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Abstract

:

In recent decades, the field of materials research has put significant emphasis on developing innovative platforms that have the potential to address the increasing global energy demand. Batteries have demonstrated their enormous effectiveness in the context of energy storage and consumption. However, safety issues associated with liquid electrolytes combined with a low abundance of lithium in the Earth’s crust gave rise to the development of solid-state electrolytes and cations other than lithium. The commercial production of solid-state batteries demands the scaling up of solid-state electrolyte syntheses as well as the mixing of electrode composites containing solid electrolytes. This review is motivated by the recent literature, and it gives a thorough overview of solid-state electrolytes and highlights the significance of the employed milling and dispersing procedures for the resulting ionic transport properties.
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1. Introduction


Global warming, unsustainable usage of fossil fuels, and the everyday increase in the energetic needs of today’s modern society, together with the world energy crisis, are in great need of a transition towards a sustainable energy system. Batteries proved to be of paramount importance for energy storage and consumption issues [1,2]. This is confirmed by the fact that the European Union (EU) aims to heavily boost the production of batteries by building 25–30 battery gigafactories across Europe with a capacity of approximately 400 gigawatt-hours (GWh) by 2025. It is expected that battery demand from EVs produced in Europe will reach 1200 GWh per year by 2040. In comparison with the previous period, that is more than five times the capacity of the gigafactory projects operating or under development on the continent last year [3].



Indeed, lithium-ion batteries (LiBs) boosted the development of mobile electronic equipment and electrical vehicles (EVs) with characteristics such as high energy density, low self-discharge (about 5% per month, while supercapacitors have a self-discharge of around 50% per month) [4], fast charge cycle (around 50% recharged in less than 25 min) [5], and long lifespan (most power tool manufacturers claim you should expect to obtain over 1000 charge cycles out of any given battery) [6]. LiBs are efficient, lightweight, and rechargeable power sources, applicable in portable electronic gadgets, medical devices, cars, and the aerospace industry, as well as for large-scale energy storage facilities [2]. The turning point certainly was the development of rechargeable pouch-type lithium batteries with a record-breaking energy density of over 700 Wh kg−1, which is an enormous development in comparison with average lithium-ion batteries (260–270 wh/kg) or lead–acid batteries (50–100 wh/kg). This new design includes a high-capacity lithium-rich manganese-based cathode and a thin lithium metal anode with high specific energy [7]. Lithium nickel manganese cobalt oxides (NMCs) have been identified as promising candidates for achieving high energy density in future LIBs for EVs. These NMCs have the potential to reach an energy density of approximately 900 Wh kg−1. Conversion-type alternative cathode materials, such as FeF2 and FeF3, have not been successfully developed due to significant capacity degradation, despite their promise of achieving an ultrahigh energy density of up to 1500 Wh kg−1. Si-based anode materials have shown promise as anode materials due to their high specific capacity of 4200 mAh g [8,9].



Over the years, many different electrode chemical compositions and structures have been explored to enhance and optimize the overall battery performance. Research by Kim and co-authors reports a Li[Ni0.92Co0.06Al0.01Nb0.01]O2 (Nb-NCA93) cathode with a high energy density of 869 Wh kg−1, where the presence of Nb induces the grain refinement of its secondary particles. This reduces internal stress and prevents variations in lithium concentration while cycling. A full cell obtained from the process achieves complete charging in about 12 min and maintains 85.3% of its original capacity even after undergoing 1000 cycles with complete discharge [10]. An example where initial capacity is retained at high values is the paper of Bijelić and co-authors, where as-prepared ZnMn2O4 showed a specific capacity of 909 mA h g−1 after 500 cycles, while the heat-treated spinel at 300 °C retained 1179 mA h g−1 (101% of its initial capacity). Also, it has been demonstrated that electrochemical performances can be significantly improved by controlling microstructural parameters [11]. For example, CoMn2O4 particle sizes are easily fine-tuned by applying different annealing temperatures; the particle size increases with increasing annealing temperature. However, contrary to the common assumption that nanostructuring the anode material improves battery performance, samples with the largest particle sizes can exhibit enhanced performance with a capacity retention of 104% after 1000 cycles (compared to the 2nd cycle) [12]. Despite the many breakthroughs that have been achieved, there are still many problems that prevent LiBs from successfully answering today’s energy demands. First, there is an issue of high cost accompanied by the low abundance of metallic lithium in the Earth’s crust, as well as the common utilization of highly flammable organic liquid electrolytes or polymer electrolytes. LiBs are generally characterized by inadequate thermal stability, which can cause gas production and leakage of the liquid electrolytes when operating at high voltages and/or elevated temperatures [13]. Therefore, it became obvious that the development of other energy storage technologies belonging to the post-lithium generation, such as Na, Mg, or Ca batteries, is much needed. Additionally, Zn-based batteries are making ongoing progress. In the research of Li and co-authors, a high-performance zinc–organic battery was achieved by tuning the electron delocalization within a designed fully conjugated two-dimensional hydrogen-bonded organic framework as a cathode material, resulting in a reversible capacity of 498.6 mAh g−1 at 0.2 A g−1, good cyclability, and high energy density (355 Wh kg−1) [14]. Additionally, through the research of Wei and co-authors, it has been demonstrated that iodine-loaded mesoporous poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) PEDOT:PSS nanospheres can serve as a promising cathode for aqueous zinc–iodine batteries with high specific capacity (241 mAh g−1), excellent rate performance, and a superlong 20,000-cycle life [15]. All of the above-mentioned metals are considered cheaper and more abundant, and, additionally, with bivalent ions, it is possible to achieve a potentially higher energy density [16].



For both Li and other battery technologies, the inadequate safety of liquid electrolytes still poses a great issue that must be resolved. A potential solution can be found in the development of all-solid-state batteries (ASSBs), in which currently used liquid electrolytes would be replaced with solid-state electrolytes, resolving the problems of electrolyte decomposition and dendrite formation, a potential cause of short-circuits and fire, with additional improvement in energy density [17,18]. Additionally, it is expected that ASSBs will enable an increase in energy storage capacity by using metallic negative electrodes and positive electrodes operating at significantly higher potentials. Also, by removing the separator and current collector from the negative electrode, the battery design becomes more compact, making battery production simpler and cheaper [19,20]. The ideal solid electrolyte (SE) should possess high ionic conductivity, while electronic conductivity should be low, so that only metallic ions of interest are mobile between electrodes [21]. The challenging task is to design a solid electrolyte capable of conducting ions at room temperature (RT), exhibiting a sufficiently high ionic conductivity above 10−3 S cm−1 at RT and low activation energy [22,23]. Some of the reported superionic conductors with conductivities of 10−6 to a record 10−2 S cm−1, which is close to or even higher than that of liquid electrolytes, include polymer electrolytes [24,25,26,27,28,29,30,31,32,33], oxide electrolytes [34,35,36,37,38,39,40,41,42,43,44], sulfide electrolytes [44,45,46,47,48,49,50,51,52,53,54,55,56,57], hydrides [20,22,58,59,60,61,62,63,64,65,66,67], glass-ceramics [68], and recently revived halide electrolytes (Li3MX6, where M = Y and In; and X = Cl, Br, and I) [69,70,71,72].



