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Abstract:

Fast-ion conductors, also known as solid electrolytes, are a critical component to the development of high-
performance all-solid-state batteries. Conventional lithium solid electrolytes are limited by low ionic conductivity
due to high energy barriers for Li* transport. Recent advancements in promoting fast-ion transport have been
achieved through weakening the interaction of Li-ions with their coordinated anions via the introduction of local
disorder on the atomic, nano, and mesoscale. Difficulty in the coherent characterization of local-entropy-enhanced
ion conductors arises from the modified structural framework, which consists of highly disordered local structures
within an ordered long-range network. This review outlines an experimental approach to systematically probe the
relation between material structure, ion dynamics, and ion conduction, guided by solid-state NMR. Examples of
our work on local-entropy-enhanced ion conductors are highlighted on the atomic, nano, and mesoscale to
encourage future studies to further optimize the properties of solid electrolytes for a wide range of technological
applications.



1.

Introduction:

Lithium-ion batteries (LIBs) have quickly become ubiquitous to power consumer electronics and electric vehicles
with the required energy and power density for their intended purpose. As these technologies become more advanced
and widespread, the batteries that power them must improve as well. Key metrics that must be considered are the cost,
energy and power density, and safe operation of the battery, which are all largely related to the materials used within
the battery. Current LIBs generally consist of three main components: the anode, cathode, and electrolyte. An electric
potential difference exists between the anode and cathode, with the electrolyte between them [1]. Current
commercialized LIBs typically utilize a carbon host as the anode, intercalation-type transition metal oxides such as
LiMO2 (M= Co, Ni, or Mn) as the cathode, and a lithium salt such as LiPFs dissolved in organic solvents, e.g. ethylene
carbonate/diethylene carbonate, as the electrolyte [1,2]. Numerous studies have been conducted on optimizing the
materials used to enhance the aforementioned key metrics. Notably, in nearly all essential components in batteries,
including electrodes, electrolytes, composites of them, and interphases between them, their Li* transport properties
are shown to be a crucial factor to the electrochemical performance. Enhanced Li* transport within the electrodes and
electrolyte increases the ionic conductivity and consequently gives greater utilization of the energy storage capacity
and improved power performance of LIBs [2—4].

While the Li" conductivity in all components of LIBs require improvement for optimal performance, this
review will focus on our recent work to enhance Li* conductivity within electrolytes, particularly solid electrolytes
(SEs), through leveraging increased entropy in local structures and ion dynamics. With respect to current commercial
LIBs, the use of SEs has emerged as an advantageous replacement for liquid electrolytes (LEs). SEs for all-solid-state
batteries (ASSBs) have many advantages: they eliminate the need to use flammable solvents in LIBs for enhanced
safety and reduced cost [5,6], are compatible with high-voltage cathodes and lithium metal anode [7,8], and allow
dense packaging for increased energy density [9,10]. The ionic conductivities of SEs can now match and even surpass
that of LEs [11-13]. The recent significant enhancements in ionic conductivity have been attributed to creating a
“frustrated” energy landscape via several types of disorder such as chemical, structural, and dynamical, which lead to
fast-ion conduction [14].

Significant work has been done to understand the role of the long-range structural framework on ionic
conductivity in SEs [15,16]. However, the local structural environments, i.e., the solvation layer of the active cations,
and their ordering also play a key role in determining ion conduction properties. In this regard, magnetic resonance
techniques stand out as essential to understanding short-range structure and ion transport phenomena to provide
insights into how to tune local structures for enhanced ion conduction.

Herein, a strategy for implementing local entropy to enhance Li* transport within SEs, guided by solid-state
NMR, will be detailed. In addition, a review of our work on utilizing induced local entropy to enhance the ionic
conductivity of SEs on the atomic, nano, and mesoscale will be presented using several examples.

