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Abstract

:

Metal–sulfur batteries, especially lithium/sodium–sulfur (Li/Na-S) batteries, have attracted widespread attention for large-scale energy application due to their superior theoretical energy density, low cost of sulfur compared to conventional lithium-ion battery (LIBs) cathodes and environmental sustainability. Despite these advantages, metal–sulfur batteries face many fundamental challenges which have put them on the back foot. The use of ether-based liquid electrolyte has brought metal–sulfur batteries to a critical stage by causing intermediate polysulfide dissolution which results in poor cycling life and safety concerns. Replacement of the ether-based liquid electrolyte by a solid electrolyte (SEs) has overcome these challenges to a large extent. This review describes the recent development and progress of solid electrolytes for all-solid-state Li/Na-S batteries. This article begins with a basic introduction to metal–sulfur batteries and explains their challenges. We will discuss the drawbacks of the using liquid organic electrolytes and the advantages of replacing liquid electrolytes with solid electrolytes. This article will also explain the fundamental requirements of solid electrolytes in meeting the practical applications of all solid-state metal–sulfur batteries, as well as the electrode–electrolyte interfaces of all solid-state Li/Na-S batteries.
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1. Introduction


Over the past 25–30 years, Li-ion batteries (LIBs) have attained immense success not only in portable applications, but also in the large-scale application. The ability of LIBs to provide the solutions of energy requirement for transportation such as two-wheelers, four-wheelers and flying electric vehicles are broadly accepted and explored in both industry and academia [1]. However, intercalation-based LIBs, in fulfilling all the large-scale energy storage demands, suffer from safety, cost and raw materials issues [2]. The reliance of LIBs cathodes on transition metals (mainly nickel and cobalt in NCM cathodes) and the flammability of liquid electrolytes are a critical hindrance to the development of LIBs for large scale energy applications [3]. In order to attain rechargeable batteries with a high-energy-density, earth-abundant cathode (e.g., sulfur) have been explored in the past 10–15 years or more [4]. The transition from intercalation-based energy storage to conversion-based energy storage has resulted in enormous improvements in specific capacity [5]. In this regard, rechargeable lithium–sulfur (Li-S) batteries open up a new direction for large scale energy storage. Sulfur has high theoretical capacity (1675 mAhg−1) which is four to five times higher than that of the conventional LIBs cathode (e.g., theoretical capacity of NCA cathode is 274 mAhg−1) [6,7,8,9,10]. In addition to the high theoretical capacity, sulfur is really cheap compared to the LIBs cathode, which makes the Li-S cost much cheaper than that of the LIBs. Although the Li-S system has several advantages, the Li-S system faces many challenges which put this system on the back foot and hinder their large-scale production [11,12,13,14]. The discharge of the Li-S system is not a single step process; it is a multistep reaction which involves the formation of various intermediate polysulfides. Some of the higher order polysulfides such as Li2S8, Li2S6, etc., are soluble into the ether-based electrolyte. Once these higher order intermediate polysulfides dissolve into the electrolyte, they start migrating between the electrodes and this phenomenon is called the “polysulfides shuttle” [15,16,17,18]. The polysulfides shuttle results in low utilization of active sulfur, anode poisoning and poor cell performance [19,20,21,22]. Few industries (such as Oxis Energy, Sion Power) have started working in the field of Li-S batteries but their energy output is very low compared to that of the theoretical value, which is not enough to fulfil the large-scale energy demand [23]. In order to obtain stable and high-performance Li-S batteries, we need to find a way to minimize the dissolution of higher order intermediate polysulfides. In this regard, many efforts have been made to confine/entrap the higher order polysulfides at the cathode center by designing a carbonaceous host. However, the complete elimination of polysulfide dissolution has not yet been attained, which results in the unstable and poor performance of the Li-S cell. In addition to the challenges associated with sulfur cathode safety, the high cost of lithium metal anodes is another concern in the commercialization of the Li-S battery. To solve these issues, research programs are also going on to replace lithium anodes with sodium anodes. As sodium shows a redox behavior similar to the lithium anode, research is going to develop a sodium-based sulfur battery by replacing the lithium anode. Sodium is more abundant than lithium which will result in a cheaper sodium–sulfur (Na-S) battery compared to that of Li-S [24]. High temperature sodium–sulfur (HT Na-S) batteries have been commercialized for a few decades, but the operation temperature of this cell is very high (~300 °C). Maintaining such a high temperature will increase the cost of operation. Moreover, HT Na-S cells are not safe to operate. Current research is going to develop Na-S batteries at room temperature [25,26]. The problems associated with RT Na-S batteries are very similar to that of Li-S batteries i.e., “polysulfides shuttle”. Replacement of ether-based liquid organic electrolytes by solid electrolytes (SEs) is one of the proposed solutions to these challenges. Various efforts have been made to reduce polysulfide dissolution by utilizing SEs such as polymer electrolytes, inorganic solid electrolytes and composite solid electrolytes [27]. However, low electrochemical stability window, poor interfaces contact, and low ionic conductivity limit the battery performance. Thus, the development of new SEs with high ionic conductivity, high electrochemical stability and good interface contact is required for commercial application of the all-solid-state Li/Na-S batteries. In this review article, we will discuss the recent development and progress in the field of solid electrolytes for all-solid-state Li/Na-S batteries. This review article will start with a basic introduction to metal(Li, Na)–sulfur batteries, their working principal and the challenges associated with them. We will further discuss the disadvantages of using liquid electrolytes and the advantages of their replacement by solid electrolytes. Additionally, we will discuss the fundamental requirement of a potential solid electrolyte and, finally, we will discuss about the latest progress in solid electrolytes for all-solid-state metal(Li, Na)–sulfur battery applications.



1.1. Li-S Battery


Among the metal–sulfur batteries, lithium–sulfur (Li-S) batteries are very attractive and have great potential for a range of future mobile to large-scale immobile applications [28]. Sulfur cathodes have a very high theoretical capacity of 1675 mAhg−1 and a gravimetric energy density (specific energy) of 2615 WhKg−1, based on the weight of sulfur (theoretical capacity of discharge product: 1166 mAhg−1, cell voltage: 2.24 V). This energy density value is much higher compared to the lithium intercalation compounds (e.g., Panasonic 6752 T cell used in Tesla’s model 3 have an energy density 260 Whkg−1). However, despite the theoretically high specific energy, Li-S batteries are still in the nascent stages of development and commercialization; there are many fundamental challenges associated with Li-S batteries which have not been effectively solved [29,30,31].



Working principal of the Li-S battery: The Li-S cell (or cells ≡ battery) contains lithium metal as the anode and sulfur as the cathode. The electrolyte typically comprises a lithium-salt (viz. lithium (trifluoromethane sulfonyl) imide (LiTFSI)) in a 1:1 ratio of 1,3-Dioxolane (DOL) and 1,2-Dimethoxyethane (DME). Figure 1a schematically depicts the configuration of a Li-S battery with lithium metal as an anode, cathode (C/S and CoNi2S4/S) and ether-based electrolyte. The process of reduction of sulfur during discharge and oxidation during charge is very different from the lithium-ion battery (LIBs) systems [32]. In the case of LIBs, charging promotes the transition metal in the intercalation electrode material to a higher oxidation state. The extra increase in charge is balanced by the exit of Li-ions to the anode. The reverse process involves the restoration of the initial oxidation state of the transition metal, enabling the re-entry of the removed Li-ions [33,34]. In case of sulfur, the process of full reduction of sulfur involves 2e-, resulting in the formation of Li2S as the end product [35]. Thus, Li-S functions using a conversion reaction contrary to the LIBs which are based on intercalation chemistry. During the charge cycle, Li2S at the cathode converts to Li and sulfur. However, the redox reactions in both directions in a Li-S battery are non-trivial due to the occurrence of several intermediate steps [36,37,38,39,40]. The electrochemistry involved in the Li-S cell operation is more complex than the other energy storage system based on conversion reactions. The conversion of sulfur to Li2S is not a one-step reaction. Figure 1b shows the cyclic voltammetry (CV) of a typical Li-S cell with conventional C/S as the cathode, which confirms that the sulfur electrochemical process is not a single step process. The Li-S reduction process has two stages reaction.



