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As the need for new modalities of energy storage becomes increasingly important, all-solid-state secondary ion batteries seem poised to address a portion of tomorrow’s energy needs. The success of such batteries is contingent on the solid-state electrolyte (SSE) meeting a set of material demands, including high bulk and interfacial ionic conductivity, processability with electrodes, electrode interfacial stability, thermal stability, etc. The demanding criteria for an ideal SSE has translated into decades of research devoted to discovering new electrolytes and modifying their structure/processing to improve their properties. While much research has focused on the electrolyte properties of polycrystalline ceramics, non-crystalline materials (glasses, amorphous solids, and partially crystallized materials) have demonstrated unique advantages in processability, stability, tunability, etc. These non-crystalline electrolytes are also fundamentally interesting for their potential contributions toward understanding ionic conduction in the solid state. In this review, we first review a decade of advances in two distinct families of non-crystalline lithium-ion electrolytes: lithium thiophosphate and lithium phosphate oxynitride. In doing so, we demonstrate two pathways for non-crystalline electrolytes to address the barriers toward development of all-solid-state batteries, viz., interfacial stability and conduction. Finally, we conclude with some discussion of the development of fundamental models of ionic conduction in the non-crystalline state, including the ongoing debate between strong and weak electrolyte theories. Collectively, these discussions make a promising case for the role of non-crystalline electrolytes in the next generation of energy storage technology.
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INTRODUCTION

The positive societal and cultural impacts of lithium secondary ion batteries (SIBs) cannot be understated (Ramstrom, 2019). However, as the global energy demand grows, it is becoming increasingly apparent that incremental improvements to the current modes of energy generation and storage may not remain a sustainable pathway (Janek and Zeier, 2016). Presently, the materials research community is wholly engaged in enabling the necessary radical departure(s) from conventional SIB technology. The replacement of the ubiquitous liquid electrolyte in commercial SIB with a solid-state electrolyte (SSE), the new battery configuration being termed an “all-solid-state battery” (ASSB), represents one such paradigmatic shift in energy storage technology (Nie et al., 2018).

All-solid-state battery can deliver increased specific capacities, operating voltages, thermal stability, safety, and power density compared to liquid electrolyte SIBs (Dunn et al., 2011; Larcher and Tarascon, 2015). However, the replacement of a liquid electrolyte with a solid material is non-trivial; many recent reviews of ASSB progress describe these challenges in great detail (Kerman et al., 2017; Manthiram et al., 2017; Xu et al., 2017; Famprikis et al., 2019a; Nakamura et al., 2019; Pervez et al., 2019; Shoji et al., 2019). High ionic conductivity (ca. 10–4 S/cm) is usually the first material requisite, but the criterion also includes properties such as high stability and high conductivity at the electrode interfaces, as well as the ability to process the SSE within feasible conditions for commercialization. These problems have proved difficult to ameliorate in polycrystalline ceramics and polymers (Zheng et al., 2018).

Non-crystalline electrolytes (NCEs) may be able to meet this lofty, and often paradoxical, set of material demands. NCEs have been shown to have ionic conductivities in the regime of liquid electrolytes and have no resistive grain boundaries due to their isotropic non-periodic structure. Moreover, their unique processability enables high degrees of interfacial contact. Advances in glass science over the previous decades have engendered new interest into the fundamental and applied aspects of NCEs (Bunde et al., 1998; Dyre et al., 2009; Chandra et al., 2013; Eckert and Martins Rodrigues, 2017; Famprikis et al., 2019a; Shoji et al., 2019).

This article will review developments in the understanding and application of NCEs in ASSBs, with emphasis on literature published within the preceding decade (2010–2019). To illustrate the diversity of NCEs, two promising non-crystalline electrolyte compositional families were selected as the focus of this review: lithium thiophosphate (xLi2S-(100-x)P2S5, LPS) and lithium phosphate oxynitride (LixPOyNz, LiPON). LPS has been shown to have ambient ionic conductivities in the range of 10–3 S/cm and thus may directly replace the liquid electrolyte in similar configurations to the incumbent SIB technology, However, persistent problems related to Li-penetration when LPS is contacted with metallic lithium anodes and related interfacial compatibility problems remain under active investigation. LiPON, on the other hand, shows lower ambient ionic conductivity (ca. 10–6S/cm) but can be sputtered to deposit a thin film electrolyte and thus may play a pivotal role in ASSBs with reduced dimensions (so-called “microbatteries”). Additionally, LiPON has also demonstrated a remarkable resistance to Li-penetration, possibly owing to its low electronic conductivity (Han et al., 2019). The relationships between structure and conductivity, as well as proof-of-concept NCE-ASSBs, are reviewed for these two compositional families. The review concludes with some discussion of developments toward a theoretical interpretation of the mechanisms of ionic conduction in the non-crystalline state.



BACKGROUND


Motivation for Solid Electrolytes

The conventional Li-SIB is the foundation of portable energy storage and is remarkably simple in design. Figure 1 schematically illustrates a typical Li-SIB. For comparison, a schematic of an ASSB with an alkali metal anode is also shown. Electrodes are placed on either side of an electrolyte layer generating an electrochemical potential whose open circuit voltage (Voc) is given by the differential between the two electrodes.
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FIGURE 1. Illustrations contrasting the current secondary ion battery technology (A) and an example of an all solid-state battery (B). The electrolyte is presumed to be a non-polymeric solid material in the all solid-state battery. Note the interfaces between components which play a key role in the performance of the cells.
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here μa (μc) is the chemical potential of the anode (cathode), and e is the fundamental unit of charge. This potential differential imposes the driving force for charge carrier motion and also dictates its theoretical magnitude (i.e., the potential when no current flows through the circuit). During discharge, the electrochemical cell responds to this voltage by the redistribution of charge toward an equilibrium state through the transference of electrons from the anode to the cathode. An electrically insulating (typically σelectron < 10–12 S/cm) but ionically conducting (typically σion > 10–4 S/cm) electrolyte permits only ionic diffusion, thus forcing the electrons to perform electrical work in an external circuit (shown in Figure 1). The actual discharge voltage (Vdiss) is reduced from Voc by internal cell polarization and internal resistance.
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Where I is the electrical current, Rsys includes the polarizations and resistances from the current collectors, component interfaces, etc. A battery’s performance is evaluated based on how much power it can provide for a given mass or volume per cycle (gravimetric and volumetric capacities respectively). The energy density (E, W⋅h/kg or W⋅h/l) upon discharge can thus be expressed as
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Where Cc (Ca) is the specific capacity of the cathode (anode). Further, the retention of capacity over iterative cycling is quantified by the Coulombic efficiency (CE), which is the percent of specific discharge (A⋅h/kg or A⋅h/l) retained upon immediate subsequent charging. CE is always less than 100% for real SIBs due to irreversible losses in the generation of interfacial compounds or loss of active material through other means. The lifetime of a SIB is often defined as the number of cycles until the cell only demonstrates 80% of its initial capacity, so a cell which has a lifetime of 500 cycles must have a CE of at least 99.96% for each cycle (Goodenough, 1998; Goodenough and Park, 2013; Lin et al., 2018). The rate at which SIB can deliver its energy is often reported in terms of ‘c-rate.’ A c-rate of 1 C refers to the current density (mA/cm2) delivered by the battery at which the cell would deliver its entire theoretical capacity in a time interval of 1 h. Thus, the ‘rate performance’ of a battery refers to the changes in properties such as capacity retention (i.e., CE) and cell polarization when the current density is varied.

The conventional Li-SIB utilizes a liquid electrolyte between the electrodes, whereas the proposed ASSBs instead employ a solid material as depicted in Figure 1. The ideal electrolyte has a high ionic conductivity (σion > 10–3S/cm) and a negligible electronic conductivity (σelectron < 10–12 S/cm). Given the chemical potential differential between the electrodes, the ideal electrolyte thus forces the electrons to traverse the external circuit while allowing the ions to pass through the electrolyte between the electrodes. This process converts the chemical reaction energy into usable electrical energy as the system discharges toward a thermodynamically favorable state.

Thus, to summarize, the properties of the electrolyte impact cell performance in the following ways:


(1) Effective shuttling of ions: the ionic conductivity of the electrolyte must be sufficient (near 10–4 S/cm) to drive the necessary redox reactions and deliver current to the external circuit.

(2) Bounds of the chemical potential differential: the voltage imposed on the cell by the chemical potentials of the electrodes must be within the electrochemical stability window of the electrolyte. For liquids, the upper (lower) limit is given by the lowest unoccupied (highest occupied) molecular orbital. For solids, the upper (lower) limit is given by the conduction (valence) band energies, i.e., the magnitude and location of the band gap.

(3) Interfacial resistance with electrodes: one of the largest contributors to resistance in ASSBs, has been shown to be the resistive chemical/space charge boundary formed between non-liquid electrolytes and electrodes. SSEs can be modified to reduce this resistance.

(4) Resistance to decomposition during cycling: at the electrode electrolyte interface, passivating solid-electrolyte interphases (SEI) layers are often observed. These consume active material and increase resistance and should thus be minimized. This is intimately related to (3).

