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Abstract

:

The lithium ion battery, with its high energy density and low reduction potential, continues to enchant researchers and dominate the landscape of energy storage systems development. However, the demands of technology in modern society have begun to reveal limitations of the lithium energy revolution. A combination of safety concerns, strained natural resources and geopolitics have inspired the search for alternative energy storage and delivery platforms. Traditional liquid electrolytes prove precarious in large scale schemes due to the propensity for leakage, the potential for side reactions and their corrosive nature. Alternative electrolytic materials in the form of solid inorganic ion conductors and solid polymer matrices offer new possibilities for all solid state batteries. In addition to the engineering of novel electrolyte materials, there is the opportunity to employ post-lithium chemistries. Utility of multivalent cation (Ca    2 +   , Mg    2 +   , Zn    2 +    and Al    3 +   ) transport promises a reduction in cost and increase in safety. In this review, we examine the current research focused on developing solid electrolytes using multivalent metal cation charge carriers and the outlook for their application in all solid state batteries.
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1. Introduction


Within the next decade the energy needs of society are set to out pace the current availability of low cost renewable energy sources. The lithium ion battery has been hailed as the future of energy storage and is indeed an integral component of the technology sustaining our daily lives. In recent years it has become apparent that there are limits to our reliance on using lithium in energy storage. Traditional organic liquid electrolytes commonly used for Li   +   transport were found to pose significant safety and environmental risks due to leakage and flammability. The development of solid electrolytes in the form of solid inorganic ion conductors and solid polymer matrices is on track to improve thermal and mechanical stability in realization of all solid state batteries [1,2,3]. Unfortunately, the development of improved electrolytes does not solve the problem of strained natural resources [4]. Aside from possibly “running out” of mined lithium, we do not have the technology nor availability of sufficient recyclable material to keep up with projected lithium demand over the next 20 years [4,5,6].



One way to meet the energy demands of the world in a safe, effective and environmentally sustainable way is to develop batteries using alternative charge carriers with higher theoretical energy volume. The multivalent metal cations Ca    2 +   , Mg    2 +   , Zn    2 +    and Al    3 +    have been considered to be alternatives to univalent ions since the first lithium batteries were under development. The challenges to using higher valence cations in solid electrolytes are generally related to mobility loss due to high charge per volume and slow diffusion under ambient conditions. However, the energy payoff to employing these cations promises significant increases in energy storage capacity and their availability in the Earth’s crust offer an improvement over lithium from an environmental perspective. Calcium, for example, has a theoretical energy volume of 2073 mA h cm    − 3   , and is the fifth most abundant naturally occuring metal [7]. Magnesium has long been considered a strong candidate for beyond lithium batteries because it is the lightest of the multivalent metals, has a high volumetric charge capacity (3833 mA h cm    − 3   ) and is the eighth most abundant metal in the Earth’s crust (third most abundant element in seawater) [8]. Zinc represents an increase in volumetric charge capacity to 5851 mA h cm    − 3   , is the 24th most abundant metal and can easily be handled under atmospheric conditions with little reactivity [9]. Aluminum, with its trivalent charge, boasts the highest volumetric charge capacity (8040 mA h cm    − 3   ) and is the most abundant metal in the Earth’s crust as well as the most recycled [10].



While we have chosen to focus on the aforementioned multivalent metal charge carriers and their transport properties in solid electrolytes, it is important to mention that there continues to be significant research in post lithium univalent cations as well. In particular, sodium and potassium technologies have emerged as promising platforms for the development of non-lithium batteries. Review of Na   +   and K   +   charge transport and the state of research regarding development of suitable electrolytes for them is beyond the scope of this review. However, we direct the interested reader to recent reviews covering the topics of Na   +   [11,12,13,14,15,16,17,18] and K   +   [19,20,21,22,23,24] technologies and the references provided therein.



In this review, we explore the current knowledge of ion transport mechanisms in solid inorganic and “dry” solid polymer electrolytes that feature Ca    2 +   , Mg    2 +   , Zn    2 +    and Al    3 +    as their charge carriers. First, we briefly describe some of the most widely used techniques for examining ion dynamics in electrolytic systems and discuss the relevant theory behind application of these methods. This is followed by a survey of the ion transport models proposed for the respective ion conductor types. We then present findings from our review of the literature regarding what is known to date about the transport of the noted multivalent cations in all solid electrolytes. Finally, we conclude with some considerations regarding the applicability of these multivalent metal electrolytes in all solid state batteries.




2. Methods for Evaluating Ion Transport


The definition of bulk conductivity in any material is described by the equation:


  σ =  ∑ i   μ i   n i   q i   



(1)




where  σ  is the conductivity,   μ i   is the ion mobility,   n i   is the charge carrier ion concentration and   q i   is the ionic charge of the ith species. Electrical properties of a bulk material, including ionic conductivity, are often evaluated using electrochemical impedance spectroscopy (EIS), also referred to as ac impedance or dielectric spectroscopy [25]. Temperature, ion mobility and the type and volume of charge carriers all contribute to the conductive properties of the electrolyte. The general method of EIS involves application of a frequency dependent voltage signal through the sample of interest and subsequent measurement of the impedance which typically ranges from   10  − 2    to   10 8    Ω  [26]. Conductivity measurements made as a function of temperature allow for computation of the activation energy,   E a  , by least squares fitting of the conductivity to the Arrhenius equation:


   σ t   ( T )  = A  ( T )  e x p    −  E a     k b  T     



(2)




where A is the pre-exponential factor,   E a   is the activation energy for conduction and   k b   is Boltzmann’s constant. Linear variation of ionic conductivity with the inverse of absolute temperature indicates that a material obeys Arrhenius type behavior.



Information regarding the type of charged species contributing to the total conductivity in an electrolyte is given by measuring the transference number. Several methods have been applied to estimate transference numbers [27], though the most widely used are based on potentiostatic polarization [28,29,30,31]. In combined ac/dc polarization the sample is placed between a set of non-blocking electrodes which selectively limit transfer to the ion of interest. A constant voltage is applied to drive the cation of interest toward the anode where the cation accumulates. This creates a concentration gradient as indicated by a continuous decrease in current density until a steady state is reached [30]. The transference number can then be calculated according to:


   τ  C a t i o  n  x +     =    I  s s    ( Δ V −  I 0   R 0  )     I 0   ( Δ V −  I  s s    R  s s   )     



(3)




where   I 0   is the initial current (  t = 0  ),   I  s s    is the steady state current,   R 0   is the initial resistance of the passivation layer on the electrodes before polarization,   R  s s    is the resistance of the passivation layer after polarization and   Δ V   is the applied voltage bias [30]. While transference numbers retain their status as important contributing players in characterizing conductivity in electrolytic materials, there are several considerations that must be made when applying polarization techniques and analyzing their results. For inorganic ion conductors, the role of grain boundaries on impedance measurements becomes an important factor. It is generally accepted that the grain boundaries within a sample can be considered uniform and that they possess conductivities that are separate from the bulk conductivity [32,33]. In polymers, ion aggregation changes the conductive landscape of the material and is especially influential when considering multivalent cation conduction [31].



Traditional lithium batteries are known to be limited by their low cation transference numbers due to the formation of a solvation shell around Li   +   combined with highly mobile counteranions [34,35,36]. Tuning transport pathways in a way that facilitates cation diffusion while immobilizing anions has proven a useful approach for inorganic ion conductors [37,38,39]. In solid polymers, cation transference is influenced by ion pairing interactions and segmental mobility. Solid polymer matrices that limit conduction to single ions have been one method proposed to improve transference numbers for Li   +   [40]. Another method suggests that tethering anions to the polymeric backbone would improve cation mobility without significantly impairing transport via segmental dynamics [36,41]. The strong interactions between higher valence cations and counter anions suggests that these effects would be intensified for multivalent species as compared to lithium.



