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Abstract

Electrolytes used in rechargeable batteries must enable rapid translation of the working ion from
between the electrodes. They are, however, usually designed and synthesized using atomic-level
insights. Whether the ideal electrolyte for a particular battery is a solid or a liquid remains an
important unresolved question, especially as solids with conductivities comparable to liquids are
discovered. To help resolve such questions, we present the first steps toward a cross-cutting unified
framework for relating atomic and continuum scale phenomena. Solvation shells in liquids are
entities that translate with the working ion for a short while before they break up due to Brownian
motion. In contrast, solvation cages in classical solids and polymers cannot not translate with the
working ion. Mobility of the entities that make up the cages and shells, quantified by an order
parameter, is shown to influence translation of the working ion on continuum length scales.

Keywords: solids; liquids; electrolytes; solvation; ion transport; shells; cages



Liquid versus solid electrolytes

The performance of electrochemical systems such as batteries, hydrogen and solid oxide fuel cells,
and electrochemical reactors for production of materials such as aluminum and chlorine depend
on the transport of specific working ions across an electrolyte [1]. In the relatively simple case of
a lithium-ion battery, a single working ion, Li*, participates in the redox reactions at both
electrodes [2]. Other systems such as the lead acid battery are more complex, and both cations
and anions (H* and SO4%") participate in the redox reactions. It has long been recognized that the
electrolyte can, in principle, be either a liquid or a solid [3].

The kind of electrolytes that will be used in electrochemical systems to propel the emerging clean
energy translation remains undecided [4]. For many decades, efforts aimed at achieving ionic
conductivity (see Glossary) in bulk solids comparable in magnitude to that of liquid electrolytes
yielded little progress. A breakthrough was reported in 2011 with the discovery of LijoGeP2S12 [5].
Moreover, the recent discovery of a number of ion-conducting solids with conductivities [6-10]
equaling that of liquids [11],[12] has generated intense interest in the development of all-solid-
state batteries [13]. Indeed, research and development on solid-state batteries is arguably the most
hotly pursued area in the modern battery space. Diligent efforts are taking place at academic and
national research laboratories, established battery producers, and numerous battery start-ups to
bring all-solid lithium batteries to the market [14-16].

In addition to conducting ions rapidly, the deformability and adhesion of the electrolyte to solid
electrode surfaces, usually redox-active particles as they expand and contract during charge and
discharge, is an important characteristic [17-21]. For rigid solid electrolytes, coupled mechanical
and electrochemical stability, especially against penetration by metal protrusions and dendrites,
remains unresolved [18,22-27]. Drawbacks of liquid-based systems include flammability of
organic solvents often used when the working ion is an alkali metal, and the potential for
catastrophic failure if the liquid is displaced and the electrodes short circuit. These drawbacks can,
in principle, be addressed by solid electrolytes, if issues related to deformability and adhesion can
be addressed [17-20]. Toward the goal of enabling solid-state batteries, the purpose of this
perspective is to explore the possibility of developing a unified framework for describing ion
transport that bridges the gap between apparently dissimilar liquid and solid electrolytes. Generally
speaking, research on these two classes of materials is carried out in distinct camps with their own
conventions and nomenclatures. The proposed framework is built on the concepts of solvation
shells and cages. For coherence and due to their relevance in practical systems, we have chosen
examples wherein the working ion is a lithium cation. We posit that the development of new and
improved electrolytes will be accelerated by understanding both similarities and differences across
different classes of ion conductors.

Shells and cages

As an organizing concept, we use the term shell to describe the solvation structure in liquids, and
cage to describe the solvation structure in polymers and crystals. Solvation of cations in liquid
electrolytes is enabled by the presence of electronegative groups in the solvent molecules [11,28].
The dominant solvation shell that surrounds a Li* ion in a dilute aqueous mixture of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) is shown in Figure 1a. The dominant solvation shell
has, to a reasonable approximation, tetrahedral symmetry with oxygen atoms at the apices of the
tetrahedron [29],[30].