(5) For metallic anodes, preventing metal depositions which span the inter-electrode separation distance and short circuit the cell.



Other factors in battery operation include its operating temperature range, mechanical robustness, cost, environmental impact, etc. (Tarascon and Armand, 2001; Luntz et al., 2015; Kerman et al., 2017; Hou et al., 2018; Xu et al., 2018).

Non-aqueous electrolytes used in current Li-ion batteries are unable to completely satisfy these outlined criteria. Firstly, the operating potential window is limited to near 4 V versus the Li/Li+, so without specifically tailored additives, the use of metallic lithium anodes results in the growth of high surface area lithium deposits and results in the catastrophic failure of the cell (Cheng et al., 2016). SSEs, by contrast, stand poised to address these concerns, having demonstrated 5 V stability windows, wide stability over a large thermal range (Inoue and Mukai, 2017), and a greatly increased resistance to lithium deposition (Tsai et al., 2016).



The Shortcomings of Solid Electrolytes

A spectrum of SSEs have been discovered in the pursuit of materials which meet the demands described in the previous section. Their chemistries are varied, ranging from polycrystalline ceramics [e.g., Na3Zr2Si2PO12, Li1.3Al0.3Ti1.7(PO4)3, Li7La3Zr2O12 (Goodenough et al., 1976; Aono et al., 1990; Murugan et al., 2007)], polymers [e.g., Nafion (Aziz et al., 2018)], single crystals [e.g., LLZO (Kataoka et al., 2018)], glasses, glass-ceramics, and amorphous materials. The three types of electrolytes at the end of the list are the primary focus of this review. Numerous recent reviews have discussed the other types of electrolytes extensively (Kim et al., 2015; Gao et al., 2019). Figure 2 illustrates the range of conductivities as a function of temperature for representative crystalline, polymeric, liquid, amorphous, and glassy electrolytes.
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FIGURE 2. Conductivity of representative liquid and crystalline electrolytes compared to pure LPS, LPS with LiI, and LiPON NCEs. Data taken from references (Saruwatari et al., 2010)a, (Hong, 1978)b, (Malugani and Robert, 1979)c, (Mizuno et al., 2006)d, (Nowak et al., 2015)e, (Aono et al., 1990)f, and (Murugan et al., 2007)g.


Typically, a room temperature ionic conductivity of at least 10–4 S/cm is required for a practical solid electrolyte (Zhang et al., 2018). The advent of “microbatteries” may utilize electrolytes with reduced thicknesses, such that a conductivity of 10–6 S/cm is sufficient (Notten et al., 2007). Furthermore, one must consider the operating frequencies of the potential battery applications when evaluating conductivity of electrolytes which are often reported at much higher frequencies from impedance spectroscopy (Uddin and Cho, 2018).

It is apparent from Figure 2 that NCEs are not the only solid candidates to replace liquid electrolytes. Both polycrystalline and polymeric electrolytes demonstrate the minimum conductivity to be viable alternatives. However, fast ionic conduction through polycrystalline electrolytes is contingent on achieving high density, which often requires high temperature processing (Tsinter ∼ 2/3 of Tm). Such temperatures induce volatilization of the light alkali elements necessary for conduction and also typically precludes the possibility of co-processing with the electrodes (Von Alpen and Bell, 1981). On the other hand, polymeric electrolytes often demonstrate low intrinsic conductivities (ca. 10–8 S/cm) so they necessitate infiltration with some fraction of liquid electrolyte or the suspension of solid electrolyte particles (Aziz et al., 2018). The low elastic modulus and viscoelasticity of polymers allows for facile processing to form excellent interfacial contact with the electrodes but also decreases the ability of the polymer to stop the growth of lithium dendrites through the electrolyte (Keller et al., 2018). Polycrystalline electrolytes typically fair better against lithium penetration but lithium dendrite growth through the grain boundaries has been reported (Tsai et al., 2016).



Non-crystalline Electrolytes

In this review, we adopt the following definition of the glassy state, “a glass is a solid having a non-crystalline structure which continuously converts to a liquid on heating” (Varshneya and Mauro, 2019). This is shown graphically by comparing the volume-temperature relationships of liquids and glasses (Figure 3A). This definition is rooted in the unique thermodynamic and kinetic qualities of a non-equilibrium system whose structure is dictated by kinetic confinement (via loss of topological degrees of freedom) to a certain state in the potential energy landscape. This definition thus delineates an amorphous material from a glassy/vitreous one in the following way: an amorphous material (such as a non-crystalline material synthesized by mechanical milling below the melting temperature) continuously relaxes toward the crystalline state, whereas a glass (a non-crystalline material formed by the rapid cooling of a liquid structure) continuously relaxes toward the liquid state.
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FIGURE 3. The changes in volume as a function of temperature for a liquid and glass, illustrating the relationship of the glass with its departure from equilibrium, reproduced from Varshneya and Mauro (2019) with permission, Copyright 2019 Elsevier (A). Regions of ergodicity, continuous breakdown of ergodicity, and non-ergodicity in the enthalpy or volume of a glass as a function of temperature (B).


Given these explicit differences in amorphous and glassy materials, this review seeks to classify partially crystallized solids accordingly as either amorphous-ceramics or glass-ceramics in cases when the experimental details make such differences clear. While the term “glass-ceramic” has been heretofore applied broadly to all partially crystalline materials, the proposed disambiguation of “amorphous-ceramics” and “glass-ceramics” serves to respect the differences in the thermodynamic states of the respective matrix materials. Thus, this review seeks to use the applicable term when sufficient experimental detail is provided in the references. When an SSE is partially crystallized from a glassy state, it is labeled a glass-ceramic, whereas if the SSE was partially crystallized from an amorphous state it is labeled an amorphous-ceramic.

Appropriate categorization especially matters in the case of non-crystalline ionic conductors. Consider the internal relaxation time of a material as described by the Deborah number (Δnum), which is defined as the ratio between the internal relaxation time of an ensemble (Δint) to the timescale of the observer(Δobs), that is, Δnum = Δint/Δobs (Wilkinson et al., 2019a). For gases, Δnum < < 1, whereas for solids Δnum > > 1 (Figure 3B). The glass transition may then be envisaged as a special case where Δnum ∼ 1, such that the system continuously breaks ergodicity so the spatial ensemble average deviates from a unit ensemble average in the limit of infinite time (Mauro et al., 2009b).

Ionically conductive glasses are a special manifestation of these properties. Consider the simple expression for conductivity (σ).

[image: image]

where Z is the unit charge integer, n is the concentration of charge carriers, μ is the mobility of the charge carriers, and e is fundamental unit of charge. Ideal electrolytes conduct only ions, not electrons, which can be quantitively expressed by the transference number (τ) where τ is the ratio of the mobile ions to the mobile electrons with respect to the total charge carriers such that τ approaches unity for ideal electrolytes. The mobility of such charge carriers is related to the diffusion coefficient (D) by a factor of [image: image] where kb and T are Boltzmann’s constant and temperature, respectively. The Arrhenius scaling of D with temperature is expressed as

[image: image]

where the pre-exponential factor (Do) contains the vibrational frequency and jump distance, and Q is the process activation energy (Hummel, 1985). Measurement of each quantity described in the preceding equations and their logical physical implications is often accomplished for liquid and ceramic materials. It is not straightforward in non-crystalline solids.

Ionic conduction in glassy SSEs has been and continues to be described by numerous authors employing numerous competing and, at times, contradictory theories (Dyre, 1986; Dyre et al., 2009). Presently, the debate is largely focused on the question of whether glassy electrolytes behave as strong electrolytes (σ = f(μ(T)), n ≠ f(T)) (Anderson and Stuart, 1954; Tuller et al., 1980) or as weak electrolytes (σ = f(n(T)), μ≠ f(T)) (Ravaine and Souquet, 1977; Ingram et al., 1980; Ravaine, 1980). The debate is complicated by recalling the preceding discussion of internal timescales; does a diffusing ion have a different characteristic relaxation time than its rigid framework? If so, where does one define the “ergodic cutoff” (i.e., the relevant timescale) to define what constitutes a mobile charge carrier and which ions possess higher activation barriers for diffusion? Numerous authors have considered this question of ergodicity applied to an ionically conductive glass (Dyre et al., 2009; Balbuena et al., 2015). The obvious experimental solution is to quantify the conductivity over a dispersion of timescales (frequencies) through methods such as impedance spectroscopy; however, it behooves the reader to dwell on this notion because it emphasizes non-triviality of unambiguously ascribing thermodynamic models of conductivity to kinetically stabilized, non-equilibrium, phases of matter. In closing this review, a discussion of recent results in favor of the weak electrolyte theory is presented (Rodrigues et al., 2011; Welch et al., 2019; Wilkinson et al., 2020), but one must acknowledge that these notions may evolve in parallel with advances in the theory of the glassy state. Thus, while amorphous and glassy structures may appear functionally similar at laboratory time scales, admission of the underlying differences in thermodynamic and kinetic properties of the different states may be a precondition for the development of accurate models of ionic conduction in the non-crystalline states.