The reduction peak appeared at 2.25 V is due to the reduction of sulfur (S8) to higher-order intermediate polysulfides (Li2Sx, x ≥ 4):



S8 + 2Li → Li2S8 at 2.25 V;



3Li2S8 + 2Li → 4Li2S6 at 2.23 V;



2Li2S8 + 2Li → 3Li2S4 at 2.2 V.



The second peak appeared at lower voltage 1.8 V due to the additional reduction of the higher order intermediate polysulfides to lower order intermediate polysulfides (Li2Sx, 1< x< 4) and Li2S:



Li2S4 + 2Li → 2Li2S2 at 1.8 V;



Li2S2 + 2Li → 2Li2S at 1.75 V.



Even though the actual mechanism is more complex, a simplified working model (in terms of the various chemical reactions as summarized above) is highly beneficial towards comprehensive understanding of the underlying mechanisms. An important issue, which is hard to confer experimentally, is the kinetics of the various polysulfides. The theoretical assumption is that the systematic formation of polysulfides (during discharge) generally does not occur, leading to additional complexities [42,43,44,45]. Chemical association and dissociation reactions in solutions maintain an almost stable concentration of the electrochemically active intermediates until polysulfides phase transitions take place.



Challenges and possible solutions of Li-S batteries: In spite of several advantages associated with Li-S battery system, there are several detrimental concerns associated with the S-cathode in Li-S batteries (as well in other metal–sulfur batteries) which directly affects the battery performance. These issues have impeded the commercialization of the rechargeable Li-S batteries. The important issues associated with the Li-S system are as follows.



Poor conductivity of element sulfur: The conductivity (i.e., ionic and electronic) of sulfur is extremely low (ionic conductivity ≈ 10−17 Scm−1, electronic conductivity ≈ 10−30 Scm−1) [46]. The final discharge product formed at cathode Li2S is also an electronic insulator (conductivity ≈ 10−13 S cm−1) [47]. To nullify/minimize this issue associated with sulfur, close contact with conductive host such as carbon is typically used [48]. Sulfur nanometer sized particles also result in better contact with conductive additives and simultaneously decrease the diffusion path for electrons and lithium ions. An innovative solution in this regard would be to use a conductive additive in the sulfur cathode which, in addition, will aid in entrapping the intermediate polysulfides [49]. This strategy will increase the overall conductivity of the cathode and result in higher sulfur loading and utilization.



Dissolution of intermediate polysulfides: As discussed earlier, a Li-S battery comprises of C/S cathodes, lithium metal anode and an ether-based liquid electrolyte (contrary to the carbonate-based solvents as used in LIBs). During the discharge cycle, various intermediate polysulfides form at the cathode. These intermediate polysulfides are soluble in ether-based electrolytes and result in loss of active sulfur during the battery cycling. The higher order polysulfides formed at the cathode tend to migrate towards the anode, where they undergo some parasitic reaction at the anode surface [50]. This results in inactivation of the lithium anode and causes cell degradation. The formation of polysulfides is necessary as well as detrimental for the working of the Li-S battery. Thus, the optimum balance between formation and dissolution of polysulfides needs to be targeted, which essentially involves maintaining a steady and low amount of polysulfide in the electrolyte. To maintain the balance concentration of the intermediate polysulfides in the electrolyte, several strategies have been followed. Encapsulating the sulfur inside a porous conducting host is one of the widely used approaches for prevention of the leaching out of intermediate polysulfides into the electrolyte [51,52,53]. There have been extensive works undertaken in this direction by encapsulating sulfur in various conducting matrices (e.g., porous carbon, graphene, conducting polymers, carbon nanotubes and conducting metal oxides). Apart from incapsulating the sulfur inside the conducting host, several other strategies have also been used, such as using a conductive additive inside the cathode [54,55,56,57].



Shuttle effect: Various soluble intermediate polysulfides are formed during the electrochemical processes in the Li-S battery. The Gibbs free energy of the various intermediate polysulfides species (Li2Sx; 2 ≤ x ≥ 8) are close and coexist in solution [8]. This results in the migration of the anionic polysulfides towards the lithium anode. This is accompanied by the reduction of the high-order polysulfides (Li2Sx; 6 ≤ x ≥ 8) to low-order polysulfides at the lithium metal anode, which retraces to the cathode on reversal of potential. These polysulfides do not undergo the process of oxidation and reduction actively and are hence called the polysulfide shuttle. The massive extent of polysulfide dissolution enhances this effect, which manifests as extremely long charging profiles in the Li-S battery. This, in turn, affects the Coulombic efficiency, thereby leading to high self-discharge rates and short cycle life. The problem of shuttle effect can only be solved by trapping the polysulfides explicitly inside the cathode.



Volume expansion during cycling: The electrochemical discharge of Li-S batteries involves a 2e- conversion process, which is much higher than the case of typical intercalation storage as observed in LIBs. A massive structural reorientation associated with the changes in crystal structure occurs during the conversion process. This influences the density of the material before and after the reduction process and is manifested as a change in volume. Studies on volume change shows that there is an 80% increase in volume upon the formation of Li2S from sulfur (molar volume of Li2S = 28 mL mol−1 versus molar volume of sulfur 15.5 mL mol−1) [58]. In the case of Na, the volume changes are much higher. The volume changes are unavoidable, which leads to structural destabilization and eventually leading to the pulverization of the cathode. The changes in volume and pulverization can be avoided only by hosting sulfur in a porous/hollow matrix with high flexibility and elastic modulus. However, some of the recent work confirm that Li-S batteries have achieved excellent performance (initial capacity: 1400 mAhg−1, cycling stability: 200 cycles, excellent rate capability C/10–2C) [41,59].




1.2. Sodium Sulfur (Na-S) Battery


In addition to the challenges associated with sulfur cathode, safety and the high cost of lithium metal anodes is another concern in the commercialization of Li-S batteries. To solve this issue, research programs are going to replace lithium anodes with sodium anodes. As sodium shows a redox behavior similar to the lithium anode, research is going to develop a sodium-based sulfur battery by replacing the lithium anode [60,61]. Sodium is much more abundant than lithium, which will result in cheaper sodium–sulfur (Na-S) batteries compared to the Li-S [62]. Owing to these advantages, the early literature is mainly based on high temperature sodium–sulfur (HT Na-S) batteries. The HT Na-S cell has a similar configuration, as shown in Figure 2, where an Na anode and sulfur cathode is used in molten state. Instead of separator, a sodium β-alumina tube is used which acts as both separator and electrolyte. The first industrial application of the HT NaS cell was demonstrated in 2002 for electric power generation. This HT Na-S battery has several advantages such as excellent cycling life, high specific energy density (760 Wh kg−1), high efficiency (~100%), etc. Additionally, the low production cost of the cells makes them excellent choices for large scale energy storage [63,64,65]. However, the very high operation temperature of this system (300–350 °C) increases the maintenance cost and introduces safety problems [66,67,68]. These serious disadvantages associated with HT Na-S batteries paved the way for the exploration of the Na-S conversion chemistry at room temperature [69,70].



Development of RT Na-S battery and its operating principle: Due to the several advantages of the Na-S system for large scale energy storage, research is going to develop the Na-S battery at room temperature. As shown in Figure 3a, a RT Na-S cell comprising a sodium metal anode, composite sulfur cathode and a solution of sodium salt (e.g., NaClO4, NaPF6, NaTFSI) in an organic solvent mixture (e.g., EC/PC, EC/DME, DOL/DME) electrolyte. Similar to the Li-S cell, during the discharge cycle, oxidation of Na+ takes place at the anode and the Na+ ion migrates towards the cathode through the electrolyte. The electron moved towards the cathode through the external circuit, resulting in the generation of electrical current. On the cathode side, sulfur reduced to form various intermediate sodium polysulfides by reacting with the Na+ ion.



The reaction involved in the charge/discharge process of the RT Na-S cell is as follows:



Anode: Na → Na+ + e-;



Cathode: nS + 2Na+ + 2e- ↔ Na2Sn (4 ≤ n ≤ 8).



