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Computation-Accelerated Design

of Materials and Interfaces

for All-Solid-State Lithium-lon Batteries

Adelaide M. Nolan," Yizhou Zhu," Xingfeng He," Qiang Bai," and Yifei Mo'-#*

The all-solid-state lithium-ion battery is a promising next-generation battery
technology. However, the realization of all-solid-state batteries is impeded by
limited understanding of solid electrolyte materials and solid electrolyte-elec-
trode interfaces. In this review, we present an overview of recently developed
computation techniques and their applications in understanding and advancing
materials and interfaces in all-solid-state batteries. We review the role of ab
initio molecular dynamics simulations in studying fast ion conductors and
discuss the capabilities of thermodynamic calculations powered by materials
databases for identifying the chemical and electrochemical stability of solid
electrolyte materials and solid electrolyte-electrode interfaces. We highlight
the computational studies in the design and discovery of new solid electrolyte
materials and outline design guidelines for solid electrolytes and their
interfaces. We conclude with discussion of future directions in computation
techniques, materials development, and interface engineering for all-solid-state
lithium-ion batteries.

1. Introduction

The widespread transition to electrified transportation, such as electric vehicles
(EVs), requires high-performance electrical energy storage. Lithium-ion batteries
(LiBs) have been widely adopted for powering modern EVs. However, current LiBs
exhibit safety issues and narrow operating temperature ranges, and further in-
creases in their energy density and charging rate performance are still desired.
The all-solid-state battery (ASB) uses a ceramic-based solid electrolyte (SE) to
replace a highly flammable, organic electrolyte used in current commercial LiBs (Fig-
ure 1). Using SE is a potential solution for resolving the safety issues and improving
the energy density and rate performance of LiBs. The ASB is enabled by the break-
through discovery of Li super-ionic conductors, which provide high Li* conductivities
of1073-1072S cm~" at room temperature (RT) comparable with the Li* conductivity
of commercial liquid electrolyte of LiBs. The Li* super-ionic conductor Li;GeP»S1,
(LGPS) SE enabled ASBs with good cell performance,’ and an ASB based on
Lig 54Si1 74P1.44511.7Ci0.3 (LiSiPSCI) SE exhibited superior performance at high rate
and at elevated temperatures.” The garnet-structured oxide Li* super-ionic
conductor, LiyLasZr,O4, (LLZO), enabled the use of a Li metal anode with stable
cycling performance.® In addition, an all-solid-state thin-film battery based on a
LiPON SE with a Li metal anode and a high-voltage LiNigsMn; 50, cathode has
been demonstrated with a long cycle life of over 10,000 cycles.* As a next-genera-
tion LiB technology, ASBs have shown great potential to provide better safety,
higher energy density, longer cycle life, higher power rate, and a wider operating
temperature range than current commercial LiBs.”
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Context & Scale

The realization of successful all-
solid-state lithium-ion batteries
requires significant research and
development in solid electrolyte
materials and solid electrolyte-
electrode interfaces.
Computational studies play a
critical role in providing
fundamental understanding and
in accelerating the design of new
electrolyte materials and
interfaces. We review
computational techniques, such
as ab initio molecular dynamics
simulations and thermodynamic
calculations based on materials
databases developed under the
Materials Genome Initiative. We
demonstrate how these
computational techniques are
applied to reveal mechanisms of
fast ion diffusion in known super-
ionic conductors and to predict
novel fast lithium-ion conductors.
Design principles for fast ionic
conductors are summarized.

We review thermodynamic
calculations that reveal the
intrinsic electrochemical windows
of solid electrolytes and
experimental techniques that
correctly measure the
electrochemical stability of solid
electrolytes. We summarize the
trends in cathodic and anodic
stability of materials and the
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Several outstanding challenges limit the further improvement of ASBs (Figure 1).
First, super-ionic conductor (SIC) materials with Li* ionic conductivities of
1072 S cm ™" or higher at RT are a key component of the ASB, but are rare among
known materials. Further, many known SICs lack one or a few critical attributes,
such as good chemical and electrochemical stability, interface compatibility with
high-energy electrodes, or the feasibility for economical large-scale manufacturing
and processing. Therefore, significant research effort has been devoted toward
discovering, designing, and developing novel SE materials with high ionic conduc-
tivity, good stability, and other desirable properties. However, materials develop-
ment is often time consuming and labor intensive, and is largely reliant on human
intuition and serendipity. A computational approach to predict novel materials
with desired properties and rational design strategies to guide materials
development can significantly accelerate the research and development (R&D) of
new SE materials and can shorten trial and error in the laboratory.

Another major challenge for ASBs lies at the interfaces between the SE and elec-
trodes. These solid-solid interfaces can exhibit high interfacial resistance, greatly
limiting the overall ASB performance. Various engineering approaches, such as
interfacial coatings, have been explored and demonstrated to mitigate performance
losses at the interfaces.®” However, detailed atomistic mechanisms at the solid-solid
interfaces are difficult to directly characterize in experiments. Computational
modeling can complement experiments by providing unique insight into the under-
lying mechanisms occurring at interfaces in ASBs.

Over the past few years, computational modeling techniques based on first-princi-
ples density functional theory (DFT) and on materials databases established under
the Materials Genome Initiative (MGI),® have been developed for resolving the
aforementioned challenges for SEs and interfaces in ASBs. First-principles atomistic
modeling can be used to calculate the energies of atomic structures and obtain
fundamental understanding of ion transport mechanisms in SIC materials. In addi-
tion, first-principles computation can be implemented to predict new materials
with little empirical input, as demonstrated for SE materials and for a wide range
of materials in batteries, photovoltaics, thermoelectrics, and catalysts.” '® The pre-
diction of new materials has been greatly facilitated by the comprehensive materials
databases established under the MGI. These databases provide easily accessible
thermodynamic data that can be used in calculations for identifying the phase equi-
libria at different conditions and for quantifying the chemical and electrochemical
stability of materials. Furthermore, these computational resources enabled the
study of materials interface stability to guide interface engineering for ASBs. Here,
we review the recent advancements in computational materials modeling ap-
proaches (Section 2) and their contributions toward the fundamental understanding
and predictive design of SE materials (Sections 3 and 4) and interfaces (Section 5) in
ASBs. We also highlight design principles and strategies developed from computa-
tional studies for guiding future R&D of SE materials and interfaces in ASBs.

2. Recent Developments in Computational Techniques

First-principles computation methods are based on the fundamental physical princi-
ples of quantum mechanics and therefore can be used to calculate materials prop-
erties with little experimental input. Since a number of reviews cover first-principles
computational methods for battery materials,'®™*° here we focus on recently devel-
oped computational techniques, such as ab initio molecular dynamics (AIMD) simu-
lations and thermodynamic calculations enabled by materials databases.?’ These
new computational techniques are widely used in fundamental studies and in the
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guidelines for selecting materials
with good stability against lithium
metal or under high voltages.
Furthermore, we describe how the
interphase layer formed is
responsible for the compatibility
of solid electrolyte with electrodes
in all-solid-state batteries.
Strategies for designing
compatible interfaces in all-solid-
state batteries are discussed.
Finally, future research directions
for computational modeling
techniques, new solid
electrolytes, comprehensive
design principles, and interface
engineering are envisioned.
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Figure 1. Schematic lllustration of ASB
Achieving fast Li* transport within the solid electrolyte and across the interfaces is essential for
good ASB performance.

predictive design of SE materials and interfaces in ASBs, providing multiple advan-
tages over previous computational studies.

2.1. Ab Initio Molecular Dynamics Simulation

lon diffusion in materials is often studied using the nudged-elastic-band (NEB)
method.?? NEB calculations are used to obtain the energy barrier and transition state
along a particular migration pathway of a mobile ion (usually mediated by a vacancy or
interstitial) migrating from one equilibrium site to another. An NEB calculation requires
initial and final migration sites and an initial migration pathway as input. In general,
NEB calculations are well suited for studying ion diffusion in materials that have well-
defined sites and migration pathways. Computational studies based on NEB methods
have significantly added to understanding of the static energy landscape of ion migra-
tion pathways in electrode and SE materials.'®?**?® In addition, the diffusion pathway
and energy barriers obtained from NEB calculations can be used as input for kinetic
Monte Carlo calculations to obtain the overall diffusivity, conductivity, and activation

energy in ion-conducting materials with non-dilute carrier concentrations.””~*?

However, for many SICs, such as LGPS and LLZO, with highly disordered Li-ion sub-
lattices, NEB calculations require a priori guesses of ion-hopping sites and pathways
and so are often more complicated and involved to perform. In studies of SICs, AIMD
simulations are performed to directly observe migration events, which are then
provided as input for NEB calculations.**=*” The results from AIMD simulations,
together with the energy barriers for specific ion migration pathways from NEB
calculations, provide detailed, atomistic-level information on ion diffusion.

In AIMD simulations, the real-time dynamics of all ions in a material are modeled
over time. By direct observation of ion dynamics, the details of diffusion mecha-
nisms, such as migration pathways, can be identified.** The diffusional properties
from AIMD simulations are often quantified as follows.?®*? The mean-squared
displacement (MSD) of a mobile ion (e.g., Li*) is a function of the time interval At
and is given by the expression |ri( t+At) — ri(t)[?, where r{(t) represents the position
of ion i at time tin the AIMD simulation. The diffusivity D of the mobile-ion species is
quantified by fitting the Einstein relation,

1T 1 N

T2dAt N '.:1<|r,-(t+ At) —ri(t)|2>, (Equation 1)
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where d = 3 is the dimension of the system and N is the number of mobile ions. The

angle brackets represent the average over many starting times t with the same time

interval At, which is critical for obtaining statistically significant MSD values. The pro-

cedure for fitting the Einstein relationship with minimal errors was established in He

et al.*” The ionic conductivity o is often obtained from the Nernst-Einstein relation,
N 2

UZWCITD7

where Vis the total volume of the model and g is the charge of the mobile-ion spe-

(Equation 2)

cies. It should be noted that in Equation 2, the number of mobile ions N is canceled
out by the 1/Nin the expression for D (Equation 1), so that o can be directly obtained
from the total MSD of all ions with no explicit definition of mobile carriers (e.g., Li* or
vacancy).