Nuclear magnetic resonance techniques, especially pulsed field gradient (PFG) experiments, have long been an important tool for studying lithium ion transport, primarily in liquid electrolytes but also in solid polymer electrolytes [42,43,44,45,46]. Magnetic resonance has been used far less to examine ion dynamics of multivalent species. The low natural abundance and gyromagnetic ratios of    43  Ca,    25  Mg and    67  Zn make dynamics information difficult to extract. The nucleus of    27  Al has a gyromagnetic ratio similar to that of carbon with 100% natural abundance which makes it more sensitive to NMR [47]. Despite this information, PFG diffusion studies on    27  Al remain limited, with the first report appearing in 2018 by Graham et al. who used the technique to measure diffusion coefficients for    27  Al in concentrated liquid electrolyte solutions [48]. The relatively large electric quadrupole moment of the    27  Al nucleus results in significant line broadening which makes diffusion studies in solids essentially impossible. In a PFG NMR experiment, a spin echo pulse sequence is applied along with a set of spatially encoded gradient pulses. The gradient pulses are applied for some duration,  δ , at some interval, known as the diffusion time,  Δ . A series of experiments are made by varying a set of parameters in the Stejskal-Tanner equation. In practice this is done by measuring an array of experiments in which the gradient strength is increased incrementally. The resultant signal is attenuated as a function of molecular translocation when the strength of the spatially encoded PFG is of sufficient magnitude [49]. The diffusion coefficient is then calculated according to the Stejskal-Tanner equation:


  I =  I 0  e x p  −  γ 2   g 2   δ 2  D  −  δ 3     



(4)




where I and   I 0   are the signal intensity at   t = 0   and   t = 2 τ   (where   2 τ   is the echo time),  γ  is the gyromagnetic ratio, g is the strength of the PFG,  δ  is the gradient duration and  Δ  is the diffusion time. The value of the diffusion coefficient is found by plotting the logarithm of   I  I 0    vs.   −  γ 2   g 2   δ 2  D  −  δ 3     and finding the slope from the linear fit. This diffusion coefficient is related to conductivity throught the Nernst-Einstein equation:


  σ =   F 2   R T    ∑ i   q 2   c i   D i   



(5)




where F is Faraday’s constant, R is the ideal gas constant, T is the temperature (in Kelvin), and the term term    q 2   c i   D i    is the product of the valency, molar concentration and diffusion coefficient of the charge carriers.



In addition to PFG diffusion, experiments using variable temperature relaxometry [50] and exchange spectroscopy [51] can be used to derive information regarding transport phenomena. While the vast majority of these studies pertain to lithium dynamics, the repertoire of experiments applied to multivalent ion transport is growing [52]. An example of this can be seen in recent work by Jadhav et al. in which quantitative magic angle spinning and Al    3 +   –Al    3 +    EXSY was used to study intercalation events of Al    3 +    into a Chevrel type electrode [47]. In 2D exchange spectroscopy two nuclei are excited by an RF pulse and allowed to interact during some mixing time. After mixing, the resonant frequency of one ion becomes correlated with the resonant frequency of the other ion. If one of the ions jumps to another site during the mixing time, the 2D spectra reveal an off diagonal signal directly related to the jump. The off diagonal signal intensity is analyzed according to mixing time by the equation [53]:


   I  i , j   =  I 0   1 − e x p  −   τ  i j    τ m      



(6)




where   I  i j    is the off diagonal signal intensity after mixing,   I 0   is the diagonal signal intensity before mixing,   τ  i j    is jump time from position i to j, and   τ m   is the mixing time. If the jump distance, a, can be assumed, the parameter   τ  i j    can be inserted into the Einstein-Smoluchowski equation:


  D =   a 2   τ  i j     



(7)




to determine the self diffusion coefficient, D, of an ion transport event from site i to j [53].



Atomic scale dynamics can be probed using Quasi-Elastic Neutron Scattering (QENS) whereby neutrons serve to measure density variations within a sample. Neutron scattering is both temporal and spatial and defined according to the neutron scattering law [54]:


  S  ( Q , ω )  =  1  2 π    ∫  − ∞  ∞  I  ( Q , t )   e  − i ω t   d t  



(8)




where   S ( Q , ω )   is the distribution of neutrons after sample scattering. The scattering function,   S ( Q , ω )  , is defined by the change in momentum of scattered neutrons,  Q , and the magnitude of exchanged energy,   ℏ ω  . The intensity of the scattered neutrons depends upon whether the scattering is coherent or incoherent. In the case of coherent scattering, the population of nuclei is distinct and varied. The intensity is related to the collective dynamics of the different atoms. Incoherent scattering refers to the intensity contribution from a population of nuclei that is all the same. In this case, observation is made on individual dynamics of the atoms [54,55]. The scattering intensity is measured by plotting the scattering function,   S ( Q , ω )   against the exchange energy,   ℏ ω  . Figure 1a shows a diagram depicting the contributions to a QENS spectrum [55]. The sharp central peak is the elastic contribution caused by slow moving atoms incapable of being resolved at the instrument’s resolution. The inelastic peaks to either side of the central peaks represent atoms that vibrate at fixed frequency with periodicity. Stokes scattering is the result of neutrons losing energy while anti-Stokes scattering refers to neutrons that gained energy. The quasi elastic peak, the QENS peak, is the central broad signal. The broadening results from stochastic movement of atoms [55]. Using QENS, dynamic processes on a timescale from   10  − 9   –  10  − 12    seconds are accessible. This makes the technique applicable to ion transport studies in both solid inorganic ion conductors [55,56,57,58] and polymers [59,60,61,62]. In solid polymer studies, QENS is an important probe of segmental dynamics [61,62]. Mongcopa et al. used QENS to evaluate the effect of salt concentration on segmental dynamics in PEO. Figure 1b displays the QENS spectra overlayed for each concentration of lithium bis(trifluoromethane)sulfonamide salt [61]. The black line shows the purely elastic signal representing the resolution of the instrument. The resolution function is determined by measuring the sample at low temperature, in the case of the authors’ work, 20 K [55,61]. The overlayed spectra represent the elastic signal at increasing salt concentration. As the concentration increased, the width of the structure factor narrowed, indicating association between polymer segments and salt slowing the segmental dynamics. The diagram below, Figure 1c, is a representation of the   S ( Q , ω )   data in the time domain after Fourier transform where the ratio    S  i n c    ( Q , t )    /   S  i n c    ( Q , 0 )    is plotted as a function of time [61]. The data are fit according to the Kohlrausch-Williams-Watts (KWW) function in order to evaluate relaxation processes:


    S ( Q , t )   S ( Q , 0 )   = e x p  −    t τ   β    



(9)




where  β  is the stretched exponential and  τ  is an adjustable parameter [61,63].



Tang et al. used QENS to show that anion reorientional jumps occur at elevated temperature in LiCB   11  H   12   and NaCB   11  H   12   [56]. Figure 1d,e, compare the (black) elastic resolution spectrum at 200 K versus the red overlayed spectra representing quasi-elastic broadening due to anionic jump reorientations at 433 K in Figure 1d LiCB   11  H   12   and 375 K in Figure 1e NaCB   11  H   12  , respectively [56].




3. Overview of Ion Transport Models


3.1. Solid Inorganic Ion Conductors


Solid inorganic electrolytes are characterized by the presence of a wide band gap, excellent thermal stability and high conductivities. In general, the structure of the solid inorganic ion conductor is composed of a framework of polyhedral forming metal and non-metallic atoms with an external skeleton of functionalized ligands. Ionic mobility in these materials require a high volume of charge carriers, a suitable ratio of ions to vacant sites, a low enough activation energy to encourage site to site hopping, a structural landscape conducive to ion transport, the potential to induce polarity between lattice and mobile species and generally low coordination numbers for mobile ions [64]. Defects in the crystal such as Schottky disorder or Frenkel disorder are a requirement for ion migration. A Schottky site refers to a vacancy in a crystalline sublattice [65]. A Frenkel site indicates the appearance of a vacancy that results from a lattice atom moving into an interstitial site in a single sublattice [66,67]. The concentration of these defects is thermally dependent, requiring elevated temperatures in order to activate ions and increase defect concentration. For multivalent cations the hurdle to be overcome is that of strong Coulombic interactions with the anionic framework, as charge increases so does the migration energy [64].