As shown in Figure 3b, the first discharge cycle is divided into four different regions. The Ι-Region represents a high-voltage plateau region, which shows the solid–liquid transition from element sulfur to higher order sodium polysulfides:



S8 + 2Na+ + 2e- → Na2.



II-Region shows the liquid–liquid reaction from the dissolved Na2S8 to Na2S4:



Na2S8 + 2Na+ + 2e- → Na2S8.



III-Region shows the liquid –solid transition from the dissolved Na2S4 to insoluble Na2S3 or Na2S2:



Na2S4 + 3/2Na+ + 2/3e- → 4/3Na2S3;



Na2S4 + 2Na+ + 2e- → 2Na2S2;



Na2S4 + 6Na+ + 6e- → 4Na2S2.



IV-Region shows the solid-to-solid conversion (i.e., Na2S2 to Na2S):



Na2S2 + 2Na+ + 2e- → 2Na2S.



Out of the four different regions of the Na-S discharge process, the second region is the complex one and it is governed by the equilibria between the different types of intermediate polysulfides. The final discharge products, such as Na2S2 and Na2S, are insulating and make the IV-Region kinetically unfavorable, resulting in high voltage polarization [69,71,72,73].
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Figure 3. (a) Schematic representation of the room-temperature sodium–sulfur (RT Na-S battery); (b) typical discharge profile of RT Na/S battery. (Reprinted with permission from [69,73]; Copyright 2014, ChemElectroChem 2014, 1, 1275–1280.) 
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Challenges for RT Na-S batteries: The problems associated with the Li-S battery carry over to the RT Na-S battery and become even more aggravated in the latter case. This results in a low active materials utilization, less capacity and poor cycle life of the RT Na-S cell. A detailed discussion on these points is provided below:



Insulating nature of sulfur and sodium polysulfides: Elemental sulfur (S8) and intermediate polysulfides, formed during the discharge (e.g., Na2S2 and Na2S), are insulating in nature. As a result, to improve the conductivity of the cathode, a high fraction of a conductive material is required. This results in the decrease in the loading of active sulfur in the cathode.



Volume change: Due to the larger ionic size of Na+ (ionic radius of Na+ = 0.95) compared to Li+(ionic radius of Li+ = 0.60), the volume expansion in the Na-S system is expected to be higher [74]. The volume expansion in the case of the Na-S system is much higher (260%) compares to the Li-S system (80%). The drastic volume change of cathode weakens the mechanical integrity of the host, thereby reducing the sulfur–host matrix contacts, resulting in a capacity fade.



Dissolution of intermediate polysulfides: The dissolved polysulfides contaminate the electrolyte. The leaching out of the active mass from the cathode, affecting the anode surface with deposits resulting from the disproportionation of polysulfides into insoluble non-conductive sulfides, persists in this case as well.



Formation of sodium dendrites: Due to the non-homogeneous deposition of Na, Na-dendrites may form and grow in an uncontrolled manner, leading to the shorting of the cell [75,76,77,78,79]. Figure 4 shows a schematic representation of challenges in metal (Li/Na)–sulfur batteries.





2. Replacement of Liquid Organic Electrolyte with Solid Electrolytes (SEs)


Currently, there is enormous work going on to control the challenges associated with uses of liquid electrolyte in metal–sulfur batteries. In the literature, many ideas have been proposed to reduce the intermediate polysulfide dissolution such as modification in the cathode, anode, electrolyte and separators [80,81,82]. All these efforts help to decrease the dissolution of polysulfides to some extent. An additional strategy is to confine the liquid electrolyte in a polymer matrix to entrap the intermediate polysulfides [83,84,85]. Although enormous attempts were made to improve the performance of metal–sulfur batteries, the intermediate polysulfide dissolution, anode corrosion, remains a challenge in the conventional metal–sulfur batteries. Replacement of ether-based liquid organic electrolytes by solid electrolytes (SEs) is one of the efficient solutions to these challenges. Solid electrolytes serve as electrochemical barriers between cathode and anode and restrict the polysulfides shuttle. The structure of solid electrolyte is mechanically robust, which also restricts the dendrite growth on the anode side which reduces the risk of short circuiting the cell and improves its safety. Therefore, SEs are potential alternatives to liquid organic electrolytes in metal–sulfur batteries. These SEs should have high electrochemical window, good mechanical properties, excellent RT ionic conductivity, negligible polysulfide dissolution and better thermal stability [86]. Additionally, the SEs provide a uniform and compact structure between anode and cathode, which improves the safety of the cell. The progress in the SEs research requires properties such as high ionic conductivity, good mechanical strength, low interfacial resistance and easy fabrication process [87,88,89,90]. In the past few years, various SEs, such as polymer-based solid electrolyte, inorganic solid electrolytes (viz. oxides-based SEs and sulfides-based SEs), composite solid electrolytes, etc., have been reported in the solid-state metal–sulfur batteries. However, low electrochemical stability window, poor interfaces contact, and low ionic conductivity limit the battery performance. In the past few years, many reviews on the SEs of metal–sulfur batteries have been reported. However, these review articles mostly discuss the challenges and possible solutions of SEs and very few reports have described the desire criteria for SEs. Therefore, before describing the progress in the development of SEs for metal–sulfur batteries, we will first provide a basic introduction to all-solid-state metal–sulfur batteries and the fundamental requirements for an electrolyte to meet the practical applications of all-solid-state metal–sulfur batteries. Later, we will focus on the recent progress in SEs and the understanding of the electrode–electrolyte interfaces of all-solid-state Li/Na-S batteries.




3. All-solid-state Metal–sulfur Batteries


All-solid-state metal (Li, Na)–sulfur batteries consist of three components: (1) Li/Na metal anode; (2) solid electrolyte; (3) Sulfur at the cathode, as shown in Figure 5. The sulfur has much less conductivity (10−30 S cm−1). Therefore, we need to add 15–20% of conducting materials in order to improve the conductivity of the sulfur cathode. Similar to the conventional metal–sulfur battery, metal (Li/Na) is directly used as the anode. This results in high specific capacity and high energy density of the cell. Some of the reported metal alloys (e.g., LiIn, LiSn, etc.) have been reported to reduce the dendrite growth during battery cycling. Replacement of liquid electrolyte into SEs results in the direct conversion of elemental sulfur (S8) to metal sulfids (Li2S, Na2S) during discharge. Formation of intermediate polysulfides does not take place, especially in the case of an inorganic solid electrolyte. The conventional Li-S cell with liquid organic electrolyte shows good interfacial properties; the low interfacial resistance is occurring due to the good wetting of sulfur cathode with liquid electrolyte. However, the interface in the all-solid-state Li-S batteries shows high impedance due to the poor contact between sulfur cathode and solid electrolyte. Additionally, the poor conductivity (ionic + electronic) of sulfur cathode, low utilization of sulfur into the cathode, dendrite growth on the anode and high thickness of solid electrolyte are the challenges faced by this system which restrict the large-scale application of this system. Various efforts have been made to solve such issues by designing the high conducting sulfur cathode. Utilization of solid electrolyte into the cathode is an efficient way to solve such issues. In recent years, people have utilized high-energy ball-milling to make the composite electrode by mixing sulfur cathode with solid electrolyte and conducting carbon. However, in the present review article, we only focus on the solid electrolyte and do not report the issue that S affects the electrochemistry of the cell. Design of sulfur cathode, loading of sulfur and the effect of sulfur in the electrochemistry are beyond the scope of this review article.