The additional aspect worth exploring and aiming for a sustainable, cleaner environment is certainly related to the development of alternatives to traditional liquid-phase-based reactions [42,73,74,75,76], such as solvent-free and environmentally friendly mechanochemical synthesis. Mechanochemistry promotes physical and chemical transformations through the utilization of mechanical energy to design complex molecules and nanostructured materials. Additionally, it encourages dispersion and recombination of multiphase components and accelerates reaction rates and efficiencies via highly reactive surfaces [77,78]. Mechanochemical synthesis has various applications, including the preparation, functionalization, and transformation of metal–organic frameworks [79,80,81,82,83,84,85,86,87,88], different metal hydrides [89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113], (bi)metallic imidazolate compounds [114,115,116], and other energy storage materials, which are synthesized mechanochemically. Lately, mixing/milling techniques have been widely used in the mechanochemical synthesis of solid electrolytes and the processing of cathode composites, e.g., the preparation of functional composite materials and the production of ASSB components, even at a large scale [16,24,29,36,78,85,117,118,119,120,121,122,123,124,125,126]. Recent studies have demonstrated that mechanical milling has the potential to significantly enhance conductivity by five orders of magnitude at ambient temperature; this remarkable improvement renders mechanical milling an attractive technique for utilization in ASSBs [127]. It is also well known that composite formation can have a great impact on electrode performance [128,129,130,131,132,133,134].



As reported in our earlier paper, the presence of a Nafion® layer at a gold electrode considerably diminishes nucleation overpotential, resulting in a higher efficiency of the complete electrode reaction, which is applicable in the construction of high-efficiency and high-power positive electrodes in lead–acid batteries and supercapacitors [135]. Also, multilayer niobium diselenide (NbSe2)@graphene composite material was synthesized by ball milling and reported by Nguyen et al. as a new type of anode material for half-cell and full-cell LIBs, showing excellent electrochemical performance [136].



This paper aims to discuss the problems related to the manufacturing and implementation of solid-state electrolytes and to provide views on some of the most relevant questions under active discussion, such as exploring which type of solid electrolytes can be prepared by environmentally friendly mechanochemical synthesis; examining how mechanochemistry can help in overcoming chemical and mechanical stability issues in solid-state batteries; and, finally, assessing which solid-state electrolyte comes closest to fulfilling the expectations of safe energy storage systems.




2. Results and Discussion


2.1. Difference between Batteries with Liquid and Solid Electrolytes


Conventional liquid batteries have electrodes bathed in a liquid electrolyte, which allows positive ions (lithium, sodium, magnesium) to move from one electrode to another. When a liquid electrolyte is replaced by a solid one, the battery becomes all-solid-state. However, this brings some issues regarding the contact between the electrodes and the electrolyte, which is that in the case of liquid electrolytes, the contact is naturally good, but with two solid materials, the contact is often rather non-optimal. The interaction between the electrodes and the electrolyte must be strong; thus, in the case of a solid electrolyte, some pressure is often applied to maintain good contact between the components of the battery. These batteries are more compact and can be manufactured in smaller dimensions, often decreasing manufacturing costs [137].



It is expected that solid-state electrolytes possess four distinct characteristics for the desired electrochemical performance to be achieved. These include high ionic conductivity; low-cost raw materials and simple processing methods; adequate structural integrity, mechanical strength, and few enough structural defects to prevent dendrite penetration; and low activation energy for ionic diffusion. Research is currently focused on overcoming three key difficulties, i.e., finding high-ionic-conductivity electrolytes, producing efficient electrodes, and improving the electrode–electrolyte interface to fulfill all of these particular needs of SSEs (Figure 1) [138,139].




2.2. Types of Solid-State Electrolytes


Solid-state electrolytes can be grouped into solid inorganic electrolytes (SIEs), solid polymer electrolytes (organic electrolytes) (SPEs), and composite solid electrolytes (CSEs) (Figure 2) [128].



The first group is composed only of inorganic materials like ceramics and glass; the second contains a high-molecular-weight polymer matrix and a dissolved metal salt; and the last contains a solid polymer and inorganics [25,138,139,140,141].



Inorganic electrolytes typically demonstrate a notable ion conductivity above 10−4 S cm−1, accompanied by remarkable thermal stability due to their rigid crystal structures [142]. Sometimes, the ionic conductivity of inorganic electrolytes is comparable with, or even higher than, that of liquid electrolytes [143]. The drawback of ASSBs with inorganic electrolytes is their low performance due to the poor interfacial contact between electrode and electrolyte [144,145]. Although organic electrolytes can be used for flexible battery design because of their soft intrinsic characteristics, they show lower conductivity as well as oxidation at high voltages and large ionic transfer resistance [146,147]. According to certain studies, the utilization of ceramic/polymer composite electrolytes has the potential to effectively address the challenges associated with ionic conductivity and interfacial contact. This is achieved by leveraging the respective benefits offered by these two distinct forms of electrolytes [138].



2.2.1. Solid Inorganic Electrolytes


When talking about inorganic solid electrolytes, the most popular types are LISICON (lithium super ionic conductor), LiPON (lithium phosphorus oxynitride), Li3N, sulfide, argyrodite, garnet, perovskite, anti-perovskite, and NASICON (sodium super ionic conductor) (Figure 3b) [148,149,150,151,152]. The first LISICON-type solid electrolyte, Li14Zn(GeO4)4, showed an ionic conductivity of 1.25 × 10−1 S cm−1 at 300 °C, as reported by Hong et al. [153]. LiPON is typically an amorphous Li-ion solid electrolyte with an ionic conductivity of about 2 × 10−6 S cm−1 at 25 °C, and it is stable with lithium [154].