In Figure 1b, we show the structure of 3-LizsPSs (LPS), a fast-ion conducting solid that is
thermodynamically stable in its bulk crystalline form only above 200 °C, although a nanoporous
phase is stable at room temperature [31]. B-Li3PSs exhibits a different [PS4]* motif, Li* ion
environment and expanded cell volume, compared to non-conductive y-LPS (the room temperature
phase) [32], While both solids can be described as having Li* ions contained within solvation cages
formed by sulfide (S*) ions, the frameworks of the B- and y-phases differ greatly. The latter
contains tetrahedral LiS4 cages whose S?” apices are shared with the PS4* moieties, whereas the -
phase comprises both octahedral (LiSe) and tetrahedral (LiSa4) cages that share edges with the PS4
framework. The bulk crystalline [3-phase can be stabilized at room temperature by the substitution
of P* for Si** to form Lis2s[P34Sii4]S4 [33], where the additional Li* ions needed for charge
balance expand the cell volume even beyond [3-LPS. The solvation cage structure, its connectivity
to the framework, and lattice volume are important with respect to coupling to (and triggering)
anion dynamics as we describe below.

Inorganic glasses constitute another class of practically-relevant solid ion conductors [34-36]. The
amorphous nature of glasses implies the potential for significant variability in the solvation
structure of the working ion; this behavior is fundamentally different from the periodicity and order
in the cages of crystalline materials [37,38]. Glasses are similar to crystalline conductors in that
the ions comprising the solvation cage do not execute Brownian diffusion. However, glasses are
defined by both structural and dynamic heterogeneity [39,40]: the working ions are surrounded by
different solvation motifs that are characterized by amorphous halos in X-ray diffraction
experiments, and regions composed of rapidly moving entities coexist with regions wherein the
same entities are jammed and thus immobile. The absence of well-defined long-range order makes
the modeling of glasses challenging [38]. Figure 1c illustrates the atomic structure of an inorganic,
ion-conducting glass [41], referred to here as glassy LPS, generated by heat-and-quench ab initio
molecular dynamics simulations (AIMD) [42]. LPS glass is synthesized by combining Li>S and
P>Ss in a 75%:25% ratio [40]; the glass is the amorphous analogue of the crystalline polymorphs
[3 and y-Li3PS4 discussed above. Similar to those crystalline phases, the glass contains tetrahedral
PS4* complex anions. Different from those phases, in the glass, the number and orientation of
anions that coordinate the working Li* ion varies from cation to cation.

Polymer electrolytes also possess polyhedral cages. In Figure 1d, we show the solvation structure
that surrounds a dissociated Li* ion in an amorphous mixture of LiTFSI and polyethylene oxide
(PEO); polymer electrolytes typically exhibit reasonable conductivities at elevated temperatures.
The dominant solvation cage has, to a reasonable approximation, octahedral symmetry. A majority
of the ether oxygens that form the cage belong to one or two chain molecules [43-47].

Cage mobility as an order parameter

In order to enable electrolytic charge transport under applied electric fields, the working ion must,
in the absence of electric fields, exhibit diffusive motion in the long-time limit, i.e., the ensemble-
averaged mean-squared displacement of the working cation is a linear function of time, z. The
crystalline and glassy solids in Figure 1 only contain cations and anions while the other two
electrolytes also contain a solvent. The subscripts i = 0, + and — refer to the solvent molecules or
monomers along the polymer chains, cations, and anions, respectively. The individual entities
(ions, solvent molecules, or monomers) are labeled £ (and ywhen two labels are necessary) and
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Ni is the total number of entities of type i in the system. If the location of each entity is r; , then

the ensemble-averaged mean-squared displacement, < Ar?(t) >, is given by

(zpl, (0 - @). (-1 )

T &

< ATE(t) >=

The time dependence of <Ar2> of the working ion is qualitatively similar for all the electrolyte
classes depicted in Figure 1. The distinction between the different classes becomes clear when we
examine the time dependence of < Ariz (t) > of other entities. Different species exhibit different
power laws,

< Arf(t) >= Dit%, (i=0,+,0r-). (2)

The parameter D; reduces to 6Ds.; in the limit ¢ — oo if the species i exhibits diffusive motion
and Dyeyr; 1s the self-diffusion coefficient. For all of the electrolytes in Figure 1, a; = 1.

