
ARTICLE OPEN

Microstructural impacts on ionic conductivity of oxide solid
electrolytes from a combined atomistic-mesoscale approach
Tae Wook Heo 1,5✉, Andrew Grieder2,5, Bo Wang 3, Marissa Wood 1, Tim Hsu4, Sneha A. Akhade1, Liwen F. Wan1, Long-Qing Chen3,
Nicole Adelstein 2✉ and Brandon C. Wood 1✉

Although multiple oxide-based solid electrolyte materials with intrinsically high ionic conductivities have emerged, practical
processing and synthesis routes introduce grain boundaries and other interfaces that can perturb primary conduction channels. To
directly probe these effects, we demonstrate an efficient and general mesoscopic computational method capable of predicting
effective ionic conductivity through a complex polycrystalline oxide-based solid electrolyte microstructure without relying on
simplified equivalent circuit description. We parameterize the framework for Li7-xLa3Zr2O12 (LLZO) garnet solid electrolyte by
combining synthetic microstructures from phase-field simulations with diffusivities from molecular dynamics simulations of ordered
and disordered systems. Systematically designed simulations reveal an interdependence between atomistic and mesoscopic
microstructural impacts on the effective ionic conductivity of polycrystalline LLZO, quantified by newly defined metrics that
characterize the complex ionic transport mechanism. Our results provide fundamental understanding of the physical origins of the
reported variability in ionic conductivities based on an extensive analysis of literature data, while simultaneously outlining practical
design guidance for achieving desired ionic transport properties based on conditions for which sensitivity to microstructural
features is highest. Additional implications of our results are discussed, including a possible connection between ion conduction
behavior and dendrite formation.
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INTRODUCTION
Solid electrolytes offer promise for overcoming key technological
hurdles associated with the narrow electrochemical and thermal
stability windows of conventional Li-ion and Na-ion batteries
using organic liquid-based electrolytes. Recently, many studies
have reported solid-state inorganic electrolytes exhibiting com-
parably high ionic conductivity at room temperature (>1 mS
cm−1), including various ceramic oxides, sulfides, halides, and
complex-anion salts1–5. Accordingly, a variety of experimental and
computational approaches have been utilized to investigate ionic
transport mechanisms in these fast ionic conductors6. However,
ionic transport kinetics in these materials are highly sensitive to
the topological characteristics of the ion conduction pathways. As
a result, microstructural features that appear unavoidably in
practical solid-state materials—including defects, structural dis-
order, and networks of internal interfaces—have a significant
impact on the actual transport properties. They also introduce
inhomogeneity in mechanical properties, which, in addition to
impacting lithium dendritic growth7,8, may have a nontrivial
secondary coupling to ionic diffusion mechanisms. In general, a
better understanding of the detailed relationship between
microstructure and diffusion is critical to developing synthesis
and processing pathways for viable solid electrolyte materials that
retain high ionic conductivity, since these pathways typically
determine microstructural characteristics.
Among the various solid electrolyte candidates considered to

date, one of the most widely studied oxide-based electrolytes is
the Li7La3Zr2O12 (LLZO) garnet system, which exhibits excellent
thermal stability and mechanical stiffness, as well as stability

against a Li metal anode9. The material is commonly doped (e.g.,
with Al or Ta) to stabilize the conductive cubic phase3,4,10–13.
However, LLZO is also a brittle ceramic that is typically processed
via particle sintering, generating a variety of microstructures with
features that depend on the specific processing temperature and
packing conditions9,14–16. The role of resulting grain boundaries
and other microstructural factors in determining LLZO ionic
conductivity remains under debate. For example, the material
exhibits a wide range of literature-reported room-temperature
ionic conductivity values, pointing to its strong dependence on
microstructure4,5,9,14–16. However, this connection cannot be
definitely established, and alternative explanations have been
invoked to explain the variations9. It is generally believed that
grain boundaries in LLZO inhibit ionic transport by disrupting
conduction channels present in the crystalline regions. On the
other hand, it has also been reported that grain boundaries may
have faster ionic transport pathways at room temperature,
according to the grain versus grain boundary contributions to
ionic conduction from electrochemical impedance spectroscopy15.
In addition, experimentally observed Li dendrite growth along
grain boundaries17 indicates possible dominant ionic conduction
through grain boundaries. These disagreements highlight the
need for a more systematic approach to understanding the role of
microstructure in Li+ ionic conduction in LLZO.
The complexity of microstructural features in solid electrolytes

introduces significant challenges for directly characterizing the
relationship between microstructure and ionic conductivity within
operating environments. The most common approach involves
decoupling different contributions from electrochemical
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impedance spectroscopy. However, the results depend on the
specific equivalent-circuit model employed, and separation can be
nontrivial if both grain boundaries and grains provide accessible
conduction pathways. The simplest circuit model involves
separate interfacial/grain boundary and bulk conduction channels
operating in parallel, but this is not representative of the actual
topology of the ionic transport channels and neglects local
concentration gradients that form due to structural and diffusional
inhomogeneities. A far more attractive alternative is to employ a
direct simulation framework that can systematically vary inde-
pendent microstructural features and assess their individual
impacts on the effective ionic conductivity through the poly-
crystalline material. In principle, a reliable model should operate
across the relevant length and time scales to resolve diffusion
paths through the crystalline domains and within the boundary
regions under a macroscopic concentration gradient, while
simultaneously considering secondary factors such as diffusive
segregation to boundary regions and competitive interchange
between grain and boundary conduction modes.
The present work combines a broad suite of multiscale

simulation capabilities to address this key knowledge gap. First,
we introduce a numerically efficient and flexible modeling
framework capable of directly mimicking the steady-state current
response through an arbitrary complex microstructure. Next,
extensive molecular dynamics simulations of crystalline and
disordered regions are used to parameterize the framework for
the specific case of polycrystalline LLZO, providing the necessary
fidelity to resolve diffusivity differences associated with structural
disorder. Finally, we use phase-field simulations to generate
systematically varied microstructures for assessing the sensitivity
of effective ionic conductivity to specific features. We conclude
that mesoscopic grain structure and atomistic grain boundary
structures are indeed highly relevant to determining overall ionic
conduction in LLZO and that the transition between grain- and
grain-boundary-dominated conduction mechanisms can be used
as a guide for engineering LLZO microstructures for optimal
transport. The results provide key missing insights into the

relationship between processing and performance in ceramic solid
electrolytes.

RESULTS
Mesoscale model for effective ionic conductivity
Our computational framework probes the relationship between
solid electrolyte microstructure and effective ionic conductivity by
integrating mesoscale and atomistic simulations, as illustrated in
Fig. 1. We first employ a phase-field grain growth model18,19 to
generate a model LLZO microstructure, with Li+ diffusivities within
the grains and grain boundaries parameterized by molecular
dynamics simulations (Fig. 1a). We then numerically obtain a
steady-state Li+ concentration profile over the generated syn-
thetic microstructure under a macroscopic concentration gradient
(Fig. 1b), from which the effective ionic conductivity is extracted
(Fig. 1c). We point out that a few microstructure-level modeling
efforts for polycrystalline solid electrolytes have been reported
previously, either based on the equivalent circuit model or direct
mass transport simulations20–22. Note that our established
methodology incorporates advantages of both approaches; it
maintains numerical efficiency without oversimplifying complex
features of a realistic microstructure. A similar approach has been
applied to a different material system23. This multiscale scheme
enables efficient exploration of a wide range of the parameter
space associated with microstructural topology and operating
temperature, leading to a comprehensive assessment of the
relationship between microstructure and ionic transport property.
The following subsections describe this methodology in detail.