Several metal cations can be found in SIE, with lithium certainly being the most popular one; however, considering the drawbacks of lithium usage mentioned in the introduction, post-lithium solutions have to be sought. As the logical post-lithium solution for electrochemical energy storage, sodium is the first on the list; it is very abundant, inexpensive, and evenly distributed on Earth [17,155,156,157,158,159,160]. Every day, an increase in battery demand causes an increase in the price of lithium. The data provided by S&P Global Commodity Insights indicate a substantial increase of almost 450% compared to the corresponding period of the previous year. On the other hand, sodium has an almost unlimited supply (almost 500 times more than lithium in the Earth’s crust, and it can be extracted from seawater); therefore, it might provide a less expensive and more environmentally friendly alternative. Another advantage of post-lithium technologies is their safety because sodium batteries are non-flammable and less sensitive to temperature changes than lithium ones. The biggest disadvantage, currently, is due to lower energy density, which means that EVs with sodium batteries will not be able to travel as far as it is possible with lithium. The main difference between Li and Na ASSBs is in the electrolyte. Increasing the voltage of the sodium batteries causes instability of the electrolyte [161]. The same authors found a novel electrolyte where the utilization of a sodium bis(fluorosulfonyl)imide (NaFSI) salt, known for its enhanced stability, in combination with a solvent possessing a reduced dielectric constant, has been proposed to stabilize the anode at a high-operating-voltage (4.2 V) sodium-ion battery and prolong its cycle life. Additionally, it reduces the solvability of the anode protection layer and, therefore, enables the long-term operation of sodium-ion batteries. Recent progress in solid-state electrolyte materials has been reported in the literature [36,152,162,163,164].



Among RT Na-ion conductors, special attention has been recently set on the family of sulfides, which have the advantages of good mechanical strength and mechanical flexibility and low grain-boundary resistance; their disadvantages are sensitivity to moisture, low oxidation stability, and poor compatibility with sodium metal. In the study of Hayashi and co-authors, a sodium-ion conductor, Na2.88Sb0.88W0.12S4, has been reported to exhibit higher conductivity compared to the standard electrolyte, Li10GeP2S12. By partially replacing antimony with tungsten in Na3SbS4, sodium vacancies are created, and a tetragonal-to-cubic phase transition occurs. This results in maximum conductivity at room temperature, measuring 32 mS cm−1, for a sintered body with the composition Na2.88Sb0.88W0.12S4. Furthermore, this sulfide has further benefits, such as resistance to moisture and the possibility of becoming denser at significantly lower sintering temperatures compared to standard oxide-based sodium-ion conductors, which require temperatures above 1000 °C [162]. Another interesting class is boron hydrides, which show wide electrochemical stability windows, stability with sodium metal, high thermal and chemical stability, and stability in air. However, they often exhibit large interfacial resistance. Na2−x(CB11H12)x(B12H12)1−x shows a fast ionic Na conductivity of 2 mS cm−1 at RT, reaching the superionic regime above 60 °C [16,36,123,162,165]. Oxide-based materials, especially NASICON, show great potential as solid electrolytes. NASICON is one of the most promising oxide-based solid electrolytes with suitable 3D tunnels for Na-ion migration, high thermal and chemical stability, high mechanical strength, and very high electrochemical oxidation voltage. Generally, the NASICON term is used to describe a special crystalline structure with the general composition formula AMP3O12, where the A site can be either vacant or filled to maintain electric neutrality, thus greatly affecting the amount of mobile Na ions as well as the interaction between the mobile Na ions and the immobile skeleton atoms. The first NASICON-type solid electrolyte, Na3Zr2PSi2O12, was reported by Goodenough et al. It had a monoclinic structure and showed an ionic conductivity of 2 × 10−1 S cm−1 at 300 °C, which is comparable to β″- alumina, another excellent Na-ion conductor [166].



Another very important aspect is the overall compatibility of the cathode, anode, and solid electrolyte. Commonly used cathode materials in ASSBs are metal oxides or sulfides, especially materials based on layer structures. Mixed transition-metal (TM) oxides can deliver specific energy densities close to 600 Whkg−1. The organic cathode material pyrene-4,5,9,10-tetraone (PTO) maintains intimate interfacial contact with the solid electrolyte during cycling, thus improving cycle life with high specific energy (587 Wh kg−1) and record cycling stability (500 cycles) [167]. Therefore, a good solution for the problem related to poor contact with solid electrolytes can be found in the formation of composite materials [168], microstructural control, chemical infiltration, etc. [169,170]. The most common anode materials, similar to those in batteries containing a liquid electrolyte, are Na alloys, hard carbon, expanded graphite (EG), various metal oxides, and, most popularly, Na metal anodes. The Na metal anode, due to its high theoretical capacity (1166 mA h g−1) and low redox potential (−2.71 V vs. the standard hydrogen potential), possesses a higher working voltage and higher energy density than those of Li [139]. Also, the Na metal has a lower melting point and mechanical modulus, providing a highly wettable anode interface. Still, two problems occur with respect to the Na metal anode: dendrite growth and the instability of the interfaces. Although extensive efforts have been made to investigate metal dendrite growth in solid electrolytes, its fundamental understanding is still incomplete [171,172,173]. Obviously, sodium batteries could become a viable, cheaper alternative to lithium, but it may take several years to reach an adequate level of technology readiness.



Since the first superionic conduction in LiBH4 was reported [174], metal complex hydrides with light weight, high electrochemical stability, and excellent deformation properties [175] have been attracting attention as a potential solid electrolyte material. Consequently, the investigation of superionic conductivity was expanded to include the [B10H10]2− and [B12H12]2− compounds, which are believed to be intermediate products of the dehydrogenation process of [BH4]− compounds and are more stable [176,177,178]. Complex hydrides often demonstrate a characteristic first-order phase transition from a low-temperature phase to a high-temperature phase at a specific temperature. This shift is accompanied by a significant enhancement in conductivity, typically spanning several orders of magnitude [174,176,177,178]. However, it is important to note that the temperature at which this phase change occurs is typically significantly higher than 373 K, making it unsuitable for practical applications. Several studies reported the use of various electrolytes, such as LixNa1−xB12H12, NaCB11H12, Na3BH4B12H12, NaCB9H10, and Na2B10H10–Na2B12H12, to enhance conductivity and lower the phase transition temperature [16,62,63,155,179,180,181,182,183,184,185].