The classical model for ion transport in crystalline solids involves the hopping of individual ions between interstitial sites or vacancies within a lattice. The structure of the crystal is defined by an energy landscape of planes and channels or tunnels through which ion migration proceeds. During a transport event, the mobile species navigate the energy landscape along which the highest energy encountered determines the barrier to diffusion and defines the activation energy,   E a  , of the migration path. A low activation energy and high concentration of ion carriers induce high conductivity [64,68]. The random walk model can be applied to describe uncorrelated hopping for individual ions [67]:


  σ ∝  n c  • e x p    −  E a     k b  T     



(10)







The classical concept of ion transport assumes no correlation between the occurrence of hopping phenomena and interaction between ions, or interaction of an ion with its environment. While the overall physical foundation lays the groundwork and identifies the variables necessary to describe more complex transport events, the classical model is generally lacking in the complexity suitable for describing transport in super conducting solids. Several models, and their variations, have been proposed to describe correlated ion transport events in crystalline solid conductors.



One of the earliest ion transport models proposed for solid crystalline electrolytes was the interstitial vacancy model used to describe ion transport in  β - and   β ″  -alumina compounds by Whittingham and Huggins and computationally supported by Wang et al. in the 1970s [69,70]. In this description, the metal ion positioned in an interstitial displaces a lattice ion which in turn moves into an adjacent interstitial site [70]. It was noted that this mechanism drives conductivity as a result of an excess in mobile ion concentration as opposed to the mobility of the ions themselves [69]. A mechanism similar to the interstitial model is that of concerted ion migration. In this model, two or more ions hop simultaneously along neighboring occupied sites triggering continuous jumps in a series of ions [68,71]. The Coulombic interaction between mobile ions lowers the activation energy to migration [68,72].This mechanism is thought to be responsible for the superionic conductivity induced within certain classes of materials possessing sublattice motifs capable of activation under high temperatures and high ion concentration [68]. Ion diffusion in borohydrides, oxides and intercalation within Chevrel type conductors have been found consistent with this mechanism [71,72,73]. In batteries research, studies concerned with concerted migration have focused primarily on Li   +   and Na   +   transport [72,74,75,76]; however, there is evidence that this mechanism can work with higher valence cations and in duel ion systems [71,77]. A recent report by Li et al. using a MO   6  S   8   cathode with a duel lithium and magnesium ion electrolyte indicated a concerted Mg    2 +   /Li   +   solid phase diffusion in which the Mg    2 +    activation energy was significantly reduced as a result of introducing Li   +   [71]. In 2020 Hu et al. reported concerted migration of Na   +  /Zn    2 +    in a Zn   x  NaV   2  (PO   4  )   3   cathode, noting that the intercalation of Zn    2 +    improved the stability and bulk conductivity of the structure [77].



The jump relaxation model has been explored extensively by Funke and co-workers starting in the 1980s and was the topic of a comprehensive review in 1993 (citation [78] and references therein). In this model, mobile ions are positioned at some distance from eachother due to the repulsive Coulombic interaction between them. This distribution of ions is called the “Coulomb cage effect” whereby each mobile ion is at an energy minimum position in relation to neighboring mobile ions. The potential actually experienced by a moving ion is the result of a superposition of the periodic lattice potential due to the non-moving ions responsible for the cage [78]. Shifts in the energy potential of the cage perturb the system away from equilibrium and induce compensatory relaxation processes. After an ion overcomes an activation barrier and hops to an adjacent vacant site from the start point, two subsequent relaxation processes are possible; either the ion reverse hops to the starting point in a correlated forward-backward sequence, or, the ion remains in the new site and the neighboring ion cloud relaxes into a new potential minimum. In general, the migrating ion favors the backward hop because the energy barrier returning to its’ original position is lower than that required to continue to move forward. The net effect results in a reduced contribution to long range ion diffusion in the macroscopic sense [78].



The paddle-wheel mechanism was first introduced by Kvist et al. to describe transport in lithium sulfates at high temperature [79,80]. This mechanism and the associated mechanisms of polyanion reorientation have since been attributed to transport function in materials based upon a variety of anionic frameworks containing phosphorus [81,82,83,84,85], sulfur [84,85,86,87,88,89,90,91], boron [58,92,93,94,95], nitrogen [96,97] and oxide [98] building blocks. The basic principle of this mechanism argues that materials having complex anions that are fixed with respect to translational motion are still capable of rotational degrees of motion. If the diffusion processes of the cation and polyanion are coupled, the rotational diffusion of the polyanionic complex propels translational diffusion of the cation [87]. This mechanism is not entirely straight forward [99,100], and is thought to have some overlap with, or work in addition to, other models [90]. Although, recently, Zhang and colleagues provided direct evidence in support of the paddle wheel mechanism using a combination of neutron diffraction and AIMD simulations [101]. The authors propose that cation conductivity can be enhanced by tuning anions in such a way as to promote fast cation transport via this mechanism.




3.2. Solid Polymer Electrolytes


Solid polymer electrolytes are regarded as mechanically stable, leak proof and provide interfacial connectivity between electrode and electrolyte due to their ability to conform in shape. From a safety perspective, polymers are non-volatile, non-toxic and have low vapor pressures. Electrostatic interactions between cations and negatively charged groups along the polymer backbone drive the enthalpy of solvation, resulting in salt dissolution within the polymeric solvent [102]. Lone pairs on oxygen and nitrogen over the polymer chain can form coordinate bonds with salt cations which drives complex formation. The complete and spontaneous dissociation of a salt within a polymer matrix requires that the Gibbs free energy of the system is decreased in favor of the polymer over the lattice energy of the salt, resulting in a high concentration of mobile charge carriers [102]. Transport of dissolved ions is thought to occur via uncorrelated hopping between occupied solvation sites to local open sites [102,103,104,105]. However, ion mobility is also coupled to the segmental dynamics of the polymer chain. Facile movement of ions occurs above the glass transition temperature,   T g  , of the polymer when the system has significant amorphous character [30,106]. Thus, a decrease in   T g   increases segmental mobility and conductivity under ambient conditions [103,107]. The relationship between conductivity, ion concentration and glass transition temperature is given by the Vogel-Tamman-Fulcher (VTF) equation [108,109],


  σ =  A 0   T  − 1 / 2   e x p    − B    k B   ( T −  T 0  )      



(11)




where   A 0   a factor that accounts for the volume of charge carriers and temperature variation [110,111], B is referred to as “pseudo activation energy” and accounts for the segmental motion of the polymer chain [109,112],   T 0   is the glass transition temperature at infinite polymer relaxation [113] and   k B   is Boltzmann’s constant. Increasing salt concentration introduces a greater volume of available charge carriers; however, the subsequent improvement in conductivity is limited by the formation of ion aggregates [114]. This re-association of ions causes a drop in conductivity as the polymer system also displays enhanced crystallinity with further addition of salt [30,106,115]. Multivalent cations are expected to be less mobile and form aggregates more readily than single valent cations on account of their increased charge densities [115]. There is some evidence to suggest that the crystalline phase of solid polymer electrolytes is itself highly conductive in certain cases [116]. To explore the influence that polarity of the polymer backbone has on cation transport, Schauser et al. evaluated the properties of Zn    2 +   , Cu    2 +    and Li   +   TFSI salts in three polymers with different dielectric constants and   T g  s [117]. The authors found that while   T g   was similar in all of the polymers, the degree of ion aggregation depended on the backbone polarity of the polymer and, surprisingly, the aggregation did not notably effect the ionic conductivity.