Entropy-Enhanced Ion Transport in Different Classes of Electrolytes:

Several classes of electrolytes exist such as LEs, polymer electrolytes, and inorganic electrolytes. Between these
electrolyte classes, the mechanism of ion transport varies significantly, as shown in Figure 1. LEs in LIBs are
generally comprised of lithium salts dissolved in aprotic organic solvents. The Li-ions are located within highly
disordered solvation shells, due to the motion of the liquid solvent molecules, where Li* transport occurs through co-
diffusion (Li-ions move with the first solvation shell and the solvation shell does not change) and structure-diffusion
(Li-ions move by exchange of solvation molecules in their first and outer solvation shells) [17—-19]. In contrast,
polymer electrolytes generally consist of lithium salts distributed in a polymer matrix. In comparison with LEs, there
is decreased disorder surrounding the Li-ions due to the directional covalent bonds of the polymer. The flexibility of
polymers allows for Li" transport through an intrachain hop (Li* moves along the polymer chain via exchanging a
coordinating monomer for a neighboring monomer), interchain hop (Li" moves by exchanging several coordinating
monomers at the same time), and/or through ion-polymer co-diffusion (Li* moves with the polymer chain without
changing coordination site, dominant mechanism for low-molecular-weight polymer electrolytes) [18][20-25]. For
crystalline inorganic SEs, Li-ions are located within ordered anion sublattice cages (solvation cages) [26]. Ion transport
occurs by Li* hopping through interconnected diffusion channels via vacancy sites, interstitials, or interstitial knock-
offs [15,16,25,27]. Importantly, for each type of hop to occur, the Li-ions must overcome an energy barrier, Ea, for
which its magnitude can be related to the configuration entropy, ASconfiguration. From LEs to inorganic electrolytes, the
ASconfiguration decreases due to the increasingly ordered Li* solvation environments. As a result, in general, LEs have
the highest Li* diffusivity (107'° m?%s) [17,28] with polymers having intermediate Li" diffusivity values (107! m?%s)
[29,30] and ceramics having the lowest (102 — 1013 m?/s) [31-33]. The Li* diffusivity trend coincides with the general
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E. values showing a significantly lower value for LEs (0.15 — 0.25 eV) [34,35] than polymer (0.7 — 1.4 eV) [36,37]
and ceramic electrolytes (0.15 — 0.6 eV) [33,38,39].
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Figure 1. Li" transport mechanisms for liquid, polymer, and inorganic electrolytes. Liquid electrolytes utilize co-
diffusion and structure diffusion. Structure diffusion is also known as solvent-exchange. Polymer electrolytes utilize
intrachain hops, interchain hops, and/or ion-polymer co-diffusion. Inorganic electrolytes utilize vacancy, interstitial,
and interstitial knock-off hops. Anions are excluded for clarity. Co-diffusion transport mechanisms are also known as
vehicular transport mechanisms.

Based on these trends, it can be inferred that the local entropy of solvated active cations can be further
manipulated to tune Li* conduction in electrolytes. For example, within LEs, increasing local disorder using a mixture
of solvents allows for increased ion dissociation and leads to a greater number of mobile ions and improvements in
diffusivity and conductivity [40,41]. Similar enhancements are seen in polymer electrolytes through the engineering
of molecular channels. For example, coordinating immobile Cu?* ions within cellulose fibrils widens the diffusion
channels and allows for Li* solvation and Li* hopping along the polymer chain via a diverse group of polar functional
groups [42]. The Li-ions exhibit a similar affinity to coordinate with the different oxygen-rich polar functional groups
(ROeesLi, COOeesLi, and ROH/H20¢*+Li) resulting in Li-ions being able to dissociate from oxygen bonds while
coordinating with others along the diffusion channel, as shown from solid-state NMR. In other words, the Li- ions are
not energetically “trapped” by any of the functional groups.

