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ABSTRACT: Solid electrolytes are generating considerable interest for all-
solid-state Li-ion batteries to address safety and performance issues. Grain
boundaries have a significant influence on solid electrolytes and are key
hurdles that must be overcome for their successful application. However, grain
boundary effects on ionic transport are not fully understood, especially at the
atomic scale. The Lirich anti-perovskite Li;OCl is a promising solid
electrolyte, although there is debate concerning the precise Li-ion migration
barriers and conductivity. Using Li;OCl as a model polycrystalline electrolyte,
we apply large-scale molecular dynamics simulations to analyze the ionic

transport at stable grain boundaries. Our results predict high concentrations of

grain boundaries and clearly show that Li-ion conductivity is severely hindered
through the grain boundaries. The activation energies for Li-ion conduction
traversing the grain boundaries are consistently higher than that of the bulk

GB

Li

crystal, confirming the high grain boundary resistance in this material. Using our results, we propose a polycrystalline model to
quantify the impact of grain boundaries on conductivity as a function of grain size. Such insights provide valuable fundamental
understanding of the role of grain boundaries and how tailoring the microstructure can lead to the optimization of new high-

performance solid electrolytes.

1. INTRODUCTION

Li-ion batteries have revolutionized the portable electronics
industry. However, safety and cycling life issues remain a
challenge for current commercial batteries based on liquid
electrolytes. Significant efforts have been recently focused on
the development of all-solid-state batteries,'~” which have the
potential to eliminate the use of flammable liquid electrolytes.
Nevertheless, there are challenges to overcome, such as
insufficient ionic conductivity, narrow electrochemical stability
windows, and interfacial issues.

Many families of materials based on NASICON, LISICON,
thio-LISICON, and garnet structures have been investigated as
potential solid electrolytes, each with their own particular
strengths and weaknesses.'’™"* More recently, a new family of
materials based on Li-rich anti-perovskites, Li;OX (X = Cl or
Br), have been receivin§ increasing attention."” ™" The first
study of these materials' as solid electrolytes showed that they
possess high ionic conductivity (>107° S cm™ at room
temperature) and low migration barriers (0.2—0.3 eV) for Li-
ion transport.

Subsequently, there have been several reports of higher
activation energies (~0.6 eV) and lower conductivities (107° S
cm™! at room temperature) for bulk Li;OCl and
Li;OBr,'>**™** with some studies proposing grain boundary
(GB) resistance as the reason for the differences.'®**** A
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remarkable amount of interest has recently been generated
with reports on the creation of “glass” batteries based on
Li;OCl solid electrolytes by Braga et al.”>*® In parallel, a
number of computational studies on Li;OCI'”***" 7" predict
Li-ion activation energies (~0.3—0.4 eV) that are consistently
lower than the experimentally determined values (~0.6 eV).
The reason for this significant discrepancy is still unclear.

GB resistance in Li-ion solid electrolytes is a significant
challenge that must be overcome to reach the ionic
conductivities required for practical applications. However,
while many reports mention the influence of GBs on the Li-ion
conductivity, it is rarely quantified or characterized in detail,
especially on the atomic scale. It is crucial to bear in mind that
it is not possible to determine a priori whether GBs will be
detrimental or beneficial for conduction in a given material.”

The lack of GB characterization is also true for Li;OCIl, with
only a few studies briefly discussing their influence on the
electrochemical performance. Lii et al.'®** synthesized Li;OCI
thin films with an activation energy of 0.35 eV, considerably
lower than the value of 0.59 eV for the bulk material. This
difference was explained by the larger grain size of the films
compared to the bulk material and, as a result, the reduced GB
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resistance. In addition, impedance measurements confirmed
large GB resistances and lower conductivities, compared to the
bulk, for a closely related anti-perovskite, Li;OBr.”>**
Despite the fundamental importance of GBs in Li-based
solid electrolytes, they are not fully understood. The possible
pathways for Li-ion transport pathways in the grains and at the
GBs, including intragranular (within grains), intergranular
(between grains), and within the GB, are illustrated in Figure
1. Using large-scale molecular dynamics (MD), we explore the

GB

L.
Figure 1. Schematic showing possible Li-ion (blue) transport

mechanisms at the GB (gray) and grain (orange) of a solid electrolyte
material.

atomistic effects of GBs on the Li-ion conductivity of a
representative solid electrolyte, Li;OCl. We show that GB
formation in Li;OCl is generally more favorable than in non-
Li-based perovskites. The most stable GBs exhibit reduced Li-
ion conductivities and increased activation energies compared
to bulk Li;OCL. We use our findings to reconcile the
inconsistencies in activation energies between experimental
and computational studies and to establish a model that can
quantify the effects of GBs on the overall conductivity of
polycrystalline solid electrolytes. Our results provide valuable
atomic-scale insights into the role of GBs on the Li-ion
transport performance of solid electrolytes.