Generation of realistic LLZO microstructures. Experimentally fab-
ricated LLZO solid electrolytes are generally polycrystalline,
containing multiple grains separated by grain boundaries. There-
fore, a practical LLZO sample incorporates a spatially non-uniform
microstructure that depends on the specific processing condi-
tions. Moreover, the available diffusion pathways within the
microstructure exhibit a complex topology due to the non-trivial
connectivity of grain boundaries, making it critical to consider a

Fig. 1 Computational procedure for extracting effective ionic transport properties of complex oxide microstructures. a Example digital
representation of a polycrystalline LLZO microstructure, incorporating crystalline grains and atomistically disordered grain boundaries; b
steady-state profile of Li composition (X) along with its perturbation part (δX) (see Eq. (6) in Methods) within the example microstructure; and c
extracted effective ionic conductivity as a function of temperature. For bulk and grain boundary diffusivities, values of
Dbulk
0 ¼ 3:72 ´ 10�4 cm2 s�1, Ebulka ¼ 0:28 eV , Dgb

0 ¼ 1:00 ´ 101 cm2 s�1, and Egba ¼ 0:52 eV were assumed. The equivalent temperature at which
the grain boundary and grain conductivities are equal is denoted by Te, while the critical temperature at which the transition from grain- to
grain boundary-dominated conduction occurs is denoted by Tc.
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realistic LLZO microstructure in computing the effective Li+

diffusivity. To explore the fundamental microstructural impacts of
polycrystalline LLZO, we used a phase-field grain growth
model18,19, which is widely accepted to reproduce experimentally
relevant topological features, to generate generic yet realistic
digital representations of synthetic grain structures with system-
atically varied average grain sizes, grain boundary widths, and
grain morphologies. The phase-field formalism is based on the
diffuse-interface theory24,25. It provides a convenient recipe for
controlling key topological features by altering the governing
parameters (for instance, the grain boundary width is proportional
to the square root of the gradient energy coefficient). In addition,
the diffuse-interface nature of the model incorporates a more
natural description of a grain boundary at the mesoscale in
comparison with sharp-interface-based models. Further details on
the model can be found in Supplementary Note 1. Supplementary
Fig. 1 shows examples of generated digital LLZO grain structures,
which closely resemble literature reports of experimental LLZO
microstructures16,26–28. We emphasize that because the primary
focus of this work is to evaluate the variability of ionic transport
with microstructure, it is critical that we utilize a method capable
of systematically controlling the microstructural features in our
modeling framework. For this purpose, it is sufficient to employ a
non-dimensionalized descriptive model. The LLZO-specific infor-
mation is therefore introduced through the position-dependent
diffusivity model described in ‘Computation of effective con-
ductivity’ subsection and ‘Parameterization of local mobility’
section. Although it is not the focus of the current work, it should
be possible to further connect sintering processing conditions and
actual LLZO microstructure evolution using advanced phase-field
sintering models29–32 or other refined microstructure simulations.
To characterize the generated microstructures, we introduce

dimensionless quantities hedi and hflgbi to represent grain size and
grain boundary width, respectively. These are defined as relative
ratios hdi=hlgbi and hlgbi=hdi, respectively, where dh i is the
average grain size and hlgbi is the average grain boundary width
defined within the computational domain. The ratio is a
convenient metric for comparing relative grain size and grain
boundary width. These are especially advantageous to use when
the actual length scales of the related microstructural variables are
not well verified. Specifically, the accurate measurement of grain
boundary width is extremely challenging, leading to inconsistency
in experimental characterizations. Although a few experimentally
characterized LLZO grain boundary widths have been
reported11,33, these have mostly focused on well-defined or dense
grain boundaries. More generic LLZO grain boundaries have not
been extensively characterized to our knowledge. Therefore, by
employing the dimensionless relative ratios, we may systematically
investigate the microstructural impact by independently examin-
ing the effect of each upon fixing the other without arbitrarily or
unphysically defining physical length scales. Note that these
quantities can be easily converted to actual scales once a physical
scale of one size parameter (i.e., hdi or hlgbi) is identified. Moreover,
it is worth pointing out that the grain boundary width emulated in
our diffuse-interface formalism should be effectively thicker than
the structural disorder might indicate since we consider grain
boundaries as ionic diffusion channels, which should account for
any space charge layer present near grain boundaries that extends
some distance into the grains34–36.

Computation of effective conductivity. In a single-ion conductor,
the relationship between Li+ ionic conductivity (σ) and diffusivity
(D) can be approximated from molecular dynamics by the Nernst-
Einstein equation37:

σ � D � ce2=ðHkBTÞ; (1)

where c is the Li+ concentration, e is the elementary charge, kB is
the Boltzmann constant, T is temperature, and H represents the
Haven ratio38 that incorporates effects of directional correlation
(set to unity in this study for convenience). This indicates that
the overall Li+ ionic conductivity in polycrystalline LLZO can be
characterized by evaluating its effective diffusivity through the
complex microstructure, which can be extracted by establishing a
steady-state profile of the Li+ concentration field under a
macroscopic Li concentration gradient39,40. Specifically, we
numerically solve the steady-state diffusion equation:

∇i � Dij ~rð Þ� �
∇jX ~rð Þ ¼ 0; (2)

where Dij is the Li+ diffusivity tensor and X is the Li+ composition
field, both of which carry spatial dependence. For convenience,
we define the composition X as a normalized quantity y/ymax,
where y is the local atomic fraction of Li+ (= 7� xð Þ= 24� xð Þ for
Li7−xLa3Zr2O12) and ymax is the maximum atomic fraction of Li+

(=7/24 for stoichiometric Li7La3Zr2O12). In fact, the diffusivity
tensor in Eq. (2) ought to be a chemical diffusivity (Dchem

ij ) due to
the composition gradient. However, for simplicity, we assume the
spatially constant thermodynamic factor (I) for Eq. (2). By doing so,
the constant I can be cancelled out, considering the relationship
between the self-diffusivity (Dij) and chemical diffusivity:
Dchem
ij ¼ Dij � I, resulting in the steady-state equation with the

self-diffusivity. Therefore, the self-diffusivity derived from mole-
cular dynamics simulations can be directly used for the equation.
The complex microstructural information is incorporated in Dij ~rð Þ,
which in turn poses numerical challenges for solving Eq. (2). To
overcome these numerical challenges, we employ the mathema-
tically flexible and numerically efficient Fourier-Spectral Iterative
Perturbation Method (FSIPM) for mass transport equations23,39–41.
Numerical details can be found in Methods.
To account for local variation, we employ a generic position-

dependent diffusivity model as

Dij ~rð Þ ¼ g ξg
� �� �

Dbulk
ij þ 1� g ξg

� �� �� �
Dgb
ij ; (3)

where Dbulk
ij is the bulk (or grain interior) diffusivity, Dgb

ij is the grain
boundary diffusivity, ξg

� �
represent phase-field variables that

characterize an LLZO grain structure, and g ξg
� �� �

is an
interpolation function. The diffusivities of bulk (Dbulk

ij Tð Þ) and

grain boundaries (Dgb
ij Tð Þ) are temperature dependent, given by

the Arrhenius forms:

Dbulk
ij Tð Þ ¼ Dbulk;0

ij exp �Ebulka = kBTð Þ� �
;

Dgb
ij Tð Þ ¼ Dgb;0

ij exp �Egba = kBTð Þ
h i

;
(4)

with prefactors Dbulk;0
ij , Dgb;0

ij and activation energy barriers Ebulka ,

Egba . Note that the interpolation function g ξg
� �� �

naturally carries
the information about how the diffusivity profile varies across
each grain boundary, implicitly incorporating local structural and
topological variabilities. For this work, we mainly choose the
following smooth interpolation function:

g ξg
� �� � ¼ X

g

ξ2g � ϕmin

 !
= ϕmax � ϕminð Þ; (5)

where ϕmax ¼ maxðPg ξ
2
gÞ and ϕmin ¼ minðPg ξ

2
gÞ. This function

becomes unity within grains, less than unity within grain
boundary regions, and zero at the center of grain boundaries.
We note that the choice of g ξg

� �� �
is not unique; step functions

or other types of functions can also be employed depending on
the purpose of simulations. Further details of the numerical
verification and validation of our methodology can be found in
Supplementary Note 2. In addition, the variability of g ξg

� �� �
and
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its impacts on the effective ionic diffusivity were discussed in the
same section.
For a given polycrystalline LLZO microstructure, we computed

the effective ionic diffusivities for many sampled temperatures
and converted them to ionic conductivities according to Eq. (1).
Figure 1c shows an example of the computed effective
conductivity for the microstructure in Fig. 1a. It is worth
emphasizing that our formalism implicitly captures the impact
of heterogeneity on effective ionic conductivity at both the
atomic and microstructural scales, pointing to different engi-
neering strategies at the two scales that ultimately manifest in
the effective ionic conductivity. Although the primary focus of
this paper is microstructural engineering, we also introduce
some general principles for parameterizing atomic-scale mobility
in the grain boundaries and understanding its impact on the
overall ionic transport property of a given microstructure.

