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ABSTRACT: Modeling the effective ion conductivities of
heterogeneous solid electrolytes typically involves the use of a
computer-generated microstructure consisting of randomly or
uniformly oriented fillers in a matrix. However, the structural
features of the filler/matrix interface, which critically determine
the interface ion conductivity and the microstructure morphol-
ogy, have not been considered during the microstructure
generation. Using nanoporous J-Li;PS, electrolyte as an
example, we develop a phase-field model that enables generating
nanoporous microstructures of different porosities and con-
nectivity patterns based on the depth and the energy of the
surface (pore/electrolyte interface), both of which are predicted
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through density functional theory (DFT) calculations. Room-temperature effective ion conductivities of the generated
microstructures are then calculated numerically, using DFT-estimated surface Li-ion conductivity (3.14 X 107> S/cm) and
experimentally measured bulk Li-ion conductivity (8.93 X 1077 S/cm) of B-LisPS, as the inputs. We also use the generated
microstructures to inform effective medium theories to rapidly predict the effective ion conductivity via analytical calculations.
When porosity approaches the percolation threshold, both the numerical and analytical methods predict a significantly enhanced
Li-ion conductivity (1.74 X 10™* S/cm) that is in good agreement with experimental data (1.64 X 10™* S/cm). The present
phase-field based multiscale model is generally applicable to predict both the microstructure patterns and the effective properties

of heterogeneous solid electrolytes.

KEYWORDS: solid electrolytes, ion conductivity, density functional theory, phase-field modeling, effective medium theory

1. INTRODUCTION

Commercial batteries contain flammable organic liquids as
electrolytes. Thus, it is unsafe to deploy them in critical energy
technologies where safety is a major concern such as powering
electric vehicles and stationary energy storage. Research into
all-solid-state batteries that utilize nonflammable solid-state fast
ion conductors as electrolytes is therefore increasing rapidly.'
However, there is still no available solid electrolyte that is
environmentally friendly and low-cost, has good chemical and
mechanical compatibility with electrode materials, and exhibits
high ion conductivity at low temperatures. Achieving all these
properties simultaneously is crucial to developing a commer-
cially viable all-solid-state battery with long cycle and shell life
yet has remained a challenge.”

One promising solution to this challenge is to utilize
heterogeneous solid electrolytes integrating two or more
constituents (viz., phases, domains, and grains). A heteroge-
neous solid electrolyte permits the coexistence of two or more
desirable properties that may not coexist in a homogeneous
electrolyte, e.g, polymer (matrix)—nanowire oxides (fillers)
composite electrolytes® "' that simultaneously have high
mechanical flexibility, high ion conductivity, and good electro-
chemical stability. A heterogeneous solid electrolyte may also
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exhibit properties that are superior to their homogeneous
constituents.

This work focuses on the ion conductivity of a heteroge-
neous solid electrolyte, using Li-ion-conducting systems as an
example. A heterogeneous Li-ion-conducting solid electrolyte
can be a composite of low Li-ion-conductivity matrix and
second-phase fillers," "> a glass ceramic containing mixed
crystallites and glassy phase,'™"® or a porous solid electrolyte
containing mixed phases of solid electrolyte and air."” Notably,
an orders-of-magnitude higher Li-ion conductivity can be
achieved when fillers (more precisely, the highly ion-conductive
filler/matrix interfaces® ' "'*7'®) form an interconnected (ak.a.
percolating) ion-conducting network. Note that the mechanism
of the observed high ion conductivity along the interface is still
an open question and may vary with specific materials."

Computational models based on random-resistor-network
(RRN) method”*™° and finite element analyseslo’26 have been
developed to numerically calculate the effective ion con-
ductivity of a heterogeneous solid electrolyte with a
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Figure 1. (a) Atom displacements along the (100) surface normal of a slab model -Li;PS, obtained through DFT calculations, using the atom
coordinates in a bulk model $-Li;PS, as reference. The inset shows the optimized surface structure, within only half of the three-layer slab model
shown for simplicity. (b) Schematic of a zigzag Li-ion migration path in the bulk region and along the surface of a (100)-oriented $-Li;PS,. Note that
b- and c-site Li are partially occupied in practice, providing abundant vacant sites for the Li-ion hop. (c) Energy profiles of surface Li-ion migration
along the zigzag path calculated through NEB calculations, with a corresponding trajectory of Li-ion hopping between b-site (at the center of LiSy
octahedrons, dark green) and c-site (at the center of LiS, tetrahedrons, light green). (d) Profiles of the phase variable across the surface of the solid
electrolyte. A flatter profile indicates a larger surface depth. 3D distributions of (e) the phase variable p(r) in an interconnected microstructure
pattern (where blue color represents the air phase) and (f) the equilibrium current density J,(r) upon applying an electric field of 10 V/m along the

Xx-axis.

pregenerated microstructure pattern. The structural features of
the filler/matrix interface (e.g, the interface width and energy)
have however not yet been considered during the micro-
structure generation, irrespective of their critical role in
determining the interface ion conductivity and the micro-
structure morphology.