4. Fundamental Requirements of Solid Electrolyte to Meet the Practical Applications


The electrolyte is the most important component of the electrochemical cell. It allows ion conduction between both electrodes. As discussed earlier, most research focused on metal–sulfur batteries has utilized ether-based liquid organic electrolyte. The use of liquid organic electrolytes is beneficial due to their high ionic conductivity, ease of processing and good wetting capabilities of the electrode materials. Nevertheless, the usage of organic solvents is imposing some critical technical and practical limitations. These limitations are related to safety issues (due to electrolyte flammability), longevity issues (due to electrolyte degradation and volatility) and the limited energy density of the battery (due to the solvent’s limited electrochemical stability) [91,92,93,94,95,96,97]. In recent years, there has been increased interest in developing solid electrolytes (SEs) for all-solid-state Li/Na-sulfur batteries. All-solid-state Li/Na-sulfur batteries could potentially increase the current volumetric/specific energy density. Furthermore, eliminating the volatile organic electrolyte in all-solid-state Li/Na-sulfur will significantly improve the safety of the battery and extend the operating temperature of the cell. Hence, replacement of liquid electrolyte with solid electrolyte is required for high performance and a safe battery. Ideal SEs should have the following properties: high ionic conductivity, negligible electronic conductance, high Li+/Na+ transference number, wide electrochemical stability window, good thermal stability, good mechanical strength, less interfacial resistance and low cost and facile synthesis. In the following section we will discuss some of the fundamental properties required by a solid electrolyte to meet the practical applications.



Ionic conductivity: High ionic conductivity is one of the most necessary parameters of a SEs to meet the practical application of all solid–state metal–sulfur batteries. High ionic conductivity of SEs accelerates the ion transport between the electrode resulting in better cell performance. The ionic conductivity of the SEs is related to the crystal structure of the materials. The ionic conductivity is dependent on defects in the crystal structures. There are many types of defects, such as point defects, plan defects, line defects and volume defects. Amongst all the defects, the point defects play an important role in the ion-conduction of the materials. For any SEs materials, point defects govern the ionic conductivity of the materials and the crystal structure of SEs, which includes the spatial arrangement of the motionless framework and mobile ions. The interaction between Li+/Na+ ions and the motionless framework has a significant effect on the Li-ion migration. Previous reports in the field of SEs have shown that the mobile ion diffusion around the grain boundaries is the rate determining step. The high fraction of grain boundaries provides an efficient ion-transport path which results in a high conductivity value for SEs. Polymer solid electrolytes show less ionic conductivity compared to that of inorganic solid electrolytes. For example, oxide-based solid electrolytes such as Li3.3La0.56TiO3 (LLTO), Li7La3Zr2O12 (LLZO), LiTi2(PO4)3 (NASICON) and Li14Zn(GeO4)4 (LISICON) show ionic conductivity 10−4 S cm−1; however, polymer electrolytes show an ionic conductivity that is two order lower (≈10−6 Scm−1) than that of inorganic solid electrolytes [98,99,100,101]. Very few of the inorganic SEs show high ionic conductivity ((≈10−3 Scm−1). NASICON-type Li1.3AL0.3Ti1.7(PO4)3 and Li3PS4 are the example of SEs which show excellent ionic conductivity (10−3 S cm−1) at room temperature [102,103,104,105,106].



High cation transference number: The ratio of the electric current driven by cation (Li+, Na+, etc.) to the total electric current is defined as the transference number. The higher transference number means higher ionic conductivity of the solid electrolyte. A large transference number results in less charge/discharge polarization and thus improves the electrochemical performance of the solid electrolyte. It is extremely advantageous that the transference number of the cation (Li+, Na+, etc.) should be close to 1 in an electrolyte system. However, most of the reported electrolytes show a transference number of less than 1. An ideal solid electrolyte should have a high cation transference number. In general, a solid electrolyte with a high transference number shows rapid charge/discharge characteristics [107,108].



Interfacial compatibility: All the components of all-solid-state metal–sulfur batteries are comprised of solid materials. An unstable, highly resistive interface formation takes place at the SEs cathode interface. Various research is being undertaken to improve the compatibility of the solid electrolyte–sulfur/cathode interface. Inorganic solid electrolyte interfaces show more prominent incompatibility with the sulfur cathode compared to that of the polymer-based solid electrolyte. High polarization and slow kinetics occur during the galvanostatic charge/discharge due to the highly resistive interface. Various strategies have been used in recent years to solve the interface problem in all-solid-state metal–sulfur batteries such as introducing the additional layers to the cathode/anode to increase the contact area via various deposition technology [109]. We need to choose a solid electrolyte which shows compatibility with the sulfur-based cathode in order to obtain stable all-solid-state metal–sulfur batteries.



Electrochemical stability: The ability of an electrolyte to maintain stable physical and chemical properties during charge/discharge in the given voltage range is known as electrochemical stability. We need to choose the SEs in such a way that they maintain electrochemical stability during the cycling of the cell in the given voltage range. Metal–sulfur batteries used highly reactive metal (Li/Na) as an anode. These metal anodes can easily react with electrolytes and result in electrochemical uncertainty in the system. Solid polymer electrolytes show stable electrochemical stability against the sulfur cathode compared to inorganic sulfide-based solid electrolytes. Inorganic sulfides-based solid electrolytes show low interfacial resistance and high ionic conductivity which makes them a potential candidate among various SEs. Despite of high conductivity and good interfacial property, sulfides-based electrolytes are sensitive to water and very reactive towards lithium metal, which substantially limits the application of these electrolyte [110,111,112]. Advantages and disadvantages of the different electrolyte systems discussed in the present review are summarized in Table 1.




5. Recent Progress in Solid Electrolyte for Li-S Batteries


The most important component of the rechargeable batteries is the electrolyte. It transports the ion between both electrodes. Most of the literature on metal–sulfur batteries uses liquid organic electrolyte (Such as: LiTFSI in DOL/DME). Due to the use of the liquid electrolyte, metal–sulfur battery technology faces some critical challenges which restricts the commercialization of metal–sulfur batteries. The energy storage process in the Li-S cell is not a single-step process; it involves many steps of the reversible conversion of elemental sulfur (S8) to metal–sulfide. During the discharge process various intermediate polysulfides forms at the cathode. Some of the higher order polysulfides (such as Li2S8, Li2S6) are soluble into the ether-based liquid electrolyte. Once the higher order polysulfides dissolved into the electrolyte, they migrate between both the electrode and resulting in low utilization of active sulfur, poor cycle life and low capacity. Additionally, the high flammability, high volatility, and low boiling point of the solvent used in electrolyte (such as: DOL, DME, TEGDME etc.) increases the safety issues. Therefore, there is a strong need to explore the new electrolyte through which we can get rid of the challenges associated with liquid organic electrolyte. Replacement of liquid organic electrolyte by solid electrolyte (SEs) is one of the proposed solutions of these challenges. In the recent research, solid electrolytes (SEs) are broadly categorized into three types depending on the physical and electrochemical properties: inorganic solid electrolyte, polymer electrolyte and composite solid electrolytes. Currently, most of the solid electrolytes face challenges such as low ionic conductivity, poor solid electrolyte interfaces, low electrochemical stability window and high resistance at the interface.



Different electrolyte systems have different ion-conduction mechanisms. Ionic conductivity in the liquid electrolyte is taking place by movement of solvated ions in the solvent. The ionic conductivity can be improved by ion concentration and ion dissociation in the solvents. The ion dissociation is governed by the dielectric constant of the electrolyte. The salt with a high value of dielectric constant will have high dissociation. The viscosity of the solvents also has the effect on ion conduction of the electrolyte. The highly viscous solvent results in low ionic conductivity. In contrast, the ion conduction in the solid electrolyte is related to the crystal structure of the solid electrolyte materials. The ion conduction is dependent on the defect of the crystal structures. Defects include point defects, plan defects, line defects and volume defects. Amongst all the defects, the point defects play an important role in the ion-conduction of the materials. For any SEs materials, point defects govern the ionic conductivity of the materials and the crystal structure of SEs, which includes spatial arrangement of the motionless framework and mobile ions. The interaction between Li+/Na+ ions and the motionless framework has a significant effect on Li+/Na+-ion migration. In the following section of the review article, we will discuss the recent progress of SEs in all-solid-state Li-S batteries. The pros and cons of all the electrolyte system will be discussed and future perspective will be described systematically.