2. METHODS

The MD simulations are based on established techniques and have
been widely used to determine the ion transport properties in a wide
range of ionic solids,” >’ extending our recent work on battery
materials.”**” The potential model of Mouta et al.> was used for the
calculations, with a number of additions**™* (see Table S1) to
produce the best agreement in terms of lattice parameters and bond
lengths of the Li;OCl anti-perovskite structure. Formal valence
charges were used for all ions, and a cutoff of 12 A was applied to all
interatomic potentials.

The LAMMPS code®® was used for the MD calculations, with
periodic boundary conditions. Significantly long MD runs of 10 ns
were completed using a time step of 2 fs with supercells of 5076 ions
for both the bulk and GBs. Simulations were carried out for a
temperature range of 500—1000 K at intervals of 100 K using the
NVT ensemble with a Nose-Hoover thermostat,** with initial
equilibration performed using the NPT ensemble for several
nanoseconds. It is generally accepted in the literature that Li
vacancies are the dominant char%e carriers in Li;OCl and are
compensated for by Cl vacancies.'®*”*”** Disorder was introduced to
the systems to aid long-range diffusion using Li and Cl vacancies that
were randomly distributed throughout the supercells at representative
concentrations of 3.33% and 10%, respectively. Self-diffusion data for
Li were obtained from a mean squared displacement (MSD) analysis
according to
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(r7(t)) = 6Dyt (1)

where (r?(t)) is the MSD, Dy; is the diffusion coefficient for Li, and ¢
is time. The diffusion data were then converted to conductivities ()
using the Nernst—Einstein relationship:

2
°c _yM
Ryr

Dy )

where 7 is the number of charge carriers per unit volume, g is the
electron charge, k is the Boltzmann constant, T is the temperature,
and Hp, is the Haven ratio, which has a value of 1 in our calculations.

The coherent, twin GBs were constructed using the coincidence
site lattice theory™ where two individual grains are tilted by a given
angle until their surface planes coincide, as shown schematically in
Figure 2. We consider four symmetric tilt GBs, namely, X3(111),

Tilt angle

Figure 2. Schematic of the GB construction process using the cubic
anti-perovskite Li;OCl structure, in which Li, O, and Cl ions occupy
the X, B, and A sites of the ABX; perovskite structure. GBs are
constructed using the coincidence site lattice theory where two
individual grains are rotated by a given tilt angle until their surface
planes coincide.* To avoid ambiguity, we define here GBs as the
surfaces between two crystallites (grains) of different orientations.
Such GBs can exist within a polycrystalline particle, which make up a
ceramic.

¥3(112), £5(210), and X5(310), as shown in Figure 3. In this
notation, X is the coincidence index and is the ratio of the coincidence
unit cell volume to the primitive unit cell volume.*> These common
GBs were chosen as they have been observed for a variety of
perovskite samples, including BaTiOj, SrTiO;, and BaZrO;.***” Such
a characterization does not exist for Li;OClL

We explored the potential energy surfaces of the four initial GBs to
find the global minimum for each structure. For each translation, the
GB energy, ygp, is derived by

EGB - Ebulk
24 (3)

where Ecp and Ey are the energies of the GB and bulk supercells,
respectively, and A is the area of the shared interface. The energy was
calculated as a function of translation with increments of 0.1 A. The
GB energy was converged with GB separation using a variety of
supercells with lengths from ~30 to 100 A. This approach has been
applied to the construction of numerous GBs in many different
materials.** "> For the MD calculations, the GB unit cells were
replicated periodically in three dimensions by 7X3X1, 6x5X1,
9x4x1, and 6x3x1 for £3(111), £3(112), £5(210), and £5(310),
respectively. Each supercell was divided into GB and bulk-like (grain)
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Figure 3. Structures and energies of the (a) X£3(111), (b) X£3(112),
(c) £5(210), and £5(310) GBs. Equivalent GBs are located at the
center and edges of each supercell. The x and y directions represent
the planes of the GBs, while the z direction is perpendicular to the GB
plane.

components, as illustrated in Figure 3, in order to distinguish the
contribution of the GBs to the Li-ion conductivity.