LITHIUM THIOPHOSPHATE (LPS)

The family of Li2S-P2S5 electrolytes is among the most studied of solid electrolyte systems. Within this family, there are crystalline, amorphous, glassy, and partially crystalline structures, examples of which are given in Table 1 along with their processing and properties. This review will focus on the non-crystalline members of the LPS family since the LPS system as a whole has been reviewed elsewhere (Berbano et al., 2013; Tatsumisago and Hayashi, 2014; Chen et al., 2018; Kudu et al., 2018).


TABLE 1. A compilation of some recent LPS compositions, their processing, and bulk conductivity at room temperature.

[image: Table 1]

Structure-Property Relations in LPS

Research pertaining to LPS can be traced back to the late 1970s, where Malugani, Mercier, and their respective collaborators identified high ionic conductivity when Li2S-P2S5 glasses were doped with lithium halides (e.g., LiBr, LiI, LiI) (Malugani and Robert, 1979; Mercier et al., 1981). In the intervening decades, LPS has become a leading candidate in the race to replace the liquid electrolytes of conventional batteries. This section reviews the findings of recent investigations into the structure of LPS electrolytes and how subtle differences effect the bulk ionic conductivity and stability. In this section, the term amorphous-ceramic is used to describe partially crystalline materials which have been synthesized by mechanical milling while glass-ceramics is reserved for materials supercooled from the liquid state. This delineation respects the fundamental differences in the states of the matter, but it should be noted that the presence of mild glass-transition events has been reported for some amorphous-ceramics. Additional studies which decouple phase transitions of amorphous and glassy sulfide systems may shed light onto the similarities and differences in such non-crystalline materials.

Numerous recent investigations of the non-crystalline structure of LPS have been conducted (Auvergniot et al., 2017; Hakari et al., 2017; Koerver et al., 2018). Studies by Dietrich et al. (2017a,b,2018) over the course of the previous decade have investigated the structure of LPS compounds across multiple length/time scales by using various methods of spectroscopy and scattering. In summary, their findings describe the bonding in the non-crystalline state from the perspective of sequential bond cleavages in the crystalline state. Thus, as a ceramic, LPS is characterized by four unique anionic species: [image: image], [image: image], [image: image], [image: image] (Figure 4A). In the glass or amorphous material, the authors propose a cleavage of bridging P-S-P bonds which, upon the presence of Li2S, yields a non-crystalline structure characterized by PS4 anionic building with a formal net negative charge of four electrons distributed equally across the entire unit. The negative charge is balanced by Li+ counterions in the immediate vicinity. The ionic conductivity is found to increase as the predominant PxSy species transitions from di-tetrahedral [image: image] to [image: image] as the ratio of Li2S:P2S5 is varied, as shown in Figure 4B. Similarly, the activation energy is observed to decrease as the degree of non-bridging sulfur atoms is increased with increasing Li2S content. The increase of conductivity associated with a decrease in the bonding strength is a recurring theme among NCEs, with more examples of this relationship being presented later in this review. The increase in activation energy and decrease in conductivity observed at the higher Li2S:P2S5 ratios (80:20) is attributed to the formation of non-conducting Li2S crystals (detected by XRD) in the amorphous material, resulting in a barrier to ionic diffusion. The authors also point out that the lack of a global trend in conductivity versus Li2S content when comparing to similar literature may be related to the differing modes of sample preparation; Dietrich et al. (2017a) employ a mechanochemical technique while other authors use solution-based or melt quenching methods. The authors of this review hold a similar perspective; the method of synthesis probably affects the non-crystalline structure and thus conductivity. This viewpoint is shared by the authors of another recent review (Kudu et al., 2018) who present the properties of various LPS systems grouped by synthesis method. A systematic iso-compositional study of the properties and structure of LPS NCEs synthesized by various methods (such as from solution, mechanochemical, and melt quenching) is warranted.


[image: image]

FIGURE 4. (A) Proposed structural building blocks for the LPS system in the non-crystalline and crystalline state, based on XPS and neutron scattering data in Dietrich et al. (2018) and (B) the ionic conductivity as a function of the molar fraction Li2S, in addition to the corresponding activation energies and predominant PxSy species. Data in (B) adapted from Dietrich et al. (2017b).


Based on the previous results, the relationship between conductivity and structure in non-crystalline members of the LPS family should be interpreted from the perspective of the predominant P-S-P and lithium ion bonding energies and conformations. As shown in Figure 4B, the ionic conductivity can increase by about two orders of magnitude when x in (100-x)Li2S-(x)P2S5 is varied from 60 to 80 likely owing to the changes in bonding described above. Therefore, any study which seeks to draw correlations between the LPS composition and its conductivity must consider both the ratio of Li2S and P2S5, as well as the predominant bonding which can change as a function of processing.

Computational modeling of LPS structures confirms these experimental observations. Ohara et al. (2016) used a combination of computational (density functional theory, reverse Monte Carlo) and experimental techniques (X-ray/neutron diffraction, Raman scattering) to build on this structure-composition-conductivity relationship. This work builds on previous experimentally derived correlations of LPS structure and conductivity, as described above, in addition to computational studies of the same (Onodera et al., 2012, 2013; Mori et al., 2013). An increase in Li2S mole content from 67 to 75% (versus% P2S5) changes the predominant lithium species from PS4 and P2S7 to mostly PS4 and some P2S6 in such simulations. Simulations of the resulting structure showed that this was accompanied with an increase in edge sharing of the polyhedral, which was postulated to increase the interaction with the lithium ions in the structure to lower the conductivity. This is consistent with a plurality of the experimental measurements of different compositions of amorphous/glassy LPS as discussed previously. Furthermore, these computational results also shed light unto some of the mechanisms by which the change in polyanion oxidation and coordination contribute to the conductivity of the electrolyte. By calculating the density of states for a number of the polyanionic units identified in numerous independent structural studies, Ohara and coworkers were also able to show a change in the phosphorus polarization as a function of polyhedral coordination and presence of a LiI salt (Ohara et al., 2016).

The mechanisms underlying ionic conduction through non-crystalline LPS structures remain at least partially unresolved. However, it is clear that anion framework disorder plays a large role in the bulk conductivity, as well as the activation energies for site hopping (Heitmann et al., 2019). Similar relationships between the anionic arrangements surrounding mobile cations are well-documented in many crystalline solids with high ionic conductivities (Bachman et al., 2015), including the crystalline variants of LPS (Lau et al., 2018). It is therefore reasonable to conclude that certain anion–cation coordination (i.e., first coordination shells) favor fast ionic conduction, irrespective of the presence of long-range order. Thus, the differences between ionic conduction in LPS in crystalline and non-crystalline states are likely rooted in the intrinsic long-range disorder and metastability afforded by the non-equilibrium state of the non-crystalline electrolytes, a viewpoint which is supported by the following findings. Dietrich et al. (2018) showed that the lower P-S-P binding energy in the phosphate backbone favors ionic conduction through “depolymerization,” concomitantly freeing lithium ions for conduction. Mori et al. (2013) conducted both computational and experimental studies of the energy required for lithium ions to site-hop in various LPS samples and used a bond valence mismatch approach (Adams and Rao, 2009) to conclude that certain LPS compositions conduct ions more favorably owing to a lower energy penalty for crossing coordination shell boundaries. Finally, Spannenberger et al. (2019) showed that the annealing of amorphous LPS electrolytes introduces “vacancies” in the non-crystalline structure which led to an increase in conductivity in the bulk. Strictly speaking, vacancies in non-crystalline materials differ from the crystalline analog due to the absence of well-defined and periodic locations in the former, but the essence of an empty site within an anionic framework which is energetically favorable for a cation is the same for both cases. Collectively, these are three representative examples which point to the metastability of LPS NCEs as a key factor in observed conductivities. The decreased energetic penalty for long-range ion site hopping, the increase in favorable empty cation sites, and simultaneous anionic framework rearrangement afforded by the kinetically stabilized (i.e., thermodynamically unstable) non-crystalline state are reconcilable with what is presently known about ionic conduction in the crystalline state, and thus may be a key part in explaining the fundamental ionic conduction mechanisms in LPS and other materials.



Stability of LPS

It is useful to regard electrolyte stability as containing ‘intrinsic’ and ‘extrinsic’ properties. In the case of NCEs, intrinsic stability refers to the stability of the non-crystalline phase relative to other thermodynamic phases such as crystalline phases of similar compositions or decomposition reactions with ambient atmosphere or elevated temperatures. Extrinsic stability, by contrast, can be used to refer to a materials’ stability when interfaced electrode materials with varying chemical potentials. Generally, both facets of stability can be improved by structural tuning but sometimes at the expense of other properties, as will be shown in this section.

At the outset of this decade, it was reported that the LPS electrolytes undergo hydrolysis when exposed to humid atmosphere, resulting in the generation of H2S gas by Muramatsu et al. (2011).