In liquids, the solvation structure can be “carried” by the ion as it translates across space. However,
the random Brownian motion of all entities results in frequent alterations of the solvation structure.
Solvation shells, as we define them here, are structures that are capable of breaking up and
reforming. In Figure 2b we show < Ar?(t) > based on molecular dynamics simulations [29,30]
for a mixture of LiTFSI and water. In liquid electrolytes, all three species exhibit diffusive
behavior with @; = 1. The ions find themselves in a multitude of environments but traverse rapidly
through them to yield trajectories that are averaged over these environments. In the other
electrolytes in Figure 1, however, we obtain different relationships between mean-squared
displacement and time.

In classical solid electrolytes (both crystals and glasses), the solvation structures do not translate,
hence <4r?> of the cage entities is independent in the limit ¢t — o. Solvation cages are thus
defined as structures that exhibit sub-diffusive motion on the time scale of working ion diffusion.
We show the time dependence of <A4r.>> for the negatively charged cage elements of glassy LPS
obtained by AIMD simulations in Figure 2c. The simulations were carried out at 500 K so that
diffusive regimes could be accessed within the simulations time scale. On the > 0.5 ns time scale,
where the cations show diffusive behavior (a; = 1), the anions in the cages are characterized by a.
=0.

The case of a polymeric ion conductor is intermediate between classical liquids and solids. We
limit our discussion to amorphous polymers that are well-above their glass transition temperature.
On long-enough time scales, polymer chains in amorphous melts exhibit diffusive motion.
However, the diffusion of polymer chains is much slower than that of small molecules (such as
water), and the solvation cage remains essentially intact on the time scale of cation motion. In
Figure 2d we show MD simulation results for a mixture of LiTFSI and PEO [48]. The TFSI anions
exhibit diffusive motion on the 7 > 5 ns time scale, while time scales greater than 1000 ns are
necessary for Li* cations to exhibit diffusive motion; this time scale is often outside the range of
MD simulations. On these time scales, the PEO monomers exhibit a power law with ap =0.5. At
a coarse-grained level, polymer chains can be modeled as beads connected by springs, and the
collective motion of the springs on short time scales give an exponent of 0.5 [46].



We define an order parameter, M, to characterize the mobility of the entities in the solvation cages
or shells

a

M=L=q,(i#+) (3

where q; is the exponent of the power law relationship between <Ar?> and ¢. The mobility order
parameter lies between 0 and 1: liquid electrolytes exhibit M values of 1, inorganic solids exhibit
M values of 0, and polymer electrolytes exhibit M values of 0.5. Other forms of matter such as
liquid crystalline electrolytes may exhibit other values of M.

In addition to translational displacement of the cage entities, recent work indicates that the
diffusion of the cations in both crystalline and glassy LPS is facilitated by the rotation of the anions
in the cages. For example, in Figure 2c we show the mean-squared angular displacement, <
AB2(t) > of the anions in glassy LPS as a function of time, obtained by AIMD simulations. The
linear dependence of < A62(t) > on time indicates free rotational diffusion of the anions in the
cage. Itis, in this case, appropriate to expand our definition of M to include rotational dynamics,

< ABF(t) >= Dg t%ei, (4)

and we define the rotational order parameter as

The values of M (and My when relevant) for the four examples in Figure 1 are presented in Table
1.

Relationship between ion transport and cage dynamics

The connection between displacement of charged species and ion transport in isotropic electrolytes
comprising a solvent and two mobile charged species (Figures 1a and 1d) was developed formally
by Onsager [49]. In this framework, ion transport is governed by transport coefficients that we
now refer to as Onsager coefficients, L;j. While several approaches for determining these
coefficients have been published [50-54], a particularly transparent approach was recently
proposed by Fong and colleagues [55], who derived the following expression for L,

=i <X (- 10). 3 (o - o))

(i,j =+or—) (6)

where kg is the Boltzmann constant, 7 is the temperature, and V is the volume of the system. The
extent to which the different approaches [50-55] in the literature are consistent with each other
remains to be established.