Local disorder-enhanced Li" conduction has also been applied to inorganic SEs to yield superionic
conductors. These superionic conductors are stabilized enthalpically as well as entropically, producing a liquid-like
diffusive sublattice within the crystal lattice [14]. For example, a flattened energy landscape is achieved in sulfide,
oxide, and halide ceramic SEs by tuning the local ordering surrounding Li-ions [14]. Structural distortions create a
distribution of Li" site energies and an energetic overlap between neighboring Li* sites, which prevents Li-ions from
energetically favoring one site over the neighbor site (ion frustration), thereby enhancing Li* transport [14,43-46].
The local disorder can enable new low-energy-barrier Li* percolation pathways to be formed, and in some cases
increases the dimensionality of Li* transport (2D to 3D) [43,44,47]. Our findings support the theory that local disorder
can be beneficial in creating superionic SE phases by creating a frustrated energy landscape [14,43,45] over the atomic,
nano, and mesoscale. A key question is then how to systematically implement and characterize local disorder as well
as how to correlate the local structure with ion conduction and dynamics.

3. Characterization of Local Structure and Ion Transport in Solid Electrolytes:



(a) Strategic development of local-entropy-enhanced ion conductors:

A strategy to characterize and deploy local structural disorder to enhance ion transport has been implemented.
Structure-ion conduction correlation needs to be first established — for which a suite of suitable experimental
techniques is necessary (Figure 2).
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Figure 2. Characterization of structure, dynamics, and ion conduction in SEs.

First, a promising structural framework must be determined based on tunability and versatile ion transport
channels. Then, functional local disorder can be engineered to promote ion conduction. A few key characteristics of
disorder include the nature, the concentration, and the location. The structural framework can be described by long-
range and short-range ordering. Bragg diffraction, such as in X-ray/neutron diffraction can be used to determine the
long-range structure [48], whereas short-range (local) structure can be studied using solid-state NMR and pair
distribution function (PDF) analysis [49-52]. Intuitively, the structure and chemical composition of SEs have a large
impact on the Li* transport. Second, the ion dynamics need to be measured. Ion mobility can be determined with NMR
relaxometry [53-56], ion diffusion can be probed with NMR diffusometry [41,55,57-59], and ion transport pathways
can be mapped out with tracer-exchange NMR [42,60—-63]. Third, on the macroscopic level, electrochemical
impedance spectroscopy (EIS) is employed to measure ionic conductivity, activation energy (E.), and dimensionality
of Li* transport (1D, 2D, or 3D) [64,65]. It should be noted that solid-state NMR can also determine ionic conductivity
and E. but on a shorter length scale than EIS [51,59,65,66]. The information obtained on the microscopic scale should
be correlated and cross-checked with macroscopic mass transport. Moreover, superionic phases detected from solid-
state NMR can be isolated through synthesis optimization to improve ionic conductivity, as confirmed with EIS.

(b) Computational screening of electrolyte structure and ion transport:

Several computational techniques can be used to complement experimental studies of ion transport. For example,
when introducing a certain type of disorder (chemical, structural, dynamical) into the SE, a critical question is how it
affects the ion transport and stability of the structure. To address this, computational screening by calculating
properties such as ionic conductivity, activation energy, ion transport pathways, thermodynamic stability, etc. is
advantageous to narrow down promising synthesizable ion conductors. In brief, with respect to structure, the enthalpy
of mixing (AHmix) can be used to determine the relative thermodynamic stability of the target structure in comparison
to the thermodynamically stable phases [47,67]. For sublattice migration energy barriers and pathways, nudged elastic
band (NEB) calculations can be used [68—70]. For bulk ion conduction, ab-initio molecular dynamics (AIMD) can be
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used to computationally determine diffusivity, activation energy, ionic conductivity, and dimensionality of Li*
transport [47,68,69,71,72]. Lithium probability density derived from AIMD can be used to determine the
interconnectivity of Li* diffusion pathways [47,68,73-75].

Compositional or structural disorder can be introduced and their effects on ion transport can be examined
with computational methods. For disorder on the atomic and nanoscale, structural parameters of the pristine SE can
be obtained from sources such as the Inorganic Crystal Structure Database (ICSD) [76] and/or Materials Project
database [77]. Point defects are then introduced via vacancy creation or alio-/iso-valent substitution [12,44,47].
Density functional theory (DFT) calculations can then be used to determine the lowest energy structures and
synthesizability. The resulting modified structural parameters can be input into NEB or AIMD to calculate ion
transport properties [47,78]. For disorder on the mesoscale, such as interfaces, computations become challenging due
to the extensiveness of the defects with complex compositions; however, these highly disordered systems are being
pursued with advanced computational methods combining DFT, machine-learned interatomic potentials, and MD with
large structural models [79—83].