As in experimental measurements, the AIMD simulation results, such as diffusivity D
or oT, obtained for a number of temperatures, can be fitted to an Arrhenius
relationship,

D = Dgexp (7%) , (Equation 3)

where T is the temperature and k is the Boltzmann constant. From this fitting, the
pre-exponential factor and the overall activation energy E, that reflect all ion migra-
tion events are obtained as in experiments. Successful demonstrations of AIMD sim-
ulations combined with NEB calculations for identifying diffusion mechanisms, quan-
tifying diffusional properties, and predicting new SICs are reviewed in Section 3.

AIMD simulations have several advantages over other computational techniques.
Compared with classical molecular dynamics (MD) simulations, which require force
fields that may not be readily available for the candidate material, AIMD simulations
are chemically agnostic and are more suitable for studying new materials. In addi-
tion, the real-time ion dynamics from AIMD simulations allow direct observation of
diffusion mechanisms without the need for a priori assumptions of diffusion path-
ways. AIMD simulations can therefore be used to reveal diffusion modes within ma-
terials and to predict new fast ion conductor materials, as shown in Section 3. AIMD
simulations can also be used to quantify detailed diffusional information, such as site
occupancy, concerted migration, jumping rate, correlation functions, and radial dis-
tribution functions, which are not directly accessible via other computation methods
but are crucial for understanding ion diffusion.®*?*“4%41 For example, AIMD simula-
tions can be used to directly quantify the pre-exponential factor in the Arrhenius rela-
tion (Equation 3). Recent experimental studies associate a decrease in activation
energy with a decrease in the pre-exponential factor and a lower ionic conductivity,
suggesting that this factor can provide information about ionic conductivity.**™*°
Therefore, knowledge of the energy barriers alone is inadequate to support claims
about high ionic conductivity within a material. AIMD simulations can provide
more complete diffusional information in computational studies.

However, the key disadvantage of AIMD simulation is its high computational cost. As
a result, AIMD simulations are limited to small supercell models with a few hundred
atoms over a very short physical timescale (such as tens of picoseconds to a few
nanoseconds). Since ion diffusion is a stochastic process at the atomistic scale, sam-
pling a sufficient number of ion migration events during an AIMD simulation is crucial
for obtaining accurate diffusional properties.? For this reason, AIMD simulations are
limited to studying materials with high ionic conductivity, and are often performed at
high temperatures, typically 600 K or higher, so that a large number of diffusional
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events can be observed and sampled during the short physical time span of the
simulation. Mo and co-workers established a scheme to quantify the statistical vari-
ance of calculated diffusional properties from the total number of diffusional events
observed in AIMD simulations.*” From these analyses, it was found that even for cur-
rent state-of-the-art AIMD simulations, the error bound of extrapolated RT ionic con-
ductivity can be as large as two orders of magnitude.®” This error in the extrapolated
ionic conductivity can be significantly larger if fewer data points are used to fit the
Arrhenius plot, fewer ion migration events are sampled, and if the fitting procedures
are improperly performed.*’

AIMD simulation results can deviate in other ways from experiment. The diffusion
mechanisms at the high temperatures in AIMD simulations may not be identical to
those at RT, which may cause discrepancies between computational and experi-
mental values of diffusion properties. For example, in LLZO, the ordering and site
occupancy of the mobile-ion sublattice may vary with temperature.***® Calculating
ionic conductivity using the Nernst-Einstein relationship (Equation 2) based on self-
diffusivity D is applicable to materials with dilute and isolated mobile carriers. Since
the ion hoppings in many fast ion conductor materials are strongly correlated,** the
quantification of ionic conductivity should consider the correlation factor, such as the
Haven ratio. In addition, the total activation energy fitted from the AIMD simulations
may or may not fully capture the formation energy of mobile carriers. This formation
energy of mobile carriers may be significant for pristine, non-doped materials with
highly ordered Li sublattices, and should be carefully evaluated and considered as
a part of the total activation energy.*”~>* As a final note, computational results are
based on bulk single crystals, and experimentally measured values of diffusional
properties are affected by impurity phases, grain boundaries and microstructure,
and local variations in composition resulting from synthesis and processing condi-
tions. All the caveats described above should be considered when drawing a quan-
titative comparison between computational and experimental results.

2.2. Thermodynamic Calculations Enabled by Computational Materials Database
The foundation of computational materials databases such as the Materials Project
(MP),”" Automatic Flow (AFLOW),>* and the Open Quantum Materials Database
(OQMD),>® which compile the DFT energies of known inorganic compounds, is a ma-
jor achievement of the MGI.® From these databases, the energies and properties of
thousands of materials are easily accessible. The reaction energy between any ma-
terials in the database can be obtained, and the phase diagram of any compositional
system can be constructed. By harnessing these new databases, thermodynamic
calculation approaches have been established to evaluate phase stability (Section
2.2.1), chemical and electrochemical stability (Section 2.2.2) of materials, and the
equilibria at materials interfaces (Section 2.2.3).

2.2.1. Phase Stability of Materials. An energy convex hull is constructed by using
the energies of all the compounds in the compositional space, as obtained from a
materials database.”® This energy convex hull can be used to quantify the thermo-
dynamic phase stability of materials. The energy above hull of a compound, Ep, is
obtained by comparing the compound’s energy with the energy convex hull, and
corresponds to the absolute value of the decomposition energy of the compound
at its thermodynamic phase equilibria (Figure 2A). A compound with Ey = O lies
on the energy convex hull and is a thermodynamically stable phase at 0 K. A com-
pound with En, > O is thermodynamically metastable, and a material with a high
energy above hull (e.g., >100 meV/atom) may have a strong thermodynamic
driving force for decomposition and may be difficult to synthesize.>” Therefore,
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Figure 2. Schematic lllustrations of Thermodynamic Calculations

(A) Schematic of an energy convex hull, indicating the energy above hull E,,, of a metastable y phase and its decomposition reaction into the phase
equilibria.

(B) Schematic of a GPPD, illustrating the evolution of phase equilibria under changing Li chemical potential u; and an applied voltage ¢.

(C) Mutual reaction energy versus composition of a pseudo-binary composed of LiCoO, and Li3PS,. The star corresponds to the predicted phase
equilibria with decomposition enthalpy AHp at the mixing ratio.

Enuii is often used as a simplified quantitative metric to evaluate the phase stability
of a material.

Computational studies have used this Ey metric in the successful prediction of mul-
tiple new SE materials (Sections 3.2 and 3.3). It should be noted that many com-
pounds with a high Ep (i.e., less stable compared with the phase equilibria) may
nevertheless exhibit highly negative formation energies from their elementary state
reactants. Thus, this formation energy of a compound is not suitable for describing
the compound’s phase stability. Analyses of phase stability should be included in
computational studies predicting new materials, since the materials with poor phase
stability may be less experimentally feasible. Examples of computational prediction
are provided in Section 3.3.

The limitations of DFT calculations should be considered when interpreting analyses
of phase stability. First, DFT calculations are based on static energy at 0 K, which ne-
glects the entropy S and the PV term, instead of on Gibbs free energy. Since most
analyses of materials stability examine the reaction energies between solid phases,
it is reasonable to assume that the differences of TS and PV terms between solid
phases are small at standard conditions. However, the highly disordered mobile-
ion sublattice in fast ion conductor materials may exhibit significantly higher config-
urational entropy than other solid phases. SICs such as LGPS and LLZO were re-
ported to be entropically stabilized at elevated synthesis temperatures.®®>® Monte
Carlo simulations based on a cluster expansion Hamiltonian have been used to
quantify the configurational entropy of materials at finite temperatures.’®* In addi-
tion, the vibrational entropy can be quantified by DFT phonon calculations.>”¢°
Often, these types of analyses of entropic effects are not included in studies of phase
stability due to their high computational cost. In addition to the aforementioned
sources of error, the interpretation of materials stability should also properly

consider the energy errors from DFT calculations.'¢®"

2.2.2. Materials Stability as a Function of External Conditions. The grand potential
phase diagram (GPPD) was developed to evaluate the stability of materials as a func-
tion of external conditions, such as applied potential or O, partial pressure.**“?
A GPPD describes a system that is open to one or more external components.*®

Using a GPPD, the stability of a phase can therefore be assessed as a function of
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external conditions such as chemical potential (e.g., uo or ;) or applied potential ¢.
In LiBs,**~*" the equilibrium under an applied potential ¢ referenced to Li metal u?,
can be described by an equilibrium at Li chemical potential

pi(9) = s — e. (Equation 4)

Therefore, the GPPD evaluated with respect to u(; describes the electrochemical
lithiation and delithiation of materials under applied potential ¢ (Figure 2B). The
cathodic and anodic limits of a material are the potentials at which the reduction
and the oxidation reactions become thermodynamically favorable, respectively
(Section 4). The electrochemical window is the gap between the reduction and
oxidation potentials based on the Gibbs free energy difference of the reactants
and products, and is different from the band gap or the gap between the levels
of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO).®> The proper alignment of HOMO and LUMO levels is only a
necessary condition of the electrochemical stability. Computational studies
have shown that that the gap between HOMO and LUMO is an upper bound
of the electrochemical window.®*¢” The GPPD approach is also applied to study
the thermal stability of electrode materials, such as oxygen evolution at high
temperatures.®* %%

2.2.3. Thermodynamic Equilibria at Interfaces. ~Atomistic modeling of interfaces is
challenging due to the technical difficulties of constructing and calculating interface
models. Using the computational materials database, the thermodynamic calcula-
tions for materials stability (Sections 2.2.1 and 2.2.2) can also be applied to evaluate
the thermodynamic equilibrium of two materials in contact. These calculations of
interface equilibria were proposed and described in previous studies.®” " The ther-
modynamic equilibrium of two mixing materials can be determined from the phase
diagram comprising all the elements in these two materials using the materials data-
base. If the phase equilibria contain phases other than the two original materials,
these two materials are not in equilibrium with each other, and may react exothermi-
cally to form other phases (Figure 2C); for example, their phase equilibria or other
kinetically preferred phases. This calculation therefore identifies the chemical stabil-
ity of two materials at their interface. Similarly, GPPDs can also be used to evaluate
the equilibrium between two materials in contact under an applied potential, which
is the electrochemical stability of the interface.