On the continuum scale, coefficients L; relate the flux of species i to gradients in the chemical
potentials of species j [49]. While the three Onsager coefficients can be calculated using
simulations as described above, they are difficult to measure by direct experimentation. Newman
developed strategies for measuring three different transport properties — ionic conductivity, salt
diffusion coefficient, and the cation transference number [1,77]. Relationships between the
experimentally measured transport parameters and the Onsager coefficients can be found in the
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literature (e.g., conductivity, k = F2Y; Y jZiZjLij; F is the Faraday constant and z; is the charge
number on species i) [1,55]. While coefficients L; depend on the choice of the reference frame,
some properties like conductivity are invariant with respect to this choice while others like the
transference number are not.

In crystals and glasses (Figures 1b,c), only cations exhibit translational motion and thus only L.+
is relevant (rotation is not relevant in the Onsager framework). Other systems that fall within this
class are pure ionic liquids and molten salts [1]. In crystals, ion transport has classically been
modeled in terms of activation barriers that present themselves as the ion hops from one unit cell
to the next [56]. In the simplest cases, the cations translate over a saddle-point that determines the
height of the barrier. The saddle-point is typically a triangular window spanned by the anions
which constitute the faces in the tetrahedral or octahedral solvation cage of the cation that creates
a bottleneck through which the diffusing cation has to pass [56]. As a result, the activation barriers
to cation transport can be strongly influenced by dynamics of the anion framework [57,58]. This
factor was proposed decades ago in high-temperature fast-ion conducting “plastic” phases
consisting of tetrahedral polyanions — and while not well understood, was dubbed the paddle-wheel
effect [59]. Indeed, early work on 0-Li»SO4 speculated that the reorientational motion of the SO4*
anions above 850 K was responsible for the jump in Li* ion conductivity at that temperature [60].
Quasi-elastic neutron scattering (QENS) studies showed the PO4*- anions in Na3PO4 undergo rapid
rotation in the fast-ion plastic phase above 600 K [61]. In the groundbreaking solid electrolyte,
Li10GeP2S12 [5], reorientation of the PS4 groups observed in high temperature AIMD simulations
was related to cation transport [62]. While a full picture of the importance of polyanion rotational
dynamics on cation diffusion in inorganic solids has taken time to develop - now - owing to
advances in computational and physical methods, the coupling of anion and cation dynamics is
better defined, and the paddle-wheel effect has been brought down to intermediate, and even room
temperature [42,63-72].

Our definition of shells and cages in Figure 1 focuses on the solvation structure (shells and cages)
in the immediate vicinity of the working ion. Since coulombic interactions can be significant over
large distances, especially in low dielectric constant materials, the translation of the working ion
may be affected by correlations between the working ion and entities outside the solvation
structure. All relevant correlations are captured in the Onsager-Newman approach. One may view
each term in the sum on the right side of Eq. 6 as an element of an N;XN; matrix. If the motion of
a given ion is independent of all other entities, then the matrix is diagonal, and L;; and D; are
proportional to each other (i =+ or -) while L, =0. In general, however, L;; are functions of sparse
matrices wherein most of the elements are zero (or nearly so), as simulation boxes must be much
larger than the characteristic length scales of the interspecies correlations. A simple estimate of
distances that are relevant for transport is given by the Bjerrum length [73], defined as the
separation distance between ions at which the coulombic energy equals thermal energy (k7). The
Bjerrum lengths of water and PEO are 0.7 and 7 nm (the dielectric constants of water and PEO are
80.1 and 7.5). The number of non-negligible matrix elements contributing to L; will thus be larger
for the PEO electrolyte (Figure 1d) relative to the aqueous electrolyte (Figure 1a). In all cases,
however, the most significant off-diagonal elements of the matrices underlying L;; are related to
correlations between the working ion and entities in solvation shells and cages.