4. Ion Transport of Multivalent Cations in Solid Electrolytes


Solid Inorganic Electrolytes


Solid state electrolytes based on   β /  β ″   -alumina compounds were found, in some reports, to conduct divalent cations [118,119,120]. Those that have demonstrated appreciable conductivities, required high temperatures [119,120]. In 1982 Farrington and Dunn reported a series of sodium   β ″  -alumina derivatives with Ca    2 +    and Zn    2 +    conductivities around   10  − 6    S/cm at 40 °C and   10  − 1    S/cm in a range of 300 to 400 °C [121]. NASICON (Na   +   Super Ionic Conductor) was first introduced by Goodenough, Hong and Kafalas in 1976 as a fast Na   +   conductor with a unique skeletal structure possessing transport capabilities on par with the  β -alumina compounds [122]. Structurally,  β -alumina and M   x  Zr   y  (PO   4  )   z   type crystalline compounds are composed of layers or distorted 3D networks that restrict ion conduction by skewing the geometry of the conduction pathways [120,123,124]. The [Zr   2  (PO   4  )   3  )]   −   component of the NASICON skeleton inspired several phosphate-based solid inorganic electrolytes, the development of which continues to be motivated by the high natural abundance, low toxicity and electrochemical stability of oxide and phosphate compounds [125]. Multivalent materials of the type M   x  Zr   y  (PO   4  )   z   where M = Mg    2 +   , Ca    2 +   , Zn    2 +   , have demonstrated conductivities from   10  − 2    S/cm to   10  − 6    S/cm at temperatures above 400 °C [123,124,126,127]. In 2014 Anuar et al. synthesized Mg    0.5   Zr   2  (PO   4  )   3   with a room temperature conductivity on the order of   10  − 6    S/cm and   10  − 5    S/cm at 500 °C. The authors determined that Mg    2 +    was the conducting species based on the magnesium transference number of 0.69 [128]. In 2016 Tamura and colleagues introduced a NASICON-type Mg    2 +    conductor based on the representative material HfNb(PO   4  )   3  . The authors chose HfNb(PO   4  )   3   as the “mother solid” for a series of (Mg   x  Hf    1 − x   )    4 / ( 4 − 2 x )   Nb(PO   4  )   3   compounds due the reported conductivity of the Hf    4 +    cation [129,130]. The highest Mg    2 +    conductivity (  1.2 ×  10  − 4     S/cm at 600 °C) belonged to (Mg    0.1   Hf    0.9   )    4 / 3.8   Nb(PO   4  )   3   measured at the solid solubility limit. The authors credit this conductivity to be the result of both high cation concentration and expansion of the conduction pathway. Estimation of the transference number (0.99) combined with DC and Tubant electrolysis experiments led the authors to conclude that Mg    2 +    was the only migrating species in the solid [129]. Lee et al. expanded on the work of Tamura with NASICON-type electrolytes and evaluated divalent cations in (M   x  Hf    1 − x   )    4 / ( 4 − 2 x )   Nb(PO   4  )   3   where M = Ni    2 +   , Mg    2 +   , Ca    2 +   , Sr    2 +    Ba    2 +    [131]. In this study, the authors found direct correlations between the treatment of the sample and the ion conducting capability of the material. Comparison between cations in (M   x  Hf    1 − x   )    4 / ( 4 − 2 x )   Nb(PO   4  )   3   revealed that the structures with smaller radii tended to have the largest conducting pathways with higher conductivities and lower activation energies. To this end, Ni    2 +    had the highest conductivity (  2.27 ×  10  − 4     S/cm) and lowest activation energy (49.99 kJ/mol) at 600 °C while Ba    2 +    was too large for substitution into the Hf    4 +    site. In order to more accurately compare properties between cation species the authors introduced a correction based on the ratio of cation to lattice volume that reflected the size of conducting species relative to conduction pathway [131]. Based on this correction (called the A ratio), Ca    2 +    was expected to demonstrate lower conductivity than that of Mg    2 +   , but instead their conductivities were found to be similar. The authors attributed this phenomena to the weaker covalent bonding character in Ca-O versus that of Mg-O which results from the smaller electronegativity of calcium versus magnesium. This finding indicated that, in addition to cationic radius, the electronegativity of ions affect their migration in solids [131].



While solid state electrolyte development for multivalent cation transport has focused primarily on divalent species, chemistries with higher charge volumes have been developed in oxides and NASICON type conductors. Conductivity of Al    3 +    was reported in Al   2  (WO   4  )   3   [132]. However, the extremely low conductivity combined with high temperature (  3.2 ×  10  − 6     S/cm at 600 °C) indicated that the material had no practical use as an electrolyte [132,133]. In 2002 Imanaka et al. designed a NASICON type conductor capable of Al    3 +    transport having the general formula (Al   x  Zr    1 − x   )    4 / ( 4 − x )   Nb(PO   4  )   3   and reported the highest conductivity of   4.5 ×  10  − 4     S/cm at 600 °C for (Al    0.2   Zr    0.8   )    20 / 19   Nb(PO   4  )   3   [133]. In a 2004 followup to this work, improved conductivity (  8.51 ×  10  − 4     S/cm at 600 °C) as well as mechanical stability was demonstrated in (Al    0.2   Zr    0.8   )    20 / 19   Nb(PO   4  )   3   with the addition of up to 6 wt% B   2  O   3   [134]. In 2018 the diffusion pathway of Al    3 +    in (Al    0.2   Zr    0.8   )    20 / 19   Nb(PO   4  )   3   was identified using temperature-dependent neutron powder diffraction and aberration-corrected scanning transmission electron microscopy [135]. Characterization of the crystal structure revealed a random distribution of Al    3 +    sites and vacancies. The crystal structure itself was verified to be symmetrically rhombohedral by neutron powder diffraction with anisotropic aluminum diffusion capable along the c-axis of the crystal. Weak chemical bonds between Al and O   2   in which aluminum ions are loosely housed in cages allows for high Al    3 +    conductivity due to bond flexibility from thermal expansion about the c-axis [135].



Oxide based ion conductors developed using bismuth vanadate (Bi   4  V   2  O   11  ) began to attract attention in the 1990s for use as solid state electrolytes [136]. Sinclair et al. became the first to synthesize an example of an M   2  -Bi   2  -O   3  -V   2  O   5   material (in this case NaBi   3  V   2  O   10  ) in 1998 [137]. Porob and Row later developed the calcium conducting bismuth vanadate (Ca    0.5   Bi   3  V   2  O   10  ) in 2004 but found that the ion conducting capacity of this material was lower than that of previously reported compounds within the M   2  -Bi   2  -O   3  -V   2  O   5   family [138]. This finding led the authors to conclude that disorder was necessary within the vanadium and oxygen sites in order for high ionic conductivity [138].



In addition to oxides, metal hydrides have garnered interest due to their fast ion conducting performance and hydrogen storage capabilities [139,140,141,142]. In this class of compounds the anionic structure becomes a superionic conductor at elevated temperatures through rotation of anions in the lattice leading to a disordered framework [143]. Cation mobility is most facile when the bond between cation and lattice anion is weakest [144]. For this reason cations with smaller radii like Li   +   and Na   +   remain popular in the development of solid hydride electrolytes [141,145,146,147,148]. Structures using chemistries for multivalent ion transport have been gaining popularity [149]. Magnesium borohydrides, in particular, have been well characterized [150]. Some simulations have supported the possibility of magnesium ion conduction in pristine Mg(BH   4  )   2   at high temperatures [145], but conductivity at 30 °C remained less than   10  − 12    S/cm presumably because the Mg ions are trapped inside a cage of hydrogen coordinated BH   4   groups, rendering Mg    2 +    immobile [151]. First principles studies on a variety of M   x  B   y  H   z  , and B   y  H   z   metal borohydrides conducted by Lu and Ciucci demonstrated no hopping type transport mechanism for either Ca    2 +    or Mg    2 +    cations in the time frame of the simulations [143]. Additional DFT calculations to examine the stability and mechanical properties of Li   +  , Na   +  , Ca    2 +    and Mg    2 +    in these M   x  B   y  H   z   and B   y  H   z   metal borohydrides supported mobile character in the monovalent examples while vacancy formation energy calculations and molecular dynamics calculations indicated slow ion transport for the divalent species [143].