Parameterization of local mobility
Although the modeling framework for effective ionic conductivity
as a function of microstructure is general, the detailed implications
depend on the parameters used to describe ion mobility in the
grain and grain boundary regions. Parameterization based on
fitted electrochemical impedance spectra is possible but intro-
duces an artificial sensitivity to the choice of the circuit model, the
physical origin of which is often uncertain. In addition, values can
vary widely depending on processing, measurement, and/or
sample conditions42–46 (also see Supplementary Table 3 and
references therein for a comprehensive survey of the variability of
reported diffusion measurements of LLZO formulation). In the
absence of an unbiased reference data set, we instead extract our
initial diffusion parameters directly from molecular dynamics (MD)
simulations to determine realistic ranges of grain boundary
diffusion mobilities (see Methods for details). In addition to
decoupling our predictions from equivalent-circuit assumptions,

this fully predictive, multiscale formalism permits unbiased
exploration of a wider variety of possible effects of microstructure
on ionic conductivity, with a view towards identifying potential
engineering strategies.
Bulk diffusivity parameters were obtained from our MD

simulations of the composition for Li6.25La3Zr2O12, which corre-
sponds roughly to the composition from common levels of Al
doping in LLZO11,15,47. For the crystalline grain regions, we first
performed Arrhenius analysis of molecular dynamics simulations
of cubic LLZO. We obtained an activation energy barrier of Ebulka =
0.28 eV and a diffusion prefactor of Dbulk

0 ¼ 3:72 ´ 10�4 cm2 s�1

(indicated with brown lines in Fig. 2b, c). These values are in good
agreement with literature reports from previous classical and first-
principles simulations12,48–50. Our data are also in harmony with a
statistical representation of available experimental results, as seen
in Fig. 2d. The broad range of these literature reports (tabulated in
detail in Supplementary Table 3) prevents fair validation by
comparing individually selected data points. However, we can fit
the ensemble of reported experimental Ea values with a bimodal
Gaussian distribution (Fig. 2d). The lower-energy peak, which in
polycrystalline samples is presumably dominated by the bulk
grain conduction, is centered around 0.35 eV and encompasses
our MD value for Ebulka .
Unlike crystalline grains, it is far more difficult to assign precise

values to the grain boundary regions due to individual variations
in atomic structure, misorientation, density, and composition.
Moreover, whereas fast diffusion in a cubic LLZO grain is thought
to occur via collective ion motion through well-defined channels
of tetrahedral and octahedral sites48, such channels are absent or
ill-defined in grain boundary regions, leading to a qualitatively
different diffusion mechanism and thus significantly different
regional diffusion behavior with varying temperature.
Previous simulation work by Yu and Siegel explored specific

ordered tilt grain boundary structures in LLZO, including the

Fig. 2 Atomistic simulations of grain and grain boundary diffusion. a Comparison of La-La pair distribution function, g(r), for Li6.25La3Zr2O12
at 700 K between the crystalline cubic structure and a representative disordered model (ρ= 4.77 g cm−3), showing the breakdown of long-
range order for the disordered representation of high-angle grain boundaries. b, c Normalized histograms of b Ea and c log (D0) for individual
Li+ comprised of all disordered models for Li7−xLa3Zr2O12 with x= 0.25, 0.50, and 0.75 (see Supplementary Note 3 for details). The computed
Ea and D0 for cubic Li6.25La3Zr2O12 are labeled as brown vertical lines in b, c. The mode of the Ea histogram is highlighted in b and corresponds
to 0.52 eV, near the center of the lower-energy peak (blue). d Histogram of experimental LLZO Ea values reported in the literature, taken from
the references in Supplementary Table 3 of Supplementary Note 4.
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low-energy Σ5 (210) and (310) boundaries49, which exhibited
diffusion barriers higher than their bulk counterparts. Additional
work by Zhu examined twist boundaries, which were also shown
to slow diffusion51. In both cases, these symmetric grain boundary
diffusivities were computed to be within an order of magnitude of
the bulk49,51, suggesting they may compete with the grains to
determine ionic conductivity at operating temperatures. Never-
theless, the actual barriers differed significantly in the two studies.
Recently, Shiiba et al. discussed the effects of more general cases
of symmetrically tilted grain boundaries on Li+ ion conduction52.
In addition, low-angle grain boundaries incorporate an array of
dislocations53, which can alter ionic diffusion mechanisms.
Chemical defects could likewise impact ionic conductivity. Such
defect could include impurities or intentionally introduced
dopants, including those commonly incorporated into LLZO to
stabilize the more conductive cubic phase, enhance ionic
conductivity, or control the sintering temperature10–13. Often-
times, these chemical species can segregate to grain boundaries
or promote formation of new interfacial phases, significantly
affecting ionic diffusion in these boundary regions54–56. Overall,
the diversity of the available data emphasizes the need to
consider a wider variety of possible grain boundary configurations
within a more general computational approach.
Furthermore, the necessity for a more general approach that

can incorporate disordered and high-angle grain boundaries is
apparent from electron backscatter diffraction studies of various
LLZO microstructures, which have shown a broad and continuous
distribution of misorientation angles between 0 and 60°, with little
preference for any particular type of grain boundary orientation in
pressed and calcined samples16.
As grains grow under high temperature (1100–1300 °C) hot

pressing, these distributions change, but no preference for the
lowest-energy orientational interfaces emerges. Moreover, trans-
mission electron microscopy (TEM) images suggest grain bound-
ary thicknesses of ~2 nm11,33, consistent with loss of lattice
coherency across grain boundaries.
In light of these observations, we adopted a series of randomly

disordered atomistic models for the grain boundary region, each
of which generated by quenching from melt simulations hot
enough to introduce significant disorder in the La and Zr
environments while cool enough to retain local cation-oxygen
structural moieties. Two different densities and three different Li+

compositions were tested to mimic the variability in these
quantities across individual grain boundaries and different
processing conditions (see Methods and Supplementary Note 3
for details on how these models were created and a summary of
the key structural characteristics). Figure 2a compares the La-La
pair distribution function (PDF) from one representative disor-
dered LLZO model with the crystalline (ordered) counterpart;
examples of the corresponding atomic structures can be found in
Fig. 1a. Additional PDFs for all atomic pairs in all disordered
simulations are also presented in Supplementary Fig. 4 in
Supplementary Note 3, alongside analogous results for the
crystalline and melted systems. Our array of models captures
the structurally disordered nature of the incoherent interfaces57–59

and can be considered broadly representative of generic single-
phase, high-angle grain boundaries.
Results for the values of Ea and D0 extracted from the disordered

models are shown in Fig. 2b, c. Conventionally, these parameters
would be obtained from Arrhenius fits after averaging across all Li+

ions. However, this convention belies the fact that unlike crystalline
materials, disordered variants contain a variety of possible site
geometries and local atomic arrangements. This variability leads to a
dispersion of diffusion timescales for individual ions, the collective
result of which comprises the overall diffusion behavior. Accordingly,
in any finite simulation, the behavior is not fully ergodic, and simple
averages converge too slowly to adequately encompass the
sampling of possible values of Ea or D0 experienced by diffusing

Li+ at any given time or site. To overcome this limitation, we
introduce an alternative approach that tracks ‘local’ Ea and D0 values
by performing Arrhenius analysis for each individual diffusing ion.
This analysis was applied to all disordered models across multiple
densities and compositions, and results were collected into single
statistical distributions for Ea and D0. These distributions implicitly
describe the heterogeneity of diffusion pathways and local environ-
ments explored within the dynamics, incorporating effects of
structure, composition, and density variation across the various
structural models. We point out that high variability of conductivity
has even been observed within a single polycrystalline sample,
confirming that individual grain boundaries exhibit a breadth of local
properties46. This is best accounted for by adopting a statistical
approach, as we introduce here.
The distribution of activation energy barriers Ea for the

disordered simulations exhibits a broad bimodal distribution
spanning values from ~0.1 to ~1.9 eV (see Fig. 2b), reflecting the
diversity of possible local environments. We note that the
Gaussian fit (blue) of the lower Ea peak from MD (Fig. 2b) overlaps
with the Gaussian distributions from our collection of literature
values (Fig. 2d). The mode of the overall distribution lies at 0.52 eV
(indicated with light green in Fig. 2b) near the center of the lower-
energy peak. Notably, the disordered simulations values are
generally much higher than for crystalline LLZO (vertical line in
Fig. 2b), in agreement with the generally accepted notion that the
grain boundaries can inhibit ionic conductivity in LLZO9,11,15,60,61.
The bimodal shape of the Ea distribution reflects the simultaneous
presence of ‘fast’ and ‘slow’ conduction channels in the disordered
regions, similar to those reported previously for Li+ diffusion in
amorphous TiO2