Another important type of inorganic electrolyte is Mg2+-based solid electrolytes, which exhibit transport characteristics that are intimately related to the crystal structure. When compared to Li-ion technology, Mg-ion batteries (MIBs) have several benefits [186,187,188]. Mg/Mg2+’s electrochemical potential (vs. a standard hydrogen electrode, or SHE) is 2.4 V, while Li/Li+’s electrochemical potential is 3.0 V. High cell voltages are, therefore, made possible. Metallic Mg has a greater volumetric capacity (3.833 mAh cm−3) than Li metal (2.036 mAh cm−3). Mg is also harmless and has convenient handling qualities [189,190]. Also, compared to Li (0.006%), it is more prevalent (2%) in the Earth’s crust. Dendrites are less frequent in the case of Mg than Li [191,192]. All of the aforementioned factors, along with the metal magnesium’s extremely high capacity, position magnesium as a safer and more dependable anode material compared to lithium. A secondary magnesium battery using Mg(BH4)2 dissolved in tetrahydrofuran (THF) and dimethyl ether (DME), and later Mg[B(OCH(CF3)2] in DME, demonstrated a record-high electrochemical stability window of 4.3 V, even in the field of liquid electrolytes. Additional benefits include a high Mg-ion conductivity of 1.1∙10−2 S cm−1 and stability in air [193,194].




2.2.2. Solid Polymer Electrolytes


When comparing SIEs with SPEs, it becomes evident that SPEs possess various advantages. These advantages encompass the simplicity of synthesis, low mass densities, chemical stability, affordability, compatibility with large-scale production processes, and the mechanical toughness inherent in organic polymers at temperatures significantly surpassing the glass transition point. Hydrocarbon polymers, such as polyethylene and polypropylene, fulfill the above-mentioned attributes, but dielectric constants often exhibit low values. Hence, these materials are incapable of fulfilling the requirement for efficient cationic transport and facilitation of ion-pair dissociation in an electrolyte [138]. Therefore, it is not unexpected that polymers such as poly(ethylene oxide) (PEO), poly(acrylonitrile) (PAN), poly(methyl methacrylate) (PMMA), and poly(vinyl alcohol) (PVA) are commonly used (Figure 3a) [148]. The electron-withdrawing groups dispersed along the carbon–carbon backbones in those materials enable ion-pair dissociation through specific, non-classical effects [195]. The processes that lead to ion-pair dissociation consistently involve the dynamic connection between the mobile cations and the long-chain molecules that make up the solid polymer electrolyte. In contrast to solid electrolytes, where cations exhibit mobility by traversing atomic positions within a crystal lattice or more expediently along lattice defects or grain boundaries, the presence of polymer chains confined within a crystal lattice impedes the movement of cations that are linked to groups along the chain’s central structure [138]. Fortunately, there are several physical methods, such as the use of polymer blending, inorganic fillers, plasticizers, and oligomer-tethered nanoparticles, as well as chemical techniques like co-polymerization, cross-linking, and the incorporation of ionic side groups. These approaches can be employed to design solid polymer electrolytes that hinder the crystallization process, thereby facilitating the attainment of desirable levels of ionic conductivities at temperatures close to RT or within a range suitable for various applications, including those in the field of transportation [148,196].



A novel solid polymer electrolyte has been recently developed utilizing PEO as the polymer matrix and LiTFSI and 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (Pyr14TFSI) as the fillers. According to the paper [197], the manipulation of the surface properties of the solid polymer electrolyte has the potential to enhance the interaction with lithium metal, hence improving the process of lithium electrodeposition and electrodissolution. Furthermore, the utilization of LiTFSI salt was employed in the synthesis of various solid polymer electrolytes consisting of poly(ethyleneglycol)diacrylate (PEGDA) and a succinonitrile plasticizer, resulting in a notable ionic conductivity of approximately 0.43 mS cm−1 at ambient temperature. Additionally, UV-photocurable polyurethane acrylate (PUA) containing 30 wt.% LiTFSI exhibited a peak ionic conductivity of 0.0032 mS cm−1 at RT. Also, the utilization of ether-based electrolytes that undergo in situ polymerization by a ring-opening process in the presence of aluminum fluoride (AlF3) exhibits encouraging properties for addressing the existing limitations of oxidative stability and interfacial charge transport in current solid polymer electrolytes.




2.2.3. Composite Solid Electrolytes


Due to the notable advantages of solid inorganic electrolytes and solid polymer electrolytes, the integration of SIE-SPE composites has become a progressively appealing strategy for developing materials with the most favorable characteristics of both their SIE and SPE constituents (Figure 4) [128,138].



The development of composite electrolytes can be attributed to the inert inorganic particles’ incorporation into ion-conductive engineering polymers, such as PEO. This incorporation serves to enhance the mechanical strength and thermal stability of the composite electrolytes while also inhibiting polymer crystallization and promoting greater dissociation of the salt [198]. Furthermore, there have been suggestions that the presence of well-connected channels within the inorganic phase facilitates enhanced ion conduction rates. Also, in addition to bulk composite electrolytes, layered solid polymer electrolytes and solid inorganic electrolyte hybrids demonstrate features that depend on their phase and are particular to their intended use. The task-specific qualities refer to characteristics that can enhance the interaction between an intercalating cathode and an interface or enhance the chemical and/or electrochemical stability of a solid-state electrolyte when in contact with reactive alkali-metal anodes [199].



In the study of Hiraoka and co-authors, flexible and self-supporting CSEs composed of a polyether-based polymer and inorganic Na3Zr2Si2PO12 (NZSP) were prepared to harness the combined benefits offered by both materials. The conductivity of CSEs containing 30 wt.% NZSP was high, 1.03 × 10–5 S cm−1 at 298 K. After DSC and FT-IR spectroscopy measurements, it was revealed that decreased Tg and the promotion of NaTFSA dissociation induced by the relatively low content of NZSP caused high conductivity. The problem of the interfacial properties of the CSEs with a Na metal negative electrode was solved by adding 200 wt.% of NZSP in the CSE mixture, exhibiting the lowest resistivity and activation energy of all the electrolytes [200].



Another study employed the sol–gel method to initially synthesize nanosized powders of NASICON-type NZSP. Subsequently, a solution-casting technique was employed to produce two types of composite solid electrolytes, including PEO and non-zeolitic silica particles. These electrolytes show remarkable ionic conductivities above 10−4 S cm−1 at an elevated temperature of 55 °C. Additionally, they exhibit a wide electrochemical window surpassing 4.7 V vs. the Na+/Na reference electrode, along with the capacity to effectively hinder the formation of sodium dendrites. Sodium ASSBs utilizing the Na0.67Ni0.33Mn0.67O2 cathode and two kinds of flexible polymer/ceramic (PEO-based and NZSP-based) composite solid electrolytes demonstrate remarkable electrochemical characteristics. These include a substantial discharge capacity of 73.2 mA h g−1 (68.2 mA h g−1) and an impressive capacity retention rate of 98.4% (97.6%) after undergoing 100 cycles at a temperature of 55 °C and a charging rate of 0.5 C. The findings of this study offer a promising approach to the development of high-performance sodium ASSBs [201].