For SEs and electrodes commonly used for ASBs, these phase diagrams are high
dimensional in composition (e.g., quaternary or beyond) and involve a large number
of compounds, which often do not have experimentally measured energies. These
thermodynamic calculations could not be performed before the advent of computa-
tional materials databases due to the lack of thermodynamic data for a large number
of materials. As enabled by computational materials databases, these thermody-
namic calculations are now performed with low computational cost and have led
to significant understanding of solid interfaces in ASBs. These thermodynamic calcu-
lations using computational databases are a major advancement achieved under the
MGI and have accelerated the study, design, and discovery of new materials and in-
terfaces, as reviewed in Sections 4 and 5.

3. Computational Study and Design of Solid Electrolytes
3.1. lon Diffusion Mechanism in Super-lonic Conductors

The high Li* conductivity of 1073 to 1072 S cm™" at RT exhibited in SIC materials
such as LGPS, garnet LLZO, and NASICON Li; 3Alp.3Ti1 7(POg)3 (LATP), is a crucial
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property for their application as SEs in ASBs. Since such high ionic conductivity is
unique among solid materials, understanding the fast Li* diffusion mechanisms in
SICs is important for future design and discovery of novel SEs for ASBs.

AIMD simulation was demonstrated by Mo et al.*® as an effective technique for
revealing atomic-level mechanisms of ion diffusion and for quantifying diffusional
properties in fast ion conductors. The diffusivity, ionic conductivity, and activation
energy (E,) calculated from AIMD simulations have achieved excellent agreement
with the experiments for many SIC materials, including LGPS, LLZO, and
LATP 23:34:38.39.6270 pqp example, a Li" ionic conductivity of 10-14 mS cm~! and
an activation energy E, of 0.20-0.24 eV in LGPS calculated using AIMD simula-

34,38,39,62 —1
2O and

tions are in agreement with experimental values of 12 mS cm
0.24 eV, respectively. These diffusional properties are difficult to obtain from
NEB calculations, which only provide the migration energy barrier for specific migra-
tion pathways and do not provide ionic conductivity or the pre-exponential factor in

the Arrhenius relation (Equation 3).

In addition, the dynamics of ions from AIMD simulations provide direct observation
of ion-hopping mechanisms and diffusion pathways. Kamaya et al. initially proposed
that LGPS conducts Li ions in a one-dimensional (1D) pathway along the ¢ axis.’
The AIMD simulation study by Mo et al. confirmed the fast Li" diffusion along this
1D cchannel and observed Li* diffusion in the ab plane with significantly lower diffu-
sivity, indicating anisotropic three-dimensional (3D) Li* conduction in the LGPS
structure (Figures 3A and 3B).%® This 3D diffusion mechanism was later confirmed
in neutron powder diffraction experiments by Weber et al.”? (Figures 3C and 3D).
In addition, MD simulations also uncovered a previously overlooked Li4 site in the
LGPS structure,”* which was later confirmed in neutron diffraction experiments.”*
These results demonstrate the accuracy of AIMD simulations for predicting the
potential energy surface of ions in crystal structures.

Moreover, by visualizing ion dynamics with femtosecond time resolution, AIMD sim-
ulations revealed the concerted migration of multiple ions in many SICs (Figures 3E
and 3F).** During concerted migration, multiple Li ions hop to the nearest sites
within a time frame on the order of 1 ps, in contrast to the isolated hopping of indi-
vidual ions in typical solids. Consistent with earlier AIMD simulations reporting
concerted migration in LGPS”® and LLZO,*” He et al. confirmed the atomistic mech-
anism of concerted migration occurred in several SIC materials with a variety of struc-
tures, and demonstrated that the concerted migration of multiple ions is a general
phenomenon among SIC materials.®* Concerted migration was confirmed as a diffu-
sion mechanism in several newly discovered SICs, including LiZnPS4, Na1oSnP2S2,
and LiTaSiOs.**%7°

Computational modeling by Mo and co-workers also revealed the mechanistic origin
of multiple-ion concerted migration, which is crucial for understanding fast ion con-
duction in SICs.>* SIC materials, e.g., LLZO and LATP, have two Li sites with different
site energies (Figure 4B), and some Li ions occupy sites with higher energy as a result
of the high Li concentrations and strong Li-Li Coulomb interactions in these mate-
rials.>* During concerted migration, while some Li ions climb up the energy land-
scape, the other Li ions occupying the high-energy sites migrate down from these
sites and decrease their energies, and these decreases in energy cancel out part
of the total migration energy barrier (Figure 4A). As a result, concerted migration
of multiple ions in such ion configurations leads to a lower overall migration barrier
than that of single-ion migration. The discovery and understanding of concerted

Cell

REVIEWS

Joule 2, 20162046, October 17, 2018 2023




m

E GPs s

Acitvation energy (eV)
o o
[T

(=4
o

Concerted migration path

Figure 3. Li-lon Diffusion Pathways in LGPS

(A and B) The trajectory of Li ions (white) from AIMD simulations, showing Li* diffusion pathways (A)
in the ¢ channel and (B) in the ab plane. Reproduced from Mo et al.?® with permission. Copyright
2013, American Chemical Society.

(C and D) Nuclear density maps reconstructed by the maximum entropy method from neutron
diffraction analyses, showing the diffusion pathway of Li ions in the (C) (001) and (D) (110)
directions. Reproduced from Weber et al.”? with permission. Copyright 2016, American Chemical
Society.

(E) Probability density of Li ions from AIMD simulations, showing agreement with neutron
diffraction analyses (C and D).

(F) Energy profile calculated using NEB method of concerted migration of multiple Liions along the
1D c channel diffusion pathway in LGPS. Reproduced from He et al.>* with permission. Copyright
2017, Nature Publishing Group.

migration mechanisms in SICs highlights the advantage of computational modeling
in revealing atomic-scale diffusion mechanisms.

3.2. Design Principles for Fast lon Conductors

The characteristics that promote fast ion conduction in materials have been
summarized based on the observations of known fast ion conductors.””’® In
general, in materials with more polarizable anions, the mobile cations migrate
with a lower migration barrier. Therefore, sulfides generally exhibit a lower Li*
migration energy barrier than oxides with the same crystal structural framework.?*
In addition, the crystal structure framework formed by the immobile lattice

should have open, interconnected diffusion channels with large diameters. The

2024 Joule 2, 2016-2046, October 17, 2018

Cell

REVIEWS



Joule

Cell

REVIEWS

B
Single ion Single ion migration
migration = 1.0F 0 ) o
. . "
R aERCS Camy O
} 3 08} Coagpo® 70
“ ko] SM1T M2 “M1
£ 06 o O -
8
5 0.4f 1
Energy 0 M1 M2 M1
barrier w 0.2 l l
0.0t
Position along path
> Concerted migration
Migration path 1.0f 2 2
o (%]
= 0.8+ oM2 o=P=o M2, 0
2 S % s
b v
'g 0.6t O™ '\4)1( -~ 0 ” boo (T-T)
777, 3 o o 04t o
. ) < 04} -
Neut g’ 3 03f .
N\ _ 8 0ol fol g
Multi-ion ‘
concerted 0.0t 0-1’m
migration Position along path -

Li-ion migration path

Figure 4. Diffusion Mechanisms in Super-lonic Conductors

(A) lllustration of energy profiles for single-ion migration (pink) versus multiple-ion concerted migration (blue). Reproduced from He et al.** with
permission. Copyright 2017, Nature Publishing Group.

(B) Energy landscape of single Li* migration (upper) and the energy barrier of concerted migration (lower) in LATP, as calculated using the NEB method.
Reproduced from He et al.*® with permission. Copyright 2017, Nature Publishing Group.

(C) S anion sublattice (yellow circles) in LGPS compared with the bce structure (red circles). Li atoms, PS4 tetrahedra, and GeS, tetrahedra are colored
green, purple, and blue, respectively. Reproduced from Wang et al.”* with permission. Copyright 2015, Nature Publishing Group.

(D) Li-ion migration path and calculated migration energy in a bce S-anion sublattice. Reproduced from Wang et al.?* with permission. Copyright 2015,
Nature Publishing Group.

material should also have a high concentration of mobile Li-ion carriers, usually
existing as vacancies or interstitials in typical solids. In SICs, a disordered mobile
Li-ion sublattice with a large number of partially occupied sites exhibits a signifi-
cant fraction of sites available for hopping, leading to a high mobile carrier
concentration. Overall, low migration barrier and high carrier concentration are
prerequisites for high ionic conductivity, as given by the Nernst-Einstein relation
(Equation 2).