3. RESULTS AND DISCUSSION

3.1. Bulk and Grain Boundary Structures. First, the
bulk anti-perovskite structure is simulated, which is comprised
of oxide ions at the typical B-site of an ABX; perovskite
coordinated to six Li* ions at the X sites and the large Cl ion
occupying the 12-coordinate A-site, as shown in Figure 2. The
calculated lattice parameter for bulk Li;OCl is 3.919 A, with
only a 0.31% difference compared to the X-ray diffraction value
of 3.907 A,>* as shown in Table S2.

The four optimized GB structures and their calculated
energies are shown in Figure 3. The x and y directions
represent the planes of the GBs, while the z direction is
perpendicular to the GB plane. The cell dimensions and GB
separation for each GB are given in Table S3. In general, these
computed GB energies are low compared to the equivalent
GBs in ?erovskite oxides, such as BaTiO;>* SrTiO;>° and
BaZrO,.>°

The notably low GB energies shown in Figure 3 indicate the
presence of high concentrations of GBs in Li;OCI, as
illustrated by the probability of formation plot in Figure SI,
based on a Boltzmann distribution. Such high concentrations
of GBs are obviously likely to contribute to the high GB
resistance in the material.
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On the basis of electrostatic arguments, such low GB
energies are unsurprising given that the ionic charges of Li and
Cl are low, meaning there is a smaller energetic penalty for
cleaving Li—O and Li—Cl bonds than, for example, cleaving
Ba—O and Ti—O bonds in BaTiO;. In addition, first-principles
calculations have shown that Li is capable of adjusting to many
coordination environments.”” These low energies suggest that
GBs will form with ease in Li;OCl samples, which is likely to
be a reason for their significant influence on its Li-ion
conductivity.

The lowest GB energies are calculated for the two X3 GBs.
This is probably due to the reduced coordination environ-
ments at the two X5 GBs with open structures and the limited
disruption of the bonding at the 23 GBs. The large difference
of >0.45 J m™> between the X3 and X5 GB energies strongly
suggests that the X3 GBs will be present in far higher
concentrations (see Figure S1) and will therefore influence the
ionic transport of Li to a far greater extent. This is an
important consideration when comparing the conductivity and
resistance of the two GB types. It is also important to bear in
mind that grain orientations and other microstructural
restrictions are likely to limit the concentration of any one
particular GB in a polycrystalline material, regardless of its
thermodynamic stability.****

3.2. Li-lon Conductivity of Bulk and Grain Bounda-
ries. As noted, previous computational studies have not
considered the effects of GBs on this system. To probe the
impact of GB resistance on Li-ion conductivity in solid
electrolytes using Li;OCI as a model system, we have carried
out large-scale MD simulations.

Figure 4 shows the Arrhenius plots for the calculated total
Li* temperature-dependent ionic conductivity of each GB and
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Figure 4. Li* temperature-dependent conductivities (oT) and
activation energies (E,) for bulk Li;OCl and the four GBs.
Electrochemical impedance spectroscopy results are included for
comparison.”” The complete set of simulated Li-ion conductivities is
presented in Figure S3.

bulk Li;OCl. Electrochemical impedance spectroscopy meas-
urements are also included for comparison.”” MSD plots for
Li-ion diffusion in bulk Li;OCI and for the four GBs at a
representative temperature of 700 K are given in Figure S2.
The Li-ion conductivity of the four GBs and the experimentally
measured values are lower than the bulk values at normal
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battery operating temperatures (~0 to 150 °C). This confirms
the high GB resistance in Li;OCl. However, it is interesting to
note that at higher temperatures (>500 K), the conductivities
of the X5 grain boundaries exceed those of the bulk material.

The calculated bulk Li;OCI conductivity is 6.55 X 107> S
cm™' at 500 K, in good agreement with experimental
studies."””” Tt should be noted that as a result of different
synthesis and sample preparation techniques, a wide range of
electrochemical impedance spectroscopy measurements have
been reported in the literature.”* From our calculations, there
is significant variation in conductivity for the GBs, with about a
1 order of magnitude difference between the lowest value of
9.85 X 107* S cm™ obtained for £3(111) and the highest
value of 9.17 X 1073 S cm™ found for £5(210) at 500 K. The
only quantitative measurement of the GB conduction in these
materials was completed for Li;OBr,”* with bulk and GB
conductivities of 1.02 X 10 and 1.09 X 107° S cm™),
respectively, at 298 K. Furthermore, Zhu et al.” reported that
GB resistance dominates the total impedance of Li;OBr, as
illustrated by bulk and GB resistances of 8.8 and 83.0 kQ,
respectively, measured using electrochemical impedance spec-
troscopy.