2.3. Problems with Solid Electrolytes and Possible Solutions


Undoubtedly, there are still several pressing issues that hinder the widespread implementation of ASSBs. One example of a phenomenon observed in high-energy-density solid-state battery systems is significant capacity deterioration, which can be attributed to several electrochemical and mechanical factors [152,202]. Additionally, the power density associated with their high-rate characteristic, specifically their ability to charge and discharge rapidly, is insufficient to meet the requirements of commercial applications [138].



As already mentioned, SE should possess a few characteristics, such as sufficient ion conductivity, low interfacial resistance at ambient temperature, and wide and stable electrochemical windows to accommodate various types of active materials. Additionally, due to the stress induced by thermal cycling or the distortion of electrodes during the charge–discharge process, solid electrolytes should have a large thermal stability window, good mechanical properties, and high conductivity. The problem is that many solid electrolytes only work at high temperatures (HTs) and fail to conduct ions at RT. Although significant efforts are being devoted to improving the ionic conductivity of solid electrolytes [203], characteristics like electronic transport, energy density, and cycling stability of solid-state batteries are less often in focus [21,204]. A recently reported fast and stable solid electrolyte, Li8B10S19, outperforms many other electrolytes in terms of stability. While most of the fast-ion-conducting materials break down quickly, this material shows extraordinary durability. That was confirmed by measurements of an electrochemical window of 1.2 V, a factor of two wider than other fast-conducting sulfide materials. Additionally, a critical current density of 1 mA cm−2 was observed with a charge/discharge capacity of 1 mAh cm−2, making this material the most stable fast-Li-ion-conducting sulfide ever reported [205].



Among other issues, the severe instability of the solid electrolyte interphase formed during repeated cycling certainly represents an important factor that hinders the faster development of some ASSBs. This instability of the SEI results in ongoing side reactions, depletion of electrolytes, and irreversible loss of capability, which makes sodium batteries less stable than lithium ones [161]. The occurrence of dendrite growth during extended cycling is a key event that leads to short-circuiting and thermal runaway, hence posing significant safety concerns. Most of these issues are associated with the kinetics of ion diffusion, the interface between the electrode and the electrolyte, and the chemo-mechanical interaction among different components [159].



Due to the rigidity of the cathode and solid electrolyte and the very limited contacting area, the direct contact of these two species leads to poor solid–solid contact at interfaces and consequently high interfacial resistance. NaSICON-structured cathode materials have greater interface compatibility and considerably lower interfacial charge-transfer resistance when compared to other cathode materials. As a result, these materials demonstrate the highest electrochemical performance in ASSBs that are based on sodium superionic conductor-type solid electrolytes. The interfacial resistance can be solved via the formation of composite cathodes because homogeneous distribution and/or reduction in the particle size of the composite electrodes will be obtained, effectively decreasing interfacial resistance [203]. A summary of the electrolyte materials in ASSBs, including ionic conductivities, electrochemical stability, and mechanical properties, is shown in Table 1 [139].




2.4. Mechanochemical Techniques


Mechanochemical techniques offer a viable alternative to solvent-based processes and traditional solid-state synthesis. These approaches enable the mechanochemical synthesis of solid electrolytes and facilitate the processing of cathode composites, even on a large scale. In recent years, there has been a notable growth in the utilization of mechanical milling for the processing of solid electrolytes and solid-state battery composites.



The processing and scaling up of solid-state batteries remain complex tasks. While mechanochemical synthesis shows promise in facilitating the scaling-up process, there is still a lack of comprehensive understanding of its impact on the various compounds involved. The fabrication of solid electrolytes for their application as separators to improve the interface behavior between the anode and the electrolyte presents one of the most significant challenges. Similarly, the production of cathode composites is also a complex task, as it involves multiple phases (such as the cathode active material, solid electrolyte, carbon additives, and binders) that exhibit distinct behaviors during processing. Mechanochemical methods have been used for the synthesis or modification of a whole group of solid electrolytes and complex hydrides that show high levels of ionic conductivity [1,206,207,208]. The preparation of solid electrolytes as well as composites by milling procedures has usually been approached in a rather phenomenological manner, mostly as a trial-and-error method. Recent research has demonstrated the significant impact of milling parameters and mechanochemical synthesis on the structure and transport properties of ionic conductors and composite electrodes. Furthermore, these factors also affect the performance of solid-state batteries [209,210,211,212,213,214,215].



As an example of the synthesis of solid-state electrolytes, Rao and co-authors reported the first RT all-solid-state Na-Se battery prepared by using the fast-ion-conducting mechanochemically synthesized Na11Sn2PSe12 (NSPSe). The highest RT bulk ionic conductivity of the mechanochemically synthesized NSPSe was 1.0 mS cm−1. The use of this fast-ion-conducting material enabled the successful demonstration of the first Na-Se all-solid-state batteries, namely Na/Na11Sn2PSe12/C-Se and Na3Sn/Na11Sn2PSe12/C-Se. These batteries exhibited specific initial discharge capacities of 430 mA h g−1 and 400 mA h g−1, respectively, when operated at a current density of 0.08 mA cm−2. The Na3Sn/Na11Sn2PSe12/C-Se battery demonstrated a cycling capability of 500 cycles, wherein the capacity steadily fell to 50 mA h g−1 [216].



Also, Molaiyan and Witter prepared Sm1−xCaxF3−x (0 ≤ x ≤ 0.15) solid-state electrolytes via solid synthesis: high-energy ball milling, a straight-forward preparation method that does not demand any pretreatment, providing a scalable and flexible option for battery applications [217,218,219]. The fluoride ionic conductivities of these materials at RT are in the range of 10−5–10−6 S cm−1; therefore, they can be used for fluoride shuttle applications as a candidate for secondary fluoride ion battery applications. Based on the achieved conductivity of the Sm0.95Ca0.05F2.95 solid-state electrolyte, an electrochemical cell on well-known electrodes, CeF3/Sm0.95Ca0.05F2.95/Bi, has been tested. Bi was chosen as the cathode material because of its high ionic conductivity for fluoride at RT. The electrochemical cell in the study underwent charging and discharging processes with a current density of 1 μA cm−2 at a temperature of 75 °C, within a voltage range of 0.01 to 0.90 volts (with a theoretical voltage of 2.8 volts) [220].