Design principles are established with respect to the coordination and topology of Li
sites in the structural framework. First-principles computation by Ceder and co-
workers compared the Li* migration energy landscape for different anion sublattice
structures and found that materials with a body-centered cubic (bcc) anion sublattice
exhibited the lowest Li* migration barrier.?* In a bcc anion sublattice, the anions
form face-sharing tetrahedra, and Li ions migrate between these tetrahedral sites
(Figure 4D). This migration pathway has a low energy barrier of approximately
0.2 eV in a S?~ sublattice with a typical anion packing density of Li-containing
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sulfides. LGPS and Li; P3S4 were also found to have 2~ packing closely resembling a
bce framework (Figure 4C), explaining the low migration barrier and high ionic con-
ductivity in these two materials. Other anion frameworks, such as the face-centered
cubic (fcc) and hexagonal close-packed (hep) sublattices, in which Li* migrates
through an intermediate octahedral site between tetrahedral sites, exhibit signifi-
cantly higher energy barriers for Li* migration than the bcc lattice. As a result, the
use of an anion sublattice resembling a bcc framework was established as a design
principle for fast ion conductors. Using this design principle, Ceder and co-workers
discovered a new SIC, Lij42,Znq1_,PS4 (x = 0-0.75) based on the structure of LiZnPS,,
which has a $2~ framework close to bce. The Li ionic conductivity of Liq,2,Zn;_PSs
was calculated to be on the order of 1072 S cm™' at RT for x = 0.25-0.75.%
These materials were synthesized by multiple experimental groups and were
confirmed to be fast Li-ion conductors with RT ionic conductivities on the order of
10741072 S cm ™" for x = 0.5-0.8.”7%° The quantitative discrepancy between the
ionic conductivities obtained from computation and those found in experiments
was attributed to the poor crystallinity of the synthesized Liq42,Zn1_xPS4 samples
and the impurity phases, such as amorphous LizPS, and Li4P;Ss, formed during

synthesis.”?:#°

Since the bcc anion framework is rare among Li-containing sulfides and oxides, a
design principle based on the concerted migration mechanism was proposed to
decrease activation energy in materials with non-bcc anion framework. As proposed
by Mo and co-workers, inserting extra Li ions into high-energy sites through aliova-
lent doping may activate concerted migration in the material and hence reduce the
overall migration barrier.** With first-principles computation, this design strategy
was demonstrated by using Zr substitution to convert LiTaSiOs, a poor Li-ion
conductor, into Liq »5Tag 75Zr0.255i0s, a fast ion conductor with RT conductivity on
the order of 1073 Scm ™" and an £, of 0.23 + 0.01 eV.* This design principle based
on the concerted migration mechanism is a promising route for the future design and
development of new SICs.

The aforementioned design principles largely emphasize lowering the migration
energy barrier. However, other factors, such as the pre-exponential factor of the
Arrhenius relation, are also critical to achieve a high ionic conductivity. The pre-
exponential factor is related to many factors, including anion polarizability, lattice
softness, mobile carrier concentration, and the ordering of the mobile-ion sublat-
tice,"”™*° but design principles that consider these factors have not yet been devel-
oped. At the current stage, first-principles computation is required to identify the
dopant and exact composition for a particular crystal structural framework to design
a fast Li-ion conductor (Section 3.3).

3.3. Design of New Materials from First-Principles Computation

First-principles computation has been successfully demonstrated in the prediction
of new SIC materials. For example, Ceder and co-workers predicted two substituted
variants of LGPS, Li1oSiP2S12 and LijoSnP,Sq2, in which the expensive Ge in
LGPS was replaced with cheaper, more abundant Si and Sn, respectively.®
The new Li;oSiP2S1, and Li1oSnP,S1, compounds had low calculated Ey values
of less than 20 meV/atom (Figure 5B), comparable with that of LGPS, suggesting
these predicted compounds had good phase stability and the potential to be syn-
thesized.®? Consistent with computational predictions, Li;oSnP,S1, and Li1oSiP2S12,
along with its variant Li;o,xSi1+xP2_xS12 (x = 0.20-0.43),%" have been successfully syn-
thesized in multiple experimental studies.?’®* The Ej can also be used as a metric
to exclude candidate compounds with poor phase stability. For example, the
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Figure 5. Schematic Workflow of Computational Materials Design

(A) Generate new candidate compounds Li;oMP,X1, (M = Si, Ge, Sn, X = O, S) by elemental substitution of LGPS.

(B) Calculate phase stability of LijoMP,X1, candidate compounds using Ep and abandon unstable candidates.

(C and D) Calculate properties of predicted stable materials. (C) Arrhenius plot of Li* diffusivity of Li1¢SiP,S12 and Li10SnP2S1, compared with LGPS, from
AIMD simulations. Reproduced from Ong et al.®” with permission. Copyright 2012, Royal Society of Chemistry. (D) Li* conductivities and activation
energies of predicted compounds from AIMD simulations and experiment. He et al.>* °Ong et al.®? “Kamaya et al." “Kato et al® (values refer to LiSiPSCI
composition). ®Bron et al.’?

hypothetical oxide compounds Li;oMP,0O4, (M = Si, Ge, Sn) with the LGPS structure
were calculated to have high E, of greater than 70 meV/atom (Figure 5B), indi-
cating highly exothermic decomposition reactions to their thermodynamic phase
equilibria, including LizPO4 and LisMO,4 (M = Si, Ge).%?

AIMD simulations predicted that Li;qSiP2S12 and Li1oSnP,S+, have fast Li* diffusion at
RT (Figure 5C). Li1oSnP,S1, was predicted by AIMD simulations to have a high Li*
~" at 300 K and an activation energy of 0.24 eV (Fig-
ure 5D).%% Synthesized Li1oSnP»S1, was reported to have a bulk Li* conductivity of

ionic conductivity of 6 mS cm

7 mS cm™" at 300 K and an activation energy of 0.27 eV, which showed excellent
quantitative agreement with AIMD simulation results.?” AIMD simulations also pre-
dicted Li1pSiP2S12 to have a high ionic conductivity of 23 mS cm™" at 300 K and a low

|83

activation energy of 0.20 eV.%? Kuhn et al.?® successfully synthesized Li;SnP»S1, and

Li11Si,PS1, and measured Li* diffusivities and activation energies in these materials
similar to that of LGPS, consistent with the trend observed from AIMD simulations.®?
The experiments by Kato et al. reported slightly slower diffusion in Li;SiP,S12 than in
Li10GeP»S15.2% It should be noted that quantitative comparison may be difficult
given the high level of statistical uncertainty from AIMD simulation results®” and po-
tential variance from experiments (Section 2.1).”7%% Krauskopf et al. recently pro-
posed a complex interplay between lattice softness, local atomic bonding, and
bottleneck size to explain the lower conductivity exhibited by Li1oSnP5»S1,.5¢ Kato
et al. synthesized Lig 54Si1 74P1.44511.7Clo 3 (LiSiPSCI), a doped variant of Li;oSiP2S+2,
with a measured ionic conductivity of 25 mS cm™",% which is close to the calculated
Li* conductivity of 23 mS ecm™" in LiygSiP2S12.%° The successful computational
design of LiyoSiP;S12 and LijgSnP;S1, demonstrates the capability of first-principles
computation in accurately predicting new SE materials and their ion-conducting

properties.
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As illustrated by this computational prediction of new SEs based on the LGPS struc-
ture, a scheme of designing new SE materials using first-principles computation (Fig-
ure 5) can be outlined as follows:

1) Generate candidate materials by substituting or doping a known structure or
from structure prediction algorithms.

2) Evaluate the phase stability of the candidate materials, which may be quanti-
fied using a calculated metric such as energy above hull E . The materials
predicted with poor phase stability are excluded, and only those with reason-
able phase stability are further studied.

3) Calculate the properties of the candidate materials. For SE materials, diffu-
sional properties, such as ionic conductivity and activation energy, can be
accurately predicted by AIMD simulations (Figure 5D). In addition, other prop-
erties of SEs desirable for ASBs, for example, electrochemical stability (Section
4), interface compatibility (Section 5), and electronic conduction,®’” can also be
evaluated by first-principles computation.

This computational workflow has been successfully applied for designing novel Li*,
Na*,°77¢ l\/IgZJ',88 0%7,°® and H®° ion conductors. Using this computational
approach, one can predict dopants that increase the ionic conductivity of materials.
For example, the computation study by Ong and co-workers predicted the substitu-
tion of S with Cl would significantly increase the Na* conductivity of NazPS,, and the
predicted doped compositions were verified in experiments.®””° The importance of
confirming the phase stability of computationally predicted materials should be
emphasized. All known SICs, such as LGPS and LLZO, and successfully predicted
SICs, such as Li1gSnP5,S15, Li1gSiP,S15, and LiZnPS,, have a small Epy) of less than
20 meV/atom. The doped compositions should also have good phase stability,
otherwise they may be difficult to synthesize in experiments.

While many current studies focus on doping or substitution of known materials for
better performance, exploring novel crystal structural frameworks is of great poten-
tial for the discovery of new SE materials. New candidate structures have been un-
covered by computational approaches such as structure screening using the bond

valence method,”"?? 73

machine-learning algorithms,”” structure prediction algo-
rithms,”* and structural substitution algorithms.”>?® As motivated by the spirit of
MGI,?" this computational workflow can be scaled up to rapidly screen a large num-
ber of possible materials for the most promising high-performance candidate. High-
throughput computational screening can rapidly reject many candidate compounds
with poor stability or undesirable properties and significantly narrow the scope of
candidate materials. As a result, the most promising candidate materials can be
prioritized in laboratory experiments. Compared with conventional trial-and-error
materials development, this scheme of computational materials design represents

an exciting opportunity for accelerating the discovery of new materials.