[image: image]

The generation of such gasses necessitates that all processing and handling is carried out under inert environments, severely restricting the scale-up of ASSBs based on LPS NCEs. The stability of LPS can be improved by substituting oxygen on sulfur sites (Ohtomo et al., 2013a) but this has the effect of reducing the ionic conductivity to the 10–4 S/cm range, rather than the higher 10–3 S/cm range often observed for undoped LPS systems. This reduction in conductivity is likely related to the less polarizable oxyanions impeding the diffusion of lithium ion. This provides an example of the paradoxical nature of the criteria for ASSB NCEs; a weakly bonded open structure is necessitated for fast ion conduction, but such structures are often inherently unstable with air or elevated temperatures. Examples of a reduction in H2S from addition of minor mole fractions of LiNbO3 and the simultaneous changes in ionic conductivity are shown in Figures 5A,B, respectively (Ahmad et al., 2020).


[image: image]

FIGURE 5. Doping of LPS with xLiNbO3 reduces the amount of H2S generated (A). The room temperature conductivity of the Nb doped LPS reaches a maximum for 0.2 mol% LiNbO3 (B). A symmetric cell with an undoped LPS NCE shows electrical shorting at high current densities (C), while a symmetric cell with an SiS2-doped LPS NCE demonstrates enhanced stability at high current densities (D). (A,B) Reprinted (adapted) with permission from Ahmad et al. (2020). Copyright 2020 American Chemical Society. (C,D) Reprinted (adapted) with permission from Zhao et al. (2020). Copyright 2019 American Chemical Society.


In pursuit of a more stable LPS NCE which retains a conductivity above 10–3 S/cm, numerous researchers have explored combinations of doping LPS systems and partially crystallizing them into glass/amorphous-ceramics. The initial work on doping LPS with a network modifying salt was done by Malugani and Mercier with LiBr, LiC, LiI, etc. (Mercier et al., 1981). The conductivity of these samples was measured to be in the 10–3 S/cm regime, which is similar to the state-of-the-art undoped LPS NCEs and one order of magnitude higher than what is usually reported for the non-salt doped glassy/amorphous LPS materials. These Li-salt doped NCEs also demonstrate stability at 100°C and high current densities (ca. 1.25 mA/cm2) (Suyama et al., 2018). Subsequent recent investigations have examined the properties of the doped Li10+δ M1+δ P2–δ S12 (M = Si, Sn, Ge, P) glass and partially crystallized SSEs (Kamaya et al., 2011; Hori et al., 2014, 2016). Ge-doped samples can reach conductivities as high as 1.2 × 10–3 S/cm, with the added benefit of decreased degradation when in contact with low potential anodes like metallic lithium. The other dopants (Sn, Si, P) give lower conductivities and it has been hypothesized that the Ge-substitution increases the volume of the lithium sites which enables faster diffusion, compared to the other dopant metals (Hori et al., 2014). A positive correlation between increases in the ionic diffusion pathway volume and values of ionic conductivity are well-documented for crystalline electrolytes as well (Bachman et al., 2015). The practical advantages of Si or O doping on the performance of LPS is shown in Figures 5C,D, where an increase in stability at high current density is observed when the electrolyte composition is changed from 0.6Li2S + 0.4P2S5 to 0.6Li2S + 0.4[0.4SiS2 + 0.9P2S5], respectively (Zhao et al., 2020).

Similar compositional modifications are effective in increasing LPS stability against metallic Li. The addition of Li2O to LPS can enable cycling with an Li anode (Ohtomo et al., 2013a,b,c). Other stability enhancing dopants include LiBH4 (Yamauchi et al., 2013), Li3PO4 (Mo et al., 2016), SiS2 (Yersak et al., 2019), P2S3 and P2O5 (Minami et al., 2011b); however, the conductivity is usually reduced to the 10–4 S/cm regime. Excellent cyclability (>700 cycles) and reversible capacity (ca. 140 mA⋅h/g) when LPS is doped with P2O5/P2S3 (Minami et al., 2011a). The origin of such increased stability against reduction by Li likely lies in the increasing average bond strength of the doped NCEs.

While the increase in stability against reduction by Li is notable, the stability of LPS against metallic Li remains practically insufficient due to numerous decomposition reactions (Zhu et al., 2015). In addition to reduction driven a chemical potential gradient, the procession of Li ‘dendrite’ growth through dense LPS has been observed experimentally via neutron diffraction (Han et al., 2019). This study posits the increase electrical conductivity of non-crystalline LPS (ca. 10–8 S/cm) as the property of LPS which enables extended Li penetration. With this guidance, future investigations of LPS doping should rationally select dopants which reduce the bulk electrical conducivity, as opposed to previous efforts to solely increase the thermodynamic stability window.

Finally, the partial/total crystallization of LPS must be mentioned. Non-crystalline LPS can be exposed to heat and/or pressure to produce a gamut of crystalline variants. Among the possible crystalline forms, Li7P3S11 (corresponding to a non-crystalline precursor of 70 Li2S:30 P2S5) has been studied extensively due to its ease of synthesis and high ionic conductivity (ca. 10–3 S/cm) (Hayashi et al., 2008; Seino et al., 2015; Aoki et al., 2017). To illustrate the increase in conductivity during the crystallization process, Busche et al. (2016) have measured the in situ resistance (reciprocal of conductivity) of an initially completely non-crystalline LPS electrolyte during concurrent heating (Tanneal = 250°C) and uniaxial pressure (ca. 180 MPa). A decrease in resistance of about three orders of magnitude is observed during the crystallization process. The crystallization process must, however, be controlled such as to prevent the nucleation of less conductive phases (e.g., Li4Si2P6, and β-Li3PS4) which yield lower conductivities (Hayashi et al., 2008; Seino et al., 2015; Aoki et al., 2017). Prolonged discussion of the various crystalline phases of LPS lies outside the scope of this review but the topic has been examined in detail in other recent reviews (Berbano et al., 2013; Ohtomo et al., 2013a; Chen et al., 2018; Kudu et al., 2018).



LPS ASSB Demonstrations

The culmination of the aforementioned studies investigating the conductivity and stability of LPS NCEs is the electrochemical cycling of secondary ion batteries employing such NCEs. In this section, the characterization of some of the electrode-electrolyte interfaces is described in practical demonstrations, concluding with collective the interpretation of a short collation of different electrode-electrolyte combinations and their resultant properties.

The matter of interfacial decomposition, previously addressed from a purely thermodynamic perspective, is further complicated by recent findings which demonstrate altered decomposition pathways due to the nature of the electrode and the act of cycling (Tsukasaki et al., 2018). In a direct comparison of ASSBs utilizing either an amorphous (75Li2S5:25P2S5) or a glass-ceramic (70Li2S5:30P2S5 heat treated to 290°C) SSE, the ASSB with a glass electrolyte showed the better rate performance but suffered from an increased interfacial resistance after being held under open circuit conditions for extended periods of time, while the purely non-crystalline SSE showed better capacity retention (Ohtomo et al., 2013a). Since interfacial resistance is most often ascribed to the interfacial decomposition products, it follows that the difference in electrochemical performance is due to different decomposition pathways. Evidence for such altered decomposition pathways in ASSBs with LPS electrolytes is given in a study by Tsukasaki et al. (2018) which used in situ TEM to probe the evolution of an ASSB interface (LiNi1/3Mn1/3Co1/3O2 cathode, LPS electrolyte) during heating. In addition to one of the first direct observations of crystal nucleation within an amorphous structure, the authors also identified new decomposition pathways initiated by the insertion of excess Li+ from the cathode. Such decomposition pathways might not be identified models which only consider the equilibrium chemical potential at the cathodic interface without accounting for a lithium reservoir. These two complementary examples demonstrate the potential complications which immediately arise when extending the system from solely the bulk SSE to a functioning electrochemical cell.

A representative selection of recent ASSB demonstrations that utilize an NCE based on LPS compositions is given in Table 2. For each battery, the electrolyte composition/classification, the working electrodes, operating voltage window, and the number of cycles with capacity retention of final cycle relative to initial cycle are given. Rather than endeavor to make an exhaustive list of LPS-ASSB reports, the table instead highlights the variety of electrodes used and their similarly varied performances. This allows for the ensuing discussion of the broader advantages and disadvantages of LPS as a solid electrolyte in ASSBs.


TABLE 2. LPS-ASSB performance over the past decade.
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The ASSBs with LPS electrolytes summarized in Table 2 pursue numerous pathways toward enhanced electrochemical performance, including modification of the electrolyte composition, inclusion of numerous electrolytes, and selection of electrodes which are stable with LPS. First, it has been shown that varying the composition of pure LPS from 70Li2S-30P2S5 to 75Li2S-25P2S5 the stability can be increased at the expense of rate performance, respectively (Ohtomo et al., 2013c). This is consistent with the results reviewed in the previous section where certain LPS compositions demonstrate high stability while others provided higher ionic conductivity. The addition of 5 mol% Li3PO4 to a 70Li2S-30P2S5 electrolyte was shown to enhance the stability of the electrolyte at high temperatures (100°C) (Mo et al., 2016). These examples demonstrate two successful extensions of the direct electrolyte modification pathway outlined in the previous sections.