In this work, we develop a phase-field model that can
generate 3D two-phase microstructures of different connectivity
patterns by modeling the microstructure formation in phase
separation. Notably, the phase-field model considers the effect
of the width and the energy of the filler/matrix interface on
microstructure morphology, and both interface structural
features may be obtained through first-principles density
functional theory (DFT) calculations. The effective ion
conductivities of the generated microstructures are predicted
through both numerical calculation and effective medium
theories; in both cases, the DFT-estimated interface ion
conductivity is used as one of the key input parameters.
Using nanoporous f-Li;PS," as an example, we employ such
phase-field method based multiscale model to generate
nanoporous microstructures of different porosities and
connectivity patterns and predict the effective ion conductivities
O of these microstructures.

2. METHODS

2.1. First-Principles DFT Calculations of Surface Structure,
Surface Energy, and the Activation Energy of Surface Li-lon
Migration in f-Li;PS,. DFT*’ based first-principles calculations were
performed with the Vienna ab initio simulation package.”® The use of
standard projector augmented wave (PAW) pseudopotentials™ with
local-density approximation (LDA)* for exchange-correlation func-
tional was suggested®' for modeling lithium thiophosphates by first-
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principles DFT calculations. Valence electron configurations of the Lij,
P, and S atom were chosen as 15?25, 3s*3p® and 3s?3p*, respectively.
The plane wave cutoft energy was set as 650 eV. Convergences of
energy and residual forces with respect to iterating cycles were reached
when the total energy difference was less than 107° eV/atom and the
forces were less than 0.01 eV/A. A unit cell containing 32 atoms was
used to optimize the lattice constants with Monkhorst—Pack®” k-point
meshes (4 X 6 X 8) and Gaussian smearing of 0.05 eV for the Brillouin
zones sampling. For point-defects-related calculations, 1 X 2 X 2 and 2
X 2 X 2 supercells containing 128 and 256 atoms, respectively, were
used with single k-point in the bulk and slab model of $-Li;PS,. The
choice of reference ground states of Li, P, and S is based on
literature.>>** To determine the migration paths and barriers, the
nudged elastic band (NEB) method®® was used to search for transition
states. Notably, the slab model built for surface-related calculations
includes an additional 10 A thick vacuum buffer layer to reduce the
interaction between the slab and its images. Moreover, the slab model
is built to have mirror symmetry with respect to the central plane of
the slab in order to eliminate the dipole electric field across the slab.

The crystal structure of -Li;PS, (space group Pnma) is complicated
by the partial occupancy of Li sites, that is, the b- and c-sites (the
Wyckoff notation, see schematic in Figure 1b) of Li are 70 and 30%
occupied, respectively.’® As the system size in DFT calculations is
generally too small to accommodate such partial Li-occupancy, we
considered two variants of crystal structure for S-Li;PS, with 100%
occupancy of either b- or c-site (denoted as f-LiyPS,-b and B-Li,PS,-c)
based on suggestions in literature.>™*” In both cases, the optimized
lattice constants (Supporting Information S1) match perfectly with an
existing DFT calculation.®" In the present study, the B-Li;PS,-b was
utilized as the reference crystal structure because it shows better
structural stability (viz,, more negative heat of formation).*'

A three-layer slab model constructed from the optimized bulk lattice
constants was employed to obtain the surface energy (see details in
Supporting Information S2) and the optimized surface structure of -
LiyPS, (see half of such three-layer slab model in the inset of Figure
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1a). The present three-layer slab model is sufficiently large to eliminate
the interaction of the two surfaces in the slab. As shown in Figure la,
the atom coordinates in the leftmost layer remain almost the same as
those in bulk S-Liy,PS, (that is, with almost zero displacements
compared to bulk coordinates). For f-LisPS,, our calculations show
that the (100) surface with d-site Li termination (which is the most
stable surface configuration)®' has a surface energy y of 0.020 eV/A?
quite close to the reported”" theoretical value of 0.021 eV/A2

2.2. Phase-Field Models for Generating 3D Material Micro-
structures. Phase-field modeling has been utilized to generate various
types of microstructures based on the thermodynamic and kinetic
principles of microstructure formation and evolution.®® Thus,
microstructures generated by phase-field modeling would typically
show good cons1stency with experimental observations (see examples
in alloys® and oxides*’). Here we develop a phase-field model that
enables generating different types of morphological patterns of a two-
phase composite via phase separation from a homogeneous solution.
In a phase-field method, the phase morphology is typically described
by the spatial distribution of a continuous phase variable p(r). For a
nanoporous microstructure, p(r) represents the relative mass density
of each constituent phase, where p equals 0 in the pore phase, 1 in
bulk solid phase, and varies continuously from 0 to 1 at the solid
surface (see Figure 1d). Such a diffuse-interface description is the main
feature of the phase-field method. The diffuse-interface description is
based on the fact that all interfaces at finite temperatures have a finite
thickness. In this work, the thickness of the surface depth is carefully
determined based on the DFT calculations. The rationale behind the
adoption of such diffuse-interface description is discussed in refs 41
and 42. In the framework of such diffuse-interface theory,*"*’ the total
free energy F of such a heterogeneous system is expressed as a
function of p(r) and its gradient:

1

E= [ (faun®) + 3550 (90| av o
where fy.., is the bulk chemical free energy density (in the unit of J/
m?) and K; is the gradient energy coefficient (J/m). To describe phase
separation, a double-well type free-energy function is typically
employed for fy,.,, such that the global energy minima appear at p =
/)s=landp=pp=0:44
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Note that both the gradient energy coeficient k and the energy density
barrier w (J /m?) between the two energy minima are determined by
the surface energy (y) and surface depth (4), and for a 1D system, we
have analytical expressions given by k = (3/2)yA and w = (3/4)(y/4)
when p = 0.1 and 0.9 at the two ends of the surface depth. In this
study, both ¥ and 1 were informed by DFT calculations (see previous
section), with ¥ = 0.020 eV/A? and A ranging approximately from 1.0
to 1.5 nm (see Figure 1a). To investigate the influence of the surface
depth, A of two different values (0.9 and 1.4 nm) were utilized.