In the study of Yamanaka and co-authors, the MgS–P2S5–MgI2 glasses and glass-ceramics were prepared by mechanochemical synthesis followed by heat treatment in order to obtain sulfide solid electrolytes with high Mg2+-ion conductivity. The formula used was (100 − x)(0.6MgS·0.4P2S5) · xMgI2 (0 ≤ x ≤ 30), which includes P2S64− ions. An increase in MgI2 content induced an increase in conductivities. The highest conductivity of 2.1 × 10−7 S cm−1 at 200 °C was obtained for samples with composition x = 20 [221].



Although the above-mentioned protocols are mostly solvent-free, an example of the solvent-assisted approach during ball mill processing was reported in the research of Song et al. [222]. A garnet solid electrolyte, Li6.4Al0.233La3Zr1.95Ca0.05O12, was prepared by mechanochemical milling of Li2CO3, La2O3, and Zr1.95Ca0.05O3.95 in ethanol, with a subsequent crystallization step. The resulting ionic conductivity was high, at 0.52 mS cm−1. The formation of a liquid buffer layer during the process of ball milling not only impacts the microstructure but also substantially influences the energy transfer to the precursors. The utilization of solution-assisted milling has limitations due to the issues of chemical reactivity between solid electrolytes and certain solvents [223].



Several studies were conducted to elucidate the significance of anion dynamics in the process of cation diffusion in different complex hydrides that exhibit ionic conductivity at a magnitude of approximately 1 mS cm−1. Different novel hydroborate solid electrolytes have been effectively evaluated in electrochemical cells to date [58,224,225,226,227,228]. The comparative analysis of hydroborates, phosphates, and oxides reveals that the low gravimetric density exhibited by hydroborates highlights their potential as a viable option for enhancing cell energy density, especially in the family of closodeca- and dodeca-hydroborates. The series of sodium-based compounds is obtained through the combination of the Na-based closo- and carbacloso-hydroborates, namely NaCB9H10, Na2B10H10, NaCB11H12, and Na2B12H12, by the mechanochemical synthesis in planetary or vibrational mills (Figure 5) [20,229]. The electrochemical stability of the compounds was proven, and an oxidation range of 3 to 4 V vs. Na+/Na was identified, which varied depending on the selected anion pair. The electrochemical oxidation of each mixed phase is governed by the stability of the single anion with the lowest stability toward oxidation. Thus, by arranging all anions based on their maximum oxidation potential, it can be inferred that [CB9-B10] is the least stable mixture and [CB11-B12] is the most stable [229].



Metal dodecaborates M2/nB12H12, where n represents the valence of the metal M, have garnered growing attention as promising energy materials, particularly in the fields of hydrogen storage and superionic conductivity. A unique method for synthesizing anhydrous M2/nB12H12 (where M represents Li, Na, and K) without the use of solvents has been established [178]. The thermal stability and transformations of the anhydrous single-phase Li2B12H12 indicate the potential formation of the high-temperature polymorph of Li2B12H12 during the dehydrogenation process of LiBH4. This highlights the need for additional research into the decomposition mechanism of metal borohydrides and metal dodecaborates [178,230,231,232,233,234,235,236,237,238,239,240,241].



The exceptional stability exhibited by the icosahedral [B12H12]2− structure lends itself to possible use as a solid electrolyte. In a recent study, the Na+ conductivity of Na2B12H12 was found to be 0.1 S cm−1 above the order–disorder phase transition at around 529 K. This value is comparable to the Na+ conductivity of a polycrystalline β″-Al2O3 solid-state Na electrolyte, which is 0.24 S cm−1 at 573 K [179,232,242]. Na2−x(CB11H12)x(B12H12)1−x showed a fast ionic Na conductivity of 2 mS cm−1 at room temperature. Additionally, it possesses a low activation energy of 314 meV in a thermodynamically and electrochemically stable structure, which explains why it can be potentially used as a solid electrolyte in future Na-ASSBs. Cyclic voltammetry measurements with a specialized setup for solid-state electrolytes demonstrated a wide operating window (up to 4.1 V vs. Na+/Na) [232].



To enhance the ionic conductivity of M2/nB12H12, it was proposed that an additional metal enabling the formation of bimetallic dodecaborate compounds should be introduced. It was theorized that the presence of two different metallic elements in the compound might potentially result in a synergistic effect, leading to a greater change in ion mobility [243,244,245,246].



A study by He and co-authors reports the bimetallic dodecaborate compound LiNaB12H12 prepared via the mechanochemical reaction of LiBH4, NaBH4, and B10H14 with a stoichiometric molar ratio of 1:1:1. Notably, LiNaB12H12 exhibits a lower phase transition temperature (488 K) compared to its individual counterparts, Li2B12H12 (615 K) and Na2B12H12 (529 K), as previously reported. Furthermore, the ionic conductivity of LiNaB12H12 reaches a noteworthy value of 0.79 S cm−1 at 550 K. The conductivity value is roughly eight times greater than that of Na2B12H12 and eleven times greater than that of Li2B12H12 [179].



Beside sodium and lithium, magnesium borohydride chemistry also represents an important playing field while questing for new solid-state electrolytes [247,248]. Roedern et al. mechanochemically prepared a new compound, Mg(en)1(BH4)2, starting with Mg(BH4)2 and ethylenediamine (H2N(CH2)2NH2), which, at the time, had the greatest documented Mg-ion conductivity (up to 6∙10−5 S cm−1 at 343 K). Mechanochemical milling procedures alone were used in the synthesis, which was then subjected to an extra heat treatment. Additionally, a mixture with diglyme has reported conductivities of 2 × 10−5 S cm−1 at 350 K for Mg(diglyme)0.5(BH4)2, along with other solvated derivatives of the Mg(BH4)2 precursor [247,248]. Mg(NH2)(BH4) is another good solid-state Mg-ion conductor, with its electrochemical window estimated to be approximately 3 V using cyclic voltammetry [249]. Furthermore, Mg3(NH2)2(BH4)4 exhibits a reported conductivity of 4 × 10−5 S cm−1 at 373 K [250]. Jensen et al. recently released a ground-breaking paper in which they reported a conductivity of Mg(BH4)2NH3 amounting to 3.3∙10−4 S cm−1 at 353 K [251]. They proposed a new mechanism based on NH3 dynamics to explain the conductivity in these materials [252]. It was also found that Mg(BH4)22NH3BH3 and other analogous materials exhibit high conductivity in the range of 10−4 S cm−1 [253,254,255]. Other good conductors based on M-B-N-H (M = Li, Mg) systems have also been reported [251,256,257,258,259].