Enhanced ion transport has been reported in lithium conducting borohydrides by tuning the crystal structure of the material either through atomic or molecular substitution within the structure [146], incorporating groups through complex formation [152], or stabilizing the material using nano particle dopants [148,153,154]. In 2017 Roerdern et al. reported high near room temperature Mg    2 +    conductivity in Mg(BH   4  )   2   based material coordinated to the ethylenediamine ligand (NH   2  CH   2  CH   2  NH   2   = “en”) [155]. In this case Mg    2 +    becomes mobile upon chelation with a single bidentate ligand resulting in mixed coordination between both [BH    4  −  ] and [en]. The authors synthesized Mg(en)(BH   4  )   2   according to Chen et al. [156] and verified the structure using FTIR. The reported conductivity for Mg(en)(BH   4  )   2   was   5 ×  10  − 8     S/cm at 30 °C with an Arrhenius type temperature dependence for conductivity between 30 and 70 °C measured by EIS [155]. The promising results of Roedern et al. inspired Yan and colleagues to evaluate a series of ammine magnesium borohydrides, Mg(BH   4  )   2  • xNH   3   [157]. Through these investigations, the authors discovered that Mg(BH   4  )    2  •   NH   3   demonstrated the highest Mg    2 +    conductivity of   3.3 ×  10  − 4     S/cm at 80 °C. DFT calculations revealed that flexible di-hydrogen bonds throughout the structure facilitated fast ion conduction in this material through the exchange of neutral NH   3   ligands between the lattice and interstitial magnesium ions [157]. The ability for this class of materials, Mg(BH   4  )   2  • xNH   3  , to conduct magnesium relies heavily on the amount of NH   3   which alters the coordination environment of Mg    2 +    and the overall structure of the crystal [157,158]. In a following report, Yan et al. increased the conductivities of Mg(BH   4  )   2  • xNH   3   compounds by generating composites with non integer x values [158]. When (1 < x < 2) for Mg(BH   4  )   2  • xNH   3  , an amorphous phase eutectic melt is generated at 55 °C that can be stabilized with the addition of MgO nanoparticles [158]. This nano-composite was found to have an Mg    2 +    conductivity on the order of   10  − 5    S/cm at room temperature [158].



Higashi et al. had reported in 2014 that Mg(BH   4  )(NH   2  ) has an ionic conductivity of   10  − 6    S/cm at 150 °C [159]. The authors noted that the Mg(BH   4  )(NH   2  ) framework was structurally unique, with both an Mg “zigzag chain” and tunneling features which indicated the possibility of a favorable environment for hopping diffusion [159]. This work inspired further exploration by Le Ruyet et al. who synthesized Mg(BH   4  )(NH   2  ) under highly controlled conditions in order to rule out contributions to conductivity enhancement resulting from impurities in the material. The authors discovered that improved purity increased total ionic conductivity to as high as   3 ×  10  − 6     S/cm at 100 °C [160]. This enhancement was credited to the formation of an amorphous phase in the Mg(BH   4  )   2  -Mg(NH   2  )   2   system and revealed through    11  B NMR spectroscopy. The suspected glass-ceramic-like composite was projected to arise under similar phenomena as that characterized in LiBH   4  -LiNH   2   [153,160,161]. After analyzing the phase diagram for Mg(BH   4  )   2  -Mg(NH   2  )   2  , Le Ruyet and colleagues selectively synthesized Mg   3  (BH   4  )   4  (NH   2  )   2   and reported a conductivity of   4.1 ×  10  − 5     S/cm at 100 °C at an activation energy of 0.84 eV. Figure 2 displays (a) the temperature dependent conductivities and (b) structure drawn in VESTA software [162] for Mg   3  (BH   4  )   4  (NH   2  )   2   [161].



Recently, Kisu et al. reported a near room temperature (30 °C) Mg    2 +    conductivity of   1.3 ×  10  − 5     S/cm for the complex (BH   4  )   2  (NH   3  BH   3  )   2   [163]. The authors had expected Mg-(BH   4  )   2  (NH   3  BH   3  )   2   to act as a molten salt ionic conductor at temperatures above its melting point (<45 °C ); however, high cell impedance measurements indicated that this was not the case for this compound. Structurally, the Mg    2 +    are predicted to be surrounded by a large tetrahedron of asymmetrically coordinated boron species. The NH   3  BH   3   groups are thought to behave as ligands capable of being distorted away from migrating magnesium ions, thus allowing for Mg    2 +    diffusion through the crystal structure [163].



In 2020 Heere and colleagues used synchotron radiation powder X-ray diffraction and total scattering analysis (SR-PDX) along with pair distribution function (PDF) analysis to structurally characterize  γ -Mg(BH   4  )   2   and ball milled amorphous Mg(BH   4  )   2   [95]. The goal of the authors was to elucidate the correlation between conductivity in magnesium borohydrides and the development of an amorphous phase suspected to enhance conductivity seen by other researchers [95,155,160]. The SR-PDX revealed a highly symmetric cubic structure for  γ -Mg(BH   4  )   2   in which individual Mg atoms were coordinated to four tetrahedral BH   4   groups where the whole of the crystalline structure formed a 3D network of channels having an outer diameter of approximately 12.3 Å. Upon ball milling, the amorphous Mg(BH   4  )   2   retained the general structure of the crystalline Mg(BH   4  )   2   but in a state of increased disorder with less coordination to the tetrahedra. The amorphous sample was analyzed using quasi-elastic neutron scattering (QENS) and found to possess a greater number of rotating BH   4   units [95]. The authors suspect that the increase in rotating BH   4   within the amorphous material resulted in super conductive behavior through the paddle wheel conduction mechanism [95,164].



The search for ion conducting polycrystalline electrolytes has been significantly facilitated by the use of computational methods and high throughput screening of crystal structures available in the inorganic crystal structure database (ICSD) [165]. In the search for solid state electrolyte candidates, Morkhova et al. applied a “geometrical-topological approach” based on Voronoi-Dirichlet partitioning (VDP) implemented in the ToposPro software suite [166]. This method identifies ion conductive crystallographic structures and maps the cation migration from zero to three dimensions. The higher the map dimension, the greater probability that a cation will be capable of transport through a polycrystalline structure [167]. The authors tailored their study to identify compounds containing oxygen and one of the divalent cations, Mg    2 +   , Ca    2 +    or Sr    2 +   . The structures returned with non-zero dimensional migration maps were evaluated and compounds already known in the literature or projected to require exceedingly difficult synthesis conditions were eliminated from the sample set. Structures with repeat entries in the ICSD, such as compounds having the same structural information (chemical composition, space group and unit cell parameters) were also eliminated. Screened candidates were then analyzed using DFT to determine cation migration energy. The lowest migration energy observed was the Mg    2 +    conductor, Mg   3  Nb   6  O   11   at 0.4 eV/ion. After considering the migration energies from several candidates the authors also noted that materials incorporating niobium, vanadium, titanium and chromium into the crystalline structure had higher theoretical conduction capacities [167].



Nestler and coworkers employed similar techniques to Morkhova et al. in the search for Al    3 +    conducting solids [168]. The authors used a combination of VDP implemented in ToposPro [166], bond-valence site energy (BVSE) and DFT calculations in order to screen for and predict promising aluminum oxides [168]. The oxide class of materials was chosen for data mining purposes owing to the large variety of oxygen containing compounds statistically possible as well as the accepted stability of oxide materials. The results of the VDP search returned 17 structures of the garnet family, all with cubic structure possessing 3D migration networks consisting of two main sites having four and six fold coordination with Al. The most promising structure returned in the screening was the spinel AlVO   3  , which had an estimated energy barrier of 0.52 eV. BVSE was capable of identifying more complex migration pathways and provided an estimate of migration energy. DFT generally estimated higher migration energies for Al    3 +    by accounting for the repulsive Coulombic interactions between aluminum atoms. This interaction is not considered in VDP or BVSE. The Al    3 +    migration pathway was predicted to adhere to previously reported hopping mechanisms for spinels with high valent ions where by the Al    3 +    would need to hop between tetrahedral sites by passing an octahedral site representing an energy minima [168]. AlVO   3   has already been characterized according to DFT and predicted to be potential cathode material with metallic character. Figure 3a,b illustrate the migration pathway for Al    3 +    (shown in light blue) in AlVO   3   predicted using BVSE. The energy pathway is highlighted in orange. For comparison in Figure 3c, depicts the pathways available to aluminum determined using DFT with Nudged Elastic Band (NEB) analysis.