5.1. Inorganic Solid Electrolyte


Inorganic solid electrolytes show improved electrochemical stability window, high ionic conductivity, better mechanical strength, and thermal stability. Additionally, inorganic solid electrolytes restrict polysulfide dissolution and inhibit the polysulfide shuttle between anode and cathode. The wide electrochemical window of the inorganic solid electrolyte matches well with the high-voltage cathode which results in metal–sulfur batteries with improved specific energy density. The high mechanical strength of inorganic solid electrolyte forms a robust structure between anode and sulfur cathode which restrict the short circuit caused by dendrite growth. In the current research, the inorganic solid electrolyte consists of two widely studied group of materials: oxide inorganic solid electrolyte and sulfides inorganic solid electrolyte. Glasses and glass ceramic ionic conductors fall under sulfides-based SEs. On the other hand, LISICON, NASICON, garnet-based and perovskite-based SEs collectively fall under oxide-based solid electrolytes. Despite of high ionic conductivity and wide electrochemical window, inorganic solid electrolytes suffer with high contact resistance. The high contact resistance and poor interface arises due to the stiff contact between SEs and sulfur cathode. We will discuss the current progress in the field of inorganic solid electrolyte (viz. oxide-based and sulfides-based solid electrolyte) in the following section.



Oxide-based inorganic solid electrolyte: The oxide-based solid electrolyte shows high ionic conductivity, wide electrochemical stability window and good mechanical strength compared to the polymer-based solid electrolyte. These solid electrolytes are broadly divided into NASICON-type, perovskite-type, garnet-type and LISICON type electrolytes. The commercial utilization of such electrolytes is hindered by their poor interface, stiff nature and high interfacial resistance. The perovskite-type Li3xLA2/3-xTiO3 (LLTO) electrolytes with high ionic conductivity (≈10−4 Scm−1) have been wildly used in Zn-ion batteries [113,114,115]. LLZO is another class of oxide solid electrolyte which also shows excellent ionic conductivity (≈10−3–10−4 Scm−1) and is wildly used in the literature. The ionic conductivity of Li7La3Zr2O12 (LLZO) electrolytes is reported as 7.74 × 10−4 S cm−1 at room temperature [116]. It was also reported that the high valence doping of Ta in LLZO will improve the ionic conductivity of the solid electrolyte to 10−3 Scm−1. The composition of the Ta doped LLZO solid electrolyte is Li6.4La3Zr1.4Ta0.6O12 (LLZTO), which shows good stability with the Li metal anode [117]. High interfacial resistance is the major issue which hindered the practical application of LLZO-based solid electrolytes. Many research strategies have been proposed to solve this issue. Utilizing a conducting layer between the electrode and LLZO electrolyte is a well-known method to solve such issue. Yijun et al. have developed a composite anode to improve the ionic and electronic conductivity. They have utilized Li3N as an ionic conductivity phase and Fe-Fe3C as an electronic conductivity phase. A facile route was employed to obtain the composite anode by reacting Prussian blue (PB) and molten Li. This composite anode shows interfacial properties with the Li6.4La3Zr1.4Ta0.6O12 (LLZO) solid electrolyte [118]. Figure 6 shows the material characterization and ionic/electronic pathway for the Li3N/Fe-Fe3C-based composite anode. The introduction of an aluminum nitride layer is also proposed to improve the interfacial contact between the lithium anode and the LLZO cathode [119]. Coating the surface of LLZO with L-Nafion also improved the interface between the anode and the LLZO solid electrolytes. This strategy reduced the polysulfides shuttle and improved the cycling performance of all-solid-state Li-sulfur batteries [102].



Even though LLTO solid electrolytes show wide electrochemical stability window and good mechanical strength, their performance is limited by the poor interfacial contact. Here, also, it is important to improve the interfacial properties and increase the ion conductivity. SnS2 coating is conducted on garnet-based solid electrolyte (LLTO) to reduce the interfacial resistance of all-solid-state lithium–sulfur batteries. SnS2 coating has improved the battery performance of all-solid-state lithium sulfur batteries [120]. A composite bilayer framework of LLTO/PEO composite electrolyte and 3D CNF/S cathode is proposed, which shows improved ion-transport and enhances the interfacial stability of the electrolyte [121]. In recently published work, Xin et al. have cladded an electron deficient Li2B4O7 nanoparticle with carbon nanofibers (LBN-CNF) and used as an interlayer for all solid-state Li-S battery [122]. Xingwen et al. have used a NASICON-type (Li1+xYxZr2-x(PO4)3 oxide-based solid electrolyte for all-solid-state Li-S battery. They observed a significant improvement in the cell performance and a reduction in polysulfide dissolution [123]. A schematic of the all-solid-state Li-S cell using NASICON-type (Li1+xYxZr2-x(PO4)3 solid electrolyte is shown in Figure 7a. The NASICON-type (Li1+xYxZr2-x(PO4)3 membrane is acting as solid electrolyte (Li+-ion conductor) as well as separator (electronic insulator). A piece of thin polypropylene film was introduced between the lithium anode and the solid electrolyte to insure the superficial ionic interface. Figure 7b shows the voltage versus time plot of the all-solid-state Li-S cell. The voltage profile of the cell shows two plateaus which is similar to the conventional Li-S cell with the liquid organic electrolyte. Figure 7c shows the cyclic voltammetry of the all-solid-state Li-S cell using the NASICON-type (Li1+xYxZr2-x(PO4)3 solid electrolyte. Cyclic voltammogram shows the anodic peak with more positive potential and the cathodic peak with more negative potential for the initial 1.5 cycles. After the second cycle, there is negligible difference between potential position. Figure 7d shows the galvanostatic charge/discharge of the all-solid-state Li-S cell at different current rates. It is observed from the galvanostatic charge/discharge curve that there is a significant decrease in the specific capacity of the cell with increasing current rates. Figure 7e,f shows the discharge capacity and coulombic efficiency of the all-solid-state Li-S cell as a function the of number of cycles.



Sulfides-based inorganic solid electrolyte: The sulfides-based inorganic solid electrolyte shows superior ion conduction and low interfacial resistance compared to the oxide-based solid electrolyte. Additionally, sulfides-based inorganic solid electrolytes show better compatibility with sulfur cathodes, making them a potential candidate for all-solid-state lithium–sulfur battery applications. Despite these positive characteristic, sulfides-based solid electrolytes usually suffer with low electrochemical stability window which restricts their use against high voltage cathodes. The superior performance of sulfides-based solid electrolytes compared to oxides-based electrolytes is also due to the low electronegativity of the elemental sulfur compared to that of the oxygen. The weak bond between Li+-S is responsible for high ion conduction in the sulfides-based solid electrolyte. As we discussed previously, using the sulfides-based solid electrolyte has several benefits, as well as some challenges (such as high interfacial resistance and stress/strain). These challenges need to be overcome in order to facilitate their commercialization. In this direction, Yao et al. have reported an all-solid-state lithium–sulfur cell comprising rGO@S-Li10GeP2S12-acetylene black composite as the cathode. A conformal coating of sulfur (≈2 nm) onto reduced graphene oxide (rGO) was undertaken to reduce the interface resistance. The all-solid-state lithium–sulfur cell shows superior performance, similar to that of the cell with liquid electrolyte [124]. Wang et al. have synthesized a highly conducting (≈3.15 × 10−3 Scm−1 at room temperature) argyrodite-based Li6PS5Cl solid state electrolyte by solid-state synthesis protocol. The all-solid-state lithium–sulfur cell was assembled by using an Li6PS5Cl solid-state electrolyte, a nano-sulfur/multiwall carbon nanotube composite as the cathode and Li-In alloy as the anode. The cell shows excellent discharge capacity of 1850 mAhg−1 at room temperature at current rate C/10. Additionally, the coulombic efficiency of the cell remains 100% throughout the galvanostatic cycling. This work confirms that argyrodite-based sulfide solid electrolytes are the potential candidates for all-solid-state lithium–sulfur battery [125]. Umeshbabu et al. have used 1M LiTFSI/PYR13TFSI ionic liquid as a surface modifier for Li10GeP2S12 (LGPS) solid electrolyte. This strategy improved the compatibility of Li10GeP2S12 (LGPS) solid electrolyte and lithium metal anode. They have also studied the effect of carbon additives inside the sulfur composite cathode of quasi-solid-state lithium–sulfur cells. They have shown the remarkable stabilization of the LGPS solid electrolyte interface with lithium metal anode. The schematic representation of the quasi-solid-state lithium–sulfur cell, comprising AB cathode, LGPS solid electrolyte and lithium metal as the anode is shown in Figure 8A. Figure 8B shows the first galvanostatic charge/discharge curves for different S@C composite cathodes at current rate 83.5 mAg−1. The first discharge capacity of the Li-S cell with S@KBC, S@PBX51C and S@MWCNT is found to be 1068 mAhg−1, 783 mAhg−1 and 667 mAhg−1, respectively. Figure 8C shows the specific discharge capacity versus number of cycles of Li-S cell with various cathodes. Figure 8D shows the electrochemical impedance spectroscopy of the Li-S cell with various cathodes [126].