There are many approaches for studying the coupling between cage dynamics and ion transport.
Analysis of neutron diffraction data using the maximum entropy method (MEM) can be used to
reconstruct nuclear density maps; it provides a method to “peer into” the crystal to view a snapshot
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of structural disorder and lattice dynamics. However, like QENS, it can only provide generalised
and averaged information, from which a spatial and time-averaged structural picture can be
obtained. Local correlation effects are not reflected. AIMD simulations provide powerful,
complementary insights as they record the real-time dynamics of atoms on the femtosecond time
scale. A combination of the two approaches, first explored in a new series of fast Na-ion conductors
(Na11Sn2PnXi2: Pn = P, Sb; X = S, Se) [74], was applied to investigation of the crystalline LPS
family. This study compared the high temperature fast-ion conductor (B-LizPS4) with its room
temperature Li-stuffed analogue, Liz2s[P34S5114]S4 [70]. AIMD, joint-time correlation analysis,
and power spectra demonstrated that the PS4*/SiS4* anion rotational dynamics couple to and
greatly enhance cation diffusion via the paddle-wheel effect; Figure 3. The transition from non-
conductive y-LizPS4 to B-LisPS4 coincides with the onset of PS4** anion rotation. MEMS maps
revealed that PS43 anions are static in the y-phase, but rotationally disordered in the B-phase.
Partial substitution of P°* with (Si** + Li*) expands the cell volume, stabilizing the B-structure.
This “turns on” anion rotation in Si-LPS at room temperature, giving rise to fast-ion conductivity
of 1.2 mS c¢cm™! that represents a 1000-fold increase vs the y-phase. AIMD simulations further
showed that reducing the free volume by 10% hinders polyanion rotation, leading to higher
rotational barrier heights and lower Li* diffusivity.

The effect of anion cage dynamics is to transiently open the bottleneck for cation transport.
Because the PS4 polyanions share bonds with the cages, during the AIMD picosecond snapshots
where they rotate, the window through which the cations pass from one solvation cage to the other
is enlarged by about 25%. This is accompanied by cation diffusion events that occur cooperatively
with the rotation of the anions, and correlate with transport from one lattice site to the neighboring
site. One can alternatively consider that rotation of the anion groups creates disorder in the anion
framework, leading to fluctuating potentials and a frustrated energy landscape that the cations
perceive. This lowers the activation energy for cation migration.

Regarding glassy Li3PS4, AIMD simulations show that the glass also shows reorientational anion
dynamics at room temperature [42]. Connections between Li* migration and the rotational
dynamics of the PS4> anions in the glass were explored with AIMD by evaluating correlations in
space and in time, and potential similarities in their respective energetics and vibrational properties.
Figure 4 shows an example of a Li* migration event observed during the AIMD simulation. The
left panel shows the trajectory for a cooperative migration process wherein three adjacent lithium
ions migrate at approximately the same time. During this process a neighboring PS4* anion
undergoes a large, quasi-permanent reorientation, indicative of the paddle-wheel effect. Figure 4b
demonstrates that the displacement of one of the Li* ions is strongly correlated in time with the
reorientation of a PS4>* anion in the solvating cage. The distinct anion dynamics in the glassy state
are ascribed to a combination of the lower density of the glass (due to imperfect ion packing in the
amorphous state) and the absence of a long-ranged covalent (bridging) network. These two
features provide the additional free volume needed to allow for anion rotation, while minimizing
the formation of longer chain PxSy anions having less rotational mobility [42,75].

The rotational dynamics of complex anions can be quantified by calculating the anions’
orientational autocorrelation function [33,42,63]. The resulting curve of correlation vs. time can
be fit to an exponential form, exp(-t/T), where T represents the correlation frequency for rotational
anion displacements. Importantly, these frequencies can also be extracted from QENS experiments,
and thus provide a mechanism for directly comparing theory and experiments [63,76]. Finally, a
plot of the anion orientation autocorrelation function (Figure 4) reveals that the anions are
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rotationally active over the time scale of the simulation. In total, these analyses demonstrate a
strong connection between the mobility of the Li* cation and the structure and mobility of its
solvating cage.

The experimentally determined relationship between cage dynamics and ion transport in
LiTFSI/PEO mixtures is shown in Figure 5. In Figure 5a, we show measurements of the time
dependence of the mean-squared displacement of the PEO segments < Arg(t) > measured by
QENS [77]. On the 0.1 to 3 ns time scale, the motion is sub-diffusive at all salt concentrations as
mentioned in Table 1, i.e., M = 0.5 or < Ar&(t) > is proportional to 2. The proportionality
constant, Dy, in equation (1) gives the coefficient of friction that is experienced by the PEO
segments, ; see ref. 61 for the explicit expression. The addition of salt results in smaller segment
displacements or increased { in polymer electrolytes; it is customary to express salt concentration
as ry, the ratio of moles of salt to moles of ethylene oxide monomers. The data in Figure 5a indicate
that {'increases exponentially with r;. These data reflect the displacement of polymer segments
coordinated with the cations as well as those far away from the cations. While it is possible to
study the motion of particular entities in simulations as has been done in Figures 3 and 4,
continuum transport depends on the motion of all entities in the system. Thus, while the mobility
of entities in the solvation cage is thus reflected indirectly in the < Arg(t) > data measured by
QENS in Figure 5, continuum properties like conductivity depend on these data.