Determining the state of disorder:

After synthesizing the target SE with functional disorder, it is essential to experimentally determine the state of
disorder achieved to correlate it with the Li* transport properties. Several methods can be used to probe the state of
disorder. Notably, synchrotron-based techniques are commonly used for their high-energy X-ray and neutron beams.
For example, with the total scattering of synchrotron X-rays or neutrons, PDF analysis can be used to determine short-
and intermediate-range structural information such as bond lengths, bond angles, and coordination numbers of the
atoms in the material [51,84-86]. Another synchrotron-based technique to determine the degree of disorder is X-ray
absorption spectroscopy (XAS). For example, temperature-dependent extended X-ray absorption fine structure
(EXAFS) analysis is used to determine element-specific interatomic distances and the environment of atoms
surrounding the absorbing atom, including their relative, static, and dynamic disorder based on the spectral oscillation
decay [51,85,87]. In some cases, Raman spectroscopy is used for probing disorder based on Raman shift, intensity,
and linewidth [88-90]. Another technique used is high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). This technique allows for the indirect determination of disorder by observing the
change in image contrast upon modifying the structural framework [91-94]. Solid-state NMR is an element-specific
technique highly sensitive to local structural disorder and ion dynamics [65,95-98], making it unique for establishing
structural disorder-ion transport correlations.

(d) Ion transport characterized by solid-state NMR:

Ion transport is a complex process; it requires a repertoire of different techniques to determine relevant parameters
and ensure the coherency of measurements on different time and length scales [51]. For instance, DC ionic
conductivity is a macroscopic parameter often determined by EIS [51,65,99-101]. To understand how/why materials
produce a certain DC ionic conductivity, we need to determine the individual microscopic parameters, for which solid-
state NMR is indispensable.

To fully understand the utility of solid-state NMR to study ion transport and thereby guide SE development,
we must consider the variables that determine macroscopic ionic conductivity, o, as seen in Eqn. 1 [51]:

g= 1L <@ a’v, exp [A—S] exp [— A—H] (1)
B

6 Hp kpT kp

Where % is related to 3D isotropic motion, f is the correlation factor and is defined as the ratio between the tracer
diffusion coefficient, D*, and the random diffusion coefficient, D, (f = Z—). Hg, represents the Haven ratio, which is
T

the ratio of the tracer diffusion coefficient D" and the long-range diffusion coefficient D, Hy = g—. ¢ represents active
g

ion concentration, g represents the charge of the active ion, ky represents the Boltzmann constant, T represents the
absolute temperature, a represents the hopping distance between two neighboring sites, v, represents the attempt
frequency, AS represents the entropy, and AH represents the activation enthalpy (also known as activation energy, Ea).
With a combination of computation, diffraction, solid-state NMR, and EIS, nearly all these variables can be
determined.
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¢ can be estimated using pulsed-field gradient (PFG) NMR spectroscopy and EIS [51]. D* (also known as
diffusivity) can be determined from PFG NMR [41,59,102]. D,. can be determined from variable-temperature NMR
using the Einstein-Smoluchowski relation, and D, is determined using EIS [51,66,103]. NMR relaxometry is used to
measure jump frequencies and motional correlation rate using spin-lattice, Ti1, and spin-spin, T2, relaxation
measurements [41,53,104]. EIS can also be used to calculate the jump frequency on a larger length scale than NMR
and MD simulations can be used to calculate v, [71,105]. Jump distance can be determined from MD computations
[106] or crystallographic sites from single-crystal XRD [107]. AS can be determined using a statistical mechanic
approach [108] or from variable-temperature EIS [105]. AH is generally determined from variable-temperature EIS
[105].