62. Based on the MD trajectories for the slower-
diffusing ions, we conclude that the higher Ea distribution
centered at ~1.1 eV represents ‘trap’ sites with high escape
barriers. It is worth exploring how our distribution compares to
previous simulation results on symmetric tilt and twist grain
boundaries. For twist boundaries, Zhu reported an Ea value of
0.36 eV51, whereas for tilt boundaries, Yu and Siegel reported
values between 0.52 eV and 0.71 eV depending on the specific
orientation49. In both cases, these values were higher than the
values for the crystalline bulk, indicating a propensity for
disrupting beneficial correlated Li+ motion. The high-angle grain
boundaries mimicked by our approach generally have lower
densities and greater disorder, which leads to a broader
distribution of activation energy barriers; nevertheless, it is notable
that the previous simulation results for more ordered boundaries
also lie within our computed distribution. A more detailed analysis
of the impact of atomic-scale disorder on diffusion pathways and
mechanisms will be presented in a forthcoming publication.
The distribution of individual D0 values (see Fig. 2c) is similarly

broad, spanning several orders of magnitude from ~10−6 to ~101

cm2 s−1 (here, the bimodality is less evident). Overall, the D0 values
also tend to exceed those of crystalline LLZO (vertical line in Fig.
2c). The ranges of Ea and D0 reported in Fig. 2 encompass the
realistic ranges of parameters that could be achieved depending
on processing conditions, as shown through comparison with Ea
literature values in Fig. 2d. The data and references used to
generate Fig. 2d are given Supplementary Table S3 in Supple-
mentary Note 4. Accordingly, these ranges were used as a basis for
exploring the sensitivity of overall effective ionic conductivity to
grain boundary diffusivity parameters Egba and Dgb

0 .
As a first step in our analysis, we select a baseline case of

parameters for the grain boundaries that can be used to explore
qualitative trends in microstructure. Following our discussion of
general trends using the baseline parameterization, we will proceed
to investigate a more complete range of possible values and
incorporate the results of the atomistic Egba and Dgb

0 distributions
more directly. The mode of the Egba distribution was selected for
initial analysis (0.52 eV), as this value best captures the ‘fast’ diffusion
channel. In the grain boundaries, we may safely assume that
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diffusion pathways with higher-barrier trap sites (red distribution in
Fig. 2b) are infrequently used for diffusion. As a result, the ‘fast’
diffusion channel should dominate the kinetics as long as a
percolating network of low-barrier pathways is accessible, as should
be the case for the relatively thin grain boundaries62,63. As further
justification, we note that the computed distribution of Egba from ‘fast’
channels is an excellent match to the higher-barrier feature in the
experimental Ea distribution, which contains contributions from the
grain boundaries. We point out that in the two previous computa-
tional studies of symmetric tilt and twist grain boundaries49,51,
the grain boundary contribution to the effective diffusivity would be
more significant due to the smaller difference in Ea between the
grains and grain boundaries; this likely reflects the lower degree of
disorder and higher density in these models compared to our
models. For the baseline value of Dgb

0 in our initial analysis, we
selected 101 cm2/s, which lies near the upper edge of our computed
distribution. This choice can be considered a ‘best-case’ scenario that
best magnifies the sensitivity of the ionic conductivity to micro-
structure at experimentally relevant temperatures.

Ionic conductivity of polycrystalline LLZO
Combining the digitally generated representations of polycrystal-
line LLZO microstructures, the established mesoscale model, and
the derived Li+ diffusivities from the atomistic simulations, we
proceed to compute effective ionic conductivities. Our analysis
focuses on the impacts of atomic-scale grain boundary properties
and mesoscale microstructural features.
Figure 1c shows an example of the computed effective ionic

conductivity (i.e., log(σT) vs. 1000/T). Our simulations show
evidence of possible non-Arrhenius behavior, transitioning
between high-temperature and low-temperature linear regimes
with ionic conduction activation barriers. Within the high-
temperature regime, the Arrhenius slope of the effectivity
conductivity parallels the grain boundary conductivity line, while
the low-temperature counterpart parallels the grain conductivity
line. To systematically analyze the microstructure-conductivity
relationship, we introduce four characteristic quantities that
comprehensively capture the major temperature-sensitive fea-
tures of the computed effective conductivity: (i) an equivalent
temperature (Te) at which the intrinsic ionic conductivities of
grain and grain boundaries are equal; (ii) a critical temperature
(Tc) representing the transition point between grain- and grain
boundary-dominated conduction mechanisms (see Fig. 1c for
visual definition of Te and Tc, as well as Methods for more details
of mathematical/numerical procedures for determining the two
temperatures); (iii) the effective ionic conductivities at TL= 250 K
and TH= 450 K representing plausible limits of battery operation;

and iv) the mean effective diffusion prefactor (D
eff
0 ) and activation

energy (E
eff
a ) obtained from Arrhenius analysis of the effective

ionic conductivity over the temperature range TL ≤ T ≤ TH, using
the linear least square fitting method. It is important to
distinguish Tc and Te. Whereas Te is an intrinsic characteristic
temperature that depends on the atomic-scale character of the
grain boundaries, Tc is sensitive to the relative contributions from
grains and grain boundaries and thus highlights information
about the microstructure.

Variability of ionic conductivity by tuning atomic grain boundary
structure. We begin by exploring the impact of grain boundary
diffusion on the effective ionic transport properties of LLZO. The
specific atomic structure of the grain boundary is sensitive to
processing conditions. As discussed in ‘Parameterization of local
mobility’ section, the grain boundary diffusion exhibits large
variability due to the local atomic structure. Yu and Siegel49 has
also verified similar effects, showing that the activation energy
(Egba ) for diffusion can be lower for low-angle, highly ordered grain

boundaries, which may have increased relevance upon low-
temperature annealing. Similarly, it is easy to imagine that the
corresponding prefactor (Dgb

0 ) could exhibit significant variability
with the atomic structure of the grain boundaries because it
depends on potential lithium segregation to the grain boundaries,
as well as the connectivity of available diffusion pathways at the
interface. A detailed study of the specific atomic arrangements at
grain boundaries is in practice challenging to achieve given the
high variability of misorientation angles and difficulties in
characterizing atomic-level structures. However, we can indirectly
probe their collective impact on effective ionic transport by
instead varying Egba and Dgb

0 as proxies for disordered structures
with different stoichiometry and density. As discussed above,
practically possible ranges for these diffusion parameters were
selected from the results of our molecular dynamics simulations.
Figure 3 shows the results for polycrystalline LLZO under
independent variation of activation energy Egba (Fig. 3a) and
prefactor Dgb

0 (Fig. 3b) of grain boundary diffusion, with the other
parameter fixed. In each case, the grain size and grain boundary
width are held constant (hedi= 23.5, see Supplementary Fig. 1 in
Supplementary Note 1 for the corresponding grain structure), and
the results are compared to the single-crystal bulk reference. As
expected, smaller values of Egba and larger values of Dgb

0 lead to
more significant deviations from the single-crystal behavior at the
warmer end of the temperature range due to the larger
contribution of competing grain boundary conduction pathways.
At the cooler end of the temperature range, the conductivity lies
much closer to the single-crystal value and can actually decrease
below this reference value for some combinations of Egba and Dgb

0 ,
indicating the possibility of blocking tendency by the grain
boundaries (see also Supplementary Fig. 3b and relevant text in
Supplementary Note 2). Nevertheless, within the temperature
range sampled here, the grain boundary contribution has a far
smaller effect at low temperatures than at higher temperatures. As
a result, we can conclude that the degree to which atomic
properties of the grain boundary can affect diffusion itself
depends on temperature.
Figure 3a highlights a relevant temperature window within

which the overall microstructure-dependent ionic conductivity
exhibits the most appreciable sensitivity to the specific diffusion
properties of the grain boundaries, which in turn depends on the
processing and composition of the material. At the most extreme
values of Dgb

0 and Egba deemed practically realizable within our
molecular dynamics analysis, we estimate that the microstructure
could impact conductivity by as much as an order of magnitude at
100 °C. This potentially significant effect points to differences in
processing as a plausible explanation of the large spread in
reported LLZO conductivity values. Similarly, one may assume that
these plots represent a rough estimate of the maximum variation
in conductivity achievable through engineering of the atomistic
grain boundary structure alone.

Variability of ionic conductivity by tuning mesoscopic grain structure.
In this subsection, we explore the impacts of altering the
microstructure parameterized by grain size, grain boundary width,
and grain morphology on the effective ionic transport properties.
These mesoscopic microstructural features can be controlled by
synthetic thermo-mechanical processing conditions and meth-
ods14,16. By varying the mesoscopic features of input digital LLZO
microstructures, we analyzed the three major characteristics

(i.e., (1) Tc; (2) σLi T ¼ TL or THð Þ; (3) Deff
0 and E

eff
a ) defined above.