4. Electrochemical Stability of Solid Electrolytes

There was a widespread perception that SEs had superior electrochemical stability
compared with conventional liquid or polymer electrolytes. This perception was
based on the reported electrochemical window of 0-5 V from cyclic voltammetry
(CV) measurements using semi-blocking electrodes for a number of SEs.'¢%77.78
In contrast, thermodynamic calculations based on DFT energies revealed that the
thermodynamic intrinsic electrochemical windows of these SEs are significantly
narrower than the 0-5 V window (Section 4.2).58:93:6%71 The understanding of this

discrepancy between the thermodynamic intrinsic electrochemical window of SEs
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Figure 6. Electrochemical Stability of LGPS Solid Electrolyte

(A) Calculated equilibrium voltage profile (left) and phase equilibria (right) of LGPS. The different values from previous studies
newly added energy correction on elementary S in the MP. Adapted from Han et al.®* with permission. Copyright 2016, Wiley-VCH.

(B) Cyclic voltammetry curves of the Li—-LGPS-LGPS-C-Pt cell, indicating the reduction and oxidation peaks in the anodic and cathodic scans,
respectively. Reproduced from Han et al.** with permission. Copyright 2016, Wiley-VCH.

(C) XPS spectra of Ge, P, and S for pristine LGPS and after deposition of the Li metal layer.

(D) Impedance spectra showing the increase in resistance of the Li-LGPS-Li cell over time. Reproduced from Wenzel et al.'®° with permission. Copyright
2016, American Chemical Society.

036470107 are caused by a

and conventional CV measurements using semi-blocking electrodes are reviewed in
Sections 4.1 and 4.2. The general trends of the electrochemical stability and the
design principles to improve the electrochemical stability of SEs are reviewed in Sec-
tion 4.3. The effects of formed interphase layers, which play a crucial role in stabiliz-
ing the SE, are reviewed in Section 5.

4.1. Evaluating Electrochemical Stability of Solid Electrolytes

The lithiation and delithiation reactions of SE materials as a function of potential can
be obtained from thermodynamic calculations using the materials database (Section
2.2.2). Figure 6A shows the calculated thermodynamic equilibrium voltage plateaus
for all lithiation and delithiation reactions for LGPS.®* The first lithiation plateau
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occurs at 1.7 V with P>* reduction, and further lithiation reactions are followed by
Ge*" reduction, lithiation of phosphorus, and Li-Ge alloying reactions. The phase
equilibria of LGPS at 0 V (or in contact with Li metal) are Li,S, LisP, and Li;sGeq
(Figure 6A). The first delithiation plateau at approximately 2.4 V corresponds to
S?~ oxidation reactions, similar to the reactions in Li-S batteries.”” Therefore, the
thermodynamic intrinsic electrochemical window of LGPS is only 1.7-2.4 V, in
contrast to the wide 0-5 V window measured using semi-blocking CV." The reduc-
tion of Ge** and P>* at low potential and the oxidation of S~ at high potential
have been confirmed by multiple in situ and ex situ X-ray photoelectron spectros-
copy (XPS) studies (Figure 6C).¢*7#100

This discrepancy between computation and experimental CV measurements of elec-
trochemical windows of SEs can be explained by the limitations of the conventional
semi-blocking electrode setup for CV measurements in all-solid-state cells and by
previous oversight of formed interphase layers between SE and electrodes. As pro-
posed by Han et al., in conventional CV measurements, the small surface area
between the SE and the semi-blocking electrodes limits the kinetics of the
decomposition reactions and the measurable redox current.”® In fact, a small
decomposition current was observed from CV measurements of a Li-LGPS-Pt cell
using semi-blocking electrodes.®® If this small redox current were overlooked, the
stability windows of SEs would be overestimated. In addition, the decomposition re-
actions of SE can form an interphase layer between the SE and electrodes. The
growth of an interphase layer between LGPS and Li metal was observed by in situ
XPS and time-resolved impedance spectroscopy experiments (Figures 6C and
6D).199192 Ag reviewed in Section 5, the formed interphase layer, depending on
its properties, may kinetically stabilize the SE and inhibit further decomposi-
tion.®*'%® To summarize, CV measurements using the semi-blocking electrode
setup overestimate the true electrochemical window governed by the intrinsic
thermodynamics of SEs. The reported wide electrochemical windows of SEs are
largely an artifact of the semi-blocking electrode setup. Since the intrinsic thermody-
namics of SEs govern interphase formation and degradation (Section 5), proper
evaluation of the true electrochemical window of SEs is critical for the interface
engineering in ASBs.

To resolve this problem, Han et al. proposed a Li-LGPS-LGPS-C-Pt cell, in which the
LGPS-C electrode was a composite formed by mixing a significant fraction of
graphite (e.g., 25wt % in Han et al.®*) into LGPS.%* The incorporation of this electron-
ically conducting carbon served to enhance electron transport and increase the
physical contact area for charge-transfer reactions, thereby improving the decom-
position reaction kinetics.'” Using this technique, the reduction of LGPS was
observed to start at 1.6 V, and the oxidation of LGPS was observed at 2.7 V (Fig-
ure 6B).4*78 These reactions were confirmed to be Ge** reduction and S~ oxidation
by XPS spectra.®®”® Therefore, the electrochemical window measurements per-
formed using these mixed composite electrodes agree well with the calculated
intrinsic thermodynamic window of the material. Compared with semi-blocking elec-
trodes, this composite electrode setup can better represent the electrodes in bulk
ASBs, in which the SE is mixed with the active electrode material and electronically

conducting additives.'?19%10¢

The thermodynamic intrinsic stability window of the SEs and their decomposition
products are critical for the performance of ASBs. When the cycling voltage is
beyond the thermodynamic intrinsic stability window of an SE, the electrochemical
reactions of SEs lead to capacity fade and low Coulombic efficiency in the first and
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Figure 7. Thermodynamic Intrinsic Electrochemical Stability Windows

(A) Li binary compounds (orange), selected solid electrolytes (green), and corresponding phase equilibria of the solid electrolytes at 0 V and 5 V. The
dashed boxes mark the potential at which the compound is fully delithiated.

(B) Selected Li ternary compounds, color-coded by compositional group and organized by Li content. Reproduced from Zhu et al.”” with permission.
Copyright 2016, Royal Society of Chemistry.

subsequent cycles. The redox behavior of some SEs may exhibit a significant amount
of partially reversible capacity, partially converting these SEs into electrodes as
observed in LGPS.”® The reaction products can form at the interfaces within the com-
posite ASB electrode and greatly affect the interfacial resistance (Figure 6D)."%%~"%?
The issue of interfacial compatibility and its effect on ASB performance are further
discussed in Section 5.

4.2. Intrinsic Electrochemical Window of Solid Electrolytes

As found using thermodynamic calculations, most known SE materials have a
thermodynamic intrinsic electrochemical window significantly narrower than 0-5 V
(Figure 7). Like LGPS, other sulfide SEs, such as LizPS,, Li;PSqq, and argyrodite
Li¢PSsCl, show similarly narrow thermodynamic electrochemical windows, undergo-
ing reduction at 1.7 V and oxidation at 2.4 V (Figure 7), and exhibit similar reduction
of P°* cations and oxidation of $*~ at low and high potentials, respectively.®*’" The
reduction of sulfide SEs in the presence of Li metal'?%'%"""% and the oxidation of
sulfide SEs'®”"""" were confirmed in multiple experimental studies.

Oxide-based SEs generally have a wider electrochemical stability window than sul-
fides, as indicated by thermodynamic calculations (Figure 7). The oxidation poten-
tial of common oxide SEs ranges between 2.9 and 4.3 V, which is significantly
higher than that of sulfide SEs.®”’" These potentials correspond to O?~ oxidation,
leading to O, release from oxides. Oxygen redox and oxygen loss at high voltages
are known issues in oxide cathode materials."'*""® Many SEs have equilibrium
oxidation potentials higher than the equilibrium potentials of oxygen evolution re-
actions of Li,O and Li;O, in Li-O, batteries.''* However, given the kinetic limita-
tions in oxygen evolution reactions,''*""> the oxidation reactions, especially
at the solid interfaces in ASBs, may occur at potentials significantly higher than
the thermodynamic oxidation potential. These kinetic limitations may explain
the oxidation potential higher than 5 V observed in experiments for
oxide SEs.®*?7"1'¢ The different oxidation reactions of oxides and sulfides explain
the differences in their anodic limits.

The reduction of SEs is largely determined by the reduction of cations within the SE.
For example, from thermodynamic calculations, LATP and LLTO exhibit the
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reduction of Ti** at 2.2 V and 1.8 V,*”" respectively, consistent with CV measure-
ments and XPS characterizations.''’~'?° All phosphate and thio-phosphate SEs
show the reduction of P°* at low potentials. The reduction of phosphorus in LIPON
was reported in computation studies®®’" (Figure 7A) and in situ XPS experiments
(Section 5.1),"" although LiPON has been demonstrated to be Li metal compat-
ible.*1#27124 This Li-LiPON compatibility can be explained by the formed Li* con-
ducting and e” insulating interphase layers (Section 5). Among oxide SEs, LLZO
shows the lowest thermodynamic reduction potential against Li, close to 0 V.5
This calculation substantiates experimental reports of the stability of garnet LLZO
against Li metal and of Li metal electrodes enabled by LLZO SE.*"'?* The Li-rich
anti-perovskite LizOCI, which has a mixed anion chemistry and does not contain
metal cations, is thermodynamically stable against Li metal, confirming its observed

compatibility with Li metal electrodes.'?