In Figure 5b, we show experimentally measured conductivity & as a function or r;. The curve
through the data is

Ts
0.085

K = 0.0437, exp (— ) Siem, (7)

where the linear prefactor represents the simple expectation that conductivity is proportional to the
concentration of charges and the exponential term represents the increase in friction obtained
entirely from analysis of the QENS data. In LiTFSI/PEO, conductivity, a parameter that reflects
only the displacement of charged species is, in fact, governed by a hidden variable — the sub-
diffusive motion of the cage comprising uncharged polymer segments. Here the coupling between
cage dynamics and ion transport is exposed by combining QENS and standard ac impedance
experiments.

Concluding remarks

Electrochemical systems with solid electrolytes may be ideally suited for clean energy
technologies. In spite of the many advantages of solid electrolytes, they must embody many
features that liquid electrolytes possess such as a wide electrochemical stability window and the
ability to accommodate expansion and contraction of electrode particles. Our main objective is to
begin establishing a unified framework for characterizing both solid and liquid electrolytes. We
build upon the concepts of solvation shells and cages, showing geometric similarities between
widely differing electrolytes (Figure 1). While the importance of the chemical composition of the
solvating entities has long been recognized, there is an emerging recognition of the importance of
the dynamics of these entities (Figure 2). We present three examples of solid electrolytes wherein
the transport of the working cation is intimately related to these dynamical properties (Figures 3,
4, and 5). The unified framework that we seek to develop must be built upon order parameters
that apply across the classes; we present cage and shell mobility as one such parameter. Table 1
gives this order parameter, along with the universally agreed upon metric for characterizing



continuum ion transport - conductivity. While we have focused on simulations, QENS and ac
impedance, a variety of other theoretical and experimental approaches can be deployed to relate
atomic-level information to continuum transport. The minimum number of order parameters that
are necessary to construct our framework remains an open question, as are the nature of
relationships between these parameters and continuum transport (see Outstanding Questions). In
systems with two translationally mobile charged species and one neutral species such as liquid and
polymer electrolytes, ion transport is governed by three transport parameters [78-80]. In the future,
one may consider extensions to more complex systems such as polymer gels, wherein an ionic
solution is imbibed within a polymer network, which contain two neutral species. We recognize
the importance of interfacial effects; extending our framework to include them is a challenging but
worthwhile exercise. Our ultimate goal is enabling the rational design of the solvation environment
that propels the migration of the working ions.
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Glossary

Amorphous halos: diffuse rings detected by X-ray or neutron scattering due to short-range
correlations characteristic of amorphous liquids, polymers, and glasses.

Cages: a collection of nearest neighbors coordinated with a solvated ion that does not translate
with the ion.

Cation transference number: the fraction of current carried by the cation relative to a reference
velocity in an electrolyte of uniform composition; commonly used reference velocities are the
mass-average velocity (used in Eq. 6), the molar-average velocity, and the solvent velocity.
Conductivity: a measure of the current obtained at the instant a potential is applied across an
electrolyte with uniform composition.

Entities: ions and neutral molecules (monomers in the case of polymer electrolytes) that make up
electrolytes.

Maximum entropy method: a model-free method to extract atomic positions from measured
diffraction data.

Mobility order parameter: the ratio of the exponent quantifying the time dependence of the
mean-squared displacement of the entities in shells and cages to that of the working ion.
Onsager coefficients, L;: coefficients that relate the flux of the species i to gradients in the
chemical potentials of species j.

Salt diffusion coefficient: the proportionality factor that relates the flux density of salt to the
concentration gradient.

Self-diffusion coefficient: a measure of the average mean-squared displacement of the species of
interest per unit time.