As discussed in ‘Generation of realistic LLZO microstructures’
subsection, we use dimensionless grain size hedi and grain
boundary width hflgbi to represent the microstructures. For these
calculations, we chose the bulk diffusivity with Ebulka ¼ 0:28 eV,
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Dbulk
0 ¼ 3:72 ´ 10�4 cm2 s�1 and the grain boundary diffusivity

with Egba ¼ 0:52 eV, Dgb
0 ¼ 1:00 ´ 101 cm2 s�1 extracted from our

molecular dynamics simulations. We note that the chosen
parameters well reproduce similar trends in ionic conductivities
for different grain sizes (see Supplementary Fig. 3 in Supplemen-
tary Note 2) to experimentally characterized results in the
literature14.
Figure 4a, d show the variation of the analyzed critical

temperatures, Tc, versus the grain size and grain boundary width,
respectively. According to the figures, Tc varies nonlinearly with
the two mesoscopic structural features, increasing as the relative
volume of grain boundaries decreases. However, the sensitivity of
the variation depends on the microstructural features—Tc is more
sensitive to the grain size when grains are small (i.e., more volume
of grain boundaries). On the other hand, Tc is more sensitive to the
grain boundary width when grain boundaries are thin (i.e., less
volume of grain boundaries). As a result, Tc in Fig. 4a, d can be well
fitted by a power law relation scaling with ðhedi � d0Þm (m < 1) and

ð1= ghlgbi � 1=l0Þn (n < 1), respectively, demonstrating quantitatively
characterized dependencies of Tc on the microstructure. We note
that although the exponents of the dependencies can vary with
the specific grain boundary diffusion properties, a general power
law form is always maintained. Accordingly, the behavior of Tc
with grain topology may be reasonably predicted by only a few
calibration data points representative of the specific electrolyte
chemistry and processing mode. Although the fitted power law
relation (Tc ¼ Te þ kðhedi � d0Þm or Tc ¼ Te þ kð1=hflgbi � 1=l0Þn,
where k, d0, l0 are fitting parameters) as of yet lacks a rigorous
physical underpinning, it does have the advantage of separating
two key constituents that determine Tc: 1) an intrinsic factor (Te);
and 2) an extrinsic factor (kðhedi � d0Þn or kð1=hflgbi � 1=l0Þn). As
discussed above, Te is an intrinsic characteristic temperature
determined by the Li diffusivities in the grain interior and at grain
boundaries. Therefore, the first term of the power law relation for
Tc incorporates these intrinsic properties, which are ultimately
determined by the atomic-scale characteristics of the material. On
the other hand, the second term of the power law relation
accounts for the microstructural topology features, which are
extrinsically determined at the mesoscale.

Because the mechanistic transition from grain- to grain
boundary-dominated transport occurs at Tc, the variation of
ionic conductivity with microstructural features depends on the
operating temperature. This effect can be clearly seen in Fig. 4b,
e, which compare the conductivity trends at TL (250 K) and TH
(450 K). Note that Tc is located between the two selected
temperatures. At TH (>Tc), the grain boundary transport
mechanism dominates and the ionic transport along grain
boundaries is faster than the bulk counterpart. Therefore, overall
conductivity increases with decreased grain size (or increased
grain boundary width) since the contribution from the fast-ionic
conductive mechanism becomes greater. On the other hand, at
TL (<Tc), the bulk transport mechanism dominates over the grain
boundary transport. Hence, overall conductivity increases with
increased grain size (or decreased grain boundary width);
conversely, a blocking effect is observed when a higher fraction
of grain boundaries in present. Note that the subtle inter-
dependence implies that the impact of microstructure on ionic
conductivity depends not only on the grain features but also on
the operating temperature of the solid electrolyte. We speculate
that inconsistent ionic conductivity trends with grain sizes in the
literature-reported experimental measurements may be caused
by choices of different temperature regimes, within which
different conduction mechanisms are dominant, for their
characterizations.
The mean effective Li+ transport property over TL ≤ T ≤ TH is

analyzed upon altering grain sizes and grain boundary
widths. In particular, we focused on the relationship between

log D
eff
0

� 	
and E

eff
a as shown in Fig. 4c, f. As the grain size

increases or grain boundary width decreases, both log D
eff
0

� 	
and E

eff
a decrease. Because averaging spans a temperature

range both below and above Tc, the origin of this behavior
should be linked to the transition of ionic transport mechan-
isms. Therefore, it is reasonable to conclude that the decreasing
and increasing trends with grain size and grain boundary
width, respectively, are determined by the relative contribution
of ionic transport along grain boundaries. Perhaps more
intriguingly, in both cases, a clear linear relationship between

Fig. 3 Variability of the effective ionic conductivity of LLZO due to varied grain boundary properties controlled by their atomistic
features. Dependence of the effective ionic conductivity a on Egba with fixed Dgb

0 ¼ 1:0 ´ 101 cm2 s�1 ; and b on Dgb
0 with fixed Egba ¼ 0:52 eV .

Values for the single-crystal reference case are shown by a solid line for comparison. The gray region in a represents a relevant operating
temperature window for which the effective ionic conductivity exhibits appreciable dependence on the atomic-scale grain boundary
properties.
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logðDeff
0 Þ and E

eff
a is preserved as the proportion of bulk and

grain boundary conduction is altered. This relationship is well
documented in ionic conductors as the so-called Meyer-Neldel
rule64–66, the origin of which has multiple potential attributions.
Our results demonstrate that the Meyer-Neldel rule is strictly
obeyed for competing ionic transport channels from bulk grains
versus grain boundaries at the mesoscopic microstructure-level,
providing a means for quickly estimating changes in
temperature-dependent ionic conductivity with changes to
microstructural features.

Figure 5 shows the impact of grain morphology on the
effective ionic diffusivity through application of our method.
We employ two limiting cases of grain shape with similar
average grain sizes (hedi ffi 31): equiaxed (Fig. 5a); and columnar
(Fig. 5b) grains. To systematically represent the morphological
impact, we first define an anisotropy factor Deff

x =Deff
y , which

characterizes the relative diffusivity of Li+ ions along the
x-direction to that along the y-direction (see orthogonal
coordinates in Fig. 5b). As expected, the equiaxed grain
structure exhibits the isotropic effective diffusion property

Fig. 5 Impact of grain morphology on effective ionic diffusion property. a Equiaxed LLZO grain structure; b columnar LLZO grain structure;

c analyzed anisotropy factor (Deff
x =Deff

y ) as a function of temperature for the two grain structures; and d relative diffusivities D
geff;co
x and D

geff;co
y of

the columnar grain structure along the x- and y- directions, respectively, as a function of temperature with respect to the isotropic diffusivity
of the equiaxed grain structure. The computed equivalent temperature Te= 273.1 K for this case is indicated in c and d.

Fig. 4 Variability of effective ionic conductivity properties due to mesoscopic microstructural features. a Computed critical temperature Tc
as a function of grain size; b effective Li+ conductivities as a function of grain size at two selected temperatures (TL= 250 K and TH= 450 K);
and c relation between prefactor and activation energy of the computed effective diffusivity with increasing grain size hedi. Specific grain size
values are indicated for reference. d–f Analogous quantities calculated as a function of grain boundary width hflgbi. For a and d, the red dashed

lines are fitting curves for the analyzed critical temperatures: Tc ¼ Te þ 31:4ðhedi � 4:2Þ0:378 and Tc ¼ Te þ 42:8ð1=hflgbi � 7:0Þ0:287, respectively,
where Te is 273.1 K.
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(i.e., Deff
x =Deff

y ~ 1) over the entire temperature range, as shown
in Fig. 5c. On the other hand, effective diffusion through the
columnar grain structure is anisotropic. Interestingly, the
columnar grain structure exhibits a varying anisotropy factor
with temperature, of which the precise character depends on
the value of Te (see Fig. 5c). Specifically, at T= Te, all the
diffusivities are equal because Dgb = Dbulk, resulting in Deff

x =Deff
y

= 1 and a uniform diffusivity profile over the polycrystalline
LLZO. At T < Te, the anisotropy appears as the effective
diffusivity along the x direction (Deff

x ) becomes slightly lower
than the y-direction counterpart (Deff

y ). On the other hand, the
anisotropy is significantly enhanced at higher temperatures (T
> Te), with the effective diffusivity along the x-direction reach-
ing ~60% of the y-direction value at the highest simulated
temperature.
Figure 5d directly represents the temperature-dependent

relative effective Li+ diffusivities gDeff;co
x and gDeff;co

y along the x-
and y- directions, respectively, of the columnar grain structure
with respect to the effective diffusivity of the equiaxed grain
structure. The relative quantities are defined as Deff;co

x =Deff;eq
x

and Deff;co
y =Deff;eq

x , where Deff;co
x , Deff;co

y are the effective
diffusivities along the x-, y-directions, respectively, of the
columnar grain structure and Deff;eq

x is the effective diffusivity
of the equiaxed grain structure. Overall, the figure indicates that
effective diffusion along the x-direction of the columnar grain
structure is slower than effective diffusion in the equiaxed grain
structure, but the y-direction effective diffusion in the columnar
grain structure is faster than effective diffusion in the equiaxed
grain structure.
These results have two important implications for engineer-

ing tunability of ionic transport in polycrystalline LLZO. First, the
anisotropy of effective ionic transport can be entirely tailored
by microstructural features alone, even if the diffusivities within
individual bulk and grain boundary regions are independently
isotropic. Second, the anisotropy at a given operating tem-
perature can be tuned by engineering the diffusion properties
within the grain boundaries at the atomistic scale since the
temperature dependence profile of the anisotropy factor
depends on Te. Note again that the equivalent temperature Te
is determined by inter-relation between intrinsic bulk and grain

boundary diffusivities (see Fig. 1c). We emphasize that the
effects of the grain morphology are entirely ignored within
conventional equivalent circuit models, which considers only
the overall grain size or grain boundary fraction rather than
shape or distribution. This highlights the distinctive capability
of our modeling framework for exploring important mesoscopic
features of solid electrolyte grain structures.