Other challenges associated with Li10GeP2S12 (LGPS) solid electrolytes, such as instability against lithium anodes and dendrite growth, were addressed by an Mg(TFSI)2-LiTFSI-DME gradient interlayer between the LGPS solid electrolyte and lithium anode [127]. Yang et al. have proposed yttrium doping into the argyrodite-based Li6PS5Cl (LPSCl) solid electrolyte to improve the conductivity as well as the interfacial stability. After yttrium doping, the LPSCl electrolyte shows high ionic conductivity (3.3 × 10−3 S cm−1). This conductivity value is found to be two times higher than that of the pristine LPSCl (1.5 × 10−3 Scm−1) [128]. Sulfides-based solid electrolytes are the widely used solid electrolytes due to their high ionic conductivity and good mechanical strength. The dendrite growth and instability against lithium are the further challenges which need to be address in their practical application. These challenges can be rectified by using a protective layer between the solid electrolyte and anode.




5.2. Polymer Electrolyte


Polymer electrolytes have superior flexibility to inorganic solid electrolytes, which makes them more suitable candidates for the sulfur cathode. The excellent flexibility of polymer electrolytes can adjust the volume changes which occur in the sulfur cathode during battery cycling. Apart from their flexible nature, polymer electrolytes also show better interface contact compared to inorganic solid electrolytes. However, polymer electrolytes suffer from weak ion conduction, poor mechanical strength and intermediate polysulfide dissolution. Various polymer-based solid electrolytes have been used recently in solid state metal–sulfur batteries research. Some of the widely used polymer matrix are polyacrylonitrile (PAN)-based polymer electrolytes, polyvinylidene fluoride (PVDF)-based polymer electrolytes, polyethylene oxide (PEO)-based polymer electrolytes and polymethyl methacrylate (PMMA) polymer electrolytes, etc. In the following section we will discuss about the recent progress in polymer-based solid electrolytes.



Gel Polymer Electrolytes (GPEs): GPEs contains two major components: (a) liquid solutions of lithium salt (e.g., LiTFSI and LiPF6); (b) a solid polymer matrix (e.g., PAN, PEO and PMMA etc.). The liquid solution enhances the ionic conductivity/electrochemical properties of the electrolyte and polymer matrix to ensure the mechanical strength [129]. Han et al. proposed a GPE for Li-S battery by surface modification of the PVDF-based GPEs. They have utilized polydopamine (PDA) to stabilize the Li anode. This GPE reduced polysulfide dissolution by entrapping the higher order polysulfides at the functional group of PDA. Additionally, GPEs stabilize the lithium anode and form a stable interface at lithium anode [130]. Recently, Sheng et al. have reported a PEO–PAN-based crosslinked membrane GPE with a PAN fiber as a filter. This GPE shows excellent ionic conductivity, good mechanical strength and high Li-ion transference number. The Li-S cell with PEO–PAN-based GPEs displays high specific capacity, good rate capability and cycling stability. Spectroscopic analysis and theoretical simulations confirm the reduction of polysulfides shuttle by N-containing groups. Due to the strong bonding ability and high flexibility, this GPE shows good interfacial contact with cathode and anode which results in stable Li-S battery performance [131]. Various efforts have been made to reduce the intermediate polysulfide dissolution and improve the Li-S battery performance by using GPEs. The GPEs synthesized by the standard method show low ionic conductivity, which results in poor battery performance, low energy density and high cost of production. Liu et al. have proposed an acrylate-based hierarchical electrolyte (AHE) with a facile and cost-effective synthesis route. This GPE is synthesized by the in-situ gelation of a pentaerythritol tetra acrylate (PETEA), using a polymethyl methacrylate (PMMA)-based electrospun network. This GPE shows high ionic conductivity (1.02 × 10−3 Scm−1) and good mechanical strength. The Li-S cell using this GPE shows high-rate capability 645 mAhg−1 at 3C, excellent capacity retention and good cycling stability [132]. Figure 9 shows the synthesis and structural characterization of the PMMA-based electrospun fiber network. Figure 9a shows the SEM image of the PMMA-based electrospun fiber network GPE.



Solid Polymer Electrolytes: Solid polymer electrolytes (SPEs) show good mechanical strength, wide electrochemical stability window, non-flammability and ease of preparation. SPEs are prepared by using a lithium salt and polar polymer matrix and eliminating the liquid components. SPEs show less ionic conductivity compared to that of the GPEs at room temperature. SPEs are considered good candidates for application in high energy lithium–sulfur batteries due to their high safety and excellent flexibility towards the sulfur cathode. To improve the conductivity, Lin et al. synthesized a novel SPE film using natural nano-clay. This SPEs shows an excellent ionic conductivity of (1.11 × 10−4 S cm−1), high lithium-ion transference number of 0.40 and improved lithium-ion transport. The Li-S battery using natural nano-clay-based SPEs can work over a broad range of temperatures (20 °C–100 °C) [133]. The ionic conductivity of SPEs at room temperature is found to be (10−8–10−4 Scm−1). However, the HNT-based SPEs show an ionic conductivity of 2.14 × 10−3 Scm−1 at 100 °C. It is observed that the Lewis acid–base interaction between HNT, LiTFSI and PEO provide the optimum path for lithium-ion migration; this could be the reason for improved ionic conductivity. Liang et al. have proposed a novel route for synthesizing an SPE which maintains noth the mechanical strength and ionic conductivity. They have utilized a hydrolyzation method to synthesis a zirconium dioxide skeleton with vertical channels (ZrO2@ILs). After that, the (ZrO2@ILs) is combined with PEO matrix to form SPEs. ZrO2@ILs-based SPEs show high conductivity and mechanical strength. The ILs channels provide an improved lithium-ion transportation and ZrO2 increase the SPEs modulus and rigidness. The Li-S cell with ZrO2@ILs-based SPEs shows excellent electrochemical performance, rate capability and cycling stability [134].




5.3. Composite Electrolytes


Although ISEs are the best solid electrolyte in terms of ionic conductivity, mechanical strength and electrochemical stability window, they suffer due to their poor interfacial property and high interfacial resistance. In encountering such issues, composite electrolytes have drawn increasing attention. Composite electrolytes show low interfacial resistance and high lithium-ion conductivity. Generally, the inclusion of inorganic fillers into organic polymer electrolytes will employ the synergistic effect which increases the ionic conductivity of composite electrolytes. Xie et al. have proposed a novel PEO–PAN–LLZO composite GPEs by using liquid-phase synthesis. On top of the dispersion of PAN, PEO and LLZO, a porous composite membrane is formed with good mechanical and interfacial property. This membrane can effectively absorb the electrolyte and prevent the polysulfides shuttle to protect the lithium metal anode. The PEO–PAN–LLZO composite electrolyte shows good interfacial compatibility with the lithium anode and provides uniform lithium stripping/platting. The additional carbon coating on the membrane efficiently hampered the intermediate polysulfide migration and improved the kinetics of the charge/discharge. The Li-S cell with the composite electrolyte shows a remarkable battery performance. The specific capacities of the Li-S cell at current rate C/10 and 1C is found to be 1459 and 942 mAhg−1, respectively. Additionally, the cell shows an extraordinary cycling stability of 500 cycle with a capacity retention of 82% [135].