The addition of secondary electrolyte materials has also been demonstrated to improve electrochemical performance. Yamauchi et al. (2013) showed that the addition of LiBH4 at low mole fractions to an LPS electrolyte in order to create a more stable composite electrolyte in an ASSB with a lithium metal anode. While the operating potential was limited due to the use of a Ti2S cathode, the cell did show enhanced cyclability over a pure LPS electrolyte. Zhang and coworkers took a similar route by doping an LPS electrolyte with LiBr2 and WS2 to promote a reduction in internal polarization and enhanced conductivity in an ASSB with an LiCoO2 cathode and Li-In alloy anode (Zhang et al., 2019). The resultant composite electrolyte demonstrated excellent cyclability which the authors attributed to a reduction in space charge polarization at the electrode/electrolyte interfaces. The origin of the reduction in polarization was drawn from dielectric spectral sampling across a wide range of frequencies which allowed for separation of the different fast and slow polarization mechanisms such as internal dipoles and interfacial space charge, respectively. Such a frequency dependent techniques will likely play a vital role in characterizing the interfaces of ASSBs as the technology continues to mature (Tan et al., 2020).

In order to increase the stability against both the high potential cathode and reducing anode, it is possible to layer the electrolyte such that neither individual electrolyte must be stable against the entire potential window so long as their stability windows overlap and are selected appropriately for the electrodes of interest. This was demonstrated by Shin and coworkers by layering a crystalline Li10GeP2S12 (LGPS) with an LPS electrolyte, where the LGPS was interfaced only with the cathode (Ti2S) and LPS, with the LPS interfacing with the LGPS and the Li-In alloy anode (Shin et al., 2014). The resulting battery had excellent conductivity, suggesting that it is possible to layer with the ease of processing afforded by NCEs to produce high performing batteries. Most exemplary was the retention of 25% of the theoretical capacity when cycled at 20 C. Additional demonstrations of LPS electrolytes is ASSBs have shown enhanced capacities by making use the sulfur redox reaction (Busche et al., 2016) or a Li3PS4 cathode which is similar to the LPS electrolytes in question (Hakari et al., 2015).



LITHIUM PHOSPHORUS OXYNITRIDE

The second major glassy SSE of focus for this review is the lithium phosphorus oxynitride (LiPON) non-crystalline SSE material. LiPON, first reported in the 1990s (Bates et al., 1992, 1993; Yu et al., 1997), offers an interesting comparison to the LPS SSEs which were previously reviewed owing to its different chemistry and resultant electrical/ionic/mechanical properties. Owing to these intrinsic differences, the development of LiPON has followed a distinctly different path compared to LPS in the past decade. Juxtaposition of the properties and incipient applications of LPS versus LiPON NCEs serves to illustrate the potential of NCEs to serve a wide swathe of the next generation of battery technologies.


Introduction to LiPON

LiPON is most commonly fabricated by radio frequency magnetron (RFM) sputtering at elevated temperatures (Tsputter > 200°C) in a pure nitrogen, or N2 mixed with Ar2/O2, atmosphere with a Li3PO4 target (Bates et al., 1992). The formation of a non-crystalline LixPO4–yNy structure is thought to proceed by the partial nitridation of Li3PO4 (Lacivita et al., 2018a); however there is an ongoing debate regarding the process which will be summarized later. The precise structure over the wide composition range also remains a somewhat open question, but it is agreed upon that the material is mainly comprised of randomly oriented, corner-sharing, PO4–yNy tetrahedra, where the nitrogen can be non-bonding to reduce the connectivity of the network. The lithium atoms are distributed randomly within the interstices of this matrix, with the conductivity of bulk showing a maxima of ca. 1.4 × 10–4 S/cm for x in LixPO4–yNy about three (Figure 6). The relationship between composition, structure, and conductivity is still being elucidated and will be expounded upon later in this section. The film thicknesses can range from the 10s of nanometers into the micrometer regime, based on sputtering conditions (Pichonat et al., 2010; Put et al., 2016). The processing parameters such as atmosphere (Hamon et al., 2006; Ribeiro et al., 2012; Put et al., 2016; Vieira et al., 2016), substrate temperature (Jacke et al., 2011), and target composition (Hori et al., 2014; West et al., 2016; Famprikis et al., 2019b) have been shown to effect LiPON film properties. For many compositions of LiPON, the conductivity can be as low as 1–3 × 10–6 S/cm at room temperature (electrical resistivities in the range of 10–8–10–14 S/cm) (Le Van-Jodin et al., 2013; Vieira et al., 2016), which would typically not make for a practical SSE in an ASSB. However, the reduced dimensions afforded by the thin film processing techniques are well-suited for the development of microbatteries.
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FIGURE 6. Proposed relationship between the conductivity and composition of a LiPON system as a function of Li:P ratio. Lacivita and colleagues propose the shown structural changes in the nitrogen speciation as the dominant factor in controlling the resulting conductivity. Reprinted from Lacivita et al. (2018b) with permission from the American Chemical Society. Further permissions related to excerpted material should be directed to the American Chemical Society.




Structure-Property Relationships in LiPON

As with LPS, there is interest in understanding the relationship between the non-crystalline structure and the ionic conductivity. Based on XPS measurements of core level electrons by numerous studies in the first ca. 20 years of LiPON studies (Muñoz, 2012), many researchers believed that the nitrogen was introduced at oxygen sites as either bridging two phosphate units (Q2 in Qn speciation format, but often reported as N2) or three phosphate units (Q3, but often reported as Nt). Based on positive correlation between apparent increased Q3 N-species and the ionic conductivity of the thin films, it has been postulated by numerous authors that the triply coordinated nitrogen is beneficial ionic conductivity (Bates et al., 1992; Yu et al., 1997). However, a number of competing explanations for the effect of N-substitution on O-sites have been proposed in recent years. Two papers by Lacivita et al. (2018a) extensively modeled (DFT, MD) and characterized (neutron scattering, infrared spectroscopy) to show that the increase in conductivity (from 10–6 to approximately 10–5 S/cm) with increasing Li and N content is potentially due to a number of factors, including orientational disorder of the PO4 units, excess Li+ introduced at high Li/N compositions, and bridging Q2 nitrogen lowering the electrostatic interaction between the anionic units and the mobile Li ions, with some of these factors also being identified by other workers (Pichonat et al., 2010; Fleutot et al., 2011; Famprikis et al., 2019b). Additionally, their extensive structural modeling and characterization showed no evidence for Q3 nitrogen, calling into question the previous notion of a positive correlation between of these hypothetical species to the increase in conductivity (Lacivita et al., 2018b). Rather, their results indicate that nitrogen may be present as either Q2 species or non-bridging (“apical”), bonded to one phosphate group (Figures 7A,B). These results are supported by recent XPS studies which also show that the amount of 3-coordinated nitrogen species does not correlate to increases in ionic conductivity (Mani et al., 2016). These results differ somewhat from earlier explanations of the relationship between conductivity and structure, which point instead to an increase in the amount of non-bridging oxygens (Muñoz, 2012; Mascaraque et al., 2013), a decrease in molecular N2 (Stallworth et al., 2005), or the previously mentioned Q3 nitrogen species.
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FIGURE 7. Reconciling the changes in ionic conductivity with the Li:P ratio with an improved nitrogen speciation model with does not hinge on a triply coordinated nitrogen (Nt) (A) and the proposed ternary phase diagram for LiPON (B). Reprinted with permission from Lacivita et al. (2018b). Copyright 2018 American Chemical Society.


In order to improve the ambient conductivity of LiPON in a commercially viable regime (ca. 10–6 S/cm), numerous studies have been devoted to the improvement of the ionic conductivity through different means. Similar to the findings pertaining to the structure of LPS discussed in the previous section, the conductivity of LiPON benefits from increasing disorder (Lacivita et al., 2018a). The increases in network former disorder can be accomplished by processing (e.g., higher deposition temperature) or compositional (introduction of non-bridging anions) means. In the case of chemical modifications, the substitution of nitrogen, silicon, or boron on oxygen sites have all been shown to be beneficial for raising the conductivity into the promising ca. 10–6 S/cm range (Yoon et al., 2012; Famprikis et al., 2019b). The anionic substitutions seem to increase in the ionic conductivity and reduce the activation energy for ionic motion due to the reduction in electronegativity of the host matrix, as well as increasing the amount of non-bridging species, thereby reducing the amount of energy required for interstitial lithium ions to migrate. In concert with this effect, it has also been observed that the conductivity of LiPON films also benefits from the introduction of excess lithium during processing, which presumably increases the concentration of interstitial lithium available for conduction (Xiao et al., 2018). Interestingly, these effects can be realized with the obvious commensurate changes in precursor (i.e., sputtering target) chemistry, but also by changing the processing atmosphere and sputtering parameters (Xiao et al., 2018; Put et al., 2019). With so many possible factors contributing to the conductivity of LiPON, it is perhaps unsurprising that the measured conductivities of LiPON of the same nominal composition can vary up to three orders of magnitude when different processing techniques are employed and the data are collated (Famprikis et al., 2019b).

