jeffamine + PVDF (90 wt.%) (EO/Li + = 20)
	8.0 × 10−4
	LFP
	70
	159 (1st); 130 (1st)
	0.1 C (0.1)
	[29]



	LiFSI/PEC (20 wt.%)
	1.6 × 10−5
	LFP
	30
	120 (1st)
	0.05 C
	[42]



	LiFSI (30 wt.%)/PCL-PS (7:3 by wt)
	1.4 × 10−5
	LFP
	80
	131 (1st); 99 (1200th)
	1 C
	[30]



	LiFSI/PVDF (60 wt.%) + PY12FSI (PY12+/Li + = 9:1)
	6.0 × 10−5
	LFP
	25
	ca 100 (1st)
	2 C (0.46)
	[31]



	LiFSI/PVDF (60 wt.%) + PY12FSI (PY12+/Li + = 9:1)
	1.4 × 10−5
	LFP
	50
	130 (1st); 125 (100th)
	2 C (0.46)
	[32]



	LiFSI/P (VDF-HFP) (16 wt.%) + N1222FSI (64 wt.%)
	8.6 × 10−4
	LFP
	30
	150 (1st); 140 (200th)
	0.2 C (0.21)
	[33]



	LiFSI/P (VDF-HFP) + PGCN (10 wt.%)
	1.4 × 10−4
	LFP
	26
	129 (1st); 92 (400th)
	0.5 C
	[34]



	LiFSI/P (DADMA) FSI (DADMA+/Li+ = 2:3)
	0.7 × 10−4
	LFP
	80
	160 (5th); 160 (30th)
	−0.04
	[40]



	LiFSI-SN/P (VDF-HFP) + ETPTA (15 wt.%)
	1.0 × 10−3
	LFP
	25
	130 (10th); 129 (800th)
	1.0 C
	[35]



	LiFSI (40 wt.%)/PVDF + PAA (2 wt.%)
	1.3 × 10−4
	LCO
	30
	120 (1st); 80 (1000th)
	−0.088
	[36]



	LiFSI/PVDF (60 wt.%)
	2.5 × 10−4
	LCO
	25
	109 (1st) 119 (200th)
	−0.15
	[37]



	LiFSI/PEC (EC/Li+ = 5:6)
	2.7 × 10−5
	LMO
	60
	95 (1st); 85 (10th)
	−0.02
	[43]



	LiFSI/P (DADMA) FSI (DADMA+/Li+ = 2:3)
	0.7 × 10−4
	NMC111
	80
	160 (5th); 130 (50th)
	0.05 C (0.06)
	[40]



	LiFSI/TPU-HNTs (22 wt.%) + PE
	~10−4
	NMC811
	60
	103 (3rd); 102 (300th)
	0.5 C
	[38]



	LiFSI/PVEC (16 wt.%)
	2.0 × 10−4
	NMC532
	25
	140 (1st); 55 (200th)
	0.5 C
	[39]



	LiFSI (16 wt.%)/PVEC + NR (VEC/NR = 4)
	1.6 × 10−4
	NMC532
	25
	145 (1st); 115 (200th)
	0.5 C
	[39]



	LiFSI/PEO (EO/Li+ = 20)
	9.0 × 10−4
	Sulfur
	70
	420 (3rd); 550 (60th)
	0.1 C (0.16)
	[46]



	LiFSI/PEO + LiN3 (2 wt.%) (EO/Li+ = 20)
	5.0 × 10−4
	Sulfur
	70
	850 (1st); 700 (30th)
	0.1 C (0.16)
	[48]



	LiFSI/PEO + LICGC (3 vol.%) (EO/Li+ = 20)
	8.0 × 10−4
	Sulfur
	70
	784 (1st)
	0.1 C (0.16)
	[47]







Abbreviations. LFP: LiFePO4, LCO: LiCoO2, NMC111: LiNi1/3Mn1/3Co1/3O2, NMC532: LiNi0.5Mn0.3Co0.2O2, NMC622: LiNi0.6Mn0.2Co0.2O2, NMC811: LiNi0.8Mn0.1Co0.1O2, LMO: LiMn2O4, N1222FSI: (N, N-triethyl-N-methyl-ammonium bis(fluorosulfonyl)imide), LiTCM: lithium tricyanomethanide, Jeffamine: polymer matrix containing polyether side moieties, HFP: hexafluoro propylene, PEC: poly (ethylene carbonate), PVDF: poly(vinylidene fluoride), PCL/PS: hyperbranched polycaprolactone/polystyrene copolymer, PY12FSI: N-ethyl-N-methylpyrrolidinium bis(fluorosulfonyl) imide, PGCN: (porous graphitic carbon nitride), SN: succinonitrile, ETPTA: (ethoxylated trimethylolpropane triacrylate), PAA: (polyacrylic acid), PEC: poly (ethylene carbonate), DADMA: diallyldimethylammonium, TPU-HNTs (thermoplastic polyurethane–halloysite nanotubes), PVEC: poly (vinyl ethylene carbonate), NR: (silica-nanoresin), LICGC™ is a lithium ion conducting glass ceramic.
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