6. Recent Progress in Solid Electrolyte for Na-S Batteries


All-solid-state Na-S batteries are more desired candidates compared to all-solid-state Li-S batteries due to the high earth abundance of sodium and their similar electrochemical properties to lithium [136,137,138]. Lithium is partially available and non-homogenously distributed around the world. However, the abundance of sodium is very high; it is the 4th most earth abondance element [139]. The availability of sodium in the earth crust is reported to be very high (28400 mgKg−1) compared to that of lithium (20 mg Kg−1) [140,141]. After lithium, sodium is the 2nd smallest element in the periodic table and the electrochemical property of sodium is similar to lithium. All these properties makes sodium the best potential candidate for large scale energy storage. On top of it, the manufacturing cost of all-solid-state Na-S batteries is far below that of the all solid-state Li-S batteries. Consequently, recent research is focusing on developing all-solid-state Na-S batteries at room temperature. Similar to the Li-S system, the liquid electrolytes in the Na-S system result in the dissolution of intermediate polysulfides and the diffusion of higher order polysulfides between the cathode and anode i.e., the “shuttle effect”. The polysulfides corrode the sodium anode and limit the capacity to far below the theoretically calculated value. Additionally, the high flammability, high volatility, and low boiling point of the solvent used in the electrolyte (such as: DOL, DME, TEGDME etc.) increases the safety issues. Furthermore, the liquid organic electrolyte shows narrow electrochemical stability window which makes it incompatible with a high-voltage cathode. The ether-based liquid organic electrolyte creates unstable SEI as the electrolyte becomes oxidize at the anode surface, which results in an unstable Na-S battery with low specific capacity and low coulombic efficiency. It has been reported that the replacement of the liquid organic electrolyte with a solvent-free solid-state electrolyte results in stable Na-S battery performance. The solid electrolyte shows wide electrochemical stability window, good mechanical strength, negligible polysulfide dissolution and shuttle from cathode to sodium anode. Additionally, solid electrolyte improves the safety of the cell and inhibits the dendrite growth on the sodium anode. As solid electrolyte is free from the “polysulfides shuttle”, the solid-state Na-S battery results in better capacity retention and improved coulombic efficiency. However, there are several common challenges faced by the performance of the solid electrolyte, such as poor contact, high interfacial resistance and low ionic conductivity at room temperature. Based on the preparation method, and material properties of the solid electrolyte for the RT Na-S battery are broadly divided into three parts: inorganic solid electrolyte, polymer electrolyte and composite solid electrolytes. Development of all-solid-state Na-S batteries at room temperature using solid electrolytes provides a promising candidate for large-scale energy storage. This cell configuration offers high energy density and excellent safety. Among the various solid electrolytes, sulfides-based solid electrolytes are the more promising for all-solid-state Na-S batteries. Tanibata et al. have reported a high capacity, low materials cost and improved safety in the all solid-state Na-S cell using Na3PS4 glass–ceramic solid electrolyte. Mechanical milling was used to prepared sulfur composite cathodes by mixing acetylene black and sulfur. The final discharge product of the all-solid-state Na-S cell was reported as Na2S and the cell showed a specific capacity of 1100 mAhg−1 at room temperature. The sulfur utilization is found to be very high compared to that of the commercially available high temperature Na-S batteries [142]. The current trend is to fabricate the all-solid-state Na-S battery by a simple cold-pressing method. This process is simple and easy, but it results in high residential stress. During the discharge, elemental sulfur S8 converts to Na2S which results in high-volume expansion in the cathode. The large volume expansion stresses the mechanical integrity of the cell, resulting in poor interfacial contact between the solid electrolyte and the cathode. Fan et al. proposed a casting–annealing technology to prepare the cathode for the all-solid-state Na-S battery. They have synthesized a Na2S-Na3PS4-CMK-3 nanocomposites via melt casting techniques followed by stress release annealing processes. In this way, they achieved the reduction in the interfacial resistance [143].



Figure 10 shows a schematic representation of the synthesis of the Na2S-Na3PS4-CMK-3 nanocomposites cathode. All the precursors (Na2S, P2S5 and CMK-3) are physically mixed well using mortar and pestle inside the glove box. The mixture then underwent for annealing at 270 °C. At high temperatures, Na2S and P2S5 melted and mixed to form a homogeneous liquid. The electronic and ionic conductivity of the Na2S-Na3PS4-CMK-3 nanocomposites cathode can be tuned by changing the ratio of Na2S-P2S5 and CMK-3. Recently, Ge and coworkers proposed a PEO–NaTFSI/Na3Zr2Si2PO12 composite electrolyte for all-solid-state Na-S batteries. The PEO–NaTFSI/Na3Zr2Si2PO12 composite electrolyte shows the highest ionic conductivity (3.14 × 10−4 Scm−1), an Na-ion transference number of 0.66, an EO/Na+-ion ratio of 20 and the amount of Na3Zr2Si2PO12 is 30% by weight. The all-solid-state Na-S cell was assembled using a sulfur cathode and Na metal as the anode. The cell shows excellent electrochemical performance, rate capability and capacity retention. The discharge capacity of 1110 mAhg−1 was obtained at high current rate C/5 and 60 °C. The cell shows stable cycling up to 60 cycles with a capacity of about 666.8 mAhg−1 and a columbic efficiency 100% [144].



Different compositions of PEO–NaTFSI and Na3Zr2Si2PO12 are prepared by varying the weight ratio of Na3Zr2Si2PO12. Figure 11a shows the conductivity of PEO–NaTFSI at various EO:Na+ ratios. The ionic conductivity increases with the increasing of the EO:Na+ ratio up to 20, and obtained the maximum conductivity. This could be due to the increasing concentration of charge carriers. The effect of Na3Zr2Si2PO12 on the conductivity of the electrolyte was also studied by varying the weight ratio of Na3Zr2Si2PO12, as shown in Figure 11b. The ability of the solid electrolyte to transport the Na+ ion is carried out by transference number investigations. Figure 11c shows the AC impedance and chronoamperometry of Na|| PEO–NaTFSI ||Na cell. Figure 11d shows the polarization cure of Na|| PEO–NaTFSI ||Na cell and equivalent circuit to fit the impedance data. Most of the work related to all-solid-state Na-S batteries suffers with poor cell performance. The high solid-electrolyte/sulfur cathode interfacial resistance is the major drawback of this system. Jie Yue et al. have reported that the Na3PS4-Na2S-C composite cathode solves the interfacial challenge for all-solid-state Na-S batteries [145]. The addition of carbon conducted into the composite cathode improved the interface contact. Utilization of Na2S nanoparticles into the composite cathode improved the cell performance of the all-solid-state Na-S cell. The composite cathode was prepared by mixing Na2S, Na3PS4 and conducting carbon homogeneously, which result in increasing conductivity in the system and the reduction of interfacial resistance. The all-solid-state Na-S cell shows the first discharge capacity of 869.2 mAhg−1. A comparison of the cell performance was carried out by using two different size Na2S particles (i.e., nano sized NPS-micro-Na2S-C and microsized NPS-nano-Na2S-C). Figure 12a shows the cell performance of the all-solid-state Na-S cell with the NPS-micro-Na2S-C composite cathode at various current rates. The cell capacity is found to decrease with the increasing current rate. Figure 12b shows the cell performance of the Na-S cell with the NPS-nano-Na2S-C composite cathode. Figure 12c shows the rate capability of the cell with two different composite cathodes at 60 °C. Figure 12d shows the electrochemical impedance spectroscopy (EIS) of the cell with two different composite cathodes, which shows that the interfacial resistance of the cell with the NPS-nano-Na2S-C composite is much lower than the cell with the NPS-micro-Na2S-C composite cathode.



More recently, Jhang et.al. have utilized sodium alloy anode (Na-Sb and Na-Sn) to eliminate the dendrite formation issue in all-solid-state Na-S batteries [146]. Among the two different alloy anodes, Na3Sb shows a stable alloying/dealloying process at current density 0.04 mAcm−2. A full cell configuration of the all-solid-state Na-S cell was demonstrated by using a sulfur–carbon composite cathode. The sulfur cathode was prepared by using vapor deposition techniques. The cell with the Na-alloy anode and sulfur–carbon composite cathode showed excellent capacity (first discharge capacity ≈ 1377 mAhg-1), and the cell is stable up to 180 cycles, with a capacity retention of 70%.