The calculated activation energy of 0.29 eV for bulk Li;OCI
is in good agreement with previous calculations.”””” However,
this value and those calculated previously all significantly
underestimate the electrochemical impedance spectroscopy
measured values of ~0.6 eV.'®*>”>* Until now, this
discrepancy between experiment and calculations has been
unexplained. Our results highlight the importance in directly
considering GB contributions to conductivity in anti-perov-
skite solid electrolytes, and this is indeed the case for many
other solid electrolyte materials.

Chemically, GBs in oxides are known to play a key role in
defining the electrochemical performance of a material,
whereas reports of low GB resistance in sulfide solid
electrolytes suggest that GBs have less of an impact in these
materials.””~®" Furthermore, recent reports on the formation
of glassy solid electrolytes without the presence of GBs present
another interesting research direction.”””® The importance of
GBs in sintering is another important aspect that should be
considered in the preparation of solid electrolyte materials,
since GBs can cause defect segregation or act as diffusion
pathways.”” In addition, the difference between bulk and GB
domains has been proposed as the reason for the nucleation of
Li dendrites when a Li-metal anode is utilized.*> On this basis,
our future calculations will seek to address potential ion
redistribution, defect segregation, and space-charge effects®%°
at the interfaces of Li-ion solid electrolytes.

3.3. Pathways of Li-lon Conduction. The spatial
dependence of the conductivity at the lowest energy GB,
23(111), can be visualized by analyzing the Li-ion trajectories
of the simulations to produce Li-ion density maps, as shown in
Figure 5. It can be seen that the Li-ion transport is restricted
primarily to the x and y directions, i.e., close to the GB. Within
the GB, the Li ions are free to move as a result of the reduced
atomic density and are not constrained by the need for vacant
Li sites in order to diffuse through the lattice, as is the case for
bulk Li;OClL Over time, some of the Li ions that were
restricted to the GB propagate into the bulk region of the
grain. By 10 ns, they begin to form trajectory plots similar to
those observed for vacancy migration in bulk Li;OCI, as seen
by the cubic patterns. Such results indicate the importance of
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Figure S. Trajectory plots of Li* conductivity for the £3(111) GB at
700 K at 1, §, and 10 ns, where x and y are the planes of the GBs and
z is perpendicular to the GB plane. Oxygen ions have been omitted
for clarity.

characterizing and analyzing individual GBs, as their impact on
ionic transport can vary significantly.

While the trends in conduction vary depending on the type
of GB, the increase in activation energy from the bulk to the
GBs occurs in all cases. Figure 6 displays the differences
between the GB activation energies in the three primary
directions and the bulk value, which indicates that the increase
in activation energy is regardless of the GB type and
conduction direction. The fact that these energy differences
are all positive values clearly illustrates the significant effect of
GB resistance on the ionic transport in solid electrolytes. High
activation energies of 0.52 and 0.56 eV, respectively, are
obtained for the dense X3(111) and (112) GBs. As noted
previously, the £3(111) and (112) GBs are thermodynamically
more accessible (Figures 3 and S1) and are likely to be present
in higher concentrations, which means that the ionic transport
resistance from these GBs will dominate.

3.4. From Atomistic Insight to a Polycrystalline
Model. Using our calculated conductivities, we built a
phenomenological model to rationalize the effects of GBs on
the overall ionic conductivity of a real polycrystalline sample.
This general model enhances our predictive capabilities by
explicitly accounting for the influence of grain size by
combining the contributions from bulk and GB conductivities.
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Figure 6. Differences between the GB activation energies (EaGB) in
the three primary directions and the bulk value (E,2% 0.29 V), with
x and y as the planes of the GBs and z perpendicular to the GB plane.

Our model is derived from a general equivalent circuit,
routinely used in the interpretation of electrochemical
impedance data,**®” as shown in eq 4:

d
Ototal = ybulk(o-bulk + I OgpL| T yGBO-GBH
GB

(4)

where o, and oy, are the total and bulk conductivities,
respectively, and gy, and ogp are the GB conductivities
perpendicular and parallel to the grain, respectively, as taken
from our calculations. d is the grain size (which can vary in our
model), Igg is the length of the GB, and yy, and ygg control
the volume fraction of the grain and GB domains, respectively.
The full derivation of eq 4 is given in the SI.