As can be seen, accurate determination of the parameters for macroscopic ionic conductivity requires several
meticulously detailed experiments for each system of study, for which the time and length scale of each measurement
must be carefully considered. Moreover, accurately determining ion diffusion in solids is also very challenging and
often limited by a short T2 and the existence of multiple diffusion processes [41]. A simplified experimental approach
is to focus on ion transport pathways in SEs as these thermodynamic and kinetic aspects of ion transport are largely
dependent on the structurally available transport pathways, as will also be discussed below with an example using
tracer-exchange NMR [42,60-63].

Inducing Local Entropy to Enhance Ion Transport in Solid Electrolyte Systems:

SEs allow for local entropy to be introduced in multiple ways: chemical, structural, and dynamical [14]. The
overarching effect of all three types of disorder is weakening the Li" interactions with the coordinated anions and
causing Li" “frustration”. Furthermore, structural disorder can occur on the atomic, nano, or mesoscale and each should
be carefully considered for the enhancement of ion transport, which will be highlighted with examples of each
discussed in detail below.

Introducing local structural disorder via synthesis:

Many synthesis and fabrication methods can be used to make SEs that leverage local structural disorder on the atomic,
nano, and mesoscale. For introducing disorder on the atomic scale, solid-state synthesis is widely used to introduce
dopants into the parent materials [109,110]. Generally, this includes the use of a ball miller (e.g. high-energy or
planetary miller) and/or hand-mixing to achieve a homogeneous mixture of precursors, which are then heated at the
desired temperature and duration [12]. A slow cool down to room temperature (annealing) or fast cool down
(quenching) will greatly impact the structures and properties. Quenching can allow for the stabilization of high-
temperature metastable phases that may have high ionic conductivity [111]. Similarly, ball milling can also be used
for mechanochemical synthesis via the milling balls colliding into the precursors in a manner that mimics quenching
[110]. Depending on the system and the amount of time milled, the resulting material and properties can vary greatly
and therefore should be optimized [66,97,109,112,113]. Another approach is solvent-assisted synthesis [114]. This
method can allow for greater morphological control of the SE however the compatibility of the solvent must be
considered. For inducing local structural disorder on the nanoscale, ball milling can be used to form structural
frameworks with weakened Li*-anion interactions [115]. Ball milling can cause defects on the nanoscale and generate
amorphous and glass-ceramic (upon subsequent heating) materials with high ionic conductivity [109,116,117].
Furthermore, mechanochemical milling can be used to extrinsically cause site disorder and structural frustration to
produce superionic conductors [14,86,109,118]. Local structural disorder on the mesoscale can be accomplished
through fabricating composite SEs. For example, a ceramic or glass SE can be added to a polymer SE and cast into a
film [60]. The non-uniform nature of the interface between the mixed composite components and potential reaction

products cause disorder on the mesoscale and if optimized can yield improved Li* transport through the interfaces
[60].

(b) Disorder on the atomic scale:

The argyrodite class of ceramic SEs is widely used for its tunable chemical structure and can serve as a model structural
framework to probe local-entropy-enhanced ion conduction [12,65,74,75,106,119-121]. Within the argyrodite
structure, ion conduction is strongly dependent on disorder [65]. For the pristine, LisPSsX has a cubic structure in the
F-43m space group. Li-ions occupy the 24g and 48h crystallographic sites. PS4>" tetrahedra fill octahedral sites with
phosphorus in 4b sites and sulfur in 16e. The remaining sulfur is in 4d sites, and halides in 4a sites [12,121-123].
Based on our calculation, such an arrangement delivers very low Li* diffusivity and high E.. Upon introducing anion
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disorder, we have found that S?/X mixing leads to significant conductivity enhancement with a reduction in Ea. For
example, our work on LisxPSs.xCIBrx (x = 0.7) has shown an ionic conductivity of 24 mS/cm at 25 °C with an E. of
0.155 eV, which is comparable to Li* transport in liquids (Figure 3a,b) [12]. Moreover, a longer jump distance and
higher jump frequency is generated (Fig. 3b), which contributes to the macroscopic ionic conductivity enhancement
(Eqn. 1). With diversifying halide species and increasing the X~ amount, we were able to achieve maximum disorder
over the 4a and 4d sites via random distribution of S?-, CI,, and Br over these two sites, as determined by both
diffraction and solid-state NMR. The random distribution of anions causes Li-ions to redistribute among the 24g and
48h sites, as suggested by °Li NMR shifts. This leads to induced hyper-coordination and increased coordination
entropy for the Li-sublattice and thereby a “frustrated” energy landscape. As a result, the Li* mobility increases,
indicated by "Li Ti relaxation measurements. Therefore, we have created compositions that allow the maximum
mixed-site occupancy, with nearly zero energy penalty, i.c., AHmix. This is a noticeable improvement in Li" transport
when compared to our work on the less disordered Lis«xPSs«xCli+x (x = 0.7), which has an ionic conductivity of 17
mS/cm at 25 °C and an Ea of 0.22 eV [75], and LicxPSsxBri+x (x = 0.7), which achieves an ionic conductivity of 11
mS/cm at 25 °C with an E. of 0.18 eV [74] - further demonstrating the benefits of local disorder on the atomic scale
to enhance ion transport.
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Figure 3. (a) Average crystal structure of mixed-halide argyrodite LicxPSsxCIBrx (x = 0.7) derived from Bragg
diffraction refinement. (b) Induced local entropy in the mixed-halide argyrodite SE enables lower E., longer jump
distance, and higher jump frequency - all contributing to increased ionic conductivity in comparison to the pristine
argyrodite. Adapted with permission from Patel et al. [12] Copyright 2021 American Chemical Society.

(c) Disorder on the nanoscale:
An example of disorder on the nanoscale can be seen in the 1.4LisPOs-Lil binary system [115]. LisPOs has two
common polymorphs: A low-temperature B-LisPO4 phase (Pmn2:) and a high-temperature y-Li:PO4 phase (Pnma) that
is reported to irreversibly form at >340 °C [124—126]. The difference in structure between the two polymorphs is that
B-Li3PO4 has PO4* tetrahedra aligned in the same direction while y-LisPO4 has PO4* tetrahedra oriented in opposite
directions, with a ~1.4 % volume expansion occurring for the - — y-LisPOa transformation. The comparison of ionic
conductivities is shown in Figure 4a. Notably, crystalline B-LisPOs has a room-temperature ionic conductivity of 10
17S/cm which increases to 10 S/cm for the glassy B-LisPOa4 phase, illustrating the effect of polyanion disorder on Li*
transport. Moreover, in comparison to (-LizPOas, y-LisPOs has a decreased E. (Fig. 4b). To further leverage the
nanoscale disorder, Lil can be mechanochemically introduced into the sublattice to create a solid solution. This process
forms a glassy mixed-anion framework of PO4* and I, yielding bulk Liz.06POalo.0s with glassy-LisPO4l at the interface.
The computed ionic conductivity of glassy-LisPO4l shows an even further increased value of 10 S/cm and decreased
E. as seen in Figure 4a,b. "Li T values indicate increased Li" mobility for LisosPOsloos and glassy-LisPOal in
comparison to the pristine precursors (Li3POs and Lil). Tracer-exchange NMR showed that the glassy-LiaPOa4l phase
is responsible for the enhanced ionic conductivity, whereby the Li-ions readily jump from interacting with PO4> to I



anions, with equal resident time on them, suggested by a weighted °Li NMR shift. This is the ideal case for fast-ion
conduction, as the equal opportunity of Li-ions interacting with all the anions suggests that Li-ions are not “trapped”
by any of the anions. The summary of these results is shown in Figure 4c, illustrating that disorder on the nanoscale
causes an interruption of the PO4> network by I, which prevents the trapping of Li* by either type of anions. Applying
to both crystalline and glassy materials, a balanced interaction between all anions and Li-ions is required to prevent

local trapping and promote fast-ion conduction.
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Figure 4. (a) Experimental ionic conductivities of LisPO4 polymorphs and computed ionic conductivity of glassy-
LisPO4l from AIMD simulations. (b) Corresponding activation energies of LisPOs polymorphs and glassy-LisPOal.
(c) llustration of enhanced ion transport within LisPOs-Lil. Adapted with permission from Patel et al. [115]
Copyright 2022 Elsevier.