7. Summary and Conclusions


The global energy demand is continuously increasing to fulfil the energy requirements of portable devices as well as large scale applications (such as electric vehicle and smart grid). All-solid-state metal (Li, Na)–sulfur batteries have become a hot research topic in the field of energy storage due to their high energy density and low cost. To achieve high performance all-solid-state metal–sulfur batteries, a solid electrolyte is the key component; it mitigates the intermediate polysulfides shuttle and dendrite growth and improves the safety of the cell. In this article, we have systematically reviewed the recent progress of solid electrolytes for metal (Li, Na)–sulfur battery applications. This article started with a basic introduction to metal–sulfur batteries (Li-S and Na-S), their working principle and their fundamental challenges. The key challenge of metal–sulfur batteries is the uses of liquid organic electrolyte. We have described the advantage of replacing the liquid organic electrolyte with a solid electrolyte. The fundamental requirements of the solid electrolyte are also discussed. Finally, the recent research progress in the field of solid electrolytes for all-solid-state Li-S and Na-S batteries is reviewed.



As discussed in Section 5, despite the high ionic conductivity and wide electrochemical window of LISICON and NASICON, garnet-based solid electrolytes suffer from high contact resistance. To further enhance the performance of the all-solid-state Li/Na-S batteries, efforts can be made to improve the interfacial challenges of the solid electrolyte–electrode interface. A better understanding of the polysulfides’ chemistry is also required for stable all-solid-state Li/Na-S batteries. We have reviewed the important parameters required for an efficient solid electrolyte to improve battery performance. This review article will help the researcher gain a basic understanding of metal–sulfur batteries, the fundamental challenges associated with metal–sulfur batteries and the solution to those challenges—replacing the liquid electrolyte with solid electrolyte. We strongly believe that this review article will help in the designing of improved, safe and cost-effective solid electrolytes with high conductivity, leading to superior metal–sulfur battery. Future research work can take the following directions.



Designing of new solid electrolyte materials: There is a need to design new solid electrolyte materials with high cation transference numbers, high ionic conductivity, wide electrochemical window, good interfacial properties and good mechanical strength.



Development of in situ/operando techniques to study the interface: Efforts should be made to study the solid electrolyte interface and the mechanism of charge/discharge of all-solid-state Li/Na-S batteries. These types of study can be conducted by utilizing in situ/operando spectrochemical techniques (such in situ/operando Raman), X-ray absorption spectroscopy, transmission electron microscopy, etc. This type of detailed study can help us to understand the interface and assist in the development of new electrolyte materials which show better compatibility with lithium–sodium anodes and high-capacity cathodes.
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Figure 1. (a) Schematic representation of Li-S battery comprising two different cathode (C/S and CoNi2S4/S), lithium metal as the anode and ether-based electrolyte, (b) A cyclic voltammetry diagram of a liquid electrolyte-based Li-S cell with conventional C/S cathode. (Reprinted with permission from [41]); Copyright 2020, ACS Appl. Mater. Interfaces 2020, 12, 28120–28128.) 
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Figure 2. Schematic representation of HT Na/S battery with molten solid electrolyte, molten sodium anode and molten sulfur cathode. 
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Figure 4. Schematic representation of challenges in metal (Li/Na)–sulfur batteries. (Reprinted with permission from [75]; Copyright 2019, 2018, Springer Singapore, 2018.) 
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Figure 5. Schematic representation of all-solid-state metal (Li/Na) sulfur batteries. 
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Figure 6. (a) X-ray diffraction pattern of synthesized PB-Li-anode; (b) explanatory presentation; (c,d) Scanning electron microscopy image; (e) EDS Mapping; (f) explanation of ionic and electronic pathways. (Reprinted with permission from [118]; Copyright 2022, ACS Appl. Mater. Interfaces 2022, 14, 38786–38794). 
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Figure 7. (a) Schematic representation of the all-solid-state lithium sulfur cell with NASICON-type (Li1+xYxZr2-x(PO4)3 membrane as a solid electrolyte/separator; (b) voltage versus time charge/discharge curve; (c) cyclic voltammetry of the cell; (d) galvanostatic charge/discharge curve; (e) discharge capacity versus number of cycle; (f) coulombic efficiency versus number of cycle. (Reprinted with permission from [123]; Copyright 2016, Adv. Energy Mater. 2016, 6). 
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Figure 8. (A) The schematic representation of the quasi-solid-state lithium–sulfur cell comprising AB cathode, LGPS solid electrolyte and lithium metal as the anode; (B) first galvanostatic charge/discharge curves for different S@C composite cathode at current rate 83.5 mAg−1; (C) the specific discharge capacity versus number of cycles of Li-S cell with various cathode; (D) the electrochemical impedance spectroscopy of the Li-S cell with various cathodes. (Reprinted with permission from [126]; Copyright 2019, ACS Appl. Mater. Interfaces 2019, 11, 18436–18447). 
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Figure 9. (a,b) Scanning electron microscopy image of PMMA-based electrospun fiber network; (c) uptake ability of the PMMA-based electrospun fiber network GPE; (d) optical image of AHE; (e,f) schematic representation of atomic configurations of AHE. (Reprinted with permission from [132]; Copyright 2016, Electrochim. Acta 2016, 213, 871–878). 
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Figure 10. (a) Schematic representation of the synthesis procedure of Na2S-Na3PS4-CMK-3 nanocomposites cathode; (b) Na2S and P2S5 phase diagram; (c) Na2S-Na3PS4-CMK-3 nanocomposites. (Reprinted with permission from [143]; Copyright 2018, ACS Nano 2018, 12, 3360–3368). 
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Figure 11. (a) Ionic conductivity of PEO–NaTFSI-based electrolyte at different EO:Na+ ratios; (b) ionic conductivity of PEO–NaTFSI/Na3Zr2Si2PO12 at various weight ratios of Na3Zr2Si2PO12; (c) Ac impedance and chronoamperometry of Na|| PEO–NaTFSI ||Na cell; (d) equivalent circuit used to fit the impedance data. (Reprinted with permission from [144]; Copyright 2022, ChemistrySelect 2022, 7). 
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Figure 12. (a) Galvanostatic charge/discharge profile of all-solid-state Na-S cell with NPS-micro-Na2S-C composite cathode at various current rates; (b) galvanostatic charge/discharge profile of all-solid-state Na-S cell with NPS-nano-Na2S-C composite cathode at various current rate; (c) rate capability of the all-solid-state Na-S cell with two different composite cathodes at 60 °C; (d) the electrochemical impedance spectroscopy (EIS) of the cell with two different composite cathodes. (Reprinted with permission from [145]; Copyright 2017, ACS Nano 2017, 11, 4885–4891). 
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Table 1. Comparative study of different electrolyte systems discussed in the present review. Reprinted with permission from [113,114].
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	Electrolyte
	Composition
	Ionic Conductivity (Scm−1)
	Mechanical Properties
	Advantages
	Disadvantages





	Inorganic solid electrolyte
	Oxide-Based (LISICON, NASICON, Garnet etc.)

Sulfide-Based (Argyrodite, Thio-LISICON, Halide-Based etc.)
	10−5–10−4
	Strong
	Wide electrochemical window, High ionic

conductivity,

excellent thermal

stability,
	Poor interface



	Gel-Polymer electrolyte
	Liquid electrolyte confined inside polymer matrix
	~10−3
	soft
	High ionic

conductivity, good interfacial property.

Reduction of polysulfide dissolution to some extent
	Less mechanical

stability, less thermal stability



	Solid-Polymer Electrolyte
	Polymer + salt + additive
	<10−5
	Good
	Poor interfacial property, thermally stable,

Reduces polysulfide dissolution
	Less ionic

conductivity; Less mechanical stability



	Composite electrolyte
	Polymer/organic

fiber + inorganic
	10−5–10−4
	Strong
	Poor interface, thermally stable,

reduction of polysulfide dissolution,

reduction in dendrite growth
	Low ionic

conductivity poor

thermal stability
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