In general, Nestler and colleagues found that the VDP and BVSE combination worked to identify ion transport pathways available for Al    3 +    while DFT served to determine how Al migration and insertion would affect crystal structure of the compound of interest [168].



Recently, Takeda and colleagues used a high-throughput search for Mg-O containing compounds recorded in the ICSD [165,169]. The authors selected  μ -cordierite (Mg    0.6   Al    1.2    Si    1.8   O   6  ) as a potential Mg    2 +    conducting electrolyte due to its low migration energy ( 0.4 eV) and synthesized the compound. The experimental conductivity at 500 °C for Mg    0.6   Al    1.2   Si    1.8   O   6   was   1.6 ×  10  − 6     S/cm measured by AC impedance spectroscopy, a conductivity similar to that of previously reported MgZr   4  (PO   4  )   6   [124,169]. The conductivity calculated using first principles molecular dynamics (FPMD), however, was significantly higher (  5.6 ×  10  − 5     S/cm), indicating that the simulations overestimated the migration energy [169]. The migration pathway of Mg    2 +    was also evaluated using FPMD. Simulations revealed Mg    2 +    migration followed a 3-dimensional diffusion pathway over a spiral-like network along the c-axis of the lattice for a material belonging to space group   P  6 2  22   [169].



High throughput methods have been successful in the identification of potential spinel and intercalation structures for application in cathode materials [167,170,171]. The use of spinel structures as solid electrolytes was introduced recently by Canepa et al. who first demonstrated high Mg    2 +    mobility can be achieved at room temperature in the crystalline solid spinels MgSc   2  Se   4   and MgY   2  Se   4   [172]. Statistical analysis showed that Mg    2 +    favors octahedral coordination environment in oxides and sulfides. The authors sought spinel structures based on previous work demonstrating that fast ion motion can be achieved when there is a decrease in activation state energy occurring when the stable site for an ion has unfavorable coordination over the activated site [170,173]. This quickens diffusion by reducing the overall energy profile along the path of ion migration [172]. The findings inspired the development of spinel structures for conducting Mg    2 +   , the argument being that the stable site is tetrahedral, the undesired arrangement for magnesium cations. Solid state    25  Mg NMR and relaxometry were used to probe local structure and dynamics. A single resonance at 53.3 p.p.m. (Figure 4a) indicated that there was a single tetrahedral Mg site in the spinel lattice of scandium selenide. Variable temperature NMR experiments did not demonstrate a change in chemical shift; however, there was line width narrowing noted upon increasing temperature. The authors attributed this effect to motional contributions from a less rigid lattice at higher temperatures. The mobility of Mg    2 +    was further supported by static spin lattice relaxometric measurements made at varying temperature. This technique was used to derive the Mg migration barrier by fitting the relaxation data to an Arrhenius fit (Figure 4b). The measured migration barrier for the spinel MgSc   2  Se   4   was determined via the Arrhenius fit to be around 370 meV. This was confirmed using impedance spectroscopy and supported through AIMD calculations. Further ab initio calculations identified other structures, including MgY   2  S   4   and MgY   2  Se   4  , as materials with similarly high Mg mobility. However, the authors noted that in order for these materials to be developed into a practical solid state electrolytes, their high electronic conductivity would require suppression measures. Aside from magnesium based ion conductors, Canepa et al. also evaluated barriers to Zn    2 +    migration. Similarly to Mg    2 +   , they found that high Zn mobility is favored when the coordination environment is unfavorable. For zinc, the preferred coordination site is of tetrahedral geometry [172].





5. Solid Polymer Electrolytes


The first solid polymer electrolytes reported with divalent cations were mixtures of poly(ethylene oxide) with MgCl   2   and PEO:PbCl   2   synthesized by Yang and colleagues in 1986 [174].The authors reported ion conductivity comparable to PEO:LiCF   3  SO   3  , however, this level of conductivity required elevated temperatures [174]. Additional work by Yang et al. in which a series of PEO:MgCl   2   ratios were analyzed led the authors to conclude that the PEO:MgCl   2   complexes were primarily anion conductors [175]. Higher room temperature conductivies ranging from   10  − 5    to   10  − 7    S/cm were reported slightly later when formulations containing Mg(ClO   4  )   2   were introduced [176]. Work by Reddy and colleagues to characterize the charge transport mechanisms of Mg    2 +    in PEO indicated that the cation dissociated from coordinated oxygen sites on PEO to an adjacent site on the polymer and that high conductivity resulted from an increase in concentration of the charge carrier. The authors found the salt concentration upper limit occurred at 15 wt%, after which additional salt led to decreased conductivity due to ion aggregation [177]. Studies that looked at other salts such as Mg(NO   3  )   2   and magnesium TFSI, Mg[N(CF   3  SO   2  )   2  ], demonstrated decent room temperature conductivity at   1.34 ×  10  − 5     S/cm [178] and   1 ×  10  − 7     S/cm [179], respectively. Bakker et al. compared Ca    2 +    complexes with Mg    2 +    complexes and noted that the two cations formed different coordination structures depending on salt concentration. When the volume of PEO is increased with respect to salt the conductivity of Ca    2 +    increases due to its larger ionic radius whereas for lower volumes of PEO, Mg    2 +    is the more conducting species. In comparing the two different conducting species, the influence of salt choice and concentration dependence becomes more apparent. The cations of smaller radii form fewer but stronger bonds to ether oxygens on the PEO backbone. On one hand, stronger cation interaction with the polymer backbone decreases ion mobility, on the other hand, segmental motions will be faster if fewer ether oxygens are coordinated [179]. Similar conclusions regarding the effects of ion pairing were found for PEO:Zn[N(CF   3  SO   2  )   2  ] complexes [180].



PEO blended with poly(vinyl pyrrolidone), PVP, was used as a matrix for Mg(NO   3  )   2   [181]. The pyrrolidone groups in PVP contribute to its high glass transition temperature (  T g  ), a characteristic for which it was chosen as copolymer [181,182]. Rathika and colleagues have described a series of PEO fluoropolymer blends with both magnesium and zinc TFSI salt [183,184]. Both the PEO-PVdF:Mg(CF   3  SO   3  )   2   complex and PEO-PVdF:Zn(CF   3  SO   3  )   2   complex demonstrated the highest conductivity values for salt concentrations of 15 wt%. The conductivity values were also comparable,   1.2 ×  10  − 5     S/cm for Mg(CF   3  SO   3  )   2   and   2.5 ×  10  − 5     S/cm for PEO-PVdF:Zn(CF   3  SO   3  )   2   at room temperature, respectively. For this particular blended polymer, the authors suspect that enhanced ion transport results both from coordination between the cations in both PEO groups as will as fluorine in PVdF. The additional electronegativity of fluorine is thought to induce ion dissociation of the salt in greater volume while segmental motion is increased in the system due to the nature of the polymer blend [183,184].



In addition mixing polymers, doping with ceramic particles, nanoparticles and plasticizers has improved ion conductivity in systems with PEO matrices. Yang et al. combined PEO with the plasticizer poly(ethylene) glycol dimethyl ether (PEGM), which has the benefit of introducing more electrochemically stable ether end groups from PEGM versus the hydroxyl end groups of PEO. Salts of various concentrations of ZnCl   2   and ZnBr   2   were added to the PEO-PEGM matrix and found to be multiphase at room temperature despite SEM and EDX mapping that indicated homogeneous salt distribution throught the electrolyte. The conductivity and transference numbers improved significantly with addition of PEGM versus pure PEO as a matrix for ZnX   2   [185].