We then modeled the microstructure evolution during phase
separation by solving the Cahn—Hilliard equation:*

( ) V( Yoen _ K,-,-V,-vjp]]
% (3)

Here M(p) is a spatially variant mobility (in the unit of m*/ (J-s))
given by

M(p) = (1 =a’(p=p) + (p = p))’(M,(p = )
+ My — p)) (4)

where M, and M; are the mobility of two diffusive species, a (0 < a <
1)isa parameter determining whether the phase separation process is
controlled by bulk diffusion (a = 0) or interface diffusion (a = 1) 5,46
For simplicity, we consider a constant diffusion mobility M(p) =

which is estimated from the DFT-calculated self-diffusion coefﬁcient of
Li-vacancy D,. Equation 3 was numerically solved with a semi-implicit
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Fourier-spectral algorithm®*‘ in a discretized 3D periodic system with

a dimension of 2561, X 2561, X 256l,. The grid size I, = 0.5 nm is small
enough to resolve the DFT-calculated surface depth A. A near-
equilibrium microstructure is obtained when dp/dt 0.

Tuning the relative ratios of the three diagonal components of ;; (i
1, 2, and 3) enables generating filler/matrix microstructures of
different connectivity patterns. Specifically, we fix the k33 to (3/2)yA
(see text below eq 2), while tuning the k;; and k,,, with ky; = Ky, = K33
and 10k;; = 10Ky, = k33 in Figures 2a and 3a, respectively, and with
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Figure 2. (a) Effective ion conductivities o, = [(0,, + oy + 0,,)/3] of
nanoporous f-Li;PS, as a function of porosity and surface depth 4,
calculated numerically on the basis of microstructure patterns
generated by phase-field simulations (open symbols) and analytically
by effective medium theory (EMT) calculations (lines). In phase-field
simulations, 3D surface-ion-conducting networks form when porosity
exceeds the first percolation threshold (~32%). To reduce possible
statistic errors, the 0.4 at each value of porosity was calculated from
five different microstructure patterns and then averaged out. The EMT
calculations do not consider an actual microstructure pattern, yet
assumes a matrix with core (air)-shell (surface) spherical fillers that are
well-separated and uniform in radius r (= 14 nm, see inset). (b)
Microstructure patterns and distributions of equilibrium current
density J,(r) in a 5.4% porosity (the first row) and a 43.5% porosity
(the second row) electrolyte. A 10 V/m electric field is applied along
the x-axis. (c) Map of the o, under a range of porosities and A/r ratios
calculated using EMT, and (d) corresponding line profiles at selected
porosities.

K11/K33 and K,,/ks; varying from 0.5 to 6000 in Figure 4a,b. Here we
term K;;/K33 and K,,/ks; as shape factors x and y, respectively, because
the equilibrium shape of a filler can be determined through Wulff’s
construction®” if these two ratios are known. Specifically, the filler
should be (i) sphere-shaped when k;; & Ky, & ki3, (ii) rod-shaped
when K, & k33 < Ky, (along x), ky; & K33 < Ky, (along y), or k|| & Ky,
< K33 (along z), and (iii) laminated when k;; << kj; & Ky, (xy-plane),
Ky <K Kyj & Ky3 (xz-plane), or k|, < Ky, ® K33 (yz-plane). Phase-field
simulations supported such expectations (see Figure 4c).