4.3. General Trends in the Electrochemical Stability of Solid Electrolytes

Materials with different cations, anions, and Li content exhibit different electrochem-
ical stabilities. The anodic limits of lithium binary compounds show a clear trend with
respect to the anion chemistry (Figure 7A). Lithium fluoride, LiF, has the highest
oxidation potential, followed by Li,O and then Li,S, and lithium nitride, LisN, has
the lowest oxidation potential among these four binary compounds. These stability
trends with respect to anion chemistry also hold for ternary systems, as shown by the
computation over a wide range of compositions (Figure 8). The oxidation potential is
heavily dependent on anion chemistry and Li content (Figure 8B). Increasing the Li
content in the composition with the same anion and cation lowers the oxidation
potential (Figure 7B). Based on these stability trends, fluorides or oxides with low
Li content in general exhibit high oxidation potentials.

The cathodic limit shows clear trends with respect to anion, cation, and Li content
of the material. While Li binary compounds are stable against Li metal (Figure 7A),
thermodynamic calculations by Zhu et al. showed that most Li ternary sulfides, ox-
ides, and halides are reduced at low potentials and are not stable against Li metal
(Figure 8A)."" The reduction reaction at low potential is a result of the reduction
of the non-Li cation during lithiation. Among all anion chemistries, nitrides exhibit
the lowest cathodic limits in comparison with oxides, sulfides, or fluorides.
Most importantly, many nitride compounds are thermodynamically stable against
Li metal (Figure 8A)."" These Li binary compounds and Li metal nitrides with
thermodynamic intrinsic stability against Li metal can be used to protect
electrolyte from the strong reduction of Li metal. In addition, the formation of
passivation interphase layers of these Li stable materials can also provide stability
at the interface and extend the observed electrochemical stability window of SE
(Section 5).

These thermodynamic trends from computation can guide the selection and design
of materials with desirable electrochemical windows. Fluoride-based compounds
with low Li content would have high anodic limits, and nitride-based materials
with high Li content would have low cathodic limits. Therefore, the materials chem-
istries for high anodic limits contradict those for low cathodic limits. It would be chal-
lenging to develop a single SE material with a thermodynamic intrinsic electrochem-
ical window of 0-5 V. As shown in Section 5, the stability of many SEs can be
significantly improved by the formation of interphase layers, similar to the formation
of solid electrolyte interphase (SEI) layers that stabilize the liquid electrolyte in com-
mercial Li-ion batteries. Formed interphase layers extend the observed electro-

chemical stability of SEs beyond the thermodynamic intrinsic stability window.4*”"
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Figure 8. Stability Trends in Li-M-X Ternary Compounds (M = cation, X=N, O, S, or F)

(A) Cathodic limit. Only cations M at their highest common valence state were considered. Dashed line refers to the potential of Li/Li*.

(B) Anodic limit. Reproduced with permission from Zhu et al.'”' Copyright 2017, Wiley-VCH.

5. Interface Stability and Compatibility in All-Solid-State Batteries

Due to the limited stability of SEs, exothermic reactions occur at the interfaces be-
tween SEs and electrodes, as reported by computational and experimental
studies.? ¢4 190121127 These interfacial reactions in many cases are detrimental for
ASB performance, leading to low Coulombic efficiency, high interfacial resistance,
and mechanical failure at the SE-electrode contact during electrochemical
cycling.”®"?® Three main mechanisms contribute to interfacial reactions and the for-
mation of interphase layers: (1) the electrochemical decomposition of the SE itself un-
der applied cycling voltage; (2) chemical reactions between the SE and the electrode
(or other mixtures, such as electronically conducting carbon, interfacial coatings, or
binders); (3) electrochemical reactions between the SE and the electrode (or mix-
tures) under the cycling voltage of the battery. The electrochemical reactions of
the SE in (1) and of the interfaces in (3) are a result of the cycling battery voltage.
The chemical reactions of the interfaces in (2) may occur during the assembly
of ASBs, when the two materials are placed into physical contact, and during
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high-temperature sintering, which may be performed to improve interfacial contact
and to reduce the porosity of SE-electrode composite.'””~"?" Since these solid-solid
interfaces buried within the ASBs are difficult to directly access in experiments,
computational studies provide valuable insight into the interface stability in ASBs.

5.1. Li Metal-Solid Electrolyte Interface

As reviewed in Section 4, computational and experimental studies demonstrate the
lack of thermodynamic intrinsic stability of most SEs against Li metal. When SEs are in
contact with Li metal, exothermic lithiation and reduction reactions happen sponta-
neously and lead to the formation of interphase layers. The conducting properties of
the interphase layers formed are a crucial factor in determining the interfacial
compatibility of SEs and Li metal anode.

For example, the use of LIPON was demonstrated in a Li metal thin-film solid-state
battery with a long cycle life of over 10,000 cycles.*'#*~'?* However, thermodynamic
calculations (Section 4.2) showed that the Li reduction of LiPON is thermodynami-
cally favorable with the phase equilibria consisting of LizN, LizP, and Li,O at the Li
metal interface.®® The formation of these reaction products at the LIPON-Li metal
interface was confirmed by in situ XPS studies (Figure 9A)."?" This interphase layer
is ionically conducting but electronically insulating, and thereby passivates the Li-
LiPON interface. In addition, the Li-ion conductors LisN and LisP facilitate ion trans-
port, leading to low interfacial resistance. Therefore, the compatibility observed
between LiPON and Li metal is a result of the formation of a passivating interphase
layer, similar to the SEI formed between graphite anode and liquid electrolyte in
commercial Li-ion batteries.

Unlike LiPON, other SEs do not form passivating layers upon contact with Li metal.
For example, LGPS forms mixed ionic and electronic conducting (MIEC) interphase
layers consisting of Li,S, Li3P, and LijsGey, in contact with Li metal (Section 4). This
interphase layer is MIEC due to the electronically conductive Li-Ge alloy. This MIEC
interphase layer permits the transport of both Li” and e™ from the Li metal anode into
the bulk SE and allows the favorable decomposition of the SE to continue, leading to
a rapid thickening of the interphase layer and an increase of interfacial resistance as
observed in time-resolved impedance measurements (Figure 6D).1%° Similarly, the
reduction of LLTO and LATP SEs in contact with Li metal also leads to the formation
of MIEC interphase layers.""”~'?° The ionic and electronic conducting properties
of the spontaneously formed interphases are crucial for the interfacial compatibility
in ASBs.

5.2. Solid Electrolyte-Cathode Interface

Interphase formation at the SE-cathode interface was predicted in computation and
was observed in experiments. The chemical reactions of SE and cathode are thermo-
dynamically favorable to form other phases (e.g., phase equilibria) with lower en-
ergies, according to the thermodynamic calculations described in Section 2.2.3.
For example, a possible reaction of LPS and LiCoO; (LCO) to form a combination
of the phases CogSg, LiS, LizSO4, and LisPO4 has an exothermic reaction enthalpy
AHp of —0.41 eV/atom (Figure 9C).”° The reaction is driven by the favorable ten-
dency of the Co cation in LCO to form cobalt sulfides and also by the preference
of the P>* and S?~ in LPS to form phosphate and sulfate, respectively. In agreement
with these computational results, experiments reported the formation of phos-
phates at the interface between a Li,S-P,Ss glass-ceramic SE and a layered cath-
ode."*” Energy-dispersive X-ray spectroscopy (EDX) analyses of the interfacial layer
between LCO and Li,S-P,Ss by Sakuda et al. (Figure 9B) indicated cobalt sulfides in
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Figure 9. Stability and Interphase Formation at the Solid Electrolyte-Electrode Interface

(A) XPS spectra of the O 1s, N 1s, and P 2p in LiPON before and after exposure to Li metal. Reproduced from Schwébel et a
Copyright 2015, Elsevier.

(B) Calculated enthalpy of decomposition of LCO-LPS as a function of the mixing ratio of LPS SE and phase equilibria (in box) with largest magnitude of

1."?" with permission.

decomposition enthalpy.

(C) High-angle annular dark-field-scanning transmission electron microscopy image of the cross-section of the LCO-Li,S-P,Ss interface and
corresponding EDX profiles for Co, P, and S. Reproduced from Sakuda et al.” with permission. Copyright 2010, American Chemical Society.

(D) Calculated uo and us stability window of LCO cathode and SEs. Reproduced from Zhu et al.”® with permission. Copyright 2016, Royal Society of
Chemistry.

the interfacial layer.® Cobalt sulfides are electronically conductive,”*® and thereby
form an MIEC interphase layer, leading to significant interfacial degradation and
poorer Li-ion transport across the interface.

In addition, the chemical reactions between SEs and cathodes are different for
charged and discharged states of cathodes or at different applied voltages. Under
high applied voltage, the reaction between an SE and a cathode may become
more favorable and form different phase combinations. For many SEs with low
anodic limits, thermodynamic calculations suggest the interfacial decomposition re-
action is more favorable when the battery is charged or is under high voltage.”® For
example, LizPS, reacts much more favorably with Lig sCoO; (AHp = —0.56 eV/atom)
orat5V (AHp = —1.27 eV/atom) than with LCO (AHp = —0.41 eV/atom). The reac-
tions for delithiated cathodes at high voltage are more favorable because lower Li
chemical potential drives the delithiation and oxidation of SEs. Experimental studies
confirm the redox behavior of these sulfide SEs and their electrode composites at
different voltages during electrochemical cycling.'®”"""""" In contrast, the SEs
with high anodic limits, such as oxide SEs LLTO and LATP, are stable with Lig sCoO,
but not with LCO. Due to the dependence of stability on the state of charge and
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applied potential, interface compatibility must be satisfied over the operating
voltage range of the ASB.