The studies reviewed above do not discuss effects of structure and conductivity within the emerging framework of electrolyte theory rooted in glass relaxation behavior (Wilkinson et al., 2020). Understandably, the explanations given thus far have been largely based on relationships between the directly measurable/calculable structural characteristics such as Li-diffusion volume (Mascaraque et al., 2013), changes in anionic interactions from structural modifications (Mani et al., 2016; Lacivita et al., 2018a,b), or defect formation energies (Sicolo and Albe, 2016; Sicolo et al., 2017). The present phenomenological understanding of the relationship between structure and conductivity suffice to explain general trends seen within the LiPON literature; however, their mutual contradiction and empiricism preclude major contributions to a more general understanding of ionic conduction in the non-crystalline state. To the best of the authors’ knowledge, only a singular study by Le Van-Jodin et al. (2013) does provide evidence for an increase in Li+ mobility in LiPON (constant carrier concentration, ca. 0.4 mol% of Li contributes to σ) with increasing temperature indicating LiPON behaves as a ‘strong electrolyte.’ The recent advances in computational modeling and experimental determination of conduction mechanisms may enable subsequent studies which may further elucidate the relationship between the structural units of LiPON and its ionic conduction mechanisms.



Stability of LiPON

An ASSB with a LiPON electrolyte fabricated by sputtering on an alumina substrate (Wang et al., 2016) (a). Potential decomposition reactions as a function of potential in a TiN| LiPON| Au system (b) as well as the I–V response showing breakdown for positive and negative potentials, with an inset at magnifying the lower potentials (c). Panel (a) reprinted with permission from Wang et al. (2016). Copyright (2016) American Chemical Society. Panels (b-c) adapted from Put et al. (2018) with permission from the Royal Society of Chemistry (Figure 8).
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FIGURE 8. An ASSB with a LiPON electrolyte fabricated by sputtering on an alumina substrate (Wang et al., 2016) (A). Potential decomposition reactions as a function of potential in a TiN| LiPON| Au system (B) as well as the I–V response showing breakdown for positive and negative potentials, with an inset at magnifying the lower potentials (C). (A) Reprinted with permission from Wang et al. (2016). Copyright (2016) American Chemical Society. (B,C) Adapted from Put et al. (2018) with permission from the Royal Society of Chemistry.


Concurrent with the fundamental investigations of LiPON, a number of studies have extended the scope to the stability of LiPON in different atmospheres and in contact with different electrodes. The ability of LiPON to be sputtered as a thin film allow for high interfacial contact as shown in Figure 8A. We now review some of the major findings and emerging themes from these studies to provide context for the subsequent review of LiPON-based ASSBs.

Early reports of LiPON suggested that the material was stable in contact with metallic Li over a stability window of 5.5 ± 0.2 V (Yu et al., 1997); however this has been questioned in subsequent studies. The propensity of LiPON to decompose when in contact with a number of different materials has been investigated, including metallic lithium (Motoyama et al., 2015, 2018; Sicolo et al., 2017; Westover et al., 2019), the ubiquitous LiCoO2 cathode (Li et al., 2014; Schwöbel et al., 2015; Sicolo and Albe, 2016; Wang et al., 2016; Fingerle et al., 2017; Weiss et al., 2019), and the nickel manganese spinel (West et al., 2016; Thai and Lee, 2017; Lv et al., 2020). While one of LiPONs strengths as an electrolyte appears to be its resistance to lithium penetration (Westover et al., 2019), there are a number of interfacial reactions which yield gaseous evolution (Put et al., 2018) and resistive interfacial layers (Li et al., 2014; Hausbrand et al., 2015; Weiss et al., 2019) at both the anode and cathode interfaces which may limit the future application of LiPON SSEs.

Although LiPON does not exhibit unequivocal stability against decomposition reactions, it does demonstrate excellent stability against lithium metal penetration relative to other SSEs. The origin of this remarkable lithium penetration resistance has been explored from a thermodynamic standpoint (Zhu et al., 2015) and more recently by neutron scattering (Han et al., 2019). In the latter case, the authors argue that the increased resistance to lithium penetration in LiPON stems not from the surface roughness or mechanical strength, as was previously thought, but rather the exceedingly high electrical resistance of the material (ca. 10–15–10–12 S/cm) (Le Van-Jodin et al., 2013; Su et al., 2015).

The practical reality of solid electrolytes, such as LiPON, is that their stability varies with the interfacing electrode and the applied bias. An example of this is shown in Figures 8B,C where Put et al. (2018) measured the I–V response of a LiPON electrolyte on a TiN substrate with a gold electrode. The breakdown response was traced to lithium liberation which then reacted with ions from either electrode, sometimes producing gas in the process. In ascribing degradation reactions, the authors used thermodynamic data for Li3PO4 instead of LiPON due to the lack of available thermodynamic data on LiPON. The degradation of LiPON seems to lead to ionically conductive phases such as Li4P2O7 which also explains why the stability of LiPON seems to extend beyond what some thermodynamic calculations have suggested (Zhu et al., 2015; Richards et al., 2016). Reactions with ambient atmosphere have also been shown to reduce the conductivity of LiPON to 9.9 × 10–10 S/cm through the release of PH3 and NH3 (Nimisha et al., 2011). Thus, while LiPON does show excellent stability against lithium dendrite penetration in ASSBs, both computational and experimental studies will be necessary to understand truly understand the limits of LiPON and compatible electrodes for ASSBs.

Experimental observations of the Li| LiPON interface largely agree with the findings outlined above. Schwöbel et al. (2015) observe Li2O formation at such an interface with XPS due to the decomposition of LiPON, but the resulting passivation layer does not completely destroy LiPON and prevent adequate cycling behavior. Reactions at the LiPON| Li interface are related to the difference in each material’s respective chemical potential, leading to a driving force for creation of defects in LiPON (Sicolo and Albe, 2016). Advances in DFT and MD simulation techniques and computational power have allowed for simulation of these interfaces and calculation of the relative energetic favorability for the formation and migration of defects at such interfaces (Sicolo and Albe, 2016; Sicolo et al., 2017). Results from Sicolo et al. (2017) show an energetic preference for lithium interstitials at LiPON| Li interfaces, with neutral lithium interstitials competing with charged point defects leading to reduction of LiPON. This proposed mechanism of LiPON degradation when in contact with metallic Li agrees with experimental observations and calculated to be absent in LiPON| LiCoO2 interfaces.

Potential ASSB anodes are not limited to metallic lithium; amorphous silicon and lithium alloys are also being explored as potential ASSB anode materials (Dunn et al., 2011). Si-anodes are known to react when in contact with common non-aqueous electrolytes (Goriparti et al., 2014), so the prospect of a LiPON interlayer (i.e., Si| LiPON| liquid electrolyte) has attracted some attention. Weiss et al. (2019) showed that the resulting interphase layer(s) formed at the interface of the protective LiPON and the liquid electrolyte was ionically resistive but semi-porous, thus gradually reducing capacity and rate performance as the interfacial layer “pinholes” were filled in during cycling. Despite the formation of progressively resistive layers on Si-anodes, numerous recent demonstrations of ASSBs with Si| LiPON interfaces show higher capacity retention and rate performance than Si| liquid electrolyte counterparts (Hamedi Jouybari and Berkemeier, 2016; Zhou et al., 2017; Luo et al., 2018; Reyes Jiménez et al., 2018). A similar protective effect of LiPON on SnxNy has also been demonstrated (Li et al., 2014).

In addition to the chemical stability of LiPON| Li interfaces, an SSE candidate must also demonstrate the ability to resist Li penetration (“dendrite”) during cycling. LiPON excels in this respect as shown by Westover et al. (2019) where lithium “trees” are able to grow unimpeded for millimeter lengths between current collector fingers but are stopped when the Li is deposited and confined to an ‘artificial’ LiPON| LiPON interface (Figures 9A–D). As mentioned earlier in this section, the high electrical resistance of LiPON likely plays a dominant role in imparting an increased resistance to the lithium penetration, but Swamy and others have also pointed to the deposition of LiPON through sputtering as an effective means to create flush and defect-less interfaces which may also contribute to the resistance to lithium penetration from a solely mechanical strength perspective (Porz et al., 2017). The demonstration of lithium confinement to a sputtered LiPON interface bodes well for the prospect of using LiPON SSEs in thin film batteries with long cycle life (Wang et al., 2019).
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FIGURE 9. Optical images of lithium penetration arrest with an artificial LiPON layer (A,B). SEM images of the artificial LiPON interface shows confinement of Li-metal to the nanometric interceding distance between the two layers, proving LiPONs ability to resist lithium incursion to remarkable length scales (C,D). Reprinted from Westover et al. (2019) with permission from the American Chemical Society. Further permissions related to excerpted material should be directed to the American Chemical Society.