Ball milling has also been well recognized as a means of introducing defects that are considered advantageous for enhancing ion conductivity in many solid electrolytes. Promoting perturbation in solid crystals is a widely recognized approach that serves to stabilize non-equilibrium phases in diverse materials or facilitate the formation of structural flaws [127,260].



In their study, Murgia et al. documented the successful stability of the body-centered cubic (bcc) polymorph of NaCB11H12 (NCB) at RT through the utilization of high-energy mechanical milling, achieving this outcome within a mere 15 min duration. As anticipated, the conductivity of Na ions exhibited a consistent increase throughout the milling process, culminating in a peak value of 4 mS cm−1 at RT after 45 min (Figure 6). Surprisingly, conducting additional mechanical grinding for a duration of up to 2 h resulted in a reduction in conductivity. Furthermore, extending the milling process to 6 h resulted in a substantial decrease in the conductivity of sodium ions (measured at 9.78 × 10−9 S cm−1 at RT), accompanied by a considerable decrease in crystallinity. The observed increase in Na-ion conductivity after a 45 min milling process can be attributed to the stabilization of the body-centered cubic polymorph at RT. The bcc structure has a less effective arrangement of anions compared to the orthorhombic starting structure, but it offers improved and wider conduction pathways for Na+ ions due to a reduced diffusion distance. Nevertheless, the underlying cause for the decline in conductivity beyond milling durations of over 45 min has not been thoroughly examined [261].



Finally, it is important to highlight that mechanochemical synthesis allows the achievement of kinetic control, which stands in contrast to the conventional high-temperature solid-state synthesis that is thermodynamically regulated. As a result, mechanochemical synthesis enables the preparation of materials that are thermodynamically less stable [1]. For example, Li2ZnCl4 can exist in two distinct polymorph types that are challenging to separate. The solid-state synthesis conducted at high temperatures primarily results in the formation of a metastable olivine-type structure, alongside the co-existence of a spinel-type structure at lower temperatures. One potential method for obtaining pure spinel involves subjecting the combination to an annealing process at low temperatures for several weeks. In contrast, when prepared via a mechanochemical method, the single product formed is the low-temperature spinel-type modification, and this occurs within a relatively short period throughout the synthesis process. The reaction pathways involving heating in the ampoule and momentum transfer in the mill exhibit distinct characteristics, leading to the potential formation of different polymorphs with different electrochemical characteristics [262].



Another example of how the use of mechanochemical synthesis, i.e., kinetic energy transfer, allows metastable compounds and local structures not obtainable via classic solid-state routes to be formed was reported in the work of Zhao et al., where the beneficial effect of an aliovalent substitution on Li3PS4 was observed. A mixture of the precursors P2S5, Li2S, and ZnO was pre-processed via milling and subsequently crystallized, which resulted in the successful co-incorporation of Zn2+ and O2−, increasing the ionic conductivity of Li3.06P0.98Zn0.02S3.98O0.02 up to 1.12 mS cm−1 [263].



A comparison of the solid electrolytes and their ionic conductivities is given in Table 2.





3. Conclusions and Perspectives


This paper offers a comprehensive review of the mechanical and physical aspects of milling operations and their impact on the preparation of solid electrolytes, cathode composites, and other materials used in solid-state batteries. It can be seen that numerous aspects play a significant role, including stressing energy, collision frequency, overall power, particular energy input, and processing time. In conclusion, mechanochemistry can be used as an efficient way for the preparation of all types of SEs, but it also stands out in terms of overcoming the chemical and mechanical stability issues of solid-state batteries. Firstly, this refers to the instability and chemical reactivity of some compounds with solvents; therefore, solvent-free mechanochemical reactions can provide a very important alternative. Additionally, many metastable compounds that cannot be prepared by the standard chemical routes are often achievable by the mechanochemical approach. The incorporation of defects and distortions during the process of mechanochemical milling frequently leads to improved electrochemical performance. The observed phenomenon can be attributed, to a certain degree, to the fragmentation of particles, which leads to improved compressibility and consolidation behavior. Additionally, it may arise from the formation of metastable products and the presence of very faulty material structures. Nevertheless, a noticeable amorphization occurs during the processing of rapid ionic conductors to create composites or separators. Given the potential negative impact on electrochemical performance, more investigation and evaluation of the postprocessing techniques for fast conductors is warranted.



The most important question raised at the end can be summarized as follows: Is there a solid-state electrolyte that fulfills the expectations of safe energy storage systems? Unfortunately, the answer is still negative because some of the issues remain unsolved. Understanding and implementing the interfaces between electrodes and SSEs is a hard task, but in situ and operando techniques could be solutions for revealing the answers. To minimize interfacial resistance, it is essential to have close physical contact. Numerous methodologies, particularly those centered on nanotechnology, have effectively mitigated the contact challenges that arise between metal electrodes and solid electrolytes. Nevertheless, the repetitive plating and stripping processes on the anode side unavoidably result in volumetric variations, which subsequently lead to deteriorated contact and increased resistance. Recent findings regarding the incorporation of targeted metals into structurally robust host materials have the potential to provide valuable insights into addressing the challenges. The utilization of a bendable polymer interlayer can also provide an optimal interface between solid materials. Regrettably, electrolytes based on polymers exhibit a diminished level of conductivity when subjected to RT conditions and, on occasion, demonstrate instability and flammability. Hence, achieving a harmonious equilibrium between safety, thickness, and conductivity emerges as the pivotal aspect.



All-solid-state batteries are undoubtedly going to generate a considerable impact in the future. According to projections by the European Commission, it is anticipated that the number of EVs may see a substantial increase, reaching approximately 200 million by the year 2028 and a staggering 900 million by 2040, while the large-scale production of batteries and intensive research could reduce prices by as much as 70 percent. Nevertheless, despite significant advancements in the field of solid-state electrolytes, there is currently a lack of commercially viable ASSBs that can adequately address the increasing needs of today’s society.
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Abbreviations




	Abbreviation
	Definition



	LiB
	lithium-ion batterie



	EV
	electrical vehicle



	NMC
	Lithium nickel manganese cobalt oxide



	Nb-NCA93
	Li[Ni0.92Co0.06Al0.01Nb0.01]O2



	PEDOT
	poly(3,4-ethylenedioxythiophene)



	PSS
	poly(styrenesulfonate)