Poly(vinyl alcohol) gained some interest as a potential polymer matrix for Mg    2 +    conducting electrolytes, but the rigid structure of the PVA deters conduction through segmental motion of the polymer, the dominant ion transport mechanism in this case is ion hopping between aggregate ion sites [186]. Jeong et al. were able to directly observe the arrangement and size variations of the ion aggregates using atomic force microscopy [186]. Blends of PVA and PVP are known to be highly miscible due to hydrogen bonding between their respective hydroxyl and carbonyl groups [187]. Polu et al. evaluated systems of PVA-PVP with Mg(NO   3  )   2   and observed the highest room temperature ionic conductivity at   3.78 ×  10  − 5     S/cm for the complex of 50PVA:50PVP to 30 wt% (Mg(NO   3  )   2   [188]. This conductivity value was an improvement over previously reported conductivity for a pure PVA matrix complexed with Mg(NO   3  )   2   indicating enhanced Mg    2 +    mobility as a direct result of adding PVP [188,189]. Ramaswamy et al. studied PVA-PVP:Mg(ClO   4  ) complexes of varying salt content. The authors attributed the high conductivity found for Mg(ClO   4  )   2   (  10  − 4    S/cm) in 50PVA:50PVP matrix to the creation of a conduction pathway directly resulting from the inter-/intra-molecular interactions between the two polymers [190]. Manjuladevi et al. synthesized and analyzed a series of blended polymer electrolytes using Mg(ClO   4  )   2   dissolved in a mixture of PVA-PAN in various ratios. The highest room temperature conductivity was   2.9 ×  10  − 4     S/cm for (92.5)PVA:(7.5)PAN:(0.25 m.m.%)Mg(ClO   4  )   2   [191]. In calculating transference number, the authors used a technique proposed by Evans et al. which correlated with the conclusion that Mg    2 +    was the predominant conductive species in the sample [29].



In 2020 Viviani and colleagues synthesized a series of poly(allyl glycidyl ether), PAGE, based electrolytes complexed with Mg(TFSI)   2   and MgCl   2   and compared to the equivalent complexes synthesized with lithium. The goal of the work, in part, was to develop a synthetic procedure in order to design polymers with functional side chains projected to aid conductivity [192]. PAGE was chosen due to its low   T g  , ease of modification and reports of ion transport capability superior to that of PEO at relatively low temperature [192,193]. Figure 5 provides the authors’ graphical data comparing conductivities measured using EIS at 90 °C of lithium and magnesium salt complexes in three polymer matrices. The authors noted that Mg(TFSI)   2   complexes, in particular, demonstrated improved ion conductivity as compared to the comparable PEO-based complexes.



In the search for suitable replacements for PEO, poly(ethylene glycol) diacrylate (PEGDA) has gained popularity owing to its high tensile strength and thermal stability [194,195,196]. In 2019 Genier and colleagues synthesized a unique PEGDA-based solid electrolyte for calcium ion conduction. The PEGDA was complexed with Ca(NO   3  )   2   using UV photopolymerization at room temperature [196]. Samples were prepared at increasing concentrations of calcium to ethylene oxide (EO) monomer and measured by AC impedance spectroscopy from room temperature to 110 °C. The highest reported room temperature ion conductivity was   3 ×  10  − 6     S/cm for a ratio of 5 EO/Ca. Thermal degradation was recorded at temperatures greater than 136 °C. The ionic conductivities at different ratios of ethylene oxide to calcium concentration are displayed Figure 6. Conductivity demonstrated almost linear fit to the Arrhenius model (Equation (2)) as noted by the blue line on the graphs. These findings lead the authors to conclude that Ca    2 +    in this system demonstrates hopping type ion transport upon thermal activation. In addition to hopping, the authors suspect conduction is influenced by segmental motion of the polymer as well due to the fit to the VTF equation (Equation (11)) shown as the red lines in Figure 6 [196].



Synthesis of novel solid polymer electrolytes offers a variety of potential new matrices for multivalent cations. Recently, Liu et al. reported a film electrolyte capable of Zn    2 +    conduction, PVdF-HFP:Zn(Tf)   2   [197]. The authors found that optimal characteristics were reached at a mass ratio of 0.4(Zn(Tf)   2  :PVdF-HFP based on a high ion transference number (0.983) and high room temperature conductivity (  2.44 ×  10  − 5     S/cm). Beyond this ratio there was a decrease in conductivity attributed to ion agglomeration. The authors propose a transport mechanism through the polymer matrix in which Zn    2 +    is complexed then decomplexed driving migration of the cation along the segments of the polymer, as depicted in Figure 7 [197]. In addition to ion flow through the matrix, enhanced diffusion is expected at the film surface due to the presence of nanopores.



An interesting aluminum conducting electrolyte was developed by Yao et al. in 2018. The system uses polytetrahydrofuran (PTHF) crosslinked with epoxy as the host for aluminum nitrate [198]. Conductivity was measured over a range of salt concentrations and temperatures. The highest reported conductivity was   2.86 ×  10  − 5     at over 100 °C, while the conductivities at ambient temperature varied between 10    − 6    to slightly less than   10  − 8   . Even at the highest concentrations Raman spectroscopy supported total dissolution of the salt, indicating availability of free Al    3 +    ions contributing to the conductivity increase.




6. Applications in Batteries


Integration of all solid electrolytes into a fully functional battery requires compatible, stable and efficient operation with electrode designs as well as current collectors and containment architecture. For inorganic solid ion conductors, the general caveat to electrolyte performance is the barrier to ion diffusion inherent in solids and exacerbated by increased charge volumes of multivalent species. Raising operating temperatures of solid inorganic ion conductors improves transport performance, but is not practical in full-cell constructions for nominal operation at ambient conditions. Solid polymers tend to operate at lower temperatures than solid inorganic ion conductors and make excellent contact with electrodes due to their shape-ability. However, challenged long term thermal stability against cathode materials has raised concerns regarding the use of polymeric electrolytes for large scale extended lifetimes [199]. While solid inorganic ion conductors are more thermally stable compared to solid polymer electrolytes, the formation of grain boundaries reduces ion migration at the cathode-electrolyte interface [200]. Failure modes due to cathode-electrolyte interactions in solid state batteries has been explored in lithium ion technology but is far less researched in multivalent chemistries. Many theoretical multivalent batteries are straighforward in the choice of metal anodes due to the availability and low cost of construction materials in addition to providing high charge capacity and the likely uniform deposition of intercalation ions upon cycling [201,202]. The choice of cathode, however, is less obvious [202]. Implementation of multivalent batteries will first require exploration into cycling longevity, compatibility and lifetime stability of the cation matrices in addition to the interaction and transport of individual cationic species within electrolytes and cathode materials.



Looking at cation species of interest, electrolyte chemistries employing Mg    2 +    as the charge carrier are functionally popular in both polymeric designs and inorganic structures. One of the noted drawbacks to large scale design of magnesium batteries is stability of the full-cells over time. Inorganic magnesium conductors, in particular, tend to suffer from low voltage stability. In polymers, accounts of ion transfer have been on par with lithium, however, deposition and stripping of Mg    2 +    requires sustained over-potentials due to increased interfacial resistance.



Research on solid Ca    2 +    electrolytes is extremely limited and focused primarily on liquid electrolytes. In fact, there is a lack of research on calcium battery design in general [203]. One reason for this could be that calcium has been shown to diffuse poorly through the solid electrolyte interfaces formed on the metal anode surface, which significantly inhibits ion migration [204]. Some improvement to conductivity has been noted using alloyed anode materials or operating the cell at higher temperatures. However, the mobility of Ca    2 +    is generally considered limited, especially in solid electrolytes, due to both ion aggregation and dissolution difficulties at the electrode/electrolyte interface [205,206]. Cathode materials have demonstrated similarly disappointing results. Chevrel phases, which are known Mg    2 +    intercalation cathodes, are predicted to have much lower diffusion rates for Ca    2 +    [207]. The unique chemistry of metal organic frameworks (MOFs) or Prussian blue derivatives are known to work as a cathode materials for calcium, but still exhibit cycling rates too low to be practical in scaled up applications [203,208].