Collective impacts of atomic-scale and mesoscopic microstructural
properties. Having assessed individual effects of mesoscopic
grain structure and atomistic grain boundary structure, we
proceed to map the cooperative impacts of both features on
ionic conduction behavior. As a representative characteristic,
Fig. 6a, b include heat maps examining the critical temperature Tc
as functions of Dgb

0 and Egba for selected average grain sizes and
grain boundary widths. Tc is useful as a gauge of microstructural
sensitivity because it describes the threshold beyond which grain
boundary-dominated conduction pathways are observed and
contribute strongly to the observed ionic conductivity.
This designability map captures two interesting characteristic

behaviors. First, the dependence of Tc on Dgb
0 is highly non-linear,

particularly considering the logarithmic scale of Dgb
0 axis (Fig. 6a

and Supplementary Fig. 5a, b). This trend means that the
mechanistic transition point of ionic transport changes more
drastically with the prefactor when Dgb

0 is small. On the other
hand, Tc varies almost linearly with Egba within the studied range
(Supplementary Fig. 5c, d). Second, the variation of Tc is more
sensitive to the grain boundary diffusion properties (both Dgb

0 and
Egba ) for LLZO processed with larger grains or thinner grain
boundaries. This is clearly indicated by the largest variation of Tc
with Dgb

0 and when fdh i is large or hflgbi is small (see both Fig. 6a, b
and Supplementary Fig. 5). This implies that the ionic transport
mechanism varies more drastically with the atomic-scale grain
boundary properties when the overall grain boundary fraction is
smaller, pointing to an interdependence between atomic-scale
and mesoscopic grain structural properties. This interdependence
can be amplified by the mesoscale microstructure (see Supple-
mentary Fig. 5 and accompanying discussion).
We emphasize that the quantitative variability of Tc in Fig. 6a, b

provides guidelines for tuning ionic transport in LLZO by

Fig. 6 Designability map of the critical temperature Tc by engineering mesoscopic and atomistic features of polycrystalline LLZO and
associated statistical information. Heat map of computed Tc as a collective function of a Dgb

0 and b Egba with varying grain size (left panels)
and grain boundary width (right panels). For a and b, the corresponding nonvarying quantities Egba and Dgb

0 were fixed at 0.52 eV and 1.0 × 101

cm2 s−1, respectively. The computed relative likelihood for c Tc and d σeff/σbulk at 298 K with different grain sizes, based on the data in panels a
and b, weighted according to the relative statistical prevalence in Fig. 2b, c.
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co-engineering the mesoscopic grain structural topology and
atomistic grain boundary structure/chemistry. By controlling these
features at both length scales, we may target a critical
temperature that lies either within or outside the operating
temperature range, depending on whether we wish to incorporate
the potential positive or negative effects of the grain boundaries
(see blue shaded regions in Supplementary Fig. 5 for example). We
can likewise use the designability map to estimate how sensitive
the ionic conductivity should be to processing conditions for a
given target operating temperature. This exemplifies how a design
space can be determined for engineering overall ionic conduction
properties of complex solid electrolyte microstructures.
Further practical information can be extracted from the

designability map by connecting it directly to the atomically
derived statistical distributions shown in Fig. 2. Accordingly, we
applied a simple statistical approach to integrate the statistics in
Fig. 2 and the predicted Tc presented in Fig. 6a, b. Since a chosen
pair (Dgb

0 , Egba ) corresponds to a particular Tc, we may assess the
relative likelihood of expression of the particular Tc by considering
the statistical probabilities of Dgb

0 and Egba . The likelihood for Tc can
be simply estimated by computing the joint probability
PðDgb

0 ; Egba Þ for the corresponding values of Dgb
0 and Egba . Assuming

that Dgb
0 and Egba are independent, the joint probability is

computed as PðDgb
0 ÞPðEgba Þ, where PðDgb

0 Þ and PðEgba Þ are obtained
from fitted Gaussian distributions for Fig. 2c, b, respectively. Note
that for PðEgba Þ, we only consider the lower mode (blue curve in
Fig. 2b) to avoid atomic trapping.
Figure 6c includes an example of the computed likelihood for

Tc for three different grain sizes. In addition to Tc, we apply this
approach to the ratio σeff/σbulk, where σeff is the effective ionic
conductivity and σbulk is the bulk ionic conductivity, at a fixed
temperature. This quantifies the grain boundary effect on the
effective ionic conductivity at a given operating temperature.
Figure 6d shows the results for the conductivity ratio at 298 K
with different grain sizes. Analogous examples for different
grain boundary widths can be found in Supplementary Fig. 6 in
Supplementary Note 5. In addition to demonstrating how the
statistical information derived from the atomistic simulations
can be integrated with the mesoscale simulation results, the
analyzed likelihoods have practical implications. The likelihood
for Tc (Fig. 6c and Supplementary Fig. 6a) can provide guidance
for identifying microstructural features with the best chance of
controlling the dominant transport mechanisms within a
relevant operating temperature window (e.g., TL ≤ T ≤ TH,
marked by the gray shaded region). The likelihood for σeff/σbulk

(Fig. 6d and Supplementary Fig. 6b) allows us to determine how
much realistic influence grain boundaries might have on the
overall ionic transport properties. For instance, the grain
boundaries are very probably blocking at 298 K for a relative
grain size hedi= 5.6 since the likelihood is highest for σeff/σbulk <
1.0 (to the left of the red dashed line). This blocking tendency
clearly decreases for larger grains as the distribution of
likelihood shifts towards higher values of σeff/σbulk.
This procedure well demonstrates the practicality of the

constructed designability map in Fig. 6a, b and illustrates how
the statistics from atomistic simulations can be organically
coupled with the mesoscopic modeling. However, we caution
that the likelihoods in Fig. 6c, d are not comprehensive
probabilities, as they do not account for all possible pairs of
(Dgb

0 ; Egba ), but are rather constrained to the sampling area
within the designability map in Fig. 6a, b.

DISCUSSION
Beyond fundamental understanding of the microstructure-
conductivity relationship (including the origins of empirical trends

like the Meyer-Neldel rule), our study has important practical
consequences for understanding LLZO performance and dur-
ability. The impacts of microstructure increase in magnitude as the
operating temperature approaches (or surpasses) the critical
temperature Tc, which in turn exhibits high sensitivity to both
atomic-scale grain boundary properties and mesoscopic grain
structure. The results in Fig. 6, which incorporate microstructural
effects at both scales, confirm that electrolyte microstructure
could indeed impact ionic conductivity at temperatures relevant
for battery operation.
In practice, a wide range of experimental values of the

activation barrier Ea for LLZO are reported, depending on specific
composition and processing conditions (see Supplementary Table
3 for an extensive list). Our analysis demonstrates that accessible
ranges of atomistic grain boundary and mesoscale grain structures
can lead to similarly large variability that is effectively captured
within the simulations. Furthermore, the experiments show an Ea
distribution that is well described by a convolution of two distinct
peaks (Fig. 2d), in excellent quantitative agreement with our
corresponding distribution from disordered MD simulations. This
fits our predictions of a change in the dominant conduction
mechanism above Tc, leading us to conclude that the higher-
barrier literature reports are dominated by conduction through
grain boundaries or similar internal interfaces. In these cases, it can
be assumed that the specific chemistries and processing
conditions are associated with lower Tc values.
Similarly, while some reports show perfectly linear Arrhenius

behavior, many others suggest deviations similar to those
predicted in our analysis due to microstructural effects (see
Supplementary Table 3). In fact, only 17% of the samples we
found from our comprehensive literature analysis were comple-
tely Arrhenius. Of the samples that were definitely non-Arrhenius,
nearly half (48%) show an increase in Ea with temperature,
consistent with the transport mechanism switching to grain
boundary dominated pathways. For example, Zhao et al.67