In general, sulfide SEs have poor stability and compatibility with oxide cathodes. The
exothermic reactions of thio-phosphate sulfide SEs with oxide cathodes, including
LCO, LiFePOy, LIMnOg, and LiNiO,, were reported from thermodynamic calcula-

7971 and in experiments."'%""" The computation-predicted phase equilibria

tions
indicate these decomposition reactions tend to form transition metal sulfides.
From thermodynamic calculations, the chemical potential of sulfur, us, in the sulfide
SEs exhibits less negative values than those in the oxide cathodes (Figure 9D).”°
Because the stability ranges of us for these materials do not overlap, the sulfide
SEs and oxide cathodes cannot simultaneously satisfy the equilibrium condition of
equal chemical potential. The same analyses of the chemical potential of oxygen,
wo, show that sulfide SEs and oxide cathodes cannot have equal uo and therefore
cannot reach a thermodynamic equilibrium. Therefore, different anion chemistries
cause the incompatibility of thio-phosphate sulfide SEs and common oxide cath-
odes. As a result of this incompatibility, reactions occur with O and S exchange
between the SE and cathode materials. Experiments reported the formation of phos-
32 and the
formation of elementary sulfur, polysulfides, P,S, species (x > 5), and LiCl at the
LisPSsCl and oxide cathode interface.’"”

phates at the Li,S-P,Ss glass-ceramic SE, and layered cathode interface,

In contrast, SE and cathode materials with the same anion chemistry generally
exhibit better stability with each other. Sulfide SEs are more compatible with sulfide
cathodes such as Li,S, LiTiS,, and LiVS, than with oxide cathodes, as shown in
thermodynamic calculations.”’ Multiple experimental studies indeed report good
cyclability and reversible capacity of thio-phosphate SEs with sulfur and sulfide
(e.g., LiTiS,) cathodes.'**"'3¢ Oxide SEs are in general more stable with oxide cath-
odes than with sulfide SEs, as shown by less exothermic reaction energies.””"
Nonetheless, the interfacial chemical reactions between oxide SEs and oxide cath-
odes are still thermodynamically favorable. The formation of interphase layers be-
tween oxide SEs and oxide cathodes is often observed after high-temperature
heat treatment at several hundred degrees Celsius, which is often performed to
improve the solid-solid interfacial contact.'””~"*" A combined computational and
experimental study by Miara et al. also observed the formation of transition metal
oxides, such as Mn,O3, TiO,, and Co30,, along with AIPO4 and LizPO,4 at the
interface of LATP and the high-voltage spinel cathodes, such as Li;NiMn3Osg,
LioFeMn3Og, and LiCoMnQy, after heat treatment.'?” This study also reported
that the heat treatment of Ta-doped LLZO garnet SE and these spinel cathodes
led to the formation of the insulating phases LaZr,O;, La,Os3, LazTaO;, and
LaMnOs. The formed interphase layers between oxide SEs and oxide cathodes
can be thin and passivating, but the interfacial resistance would be high if the formed
interphase layers have poor Li* conductivity.”%"?

A well-known example of a compatible SE-cathode interface is between LiPON and
oxide cathodes, such as LCO and LiNig sMn; sO4 (LNMO).* 22124 ASBs constructed
using these materials form stable interfaces, displaying good capacity retention and
long cycle life. However, thermodynamic calculations also suggest that LiPON
exothermically reacts with LCO,”® and the reaction between LiPON and LCO has
been observed by in situ scanning transmission electron microscopy-electron en-
ergy loss spectroscopy and XPS experiments, where interphase products including
Co30y, LiyO, Li»Oy, LizPO4, and LINO, were observed in different characterization
studies.”*’"*7 Therefore, the LiPON-cathode compatibility also originates from
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the formed interphase layer, which passivates the interface and prevents further
reaction, similar to the Li-LiPON interface.

5.3. The Classification of Interface Types

As reviewed in Sections 5.1 and 5.2, computational and experimental studies indi-
cate that many SEs are not thermodynamically stable against Li metal anode and
common oxide cathodes. Instead, the interface compatibility between SE and elec-
trodes originates from the passivation effect determined by the ionic and electronic
transport properties of the spontaneously formed interphase layer. The SE-elec-
trode interfaces can be categorized into three types based on their stability and con-

ducting properties (Figure 10):4379:12

1) Type 1 interface: the two materials in contact are intrinsically stable with each
other, i.e., these two materials are in thermodynamic equilibrium with one
another and do not exothermically react. For example, Li metal forms type 1
stable interfaces with Li binary compounds such as LiF, Li,O, Li;S, and LisN,
but not with most SEs. Type 1 interfaces are rare among SEs with commonly
used cathodes.

Type 2 interface: the two materials in contact form an MIEC interphase layer,

n

which cannot passivate the SE. The interphase layer formed can transport both
Li* and e leading to continuous decomposition. The growth rate of inter-
phase thickness and the resulting interfacial resistance depend on the ionic
and electronic conductivities of the interphase layer formed. Thus, type 2 in-
terfaces with high electronic and ionic conductivities may cause a rapid short
circuit in the cell, while interfaces with low electronic conductivity may exhibit
slow, parasitic degradation spanning the lifetime of the ASB."*° Many SE
materials, such as LLTO, LATP, and LGPS, form type 2 interfaces in contact
with Li metal, because MIEC metallic phases form from the reduction of metal
cations. Similarly, sulfide SE-oxide cathode interfaces are also type 2 due
to the formation of electronically conducting transition metal sulfides.
Type 2 interfaces should be avoided in ASBs.

3) Type 3 interface: the two contacting materials with an interphase layer that is
electronically insulating and ionically conducting, similar to the SEI in liquid

Li metal

o Li* e

passivating interphase
low interfacial resistance
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Figure 11. Interface Engineering in ASBs

(A) Schematic illustration of Li-LiPON-LCO thin-film cell and graphite-Li-P-S-SE-coated-LCO bulk-
type cell as successful ASB examples.

(B) Electrochemical window of common cathode coating materials (yellow) compared with selected
SE materials (green). Reproduced from Zhu et al.*® with permission. Copyright 2015, American
Chemical Society.

(C) Impedance of SE-LCO interfaces without coating (0 nm) versus LizTisO15, LINbO3, and LiTaO3
(dotted, dashed, and solid lines, respectively) coatings with varying thicknesses. Reproduced from
Takada et al.” with permission. Copyright 2008, Elsevier.

electrolyte LiBs. This interphase layer can be spontaneously formed in situ
when two materials come into contact or can be artificially coated before con-
tact. To prevent further reactions between the SE and the electrodes, this
interphase layer should fully cover the interface and should be electronically
insulating, which accounts for the differences in the electron electrochemical
potential and Li chemical potential across the SE-electrode interface.®? lon
conduction through the interphase layer is essential for low interfacial resis-
tance and ionic transport across the interface. Interphase layers that passivate
the SE but are also ionically insulating are undesirable. The Li-LiPON and
LIPON-LCO interfaces are examples of desirable type 3 interfaces, where
the interfaces are both passivating and ion conducting.

This interface classification helps in understanding the interfaces in ASBs that have
good cell performance (Figure 11A). As reviewed in Sections 5.1 and 5.2, one
notable successful ASB example is the Li-LIPON-LCO thin-film cell,” and another is
the graphite-Li-P-S SE-LCO bulk-type cell using LPS, Lis ¢P3S12, or other sulfide
SEs without metal cations (Figure 11A)." 2 In these ASBs, the thermodynamic intrinsic
stabilities of the LiPON and sulfide SEs are significantly narrower than the operating
voltages of over 4 V. In the LiPON-based ASBs, both the Li-LIPON and the

2038 Joule 2, 2016-2046, October 17, 2018

Cell

REVIEWS



Joule

LIPON-LCO/LNMO interfaces rely on the in situ formation of type 3 passivating
interphase layers (Sections 5.1 and 5.2). Similarly, the compatibility between Li-P-S
SEs and the graphite anode is also based on the in situ formation of the interphase
layer (type 3 interface). The formation of interphase layers as in type 3 interfaces
in these cells is supported by the observed capacity loss and low Coulombic
efficiencies in the first cycle of electrochemical cycling.’?*'#"1%2 The interface be-
tween these sulfide-based SEs and the LCO cathode is an incompatible type 2 inter-
face, and thus an interfacial coating must be applied to convert it to a compatible
type 3 interface (Section 5.4).

5.4. Strategies for Enabling Interface Compatibility

On the basis of the understanding of interface types, the selection of SE-electrode
pairs and the design of an ASB cell should emphasize the ability to form stable
passivating layers rather than only the electrochemical stability of the SEs. While a
type 1 interface is ideal, it may be difficult to achieve between most existing SIC
SEs and high-energy-density electrodes (e.g., Li metal anode and high-voltage cath-
odes). Type 3 interfaces, where the interphase formed in situ passivates the SE
through a mechanism similar to the SEIl in commercial LiBs, are desired. This inter-
phase layer formed in situ should have decent Li* conductivity to maintain low inter-
facial resistance in addition to electronic insulation and uniform interfacial coverage
for good passivation. However, given the limited choice of SEs and electrodes that
spontaneously form a type 3 compatible interface, interface engineering such as the
application of coating layers is often required to convert an incompatible type 2
interface to a compatible type 3 interface.