In a filler/matrix (porous) microstructure formed by phase
separation, the equilibrium volume fraction of the fillers (porosity)
is linearly proportional to the relative density of the initial
supersaturated homogeneous solution p, (0 < p, < 1). Thus, the
microstructures with increasing porosity (Figures 2a and 3a) can be
obtained by increasing p,. Depending on the value of p,, kinetic
pathways of phase separation would either be spinodal decomposition
or nucleation-and-growth. The critical values of p, separating these
two pathways were obtained to be about 0.21 and 0.79 by solving
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Figure 3. (a) Effective ion conductivities o, of -Li;PS, as a function
of porosity, calculated numerically on the basis of microstructure
patterns (matrix with hollow nanopillars orienting along the z-axis)
generated by phase-field simulations (open symbols) and analytically
by effective medium theory (EMT) calculations (lines). The hollow
nanopillars enables the formation of 1D surface-ion-conducting
channels. In phase-field simulations, the o, at each value of porosity
was calculated from five different microstructure patterns and then
averaged out for reducing possible statistics errors. The EMT
calculations were performed by assuming a matrix with core (air)—
shell (surface) pillars of different radii r (see inset). (b) Microstructure
patterns and distributions of equilibrium current density J,(r) in a
6.1% porosity (the first row) and a 48.7% porosity (the second row)
electrolyte. A 10 V/m electric field is applied along the z-axis. (c) Map
of the 6.4 under a range of porosities and 1/r ratios calculated using
EMT, and (d) corresponding line profiles at selected porosities.
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Figure 4. (3, b) Phase diagrams showing the phase connectivity of
1600 different two-phase microstructure patterns generated by phase-
field modeling, as well as the numerically calculated effective ion
conductivity o, and o, . (¢) Microstructure patterns generated (from
left to right) using the shape factors of (x, y) = (1,1), (3000,1),
(20,20), and (3000, 3000) that have 0—3, 1—3, 2—3, and 2—2 type
connectivity, respectively. (d) Their corresponding equilibrium current
densities J,(r) upon applying an electric field of 10 V/m along the x-
axis.
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0fhem/Op* = 0. Specifically, when 0.21 < p, < 0.79 (inside spinodal),
random noises were added to trigger phase separation because the
initial supersaturated homogeneous solution is unstable with respect to
any small fluctuations in density. When p, < 0.21 or p, > 0.79, the
initial supersaturated solution is metastable; a nucleation barrier needs
to be overcome to trigger phase separation. In those metastable
regimes, nucleation sites (in which p = 0 or 1) were explicitly added
into the solution, and classical nucleation theory was employed to
determine the nucleation rate j:

*

AG
=N
R

©)

where N is the total number of nucleation sites, kg is the Boltzmann
constant (in the unit of J/K), T the Kelvin temperature (K), and AG*
is the energy barrier for nucleation (J). Assuming a spherical
nucleation site yields AG* = (167y®)/3(Ag,)? where Ag, represents
the driving force for nucleation in the energy landscape of fyem
Poisson seeding was utilized to determine the nucleation probability p
in each discretized grid at each time step:*®

(6)

where At is the time step size. To ensure mass conservation (ie.,
(p(r)) equals p,, where the angular brackets indicate the volume
average), the relative densities outside the nuclei regions were adjusted
in a similar manner to the treatment in ref 44.

2.3. Numerical Calculation of Effective lon Conductivity. The
local Li-ion conductivity o(r) of a phase-field generated microstructure
is related to p(r), specifically, ¢ = 0 when p < 0.1, 6 = Gy = 8.93 X
1077 S/cm (from experiments)'® when p > 0.9, and 6 = 6, = 3.14 X
107 S/cm (estimated through DFT calculations) within the surface
depth (0.1 < p < 0.9). The effective Li-ion conductivity o is given by
o = {J(r))/E. The distribution of local current density J(r), in the
unit of A/m’ was obtained by solving a steady-state current
conduction equation under an applied static electric field E (V/m),

)

Equation 7 was numerically solved using a Fourier spectral iterative
perturbation method.*”*°

2.4. Analytical Calculation of Effective lon Conductivity
through EMT. Effective medium theories (EMT) have been utilized
to calculate the o4 of composite solid electrolytes since the late
1970s.3' 7% Although EMT do not consider an actual microstructure,
the features of a computationally generated (or experimentally
measured) microstructure can normally inform the EMT for a better
prediction of the material properties. Here, the nanoporous Li—S
electrolyte is equivalent to a three-phase composite of a low-
conductivity Li;PS, matrix, air (fillers), and their highly conductive
interfaces. The Li-ion conductivities in these phases are denoted as o,
oy and o, respectively. We extend the generalized EMT (GEMT)*®
that was developed for two-phase composites to three-phase
composites based on suggestions of Nan et al.*>** Such extension is
made possible by treating the three-phase composite as a composite
particle, consisting of a spherical core (the air, with a diameter 2r) and
a highly conductive shell (the surface, with a depth 1), embedded in a
matrix (LiyPS,), as sketched in the inset of Figure 2a. Specifically, we
first calculate the effective ion conductivity of the composite particle o,
using a simple parallel brick-layer model’’ ™ (ie, o, = gor + (1 —
g0, where g; = 1/(1 + @)’ represents the volume fraction of the air
core in the composite particle, with a@ = A/r). The effective ion
conductivity of the three-phase composite o, can then be calculated
using classical GEMT.

For a nanoporous Li—S electrolyte with 3D ion-conducting network
above percolation threshold (e.g., see Figures le and 2b), its 6,4 can be
calculated by assuming that the pores are spherical, well-separated, and
uniform in diameter:

p=1— exp(—jAt)

V-J(r) = V-[o(p)E] = 0
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gf}al/t + (i - 1)
N Ry

where g represents the volume fraction of the air core in the entire
three-phase composite, p,, is the first percolation threshold that can be
obtained from the interconnected microstructure patterns generated
through phase-field simulations (~0.32, see Figure 2a), and t is an
effective percolation slope®® that can be tuned to fit the phase-field
simulation results (taken as 0.85 for results in Figure 2a). In doing so,
the phase-field simulations inform the EMT calculations. For a vertical
nanostructure with 1D ion-conducting channels along the z-axis, the
effective ion conductivity 6,, can be directly calculated using the
parallel brick-layer model (ie., o,.= (g/g))o. + [1 — (g/g;) 10w, Where g
=1/(1 + a)? in this case). Note that the value of & (= 1/r) can also be
obtained from the vertical microstructure patterns generated through
phase-field simulations (Figure 3b).
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3. RESULTS AND DISCUSSIONS