Figure 7 depicts the two competing pathways of ionic
conduction in a polycrystalline solid electrolyte.”® The

a) Granular conduction b) GB conduction

AN X

Figure 7. Schematic of the two competing mechanisms for
conduction in polycrystalline materials: (a) granular and (b) GB.
The orange and gray areas represent the monocrystalline grains and
effective GB regions, respectively, while blue circles are mobile Li*
ions.

“granular” pathway (Figure 7a) represents the Li-ion
conduction through the grains and GBs, and will dominate
when the GBs are more resistive than the bulk crystalline
structure, as is the case for Li;OCl. The “GB” pathway (Figure
7b) will dominate when the GB conduction is comparable to
that in the bulk structure, as reported for sulfides’’ and some
solid oxide electrolytes, such as the garnet-structured Li,La;-
71,0,,.¢
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The dependence of the total conductivity of a polycrystalline
sample of Li;OCI, derived using eq 4, is plotted against grain
size, d, in Figure 8. The total conductivity originating from our
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Figure 8. Evolution of the total conductivity (bulk + polycrystalline)
as a function of grain size, d (in nm), for Li;OCI at 300 K. The black
dashed line is the calculated bulk conductivity. The red curve is the
total conductivity of the polycrystalline material, with the blue band
representing its upper and lower limits based on different
densification behaviors (see SI for details). The red dashed line is
the maximum average polycrystalline conductivity, equivalent to 85%
of the bulk conductivity.

model is plotted in red, while the black dashed line identifies
the bulk conductivity (~6.6 X 107> S cm™). From our
analysis, the total conductivity above a ~500 nm grain size is
marked by a red dashed line and corresponds to ~85% of the
bulk conductivity. The blue band around the average
polycrystalline conductivity represents two extreme cases
calculated based on different densification behaviors (see SI
for further details).

Figure 8 reveals three main features. First, the Li-ion
conductivity in the polycrystalline material increases with
increasing grain size, as expected given the significant
resistance of the GBs shown in this work. Second, the
influence of GB resistance is strongest at very small grain sizes
of <100 nm, with the onset of bulk conductivity occurring
within ~400 nm, as identified by the upper bound of the blue
band. Third, for grain sizes <100 nm, the total conductivity is
dominated by the GBs, as illustrated in Figure 7b.

In this work, the conductivity computed for Li;OCI is
negatively impacted by the presence of GBs, and this is likely
to be common in ceramic solid electrolytes.*** Due to the low
GB energies (see Figure 3) in Li;OCl, we show that the
microstructure of polycrystalline anti-perovskite samples
should be sensitive to the processing conditions (synthesis
and densification). It has been reported that slow crystal-
lization from the melt and/or sintering results in sizable grains
and higher conductivity in this material.">*

In addition, we speculate that our model can be extended to
other polycrystalline materials and to assess how the GB ionic
conductivity may be beneficial for materials that show sluggish
Li kinetics. In contrast, completely amorphous solid electro-
Iytes, such as LiPON,” would be unaffected by such effects of
blocking GBs.
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5. CONCLUSIONS

The atomistic effects of grain boundaries are important to fully
understand the transport properties of solid electrolytes for all-
solid-state batteries. In this study, we have quantified the
impact of grain boundaries in a model solid electrolyte
material, Li;OCI, using large-scale MD simulations. The results
reveal the following key features:

(1) The low grain boundary energies indicate the presence
of high grain boundary concentrations in polycrystalline
samples of Li;OCl. The calculated bulk ionic con-
ductivity is 6.55 X 107> S ecm™ at 500 K, in good
agreement with experimental studies. The most
thermodynamically stable grain boundaries exhibit Li-
ion conductivities (~107* S cm™ at 500 K) about 1
order of magnitude lower than the bulk, indicating grain
boundary resistance.

(2) There is an increase in the Li-ion migration activation
energy for all grain boundaries (0.40—0.56 eV)
compared to the bulk (0.29 eV). These results help to
rationalize why previously calculated activation energies
for bulk anti-perovskites have been consistently under-
estimated compared to experiment.

(3) From our atomistic calculations, we can develop a
polycrystalline model to optimize the ionic conductivity
on the basis of grain size, thereby leading to the effective
sintering of Li;OCI and other solid electrolytes.

The atomic-scale insights presented here quantify grain
boundary resistance in a solid electrolyte for Li-ion battery
applications and are generally applicable to a range of
materials. Enhancing our fundamental understanding of these
interfaces and their influence on Li-ion transport is crucial for
the future optimization of new solid electrolytes for all-solid-
state batteries.
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