For example, the type 2 interfaces of sulfide SE and oxide cathode exhibit poor sta-
bility, leading to thick decomposition layers and high interfacial resistance
(Section 5.2). Li metal oxide coatings, including Li,SiOs3,° LiTaO3,” LizPO,4, ' 44
LisTisO12,'*° and LINbO3,"?1¢ have been demonstrated in numerous experimental
studies to reduce interfacial resistance between Li-P-S SEs and oxide cathodes by
several orders of magnitude (Figure 11C). Thermodynamic calculations confirm
that the sulfide SE-LCO interface with applied oxide coating layers is a compatible
type 3 interface (Figure 11A).%%7%”" Computational studies found the intrinsic elec-
trochemical windows of these coating materials are 2-4 V, so the coatings are stable
with the cathode (Figure 11B). In addition, the coating layer generally exhibits chem-
ical and electrochemical compatibility with both sulfide SEs and the LCO cath-
ode.”%”" These thin layers of Li-containing oxide coating materials significantly
lower the Li" interfacial resistance compared with the thick decomposition layers,
and so reduce the overall interfacial resistance (Figure 11C).” The coating layer mit-
igates the chemical and electrochemical reaction between the SE and cathode, and
serves as an artificial SEI, converting the incompatible type 2 interface to a compat-
ible type 3 interface.®®’? Thus, the role of the coating layer is to limit interfacial
decomposition rather than to suppress the formation of space charge layers as pre-
viously speculated.” Recently, Guo and co-workers demonstrated the LATP SE,
which has a suitable electrochemical window (Figure 8A) and high ionic conductivity,
asa good cathode coating layer'*’. Using the same materials requirements, thermo-
dynamic calculations were performed to predict new coating layers that enable

interfacial compatibility in ASBs.%?7071.148.147

The placement of the coating layers is also important. Composite electrode
materials have a complex microstructure comprised of a mixture of the SE, the
active electrode material, binder, and electron-conducting additives such as
carbon. To protect SEs from electrochemical decomposition and to stabilize the

Cell

REVIEWS

Joule 2, 20162046, October 17, 2018 2039




Joule

SE-electrode interface, the coating layer should be applied between the SE and
active electrode material and between the SE and carbon.®*'%'*® The coating
layer should be electronically insulating to prevent the electrochemical decompo-
sition of the SE, similar to the passivation mechanism in type 3 interfaces and SElI
layer (Section 5.3).°% Although the coating layer is often applied on the cathode
active material, it is essential to maintain electronic conduction pathways between
the active materials and the current collector. Further studies on the application
and engineering of interfacial coating layers in the composite electrodes are still
needed.

On the anode side, an incompatible type 2 interface forms between Li metal
anode and SEs containing metal cations, due to the formation of MIEC metallic
phases (Sections 4 and 5.1). A type 3 interface forms between the Li metal
anode and SE materials with no metal cations, such as LiPON, Li;P3Sq4, or
LigPS5CI. 107198121 Unfortunately, there is a limited choice of SEs that simulta-
neously exhibit Li metal compatibility and high Li* conductivity. Engineering the
interface by applying a coating layer has been demonstrated to improve stability
and compatibility with the Li metal anode. Applying coating layers of Li-compat-
ible SEs, such as LiPON and LPS, on Li metal have been demonstrated to form a
type 3 compatible interface.”*® In addition to these SEs, other coating materials
that do not contain metal cations may also be implemented to avoid the formation
of MIEC phases (type 2 interface). For example, an artificial SEI layer of LizPO,4 on
the Li metal anode was demonstrated with good performance by Guo and co-
workers."®" Using first-principles computation, Miara et al. discovered LigS3N as
a protective coating layer for Li metal anodes.”®? Recently, Cui and co-workers
demonstrated a nonporous layer of LizN as an artificial SEI layer to protect the
Li metal anode."**

In a recent first-principles computational study, Mo and co-workers discovered that
many Li-containing nitrides that contain metal cations are thermodynamically
stable against Li metal (Section 4.3)."°" This discovery significantly broadens the
materials choice for Li metal anode protection to include materials with metal cat-
ions.’”" Many of these Li metal stable nitride materials can be used as protective
coatings on a Li metal anode.”® In the same study, Mo and co-workers also
proposed an interfacial engineering approach of enriching nitrogen content at
the SE-Li metal interface to convert type 2 interfaces to type 3 interfaces.'" Unlike
in chalcogenide or halide chemistries, in which the metal cations are reduced to
metallic MIEC interphases upon Li metal contact, metal cations in the presence
of high nitrogen content form nitride compounds, which are stable against Li metal
and serve as a passivating layer. This local enriching of nitrogen content can be
achieved through surface nitriding treatments, or by the incorporation of nitro-
gen-rich materials as electrolyte additives. Recently, experimental work using
lithium azide additives was shown to significantly improve the stability of the Li

metal anode.”®*

6. Concluding Remarks and Perspective

In this review, we present recent advancements in computational techniques with
emphases on AIMD simulations and database-enabled thermodynamic calculations,
and we highlight their applications in studying SE materials and their interfaces with
electrodes in ASBs. Implementation of these new techniques has significantly
advanced understanding of fast ion diffusion mechanisms in SIC materials, the elec-
trochemical stability of SE materials, and interfacial compatibility between SEs and
electrodes in ASBs. On the basis of this understanding, design principles were
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established for the development of new SE materials with fast ionic diffusion and
wide electrochemical windows, and for the engineering of SE-electrode interfaces
with good compatibility. Following these established design principles, multiple
novel SE materials and interface engineering approaches were discovered in
computational studies and were confirmed in experiments. These computational
studies exemplify the spirit of the MGl in addressing materials problems and in
accelerating the design and discovery of new materials for ASBs. Moreover, these
computational approaches are also applicable in the study of materials and inter-
faces in new technologies other than solid-state batteries.

However, major research efforts are still required to achieve a comprehensive set
of design principles for fast ion conductors. The design principles for SE materials
reviewed in Section 3.2 largely emphasize a low migration energy barrier but do
not fully consider the pre-exponential factor of the Arrhenius relation, which is
related to several factors, including anion polarizability, lattice softness, mobile
carrier concentration, and the ordering of the mobile-ion sublattice.**’” Further
work is needed to understand these factors and their influence on ionic conduction
in materials. Due to the lack of simple, comprehensive design principles, first-prin-
ciples computation as described in Section 3.3 is still required to identify specific
materials compositions and structures as fast ionic conductors. For example, many
SE materials require aliovalent doping or substitution to change Li content for
achieving optimal ionic conductivity and performance, and so a significant number
of dopants and compositions are often explored experimentally to identify the
compositions with optimal properties.”® While this experimental exploration can
be accelerated by computational approaches, extensive calculations for a large
number of dopants and compositions are still required to identify the optimal
SE composition from a given starting structure (e.g., NASICON or garnet). This
extensive exploration is computationally expensive when assessing diffusional
properties, because AIMD simulations require significant computation costs for
each specific composition. Therefore, a predictive model that requires only a small
computational cost to predict optimal doped compositions would greatly accel-
erate the design and optimization of SE materials. This type of model may be
based on the descriptors that relate the diffusional properties for a wide range
of materials and compositions. However, these descriptors for fast ion conductors
are still lacking. Identifying such descriptors may require an understanding of
composition-structure-property relationships over a broad materials space, which
may be provided by high-throughput computation combined with data-driven
approaches.

To be successfully used in ASBs, SEs must simultaneously satisfy multiple require-
ments in addition to high ionic conductivity and good electrochemical stability.
The synthesis, processing, and manufacturing of the SE must be cost effective on
a large scale. In particular, air and moisture stabilities of SEs are crucial for the
low-cost manufacturing of ASBs, and for enabling solution-based processing to
achieve a high loading of active electrode material.' "> Air and moisture stability
should be emphasized in the future development of SEs, in addition to ionic conduc-
tivity and electrochemical stability. In addition, the SE may need particular mechan-
ical properties to retain physical contact with the electrodes after repeated voltage
cycling, where both electrodes undergo significant volume changes.'*"'¢ From the
electrode side, the development of a zero-strain cathode may also be a potential
alternative. Furthermore, the mechanism of Li dendrite penetration through SEs,
which has been widely observed, needs to be understood to enable the Li metal
anode in ASBs.
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Addressing the challenges at solid-solid interfaces in ASBs should be a research
priority. Many studies in this review highlight the importance of interface compat-
ibility of SEs with electrodes. Computational and experimental studies reported
the formation of interphase layers between SEs and electrodes, and revealed
that these layers define the interface compatibility, disproving earlier myths that
SEs are thermodynamically stable against Li metal or high-voltage cathodes.
Therefore, as in the case of LiBs with liquid electrolyte, SEI formation should be
carefully considered in materials selection, engineering, and processing of ASBs.
Given the limited SE and electrode combinations that are compatible, interface
engineering is crucial to enable compatible interfaces for high-performance
ASBs. For example, an interface engineering approach that leads to spontaneous
formation of a stable, ion-conducting, and passivating interphase layer between
the SE and electrode is desired.’”" Integrated experimental and computational
studies will play a crucial role in the continued development of economical and
scalable interfacial engineering approaches for realizing compatible interfaces
in ASBs.

Finally, the great need for R&D of new materials and interfaces requires further ad-
vancements in computational techniques. While the database-enabled thermody-
namic calculations of interface thermodynamics reviewed here provide significant
understanding of materials stability and interface compatibility, these approaches
still rely on bulk-phase energetics and properties to approximate interfaces. These
calculations based on bulk thermodynamics may not fully reflect the actual atomic
structure, stoichiometry, chemistry, defects, or microstructures at the interface.
While computational studies were performed for the defects in SEs and inter-
faces,"” ™" the atomistic-scale diffusion mechanisms in amorphous SEs, grain
boundaries, and SE-electrode interfaces are still largely unclear. To model the
ion diffusion in amorphous materials and at the interfaces, large-scale atomistic
modeling at the length scale of 1-100 nm is needed. However, current interatomic
potentials may not be adequate, because describing complex atomistic configura-
tions and diverse chemical environments in amorphous materials and interfaces
may require the accuracy and versatility of DFT methods. In addition, a major fron-
tier is using computation based on machine learning to guide the synthesis and
processing of SEs and ASBs, which still largely depend on trial and error. To
achieve enhanced understanding of solid interfaces, it is also important to consider
a wide variety of kinetic processes affecting interfacial structures, interfacial Li*
transport, Li dendrite growth, and mechanical failure. As computational techniques
develop further, computational modeling with detailed consideration of kinetics,
spanning a range of time and length scales, will further advance understanding
and predictive design of materials and interfaces in ASBs.
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