Like calcium, most research on zinc electrolytes have investigated variations on liquid or aqueous solutions and it is well known that zinc reactions with anodes are strongly correlated with the type of liquid zinc electrolyte used [9]. The application of zinc charge carriers has been hindered by slow Zn    2 +    intercalation rates, anodic dendrite formation and reduced long term cyclability [209]. The formation of nonuniform zinc deposits at anodes and incomplete dissolution upon cycling have caused reduced performance and shortened lifetimes in zinc batteries of all constructions. While approaches to controlling this problem are under research, there are limited examples of all solid state designs, even as proof of concept [210,211,212]. One positive development came in 2013 when Banik and coworkers found that PEG suppressed dendrite growth without reducing conductivity, possibly indicating that solid polymer electrolytes would be capable of cycling with metallic zinc anodes [212]. Diffusion of Zn    2 +    tends to be slow in all solid electrolytes, especially within solid inorganic frameworks. Several methods using nearly solid designs have been proposed for both zinc and aluminum batteries. For instance, Chao and colleagues developed a “quasi-solid-state” zinc ion battery comprised on an arrayed zinc vanadate cathode supported by graphene foam, zinc nanoflake array anode and fumed silica/ZnSO   4   electrolyte [209].



The idea of aluminum conducting solid electrolytes and fully solid aluminum batteries are concepts that have garnered some scrutiny and are generally thought implausible. One reason is that a bulk of computational research has demonstrated that solid electrolytes with higher valence cations are actually better anion conductors than cation conductors [168,213,214]. This is due to the high Coulomb potential between Al    3 +    and the anionic framework. Imanaka and Tamura noted that their group had been working toward trivalent ion conduction in rigid lattices since the 1990s, including Al    3 +    [215]. However, these conductors often required temperatures around 600 °C. More recent evidence has shown that Al    3 +    reversibly intercalates with Chevrel phases, indicating that Al    3 +    conducting electrolytes and cathodes based on solid inorganic matrices is still possible [47,216,217].




7. Summary and Conclusions


The objective of this review was to evaluate current understanding of transport properties in solid inorganic and dry solid polymer electrolytes where the cation charge carriers were Ca    2 +   , Mg    2 +   , Zn    2 +    and Al    3 +   . To the best of our knowledge, a complete and fully operational all solid state battery using multivalent metal cation charge transport has yet to be realized outside of laboratory and conceptual frameworks. One of the limiting conditions for many practical battery applications is operating temperature. When the current literature is screened for materials functioning at or near room temperature, magnesium appeared as the most commonly employed charge carrier. In solid inorganic ion conductors, phosphate based Mg    0.5   Zr   2  (PO   4  )   3   demonstrated room temperature conductivity on the order of   10  − 6    S/cm [128]. Magnesium conductivity in the borohydride Mg(en)(BH   4  )   2   was measured   5 ×  10  − 8     S/cm at 30 °C [155] and, most recently, a Mg    2 +    conductivity of   1.3 ×  10  − 5     S/cm at 30 °C was noted for the complex (BH   4  )   2  (NH   3  BH   3  )   2   [163]. The spinel ion conductors MgSc   2  Se   4   and MgY   2  Se   4   also demonstrated appreciable Mg    2 +    conductivity near   1 ×  10  − 5     S/cm at 25 °C and are predicted to be conductive of Zn    2 +    under similar conditions [172]. For high temperature applications, there exists the possibility to employ inorganic ion conductors of Ca    2 +    and Al    3 +    as well as increased options using Mg    2 +    and Zn    2 +    [123,124,126,127,129,132,133]. Solid polymer electrolytes offer more diversity with regard to choice of cation, however, factors of ionic radius size, polymer backbone polarity and ion aggregation complicate practical applications in fully functional batteries. Conductivity values ranging from   1 ×  10  − 7     S/cm to   1 ×  10  − 5     S/cm have been reported for several Ca    2 +   , Mg    2 +    and Zn    2 +    salts in polymer matrices over the years [176,178,179,183,184,188,191,196,197] and more recently, Al    3 +    [198]. Long term thermal and cycling stability of the polymer matrix as well as extended interface compatibility between the electrode surfaces and electrolyte appear to be the limiting factors for this class of battery construction. Inasmuch, ongoing polymer development and studies into the robustness of polymers against cathode candidates is an area where attention should be directed.



Development of multivalent cation conducting electrolytes for all solid state batteries relies on a future in which design schema account for transport pathways capable of accommodating large charge volumes at high concentration with mobility at ambient temperature. Synthetic design strategies informed by computational methods and large scale structural databases continue to identify frameworks capable of facile cation mobility. Powerful analytic techniques beyond evaluating transference numbers are significant in understanding diffusion phenomena. Local dynamics have proven of importance when analyzing mechanisms of transport in higher valence cations. Techniques such as QENS, variable temperature NMR and EXSY NMR combined with computational methods offer the opportunity to probe materials for both local and bulk dynamics. Current considerations indicate that all solid state batteries based on multivalent metal cation chemistries face significant obstacles. However, advanced techniques for discovery and application of new electrolytic materials is quickly evolving and encourages ongoing pursuit of solid high valence cation conductors. The payoff for discovery and implementation of high capacity, safe, large scale energy storage is vital to environmental and socioeconomic sustainability. Despite the caveats seen to date, the progress made in ongoing research warrants continued investigation into these materials.
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Figure 1. (a) Components of the QENS spectrum. Adapted with permission from reference [55]. Copywrite 1999. Royal Society of Chemistry. (b) Elastic component of QENS spectrum demonstrating slowing of semental dynamics in PEO upon addition of LiTFSI salt. Adapted with permission from reference [61]. Copywrite 2018. American Chemical Society. (c) Fourier transformed data in the time domain fit to the KWW function. Adapted with permission from reference [61]. Copywrite 2018. American Chemical Society. (d) QENS spectrum for LiCB   11  H   12  . Adapted with permission from reference [56]. Copywrite 2015. Royal Society of Chemsitry. (e) QENS spectrum for NaCB   11  H   12  . Adapted with permission from reference [56]. Copywrite 2015. Royal Society of Chemsitry. 
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Figure 2. Adapted with permission from reference [161]. Copywrite 2020. American Chemical Society. (a) Temperature dependent conductivity for Mg   3  (BH   4  )   4  (NH   2  )   2  . (b) Crystal structure of Mg   3  (BH   4  )   4  (NH   2  )   2  . 
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Figure 3. Adapted with permission from reference [168]. Copywrite 2019. American Chemical Society. (a) Dark blue polyhedra correspond to a 16d site occupied by V and Al coordinated by 8 oxygens. Gray denotes hopping positions for Al    3 +    calculated by VDP. (b) Gray octahedral sites must be passed by aluminum during migration (c) Pathways available to Al    3 +    determined by DFT-NEB. Blue octahedra represent VO, gray octahedra are AlO   6  , occupied Al sites are shown as dark blue octahedra and blue balls indicate the start and stop positions of the pathways. 
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Figure 4. Adapted with permission from reference [172]. Copywrite 2017. Nature Communications. (a) Variable temperature stack plot of    25  Mg magic angle spinning (MAS) variable temperature NMR of MgSc   2  Se   4   at 11.7 Tesla and 20 kHz spinning speed. * denotes a spinning sideband. (b)    25  Mg static variable temperature spin lattice relaxation data collected at 7.02 Tesla plotted as function of temperature. The blue line indicates the data fit to the Arrhenius equation. 
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Figure 5. Adapted with permission from reference [192]. Copywrite 2020. Royal Society of Chemistry. Bar graph comparing the conductivities at 90 °C of lithium and magnesium salt complexes in the three polymer matrices shown above the graph. 
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Figure 6. Adapted with permission from reference [196]. Copywrite 2019. Elsevier B.V. Arrhenius plots of PEGDA/Ca(NO   3  )   2   electrolytes at different ratios of the monomeric unit, ethylene oxide (EO), to calcium concentration. 
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Figure 7. Reproduced with permission from reference [197]. Copywrite 2020. Springer Nature. Proposed transport mechanism through the polymer matrix in which Zn    2 +    is complexed then decomplexed driving migration of the cation. 
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