Shells: a collection of nearest neighbors coordinated with an ion solvated in a liquid that translates
with the ion for a short while before it breaks up due to Brownian motion.
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Figure Captions.

Figure 1. Solvation structures of lithium ions in liquid and solid electrolytes. (a) LiTFSI in water
at 298 K. (b) B—Li3PS . crystal, stable above 573 K. (c) Amorphous Li3PS . glass at 298 K. (d)

LiTFSI in polyethylene oxide at 363 K. In (a) H is blue, O is red, Li is green, and TFSI is yellow.
In (b) and (c) Li is green, P is purple, and S is yellow. In (d) CH2 is blue, O is red, Li is green, and

TFSI is yellow. The solvation shell and cage in liquid and polymer electrolytes are indicated by a
green polyhedron surrounding the lithium ion.

Figure 2. Ion diffusion and dynamics of solvation shells and cages. Mean-squared displacement

2
of the working ion and elements of shells and cages, <4 r. >, versus time in different electrolytes.

2
Mean-squared angular displacement of the anion,<46 >, versus time is also shown for the glass

in (c). (a) Schematic plot showing different systems. (b-d) Simulation results for translational
and rotational displacement. (b) Liquid electrolyte, LiTFSI/water, 298 K. (c) 75% Li 2S and 25%

P 2S s glass, 500 K. (d) Polymer electrolyte, LITFSI/PEO, 363 K. Dashed lines in (b-d) represent

expected power laws.

Si o Po_1S,.

Figure 3. Relationship between cage dynamics and ion transport in a crystal, Li 07515,

3250510 25
2-
(a) Trajectories of the S ligands of [PnS, ] (Pn = Si/P) polyanions from AIMD simulation; yellow

spheres: initial position of S atoms; orange, blue, green, and purple spheres: S trajectories. The
trajectories of Li* in the vicinity of one [PnS, ] within 1 ps at 1050 K: (b) when [PnS ] is undergoing

rotation; (¢) when [PnS ] rotation pauses. The coordinates of one Li* in the vicinity of the [PnS,]:
(d) during its rotation; (e) when the anion rotation pauses. (f) A schematic showing the effect of
the polyanion rotation on the trigonal bottleneck that Li ions hop through; blue circles represent
S atoms shared by the [PnS 4] tetrahedron and the [LiS 4] or [LiS 6]. Red and blue arrows depict
pathways for Li* migration derived from AIMD simulation, and green arrows show the Li -ion

path through the triangular face-sharing windows. (g) The area of the trigonal bottleneck for Li’
migration when [PnS,] undergoes rotation and when rotation pauses.

Figure 4. Relationship between cage dynamics and ion transport in glassy LizsPSs4. (a) Li* migration
event involving the displacement of 3 Li* ions and a neighboring PS 43‘ anion in LPS glass. The

anion’s position before and after migration is shown with transparent and opaque shading,
respectively. (b) The displacement of one of the Li* ion involved in this migration event (black
curve) and the orientation of 3 neighboring PS 43‘ anions (blue curves) during the migration event

as a function of time. (c) PS 43‘ anion orientation autocorrelation as a function of time at selected

temperatures.

Figure 5. Relationship between cage dynamics and ion transport in a polymer electrolyte,
LiTFSI/PEO. (a) Mean-squared displacement of PEO segments versus time at various salt
concentrations, rs, measured by QENS, showing cage dynamics with M = 0.5. (b) Measurements
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of the dependence of conductivity on salt concentration (squares) explained entirely on a model
that is based on cage dynamics (curve).
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Figures.

(b) Crystal (c) Glass (d) Polymer

(a) Liquid

Figure 1.
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Table 1. Solvation, mobility order parameter, and conductivity of exemplar liquid and solid
electrolytes.

Systems Solvation Structure Mobility Order Conductivity (S/cm)
Parameter

Liquids Shell M=1
LiTFSI/water 3x1072
0.2 M, 298K
Polymers Cage M=0.5
Li SI/PEO 2X10—3
1.6 M, 363 K
Crystals Cage M=0,Mg=1
Li3 25[P34S11/4]S4 1x1073
298 K
Inorganic Cage M=0,Mg=1
Glasses 2x104
LPS
298 K
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