evaluated the Ea of several samples processed under the same
conditions but with different concentrations of aluminum dopant.
The Arrhenius plots showed clear changes in slope, with apparent
Tc values around room temperature (~313 to 333 K). The slight
variation in these values was correlated with dopant concentra-
tion—an illustration of the sensitivity of Tc to atomic-scale grain
boundary composition, as predicted by our models. Our results
also help to explain specific observations of ionic conductivity
trends with systematic variation of mesoscale grain structures. For
instance, Sakamoto et al.14 found that compared to solid-state
processing, sol-gel processing leads to much smaller grains,
resulting in a steeper Arrhenius plot that agrees with our
predictions (see Supplementary Fig. 3a in Supplementary Note
2). Moreover, our models allow us to safely conclude that when
non-Arrhenius behavior exhibits a trend that is opposite to that
predicted from our analysis (e.g., Saccoccio et al.68, Murugan
et al.69, Rawlence et al.70, Huang et al.71), then it must be
attributable to physical factors other than grain boundary
mobility or grain structure. Instead, we suggest that these
experiments feature temperature-dependent changes in the
carrier concentration, correlation factor72, phase behavior, or
microstructure, which are explicitly ignored in our current
analysis. We further note that the observation of non-Arrhenius
behavior depends on both the operating temperature range and
microstructure-dependent Tc, which can explain why the
phenomenon is only sometimes observed.
Beyond ionic conductivity, our multiscale simulations also offer

potentially valuable insights into the Li dendrite formation that
can occur within solid electrolytes and lead to battery fail-
ure16,27,73,74. In LLZO, dendrite formation has often been observed
to occur through grain boundaries17, while specific grain
boundary properties that promote dendrite nucleation/growth
have not been pinned down. Dendrites are known to form when
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the current density exceeds a critical value. This threshold is
characterized by the so-called critical current density (CCD), which
is defined as a specific current density above which Li dendrites
form during battery operation. At currents above the CCD,
transporting Li+ ions are thought to sufficiently concentrate at
the grain boundaries, eventually leading to the formation of
continuous, condensed Li metallic phases that percolate through
the boundary network although their physical origins still remain
elusive. To avoid failure, the battery cell should be operated in
such a way that the current density does not exceed the CCD,
limiting the performance of the batteries. We argue that the CCD
failure is closely related to the relative local diffusion properties of
the individual bulk and grain boundary transport channels. As
such, we suggest that controlling the critical temperature, Tc,
could provide a template for increasing the CCD, thereby allowing
for higher current density during battery operation.
More specifically, we hypothesize that for any solid electrolyte,

the CCD is determined in large part by the difference between the
operating temperature T and the critical temperature Tc. Let us
first consider cases for which the grain boundary diffusion is
slower than the bulk counterpart (T < Tc). In this case, Li+ ions
would mostly transport through bulk, making Li dendrite growth
though grain boundaries less likely if other factors (e.g.,
mechanical interactions8, grain boundary blocking-induced Li
accumulation) are excluded. However, due to low overall ionic
conductivity, the performance may be poor. Once the grain
boundaries begin to dominate over bulk conduction channels (T >
Tc), two competing factors can determine Li dendrites formation:
1) concentration of current density at the grain boundaries; and 2)
a high average atomic density of mobile Li+ ions along these
boundaries. If the grain boundary diffusion is sufficiently fast,
migrating ions will preferentially choose grain boundaries to
conduct, concentrating the current density there and potentially
promoting dendrite formation. On the other hand, extremely fast
diffusion along grain boundaries may result in larger interspacing
between the migrating ions owing to their sufficiently facile
movement, potentially inhibiting dendrite formation. It is also
important to note that variations in the diffusivity in different
grain boundaries in the same microstructure will determine which
factor dominates locally. In addition, even extremely fast diffusion
in some grain boundaries that back-up at junctions or by other
obstacles in the microstructure may result in the dendrite
formation. We speculate that there exists a certain intermediate
temperature range that gives rise to both sufficient concentration
of current density at grain boundaries and high enough mobile
ion density within these boundaries, such that dendrite initiation
will occur unavoidably. This range must lie near Tc, at which grain
boundary conduction first begins to dominate.
Although more quantitative analysis is required to support our

hypothesis, this line of thinking highlights the potential impor-
tance of Tc and its relationship to both microstructure and
operating temperature when determining the conditions for Li
dendrite growth along grain boundaries. It is worth pointing out
that precise correlations between the CCD and grain size of LLZO
electrolytes remain inconclusive—with the increasing grain size,
conflicting experiments have reported both increasing16 and
decreasing27 CCD trends. Our results offer possible explanations
for this inconsistency. First, the actual LLZO solid electrolyte
temperatures during battery operation are different in these
experiments, even for similar Tc for the two different measure-
ments. The difference could be attributable to different local
thermal transport depending on thermal management within the
insulating electrolyte. Second, Tc can be very different for the two
cases with similar measurement temperatures. Indeed, as shown
in Fig. 6, Tc can significantly vary even for similar grain structures
due to subtly different grain boundary diffusion properties. This
would alter the interplay between the competing factors

explained above and result in different tendencies of the Li
dendrite growth along grain boundaries.
In summary, our generalizable multiscale modeling framework

combines atomic-scale molecular dynamics simulations, meso-
scopic phase-field simulations, and the efficient Fourier-spectral
iterative-perturbation method to predict ionic conductivity
through polycrystalline solid electrolytes. The framework was
applied to investigating the relationship between microstructure
and ionic transport in the polycrystalline Li7−xLa3Zr2O12 (LLZO)
garnet system using synthetic digital microstructures. Our
comprehensive approach provides insights into fundamental
properties of conductivity in complex microstructures, allows
interpretation of inconsistent literature data, and suggests
guidance to engineer LLZO’s durability and performance.
The breadth and depth of insights provided from our study

demonstrate the benefit of combining predictive simulations at
multiple scales into a flexible framework. Unlike previous studies,
the diffusion parameters in grain boundary regions were
quantified via atomic-scale simulations using many randomly
disordered atomistic models, providing a physically motivated
database of parameters which capture nontrivial characteristics
distinct from bulk transport and show a wide range of local
diffusion parameters in the grain boundary regions. Our
mesoscale approach also incorporates advantages, combining
the efficiency typically associated with equivalent circuit descrip-
tions with the full microstructural complexity inherent in far more
expensive direct diffusion simulations. Accordingly, our integrated
approach allows for an efficient exploration of a much wider range
of the parameter space without loss of microstructural details. Our
model highlights the significant dependence of the ionic
conductivity on microstructure and grain-boundary diffusivity at
battery operating temperatures and also demonstrates the
interdependence of these parameters.
Our simulations have advanced fundamental understanding by

showing that microstructural features at both the atomistic and
mesoscopic scales can make a significant qualitative and
quantitative variation in ionic conductivity. The relevance of these
predictions is borne out by an extensive literature analysis of LLZO
experiments, which show specific signatures of microstructural
impacts that our simulations are able to capture. Through our
analyses, we propose two descriptors to characterize ionic
transport behavior in polycrystalline electrolytes: the equivalent
temperature, Te, at which bulk and grain boundaries feature the
same intrinsic ionic diffusivities, and the critical temperature, Tc,
above which conduction through the grain boundaries become
dominant. Detailed analysis of Te and Tc for a wide variety of
microstructural features and grain boundary diffusivity parameters
in LLZO allowed us to unravel the nature of the interdependency
of temperature, atomic-scale grain boundary properties, and
mesoscale grain structure for the first time. Since the conduction
mechanism changes at Tc, operating temperatures near Tc can
cause ionic conductivity to vary significantly during operation. In
addition, grain size and grain boundary width can have opposite
effects on the effective ionic conductivity depending on whether
the operating temperature is above or below Tc. In turn, our results
also verify that changing grain size and/or grain boundary width
can significantly change Tc, meaning the experimentally measured
sensitivity of ionic conductivity to temperature could be different
depending on sample preparation, microstructure, and measure-
ment temperatures. This understanding provides insight into the
origin of inconsistency in literature-reported experiments. Grain
morphology is also found to be important, with temperature-
dependent anisotropic diffusivity emerging from intrinsically
isotropic transport when columnar grains are present. Finally,
our results also offer an additional interpretation of the well-
known Meyer-Neldel rule64–66, which predicts a linear relationship
between log (D0) and Ea for ionic conductivity in solid electrolytes.
Whereas the rule is generally associated with bulk transport
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mechanisms, we show that the same behavior is also observed at
the mesoscopic microstructure-level (Fig. 4c, f).
More broadly, our results have practical implications for