The mechanical properties of LiPON films are also of interest when considering the differences in volumetric expansion during ASSB cycling and the potential for flexible batteries, so workers have also investigated the cathode| LiPON (Herbert et al., 2011; Thai and Lee, 2017) and current collector| LiPON interfaces (Motoyama et al., 2015) for evidence of mechanical failure, as well as the effect of mechanical strain on the electrical response on LiPON SSEs (Glenneberg et al., 2017). The hardness and the modulus of LiPON were measured via nanoindentation to be 3.9 GPa (4.1 GPa after 200°C anneal) and 77 GPa, respectively (Herbert et al., 2011), but it should be noted that the temporal changes in mechanical properties indicates a potentially un-investigated creep mechanism in LiPON. Interestingly, with mechanical stress applied via bending LiPON around a known radius, the conductivity increases and the activation energy decreases as the mechanical load is increased (Glenneberg et al., 2017). However, the activation energy of hopping in LiPON is observed to increase under compressive loads (LiPON| Li-Ni-Mn spinel interface) (Thai and Lee, 2017), suggesting that the mechanoelectrical response of LiPON may be system specific.

Finally, the interfacial stability of LiPON interfaced a number of cathode materials is addressed. Computational results contrasting LiPON| Li and LiPON| LiCoO2 interfaces show differences in the defect formation energies, and consequently varied decomposition modes in LiPON in the two cases (Sicolo and Albe, 2016; Sicolo et al., 2017). These calculations are based on the chemical potential differential at the interface, so it follows that the results of these simulations/calculations can only be used to interpret experimental results only when differences in interfacial quality and composition are accounted for. Indeed, numerous studies have investigated the LiPON| LiCoO2 via XPS (Jacke et al., 2010; Song et al., 2011b; Li et al., 2014; Schwöbel et al., 2015; Fingerle et al., 2017) and TEM (Wang et al., 2016) observe general agreement in LiPON decomposition predicted by computational methods, but also show some differences which are tenuously attributed to unavoidable differences in processing. Consistent with defect equilibria calculations, LiPON in the proximity of the LiCoO2 interface is observed to be significantly delithiated under open circuit conditions, and effect that is magnified upon the first cell cycling. However, the consequences of an unstable under-lithiathed interface are seen to somewhat differ; Wang and colleagues observe using (S)TEM/EELs a disordered layer (∼3 nm) in the LiCoO2 layer which is thought to be comprised of Li2O, Li2O2, and CoO, while XPS results of a similar study observe Co3O4, Li3PO4, and network-modified LiPON (Fingerle et al., 2017). While there seems to be agreement in the observations of oxygen substitutions in LiPON within proximity of the interface (Jacke et al., 2010; Song et al., 2011b; Schwöbel et al., 2015), the interfacial phases formed at the reactive layer appear to differ based on slight differences in processing. Regardless of the precise nature of the reactive layer, the resistivity of the interface often reaches as high as 107 S/cm, greatly diminishing reversible battery performance (Yada et al., 2014). Yada et al. (2014) used BaTiO3 nanoparticles dispersed at the LiPON| LiCoO2 interface to counteract the presupposed space charge formed at the interface, effectively reducing the interfacial resistance to values in the range of 200 S/cm. As a result, the rate performance and gross capacity were increased relative to the ASSB with an unmodified interface. This example of interfacial modification toward improved ASSB performance epitomizes the opportunity for engineering the electrolyte| electrode interface in the next decade of ASSB research.

Similar interfacial reactions are observed when cathodes other than LiCoO2 are used. The alternative cathodes extent beyond the LiCoO2 paradigm to usher in a new era of SIB performance, such as higher voltage (5 V) cathodes in the case of the LiNi0.5Mn0.5O4 spinel (Li et al., 2015). Thus, the interfacial stability of LiPON with these materials has also been explored. Redox reactions of the transition metal ions (such as Ti in LiTiO3 and LATP, Mn in Li-Ni-Mn spinel) is commonly observed (Guhl et al., 2017; Thai and Lee, 2017; Sepúlveda et al., 2019; Lv et al., 2020). Increases in glass transition and fictive temperature with imparted by increases in the deposition temperature appear to decrease the capacity and rate performance of these ASSBs (Sepúlveda et al., 2019). Protective cathode coatings of LiPON are beneficial for the protection of NiFe2O4 (Wei et al., 2018), LiNi0.5Mn0.5O4 spinel (Lv et al., 2020), and LATP (Guhl et al., 2017) by respectively reducing the cathode volume expansion during cycling, a reduction in the extent of Mn-dissolution into a bulk liquid electrolyte, and reduction in interfacial resistance compared to systems without a LiPON coating. These recent results, in conjunction with the promising results from the LiPON-protected silicon anodes, suggest that LiPON may not only play a promising role as a standalone SSE, but also as a buffering layer at electrochemically sensitive interfaces.

Finally, a brief review of some important electrochemical performance metrics in ASSBs utilizing LiPON NCEs in Table 3. The dimensions of these batteries are often on the millimeter to centimeter in area while in the micrometer regime in thickness, so the reversible capacity is often also reported by accounting for the reduced dimensions, i.e., in μA⋅h/g rather than mA⋅h/g. Further, the volumetric capacity is often reported rather than specific gravimetric capacity (as is typical in bulk ASSBs) due to the unique configurations of these microbatteries. The presented batteries demonstrate the ability to sputter the cathodes as well, which include LCO, LTO (Put et al., 2019), and LNMO (Yada et al., 2014) thin films. These batteries are typically supported by hard substrates such as SiO2 or flexible substrates (Song et al., 2010) to impart flexibility to the thin film battery as a whole. In the simplest form, LCO-LiPON-Li ASSBs demonstrate modest capacities of approximately 55 μA⋅h/cm2⋅μm1 between voltages of around 3.5 to 3.9 V. The cyclability, however, is much improved over the bulk ASSBs based on LPS NCEs (Table 2). Many of the reviewed ASSBs demonstrate cyclability retention of over 90% for 100 cycles, with recent reports of greater than 80% cycle retention over 900 cycles (Tintignac et al., 2014; Song et al., 2016). This cyclability is attributable to the excellent electrochemical stability at both interfaces and intrinsic resistance to Li-penetration. Furthermore, this stability is retained at high rate-performances up to 2 C (Yada et al., 2014) and 10 C (Song et al., 2010). In the former, this high rate performance is attained by the previously described reduction in interfacial resistance by the addition of a dielectric to the electrode| electrolyte interface. The capacities of these batteries are limited by the thickness and specific capacity of the cathode materials (Julien et al., 2019), so it remains to be seen if thin film LiPON-based ASSBs can make use of the next generation cathodes being developed in parallel. Over the course of the next decade, improvements to the specific capacities of these thin-film ASSBs enabled by next-generation technology will play a pivotal role in enabling the forthcoming “internet of things.”


TABLE 3. ASSBs with a LiPON (or LiBON) electrolyte and the electrochemical properties of the cells with a lithium anode.
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INSIGHTS INTO IONIC CONDUCTION IN THE NON-CRYSTALLINE STATE

The bulk of the ASSB SIB literature of the past decade has centered around practical demonstrations and directly quantifiable improvements to energy storage metrics such as specific capacity, interfacial stability, operating potential, etc. (Lin et al., 2018). The potential for broader impact of NCEs is not limited to enabling next generation lithium SIBs, such as the parallel advances being made in proton conducting glasses for fuel cell electrolytes (Uma and Nogami, 2008; Yamaguchi et al., 2018; Omata et al., 2019). In the final section of this review, the focus is shifts to advances in understanding the fundamental mechanism and theory of ionic conduction in the non-crystalline state. Having developed a mature theory of ionic conduction in liquid electrolytes (Bockris, 1998), and with a similarly robust theory of ionic conduction in the crystalline state proving elusive (Bachman et al., 2015), perhaps insight into ionic conduction mechanisms in the glassy state, may be a necessary step toward a generalized theory of ionic conduction in solid-state systems.


Structural Relations

A number of differing explanations for ionic conduction in non-crystalline materials have been proposed. Prior to ca. 2010, part of the debate centered on whether the conducting ions where dispersed randomly (Swenson et al., 1998; Adams and Swenson, 2000) or in salt clusters (Malugani and Robert, 1979; Mercier et al., 1981) throughout the structure. As shown throughout this review, the recent combinatory advances in structural characterization and modeling have shed light on such questions, showing that in many common glass systems (e.g., alkali binary silicates, phosphates, sulfides) cations are distributed mostly randomly throughout a glass structure, i.e., not generating percolated areas of conductive alkali salts in an otherwise non-conducting matrix (Swenson et al., 1998). The long-range structure of the glass is thus generally unaffected at low alkali concentrations, and thus attention has turned toward the short-range structural changes which enable and effect ionic conductivity.