The Li-ion conductivity in a nanoporous f-phase Li;PS, has
been experimentally observed'” to be over 2 orders of
magnitude larger than that in a bulk S-Li;PS,. The authors
attributed this enhancement to the porous sample’s large
surface areas, in which ion conductivity can be higher than that
in bulk region due to ion-accumulation space-charge effect,”
yet the possibility of forming a 3D percolating ion-conducting
network based on these highly conductive surfaces was not
discussed. Here we computationally test this possibility by
developing a phase-field model (Methods) to generate
nanoporous solid electrolytes of different microstructure
patterns and predict their corresponding effective ion
conductivity o, All the input parameters required by the
phase-field model to predict o were obtained from first-
principles DFT calculations (Methods) or existing experiments.

Figure la shows the magnitudes of displacements of Li, P,
and S atoms along the (100) surface normal of a slab model -
Li;PS, away from their coordinates in bulk -Li;PS,. Relatively
significant surface relaxation occurs roughly within the first 1.5
nm (namely, the surface depth A). Notably, the outermost d-
site. Li moves inward (ie, along [100]) by 0.2 A. Such
structural variance at the surface should result in ion-
conducting behaviors that are different from those in bulk.
Previous first-principles DFT calculations®*” and experi-
ments®' have suggested that bulk Li-ion migration in f-Li;PS,
preferably follows a zigzag path along the [010] axis (see Figure
1b) along which there are abundant vacant b- or c-type Li-sites
due to intrinsic partial Li-occupation. Our NEB calculations
indicate that the surface Li-ion migration preferably follows a
similar path (see Supporting Information S3). With this
knowledge, we further use first-principles DFT calculations to
estimate the surface Li-ion (vacancy) conductivity o, which is
a critical input parameter for subsequent phase-field modeling.
In general, the ion conductivity 6y of a defect k can be obtained
from the Nernst—Einstein equation:

202
ZkF Ckl)k

o =
k RT

©)

where z, ¢, and Dy denote the charge number (dimensionless),
concentration (in the unit of mol/m®), and self-diffusion
coefficient (m*/s) of a defect, respectively; F and R are the
Faraday constant (C/mol) and ideal gas constant (in the unit of
J/ (mol-K)), respectively; and T is the Kelvin temperature (K).
For the #-Li;PS, with Frenkel defects (pairs of Li vacancies Vj;
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and interstitials Li;), the self-diffusion coefficient of a Li vacancy
D, can be obtained based on classical atomic theory of

diffusion:*

(10)

where y, a, and v are the geometric factor (dimensionless),
lattice parameter (in the unit of m), and lattice vibration
frequency (ca. the Debye frequency, in the unit of Hz),
respectively, AS,  (AH,,,) is the vacancy migration entropy
(enthalpy), in the unit of J/K (J), while AS; (AH;) is the
formation entropy (enthalpy) of the V{;,—Li; defect pair. Given
that the Li vacancy concentration c, is proportional to exp(AS,/
2kg) exp(—AH/2kgT), the vacancy conductivity o, can be
written as

AS,,, + AS/2
kB

AH,, + AH./2

D, =ya*v e
= o =

AS, . + AS; AH, , + AH;
yazvzze
%% TRr (11)

We expect that the geometric factor y might be slightly larger at
the surface, because surface Li-ion diffusion generally behaves
like a 2D diffusion (y = 1/4) or even a 1D diffusion if there is a
unidirectional migration path (y = 1/2) rather than 3D (e.g, ¥
= 1/6 in an isotropic 3D system). Moreover, the lattice
parameter a at the surface is also similar to its bulk value (see
Figure 1a). The lattice vibration frequency v, which is related to
the speed of sound and the density of atoms in the solid, should
not have orders of magnitude difference between the surface
and the bulk. The vacancy migration (AS,, ) and formation
(AS;) entropy terms are both contributed by a vibrational term
AS,, that is related to the vibration frequency v, and a
configurational term AS_ that is related to the Li-ion site
occupancy.”* Notably, it has been suggested®® that the AS,
should directly depend on the AS_,; and that the Li-ion site
occupancy varies strongly with local composition and temper-
ature. Here we assume that the local composition at the bulk
and surface region of the f$-Li;PS, remains largely the same;
thereby, the AS_,.¢ should not have a sizable difference. Taken
together, the expected orders of magnitude enhancement in the
surface Li-ion conductivity'”'? should be mainly determined by
the activation energy of ion migration Q = AH,,, + AH;. In this
regard, the surface Li-ion (vacancy) conductivity o, can be
estimated as

] (12)

where Qp and Q¢ are the activation energy for bulk and
surface Li-ion migration in pJ-Li;PS,, respectively. As the
experimentally measured values of room-temperature (25 °C)
bulk Li-ion conductivity 6uy (893 X 1077 S/cm)" and
corresponding Quu (047 eV)® are available, the unknown
parameters are the AH; and AH,,, for the surface Li-ion
migration. For estimating these two parameters, let us consider
a defect pair of b-site Vi; and c-site Li; in the zigzag path at the
surface (highlighted by dashed square in Figure 1b). First, the
formation enthalpy of the defect pair is negligibly small at the
surface (AH; ~ 0) because the intrinsic partial Li-occupancy
produces abundant Li vacancies at the b- and c-sites and