	ASSB
	all-solid-state battery



	SE
	solid electrolyte



	SSE
	solid-state electrolyte



	RT
	room temperature



	SIE
	solid inorganic electrolyte



	SPE
	solid polymer electrolyte



	CSE
	composite solid electrolyte



	LISICON
	lithium super ionic conductor



	LiPON
	lithium phosphorus oxynitride



	NASICON
	sodium super ionic conductor



	NaFSI
	sodium bis(fluorosulfonyl)imide



	TM
	transition metal



	PTO
	pyrene-4,5,9,10-tetraone



	EG
	expanded graphite



	MIB
	Mg-ion battery



	THF
	tetrahydrofuran



	DME
	dimethyl ether



	PEO
	poly(ethylene oxide)



	PAN
	poly(acrylonitrile)



	PMMA
	poly(methyl methacrylate)



	PVA
	poly(vinyl alcohol)



	LiTFSI
	Lithium bis(trifluoromethanesulfonyl)imide



	Pyr14TFSI
	1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide



	PEGDA
	poly(ethyleneglycol)diacrylate



	PUA
	polyurethane acrylate



	AlF3
	aluminum fluoride



	NZSP
	Na3Zr2Si2PO12



	NATFSA
	sodium bis(trifluoromethanesulfonyl)amide



	HT
	high temperature



	NSPSe
	Na11Sn2PSe12



	NCB
	NaCB11H12
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Figure 1. Schematic diagram of study trends for ASSBs. Reprinted with permission from [139]. https://doi.org/10.1002/aesr.202000057. https://creativecommons.org/licenses/by/4.0/ (accessed on 20 December 2023). 
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Figure 2. Performance comparison of different electrolytes. Reprinted with permission from [128]. https://doi.org/10.1007/s40820-022-00996-1. https://creativecommons.org/licenses/by/4.0/ (accessed on 20 December 2023). 
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Figure 3. Structures of common solid-state electrolytes: (a) solid polymer electrolytes (SPEs) and (b) solid inorganic electrolytes (SIEs). Reprinted with permission from [148]. https://www.nature.com/articles/s41578-019-0165-5 (accessed on 20 December 2023). Copyright © 2020, Springer Nature Limited. 
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Figure 4. Characteristics of polymer inorganic electrolytes. Reprinted with permission from [128]. https://doi.org/10.1007/s40820-022-00996-1. https://creativecommons.org/licenses/by/4.0/ (accessed on 20 December 2023). 






Figure 4. Characteristics of polymer inorganic electrolytes. Reprinted with permission from [128]. https://doi.org/10.1007/s40820-022-00996-1. https://creativecommons.org/licenses/by/4.0/ (accessed on 20 December 2023).



[image: Inorganics 12 00054 g004]







[image: Inorganics 12 00054 g005] 





Figure 5. Binary mixtures of closo-hydroborate sodium salts. Reprinted with permission from [20]. https://doi.org/10.1016/j.jallcom.2021.162659. https://creativecommons.org/licenses/by-nc-nd/4.0/ (accessed on 20 December 2023). 
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Figure 6. The conductivity of a sample mechanically milled for 45 min is 4 orders of magnitude larger than that of a pristine sample. Reprinted with permission from [261]. https://doi.org/10.1021/acsami.1c21113 (accessed on 20 December 2023). Copyright © 2021, American Chemical Society. 
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Table 1. Summary of electrolyte materials in ASSBs. Reprinted with permission from [139]. https://doi.org/10.1002/aesr.202000057. https://creativecommons.org/licenses/by/4.0/ (accessed on 20 December 2023).
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	Type
	Materials
	Conductivity

[S cm−1]
	Potential Window

(V versus Na+/Na)
	Advantages
	Disadvantages





	Polymer-based
	PEO-Na salt

PEG, PVDF-HFP, etc.
	10−6−10−4
	≈4.5
	Stable with sodium metal, lightweight, highly flexible
	Low ionic conductivity, limited thermal stability, low oxidation stability



	Oxides
	N-β″-Al2O3

NASICON

Na2M2TeO6
	10−4−10−3
	Up to 7
	High thermal and chemical stability, high mechanical strength, high electrochemical oxidation voltage
	High grain boundary resistance, large interfacial resistance



	Sulfides
	Na3PS4 Na11Sn2PS12 and their derivatives
	10−4−10−3
	<4 for Na3PS4

Others up to 5
	Good mechanical strength and mechanical flexibility, low grain-boundary resistance
	Sensitive to moisture, low oxidation stability, poor compatibility with sodium metal



	Boron

hydrides
	Na2-x(B12H12)x(B10H10)1−x

Na2-x(CB11H12)x(B12H12)1−x etc.
	10−4−10−2
	Up to 5
	Wide electrochemical stability windows, stability with sodium metal, high thermal and chemical stability, and stability in air
	Limited researches, large interfacial resistance










 





Table 2. Comparison of the solid electrolytes and their ionic conductivities.
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	Solid Electrolyte
	Ionic Conductivity (mS cm−1)
	Reference





	LISICON Li14Zn(GeO4)4
	125 (300 °C)
	[153]



	LiZr2(PO4)3
	12 (300 °C)
	[264]



	LiPON
	0.002
	[154]



	Na2.88Sb0.88W0.12S4
	32
	[162]



	Na2−x(CB11H12)x(B12H12)1−x
	2
	[16]



	Li7P3S11
	45.66
	[23]



	Na7P3S11
	10.97
	[23]



	NASICON Na3Zr2PSi2O12
	200 (300 °C)
	[166]



	MgZr4(PO4)6
	6.1 (800 °C)
	[265]



	ZnZr4(PO4)6
	3.7 (800 °C)
	[265]



	Composite of LiTFSI/PEGDA/succinonitrile plasticizer
	0.43
	[197]



	Composite of polyether-based polymer/inorganic Na3Zr2Si2PO12 (NZSP)
	0.01
	[200]



	Na11Sn2PSe12 (NSPSe)
	1
	[216]



	Sm1−xCaxF3−x (0 ≤ x ≤ 0.15)
	0.01–0.001
	[217]



	(100−x)(0.6MgS·0.4P2S5) · xMgI2 (0 ≤ x ≤ 30)
	0.00021 (200 °C)
	[221]



	MgS-P2S5-MgI2
	0.00021
	[221]



	Garnet Li6.4Al0.233La3Zr1.95Ca0.05O12
	0.52
	[223]



	Na2B12H12
	0.0001
	[179]



	β″-Al2O
	0.00024 (300 °C)
	[179]



	LiNaB12H12
	0.00079 (280 °C)
	[179]



	Mg(en)1(BH4)
	0.06 (70 °C)
	[249]



	Mg(diglyme)0.5(BH4)2
	0.02 (70 °C)
	[247]



	Mg3(NH2)2(BH4)4
	0.04 (100 °C)
	[250]



	Mg(BH4)2NH3
	0.33 (70 °C)
	[251]