predicting and improving solid-state battery performance and
durability. In particular, our analysis points to the possibility of
using microstructural features—mesoscopic grain structural topol-
ogy, as well as atomistic grain boundary structure and composi-
tion—to tune ionic conductivity. Accordingly, we introduced a
designability map of Li+ ion transport within polycrystalline LLZO,
detailing which atomistic and mesoscopic parameters of the solid
electrolyte can be selected for achieving the targeted perfor-
mance under given operating conditions. We point out that these
multiscale aspects can be practically engineered. First, the
atomistic grain boundary structure and property can be controlled
by grain boundary segregation of chemical dopants61 or thermally
induced structural transformations75. Note that the wide range of
grain boundary diffusion parameters in our atomistic simulations
indicates the possibility of high designability at the atomic scale.
Second, the mesoscopic topological features such as grain size,
grain boundary width, and grain morphology of the solid
electrolyte microstructure can be varied by thermal and/or
mechanical processing conditions during sintering. For instance,
such topological variability can be generally found in ceramic
microstructures produced by solid-state synthesis16, thin film
growth76,77, and 3D printing78,79. Third, the battery operating
conditions can be optimized to effectively take advantage of the
microstructural impacts because the positive or negative roles of
grain boundary transport contributions depend on the operating
temperature with relation to the critical temperature. The
temperature of a solid electrolyte with a specific microstructure
—and hence a specific Tc, could therefore be locally controlled to
maximize the contribution of fast grain boundary conduction to
overall ionic transport, while sufficiently suppressing Li accumula-
tion at grain boundaries.
It is worth noting that our modeling framework can be

extended to account for more realistic features to improve the
practicality of the integrated model. For example, we may
explicitly incorporate the effects of dopants, which are usually
added to LLZO for controlling the phase stability and sintering
conditions11,12. Since the dopants are known to segregate to grain
boundaries, non-trivial variation of grain boundary properties is
expected, which can be investigated by systematically designed
atomistic simulations. For the mesoscale modeling approach, the
parameterization of the position-dependent diffusivity model
(Eq. (3)) can be improved by implementing more realistic
description based on statistical sampling of the grain boundary
diffusion parameters Dgb

0 and Egba . This may require introducing
the stochastic equation incorporating the statistical information of
individual Dgb

0 and Egba shown in Fig. 2.
Overall, our results provide an important step towards

establishing the significance of microstructure for ion conduction
in garnets and related oxide-based solid-state electrolytes. As a
result, our work could form the basis of a template for ultimately
connecting ceramic processing conditions to performance. We
emphasize that although our attention was confined to a specific,
single-phase electrolyte material, the described multiscale model-
ing framework and analytical approach should be generally
applicable to any polycrystalline, porous, multi-particle, or multi-
phase solid-state ionic conductors provided suitable atomistic
models can be introduced, opening use to a wide variety of
potential energy applications.

METHODS
Fourier-spectral iterative perturbation method
To obtain the steady-state Li+ composition profile by numerically solving
Eq. (2), we split our position-dependent diffusivity function into homo-
geneous (Dij ) and perturbation (ΔDij ~rð Þ) parts: Dij ~rð Þ ¼ Dij þ ΔDij ~rð Þ.

In addition, the composition gradient also splits into homogeneous and
perturbation parts as:

qj ~rð Þ � ∇jX ~rð Þ ¼ ∇jX þ∇jδX ¼ qj þ δqj ~rð Þ; (6)

where we define qj � ∇jc and δqj ~rð Þ � ∇jδX . Therefore, Eq. (2) can be
rearranged to Dij∇i � ∇jδX ¼ �∇i � ΔDij ~rð Þ qj þ∇jδX

� �� �
. Taking the Fourier

transform of this equation, we obtain the equation in k-space:
�Dijkikj δX½ �k ¼ �J � ki ΔDij ~rð Þ qj þ J � kj δX½ �k

� �
r

� �� �
k
, where ki represents

the reciprocal vector, J is
ffiffiffiffiffiffiffi�1

p
, [ ]k represents the Fourier transform, and [ ]r

represents the inverse Fourier transform. For the periodic boundary condition
for δX due to the Fourier spectral method, the condition for the perturbation
part of the composition:

R
∂Ω½∇jδX�nida ¼ 0 is satisfied, where ni represents a

normal vector to the computational domain surface ∂Ω. When Dijkikj ≠ 0, the
transformed algebraic equation in k-space is rearranged as the following:
½δX�k ¼ ðJ � ki ½ΔDijð~rÞfqj þ ½J � kj ½δX�k �rg�kÞ=ðDijkikjÞ. On the other hand,
when Dijkikj ¼ 0, we set the solution as δX½ �k¼ 0 since the solvability
condition: 1=VΩð ÞRΩ �∇i � ΔDij ~rð Þ qj þ ∇jδX

� �� �� �
dV ¼ 0 is satisfied,

where VΩ is the volume of the computational domain Ω, according to i)
the periodic boundary condition for δX; ii) the divergence theorem for the
condition

R
∂Ω½∇jδX�nida ¼ 0; and iii) the steady-state condition:

1=VΩð ÞRΩ ∇i � Dij ~rð Þ� �
∇jX

� �
dV ¼ 0. By employing the fixed-point iteration

scheme80 for this algebraic equation in k-space with the convergence

condition:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=VΩð ÞR Ω Xnþ1 � Xnf g2dV

q
< ϵ, we obtain the converged

δX (i.e., X ¼ X þ δX) within the given complex microstructure. Note that the
homogeneous part qj of the composition gradient field is the macroscopic
composition gradient, which remains constant during iterations and acts as a
boundary condition for Eq. (2).

Molecular dynamics simulations
The cubic phase of LLZO9,43,81 was studied using the classical molecular
dynamics software LAMMPS82. The interatomic potentials were adopted
from the study by Kozinsky et al.50. For simplicity, we did not explicitly
consider dopant atoms, but instead simulated their effects by introducing
vacancies in undoped cubic LLZO. Disordered systems were used to obtain
diffusion parameters for the grain boundary regions. These models were
generated using a melt-and-quench approach from a 3000 K simulation,
with that temperature chosen to incorporate significant disorder while
retaining the local structure of the cation-oxygen cages. The generation of
2 × 2 × 2 supercells with three lithium concentrations of Li6.25La3Zr2O12,
Li6.5La3Zr2O12, and Li6.75La3Zr2O12 is discussed in Supplementary Note 3.
For each lithium concentration, two cell densities were simulated to
investigate the effects of density on diffusion. Details on the density of
each simulation, disordered and crystalline, is given in Supplementary Note
3. Pair distribution functions for all simulations are also shown in
Supplementary Fig. 4, along with a discussion of key structural features
for each disordered model.
Diffusion parameters for the crystalline and disordered systems were

obtained by classical molecular dynamics (CMD) 2 × 2 × 2 supercells
containing 1488–1520 atoms using the canonical (NVT) ensemble and a
Nose-Hover thermostat. Long-range Coulomb interactions were solved
using Ewald summation with a cutoff radius of 8 Å. All systems were run for
6 ns with a 1 fs time step at 700–1700 K in increments of 200 K to obtain
diffusion parameters, using the last 5 ns for analysis. Diffusion coefficients
were determined by linearly fitting the slopes of the mean squared
displacement of Li-ions. Activation energies (Ea) were calculated by fitting
Arrhenius plots of diffusion using all simulated temperatures.

Methods for determining Te and Tc
The equivalent temperature (Te) can easily be derived by equating two
Arrhenius equations for grain and grain boundary diffusivities (i.e., Eq. (4))
by the definition of Te at which the two diffusivities are equal. Therefore, it
is expressed as: Te ¼ ½Egba � Ebulka �=½kBlnðDgb;0=Dbulk;0Þ�. On the other hand,
the critical temperature (Tc) needs to be determined by a numerical fitting
procedure for the computed effective ionic conductivities (σeff) (or
effective diffusivities) as a function of temperature since the corresponding
analytical expression is not available. Since Tc characterizes the mechanistic
transition from grain- to grain boundary-dominated conduction mode in
the computed effective conductivity, we obtain two distinct linear fitting
curves for the two mechanistic regimes. The two mechanistic regimes
can easily be identified by analyzing the slopes of linear regimes of log
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(σeffT) at low and high temperatures and comparing them with the intrinsic
grain and grain boundary diffusion activation energies (i.e., �Ebulka =kB and
�Egba =kB, where Ebulka is the activation energy for diffusion in grain interior,
Egba is the activation energy for diffusion in grain boundary, and kB is the
Boltzmann constant) as shown in Fig. 7 (also, see Fig. 1c in the main text).
Tc is then obtained by equating the two linear fitting functions.
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