Q'bulk - Q-surf

Ogurf X Opulk eXp( kBT
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because the space-charge zone can enhance the Li-vacancy
concentration at the surface.”” Second, the surface Li-vacancy
migration enthalpy AH,, is about 0.10 eV as seen from Figure
1c, which plots the energy profile of Li-ion (vacancy) migration
along the zigzag path calculated through the NEB method. The
calculated zigzag Li-migration path depicts the hopping
movement of b- or c-site Li ions to neighboring vacant sites.
Notably, the calculated Q¢ (* 0 + 0.10 eV) is lower than the
Qpui calculated for a zigzag migration path in bulk region
(~0.18 eV, see Supporting Information S3). We, however,
utilize the experimentally measured Q. (0.47 eV) and room
temperature oy as well as a scaled Qp(= kQqus =~ 0.26 €V)
to estimate the room temperature o, through eq 12. Here the
scaling factor k (& 2.61) is introduced to compromise the
typically underestimated Q in both the previous’”*’ and the
present DFT calculations on -Li;PS,, and was approximated as
the ratio of the experimental Qy (0.47 €V) to our calculated
one (0.18 eV). As a result, the room-temperature o, is
estimated (eq 12) to be 3.14 X 10™° S/cm, 4 orders of
magnitude larger than 6y, In practice, the degree of partial Li-
occupancy may vary locally in a 3D microstructure due to for
example the variations of local composition, which would affect
not only the local configuration entropy term AS_ but also
the local activation energy Q. This will lead to local variations of
the o, and the oy, which, however, are not likely to have
orders of magnitude difference under a fixed temperature. For
simplicity, here we assume that the o, (0,y) remains the
same at different local surface (bulk) regions in nanoporous
structures of different porosities.

Next, we perform phase-field simulations (Methods) to
generate a 3D nanoporous microstructure that possess
percolating surfaces of different depth A and to calculate the
0. based on the oy, estimated via DFT calculations and the
experimentally measured oy, Figure 1d shows the profiles of a
phase variable p(r) that change continuously from the solid
electrolyte phase (p = 1) to the air phase (p = 0) across the
solid surface (0 < p < 1), where two different surface depths 1
are assumed. The 3D spatial distributions of p(r) represent the
microstructure of the nanoporous electrolytes. Figure le
presents one example of 3D percolating nanoporous micro-
structures constructed using 4 = 1.4 nm, where the blue color
represents the air phase (porosity ~ 32%). In particular, the
average pore size is roughly 40 nm, which is not far from the
experimental observation'” of 28 nm in nanoporous -LisPS,.
Figure 1f shows the distribution of local current densities J,(r)
upon applying an electric field of 10 V/m along the x-axis,
which directly illustrates the significantly enhanced J,(r) at the
highly conductive surfaces and a 3D percolating ion-conducting
network formed by these surfaces. Moreover, the effective ion
conductivity o,, = (J.(r))/E, of the microstructure is about 1.76
x 107 S/cm. 0,, and o, were calculated to be 1.72 X 10~* and
1.75 X 107* S/cm, respectively, leading to an average o, of
about 1.74 X 10™* S/cm. The fact that the calculated o, Oy
and o, are similar demonstrates that the corresponding 3D
percolating microstructure (Figure le) is structurally isotropic.

We further utilize phase-field simulations to generate
nanoporous microstructure of different surface depths 4 (0.9
and 1.4 nm) and different porosities (around 3—77%) and to
calculate their 6.4 (see open symbols in Figure 2a). The phase-
field simulation results reveal three messages. First, two
percolation thresholds appear. Above the first threshold (ca.
32%), the highly conductive surfaces form a 3D percolating ion-
conducting network; see corresponding microstructure and
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J.(r) distribution in Figure lef. As a result, the o,y increases
rapidly around the first threshold. Above the second threshold
(ca. 61%), the B-Li,PS, solid electrolyte fails to form a 3D
percolating backbone. Thus, the surfaces are no longer
interconnected, leading to a rapid decrease of the 0.4 When
porosity exceeds 77%, the f-Li;PS, backbone would collapse.
Such presence of two percolation thresholds at low and high
porosity is analogous to the two percolation thresholds
appearing at low and high volume fractions of insulating
solid-state fillers in composite electrolytes (see for example refs
21 and 53). Second, the 6,4 (1.74 X 10™* S/cm) at the first
percolating threshold is close to the experimental data (1.64 X
10™* S/cm). Thus, it is rational to assume the formation of 3D
percolating surfaces to be the physical principle behind the
experimental observation.'” Third, the 6,4 in a very low-
porosity sample (i.e, below a critical value of around 8%
herein) is smaller than that in a dense solid electrolyte (solid
symbols in Figure 2a) because the surfaces-enabled con-
ductivity enhancement is outweighed by the volume loss-
enabled conductivity decrease. Figure 2b shows the micro-
structure and the corresponding J,(r) distribution in samples
with 5.4% porosity (the first row) and 43.5% porosity (the
second row).