(d) Disorder on the mesoscale:
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Figure 5. Ceramic polymer thin film electrolyte composed of LiioGeP2Si2-poly(ethylene oxide)-lithium
bis(trifluoromethanesulfonyl)imide (a) Top: schematic of preparation process to make the hybrid thin film and
symmetric cell used for galvanostatic cycling. Bottom: °Li NMR spectrum of the LGPS-PEO (LiTFSI) 70 wt% LGPS
hybrid thin film with spectral fitting to show the LGPS, interface, and LiTFSI components. (b) Ionic conductivity and
interface fraction as a function of wt% of LGPS in LGPS-PEO (LiTFSI) (9:1). (c¢) Arrhenius plots of LGPS, PEO

(LiTFSI) (9:1), and 70 wt% LGPS-PEO (LiTFSI) (9:1). Adapted with permission from Zheng et al. [60] Copyright
2019 American Chemical Society.

Disorder on the mesoscale can be exemplified in composite electrolytes. Composite electrolytes aim to combine the
advantages of polymer (flexible) and ceramic electrolytes (high conductivity). However, the significant hurdle of

achieving a commercially viable ionic conductivity of greater than 1 mS/cm at room temperature with a low Ea remains
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an area of active research. One promising strategy to leverage disorder in these composite systems is to create a
polymer-ceramic interface that can conduct Li-ions. The interfaces formed are inherently disordered as they contain
an inhomogeneous combination of the polymer, ceramic, lithium salt, solvent, and possible new phases. Our group
has fabricated several composite electrolyte systems that validate this strategy, contingent upon an optimized
composition [60,63]. Notably, the ion transport pathway can be tuned depending on the composition, and the lowest
energy pathway is not always through the interface [62]. One example can be seen in a ceramic polymer thin film
electrolyte composed of LiioGeP2Si2-poly(ethylene oxide)-lithium bis(trifluoromethanesulfonyl)imide (LGPS-
PEO(LiTFSI)) (Figure 5a) [60]. Solid-state NMR enables us to identify the components of the composite including
the interface. Upon varying the wt% of LGPS, EIS measurements show a maximum conductivity is achieved when
the interface is also maximized (Figure Sb). Furthermore, the optimized composite shows an E. in between that of
the pure PEO(LiTFSI) electrolyte and LGPS (Figure 5c). For the conductivity-optimized combination of the PEO
polymer, LiTFSI, and LGPS, tracer-exchange NMR indeed shows that the Li-ions go through the interface during
conduction.

Conclusion and Future Prospects:

Ion transport is a critical factor to consider among the anode, cathode, and electrolyte in the development of ASSBs.
For SEs, the use of local disorder on the atomic, nano, and mesoscale has been shown to greatly improve ion dynamics
and ionic conductivity. Solid-state NMR is an important tool to help guide efforts to further leverage local entropy
through a combination of local structure, mobility, and diffusion measurements, as well as ion transport pathway
determination.

In summary, we surveyed the phenomenon of entropy-enhanced ion conduction across multiple length scales.
Despite all the differences in these materials, the common aspect is that the Li" - anion interaction is weakened by
introducing local disorder, thereby promoting enhanced Li* transport. It is pertinent to clarify that increasing
ASconfiguration does not always produce thermodynamically stable superionic phases as the AHmix must also be
considered. Moreover, increased ASconfiguration does not always give improved ionic conductivity as many other
important factors contribute to enhancing macroscopic ionic conductivity such as the connectivity of long-range Li*
pathways, as described above. Situating the right local disorder in long-range structures conducive to fast ion
conduction is key. Therefore, detailed studies on the nature of local disorder and its correlation with ion transport are
essential. The strategy described in this review to enhance ionic conductivity can also be used more broadly in other
areas of materials research as superionic conduction is not only crucial to battery performance but to other technologies
such as sensors [127-129], fuel cells [130-132], etc. In other systems, such as hybrid perovskites [133—-135], ion
migration is detrimental to their stable performance. The reverse strategy can be adopted to immobilize ions.
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