It has been shown throughout this review that the presence and concentration of alkali network modifiers can stabilize non-bridging species including silicate oxides, phosphates, and nitrides. In the case of aluminoborosilicate systems, the mobility and conductivity of the bulk glass is greatly affected by the sites upon which the alkali modifier sites (Smedskjaer et al., 2011). Similarly, in LiPON, the studies reviewed in this manuscript extensively drew on structural modifications induced by nitridation of the Li-P-O glass. However, as shown in recent studies by Lacivita et al. (2018b) and expounded upon by Muñoz (Muñoz, 2012), interpretation of the structural characterizations in LiPON (and related non-crystalline electrolytes) is non-trivial, so there remains much work to be done in reaching a broad consensus of the relation between characteristic glass species (such as non-bridging oxygens and triply coordinated nitrogen) and the resulting changes in ionic conductivity and activation energies.

Structural relationships have often been used to try to justify the origin of the activation barrier, in an attempt to both discover atomistic origins of conductivity but also in order to increase the predictability of new compositions’ transport behavior. In the liquid state (when T > > Tg) it is known that the commonly used Stokes-Einstein relationship accurately describes the diffusion when an accurate viscosity model is used, such as the MYEGA equation (Mauro et al., 2009b). The Stokes-Einstein relates the diffusivity with the viscosity through a constant (a) at a temperature T,

[image: image]

This is a powerful model since viscosity can be modeled as a function of composition using topological constraint theory (TCT). A wide range of review papers on TCT are available and as such will not be discussed extensively here (Smedskjaer et al., 2010; Mauro, 2011; Bauchy, 2012). All viscosity models require three parameters to describe the temperature dependence of viscosity: the fragility (m), the glass transition (Tg) and the infinite temperature limit of viscosity, which is a constant of 10–2.97 Pa⋅s (Zheng et al., 2011). Fragility and Tg can be both written in terms of the degrees of freedom per atom of a glass (f) at the glass transitions with the glass transition given by,

[image: image]

The fragility is given by the expression (Mauro et al., 2009a),

[image: image]

These terms and some parametrization of the constant, a, can allow for a complete description of the diffusivity above the glass transition.

To relate the structure of a glass to its conductivity there first must be a unifying model for the origin of the activation barrier. Several models have been proposed, each based on either the strong or weak electrolyte model. One such model is the ‘Christensen-Martin-Andersen-Stuart’ model (Martin et al., 2019) based on the strong electrolyte theory where the activation energy is a linear mixing of Coulombic binding energy and a strain energy. This assumes that the ion pushes the network elastically and then jumps through the space it forms. The Coulombic binding is given a function of the Madelung constant and assumes that the distance of the ions is the sum of the radii. The strain term is directly related to the shear modulus and the jump distance of these ions. One possible way to predict this is to use recent advances in TCT to find relevant moduli (Wilkinson et al., 2019b); however additional work on this topic is still needed. This model provides some strong results in numerous studies but is limited by the necessity of fitting the Madelung constant. Most models that have been shown in literature have had some fitting parameter, which makes it difficult to write the activation energy of an entire glass family as a function of composition.



Mounting Evidence for the Weak Electrolyte Theory

A weak electrolyte is one in which the conductivity is governed primarily by the concentration of charge carriers, rather than their respective mobilities (see section “Non-crystalline Electrolytes”). Souquet and Ravaine proposed that this thermodynamic model was the most adequate description of ionically conducting alkali oxide glasses (Ravaine and Souquet, 1977; Souquet et al., 2010). The contending view, viz., that glasses are better described by strong electrolytes whose ionic conductivity is a function of the mobilities of the charge carriers, has also been proposed as described above (Anderson and Stuart, 1954). Recent measurements and simulations of charge carrier mobilities and concentrations have come to largely support the weak electrolyte theory, but not without notable challenges (Martin, 1991; Martin et al., 2019).

The conductivity of AgI-AgPO3 glasses at temperatures below Tg was shown to related to two barriers, the first related to charge carrier concentration and the second related to migration of said carriers (Rodrigues et al., 2011). As the concentration of AgI is increased, the ionic conductivity similarly increases, which the authors were able to attribute to a reduction in the carrier formation enthalpy from 0.86 to 0.2 eV as the concentration of AgI was increased from 0 to 50%. The enthalpy of migration was found to be constant (0.14 eV) so the mobility of the charge carriers was found to also be constant at ca. 10–4 cm2V–1s–1, consistent with measurements made on similar systems by the Hall-effect technique (Souquet and Perera, 1990). These results are expanded upon in later studies of the same system (Bragatto et al., 2017), where the increase in conductivity can be related the thermal response of the dissociation constant (Kdiss) for the reaction.

[image: image]

Thus, these studies which span almost 30 years point unanimously to confirmation of the weak electrolyte theory being valid for the AgI-AgPO3 SSE. The correlation between the activity of AgI and composition in the xAgI-(1-x)AgPO3 is shown in Figure 10A.


[image: image]

FIGURE 10. Comparison of the measured activity in the xAgI-(1-x)AgPO3 glass electrolyte system as a function of percent AgI based on a regular solution model (A) and MD simulation of alkali silicates, M2O-SiO2 where M = Li, Na, K, showing no change in mobility as a function of temperature (B). (A) Reprinted (adapted) with permission from Bragatto et al. (2017). Copyright 2017, American Chemical Society. (B) Is reproduced from Welch et al. (2019), originally produced and copyrighted 2019 by Frontiers in Materials, parent companies, and the cited authors. Subject to Creative Commons Attributions License (CC BY).


Very recent MD simulations of alkali silicate (Welch et al., 2019), SSEs also support the weak electrolyte hypothesis. No change in ionic mobility is observed for xM2O-(1-x)SiO2 for M = Li, Na, and K as x or the simulation temperature is increased, so the increase in ionic conductivity is ascribed to the increase in charge carrier concentration (Figure 10B). In a nudged elastic band simulation of sodium in borate and silicate environments, the activation energy for the hopping mechanism between alkali sites was related to the cooperative relaxation of the glass network, as described by the Adam-Gibbs relationship between viscosity and relaxation (Adam and Gibbs, 1965). Assuming that the ionic conduction mechanism of weak electrolyte glasses is dependent on the local cooperative relaxation in the vicinity of the mobile ion, Wilkinson and colleagues derived the relation.

[image: image]

Where the activation energy for diffusion and a reference relaxation (Ea and Ea,r) are inversely proportional to the (reference) glass transition temperature, Tg (Tg,r) and the fragility index (m) (Mauro et al., 2009b; Wilkinson et al., 2020). The accuracy is shown in Figure 10B. Thus, a priori calculation of the ionic conductivity can be obtained given only the three physically meaningful parameters of the MYEGA, which may be a promising route to understanding ion dynamics in non-crystalline SSEs, in addition to the design of better SSEs. This expression also shows that the glass transport properties are controlled by the same parameters of that control transport in liquids. More work is needed in both experimental confirmation of the aforementioned computational results, extension of these concepts to non-crystalline SSEs where the mobility appears to change with structure (Lacivita et al., 2018b), and reconciliation with recent alternative interpretations which cite elastic deformation of the glass network as the mechanism for ionic conduction (Martin et al., 2019).



CONCLUSION

Recent advances two non-crystalline SSEs, lithium thiophosphate (LPS) and lithium oxynitride (LiPON), were reviewed. The excellent room temperature ionic conductivities (ca. 10–4 S/cm) in LPS make it an interesting candidate bulk SSE in ASSBs. With the addition of Li-salts and other network formers/modifiers, the conductive properties of the SSE can be increased (ca. 10–3 S/cm). The conductivity can be further increased by partial or total crystallization. Recent computational and experimental studies have identified interfacial reactions between LPS-type SSEs and promising electrodes (e.g., LiCoO2, Li-metal) for ASSBs. Based on these findings, the LPS remains a strong candidate for bulk Li-based ASSBs but advances in interfacial modifications to reduce electrolyte/electrode decomposition will be needed for LPS to remain a viable option for future ASSBs.

As another example, the recent advances of LiPON SSEs were also reviewed. While the ionic conductivities are generally lower than typical superionic conductors (LiPON room temperature conductivity ca. 10–6 S/cm), the ability to easily fabricate the glass as a thin film through sputtering has resulted in its application to thin film ASSBs. The findings of recent structure-property relationships of these glasses were reviewed, in addition to its interfacial stability in ASSB prototypes. With appropriate doping and processing, LiPON is shown to be an excellent candidate for thin film ASSBs based on its stability and processability. Future studies relating the structure of LiPON to its conductivity and stability are required to resolve ongoing debates.

Finally, a discussion recent experimental and computational studies addressing the theories and mechanism(s) of ionic conduction in the glassy was given. Studies offering support of the weak electrolyte theory of glass is given by computational and experimental results investigating the silver phosphate and sodium silicate/borate glass systems are reviewed. Furthermore, it is speculated based on recent simulations relating the ionic conduction of glasses to a cooperative relaxation (rather than a physical expansion) near a diffusing ion, that it may be possible to describe and predict the conductive properties of glassy SSEs with the MYEGA model. Additional experimental and computation studies investigating the relationship between ion conduction in non-crystalline SSEs to support or refute these notions is warranted. Thus, the study and application of non-crystalline electrolytes have benefited from the simultaneous, but ostensibly isolated, advances in glass science and solid-state energy storage of the past decade.
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