EMT were also employed to interpret the phase-field
simulation results. Using the first percolation threshold from
phase-field simulations (denoted as p;, ~32%) as the input, the
04 calculated by EMT (see details in the Methods) are plotted
in Figure 2a (the lines) for comparison. First, as seen in both
the phase-field simulations and EMT calculations, a larger
surface depth A leads to an appreciably larger 6.4 when the
porosity exceeds a certain value (~26%), and such discrepancy
increases with increasing porosity. Second, the o4 calculated by
these two methods are reasonably consistent when the porosity
is between 8 and 40% in both values of A. This consistency
allows us to use EMT to rapidly obtain how the surface depth,
more generally the A/r, on the o4 when porosity is between 8
and 40%, as shown in Figure 2c. Here, A/r varies from 0.007 (4
~ 0.1 nm) to 0.107 (A & 1.5 nm). Clearly, increasing A/r
(larger surface depth or/and smaller pore size) yields a
nonlinear increase in the o4 at a porosity near p., (see Figure
2d). Note that EMT, however, cannot correctly predict the
variation trend of o, at relatively low (below 8%) and high
(above 40%) porosity. This is mainly because the present EMT
calculations assume that the fillers are spherical (see inset in
Figure 2a), well-separated, and uniform in size, whereas the
phase-field simulations consider an actual microstructure that
forms through phase separation; thereby, the fillers would
become interconnected at high volume fractions to reduce
overall interface energy.

In addition to microstructures with a 3D Li-ion-conducting
network (Figures le and 2b), phase-field simulations can also
generate microstructures with a 1D Li-ion conducting channel
(Methods), for example, a matrix with second-phase pillars
(pores) penetrating along one Cartesian axis, where the ion
conductivity can be enhanced along that axis. Such micro-
structures have been fabricated experimentally via self-assembly
(one type of phase separation),’*®” lithographical patterning'’
and other types of template.'' The open symbols in Figure 3a
show the numerically calculated effective ion conductivity o,
(= J,(r))/E,, with E, = 10 MV/m) of these microstructures. As
seen, introducing a small amount (e.g., 6.1%) of vertical hollow
nanopillars to a dense f-LisPS, can significantly enhance the
0,,. Thus, introducing 1D pillars is a more efficient strategy
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than introducing 3D percolating network in enhancing the ion
conductivity along one desirable orientation, as demonstrated
in a recent experiment.'’ The first and second row in Figure 3b
show the microstructure and corresponding J,(r) distributions
of two samples with porosity of about 6.1 and 48.7%,
respectively, where the significantly enhanced J,(r) at the
vertical surfaces clearly demonstrates a high local o,,.

Figure 3a also shows the o,, calculated through EMT under
different ratios of A/r (see inset and the Methods section).
Notably, the EMT calculations using A/r = 0.23 agree well with
the phase-field-method simulated o,,. Note that phase-field
simulations inform the EMT calculations; 0.23 is the average
value of the A/r in all low-porosity (below 35%) microstructure
patterns generated by phase-field modeling. Similarly, we use
EMT to rapidly obtain the diagram of the o,, as a function of
the porosity and the A/r (see Figure 3c, and selected line
profiles in Figure 3d). Comparing Figures 3c and 2c, the
effective conductivity of a microstructure with well-aligned 1D
ion-conducting channels is roughly 1 order of magnitude larger
than those with 3D ion-conducting network along the aligning
orientation. This finding is consistent with recent experimental
finding.'"” Note that the EMT calculations deviate from the
phase-field simulations when the porosity of microstructures
exceeds 35%. In those cases, different pillars start to merge to
reduce interface energy in phase-field generated microstructure
patterns but remain well separated in EMT. As a result, the
volume fraction of the vertical surfaces decreases; thereby, the
0,, starts to decrease until the vertical surface volume fraction
starts to increase again at relatively high porosity (see
Supporting Information S4 for the plot of surface volume
fractions against porosity).

We now discuss how the morphological pattern of phases
determines the effective ion conductivity o.¢ in not just the
nanoporous f-Li;PS, but in general a heterogeneous solid
electrolyte consisting of a low-conductivity matrix, insulating
second-phase fillers, and their highly conductive interfaces.
Examples include low-conductivity polymer electrolyte matrix
(such as poly(ethylene oxide)-based polymer, ~107* S/cm)®®
and insulating inorganic fillers (e.g, SiO,'>* ALO,'*"°
TiO,, " or Zr0,).”” We first perform phase-field simulations
(by tuning the shape factors; Methods) to generate a data set
consisting of 1600 different 3D two-phase microstructure
patterns (ie, 1600 different 3D distributions of the phase
variable p(r)) that all have a similar filler volume fraction of
about 19% (i.e., the volume average of p(r) is about 19%). We
then evaluate their 0.4 by solving eq 7. The generated 1600 3D
microstructures show four different types of connectivity
patterns, including 0—3, 1-3, 2—3, and 2—2 (based on the
notation introduced by Newnham et al.”*), denoted as phases
I-1V, respectively, in Figure 4a,b. The type of connectivity
pattern in each microstructure is evaluated explicitly by plotting
the corresponding distribution of p(r) in 3D. Taking the 0
(filler)—3 (matrix) connectivity as an example, “0” indicates
that the fillers cannot penetrate the sample in any one Cartesian
axis, while “3” indicates the matrix phase penetrates the sample
in all three Cartesian axes. Note that two-phase microstructures
of 3—3 connectivity (e.g, the 3D percolating nanostructure in
Figures le and 2b) do not appear in the present phase diagrams
because the filler volume fraction is far below the 3D
percolation threshold (~32%). We further note that these
generated microstructures can all be synthesized if the filler is in
solid-state because microstructures with 0—3, 1-3, and 2—2
type connectivity patterns have already been synthesized'”'""*
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and because the 2—3 type microstructure can in principle be
synthesized through for example additive manufacturing.” If
the filler is gaseous, then only microstructures of the
multilayered 2—2 type connectivity pattern cannot be
synthesized.

The color backgrounds of the phase morphology diagrams in
Figure 4a,b represent the effective ion conductivities o, and o,
of these 3D microstructures, respectively. Figure 4c,d further
show the typical microstructures of the four different
connectivity patterns and their corresponding J,(r) distribu-
tions upon applying an electric field of 10 V/m along the x-axis.
Specifically, a 1—3 type microstructure with rod-shaped second-
phase fillers aligning along the x-axis (see the second image in
Figure 4c) exhibits a high o,, (~ 3.41 X 107* S/cm) but low 0,
(~ 1.96 X 107¢ S/cm), vice versa for a microstructure with rod
fillers aligning along the y-axis. Such symmetric relation can be
seen from the diagrams in Figure 4a,b. Furthermore, the rod
can expand laterally to penetrate the sample in the other in-
plane axis (forming a 2—3 type microstructure, see the third
image in Figure 4c) and can eventually span the entire xy plane
to form a multilayered 2—2 type microstructure. Such
multilayered microstructures have the highest volume fraction
of the lateral interfaces among all microstructures generated.
Thus, they show the highest in-plane effective ion conductivity
o, and o, (see Figure 4ab), although their out-of-plane
effective ion conductivity o, is negligibly small.

4. CONCLUSIONS

We have developed a phase-field method based multiscale
model that can be used to generate the microstructure pattern
and predict the effective ion conductivity o4 of two-phase
heterogeneous solid electrolytes. In the present multiscale
model, the phase-field simulation is informed by DFT
calculations to include the effects of the interface structural
features (width and energy) on microstructure morphology and
informs the calculation of the 0.4 In contrast, such structural
features of interfaces, although critically determining the
interface ion conductivity and the microstructure morphology,
were not considered during microstructure generation in
previous computational models of heterogeneous solid electro-
Iytes.1020-26

A nanoporous f-Li;PS, electrolyte has been chosen as an
example of two-phase heterogeneous solid electrolyte. On the
basis of the DFT-calculated surface depth and surface energy of
the B-Li;PS,, we have generated nanoporous microstructures of
different connectivity patterns, where the average pore size
(~40 nm) in a 3-3 type pattern (Figure le) is close to
experimental value (~30 nm). Furthermore, on the basis of the
DFT-estimated surface Li-ion conductivity (3.14 X 107> S/cm)
and experimentally measured bulk Li-ion conductivity in dense
B-LisPS, (8.93 X 1077 S/cm), we calculated room-temperature
0. of these nanoporous microstructure patterns both numeri-
cally and analytically. When porosity approaches the
percolation threshold of these two-phase microstructure
patterns, both numerical and analytical calculations predict
that the 6, in nanoporous f-Li;PS, (1.74 X 107* S/cm) is
almost 3 orders of magnitude larger than that in dense
counterparts and is in good agreement with experimental data
(1.64 x 10™* S/cm). The enhancement of c.; due to the
formation of a 3D percolating ion-conducting surface network
in the microstructure, demonstrated herein, is analogous to the
reported enhancement of bulk Li-ion conductivity oy due to
the formation of percolating ion-conducting pathways within
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the bulk lattice of a crystal.®*”°~"® Furthermore, we expect our
findings to be generally applicable to other Li-ion conductors
because diffusion along surfaces is in general faster than that in
bulk due to the space-charge-induced ion-accumulation at
surfaces.* Specifically, we expect that a porous Li;;GeP,S,
(LGPS)-type conductor with a 3D percolating ion-conducting
surface network in its microstructure should possess much
higher Li-ion conductivity than that in its dense counterpart.
This will be exciting because the dense LGPS-type conductor
already exhibits an ultrahigh Li-ion conductivity up to 2.5 X
107> S/cm at 25 °C.”*

We have also utilized such phase-field based multiscale model
to discover, in general, the relationship between microstructure
patterns and o4 in two-phase solid electrolytes that involve ion-
insulating fillers but highly conductive interfaces. This was
achieved by generating a microstructure data set consisting of
1600 3D microstructure of different phase morphologies and
the corresponding data set of 6.4 The present multiscale model
can also be employed to predict the microstructure and the
corresponding effective properties of two-phase solid electro-
lytes involving ion-conducting second-phase fillers and possibly
more jon-conductive interfaces.

Overall, the present phase-field based multiscale model,
which closely integrates the first-principles DFT calculations,
phase-field simulations, and effective medium theories, can be
generally used to generate data sets of two-phase micro-
structure and corresponding effective material properties. These
data sets will be useful to the data-driven mesoscale
computational design of heterogeneous solid electrolytes.
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