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e distortions, ion migration
barriers, and stability in solid electrolytes†

Kwangnam Kim a and Donald J. Siegel *abcd

The emergence of solid electrolytes with ionic conductivities comparable to that of liquids has improved the

prospects for realizing solid-state batteries. Although a small number of ionically-conducting solids are now

known, most exhibit shortcomings such as limited interfacial stability and susceptibility to dendrite

penetration. Consequently, the discovery of alternative solid electrolytes remains an important goal. This

search has been slowed, however, by incomplete understanding of the elementary chemical and

structural features that give rise to high ionic mobility. Here we characterize the atomic-scale

connections between mobility, thermodynamic stability, and lattice distortions. The degree of lattice

distortion, described by the tolerance factor, t, was systematically varied via isovalent composition

variation across a series of model anti-perovskite ion conductors. Larger distortions are observed to

correlate strongly with lower energy barriers for percolating ion migration: distortions suppress

corrugations of the potential energy surface by widening a subset of migration channels and by

destabilizing equilibrium configurations. As larger distortions also correlate with reduced stability,

realizing high ionic mobility in this class of conductors requires balancing a mobility/stability tradeoff.

Na3SI is identified as one such balanced material.
Introduction

Li-ion batteries are widely used in portable devices due to their
higher energy densities relative to competing battery chemis-
tries. Nevertheless, additional improvements in the perfor-
mance of these batteries are being driven by emerging
applications such as electric vehicles, which place greater
demands upon the performance of the energy storage system.1

Enhanced safety is one of the most sought-aer performance
improvements. Safety limitations in Li-ion batteries can origi-
nate from the use of liquid electrolytes. These electrolytes have
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high ionic conductivity, yet are volatile and ammable; more-
over, they are amenable to dendrite formation, resulting in
internal short-circuiting.2,3 In principle, the use of a solid elec-
trolyte (SE) can circumvent these problems.1,4–6 Furthermore,
SEs present the possibility of using metallic Li as the anode, in
place of intercalated carbon.7 This substitution is projected to
signicantly increase energy density.5

Historically, the ionic conductivity of solids has been insuf-
cient to supplant liquid electrolytes. Very recently, however,
a small-but-growing number of solids with ionic conductivities
comparable to that of liquids have been identied (Li7La3Zr2-
O12, Li10GeP2S12, etc.).8–14 The discovery of these fast ion
conductors has advanced the prospects for realizing solid-state
batteries.3,15 Nevertheless, additional study of these materials
has, in essentially all cases, unearthed other shortcomings
(stability, Li penetration, etc.), suggesting that the discovery of
alternative SE remains an important pursuit.

A fundamental question in the identication of new SEs is
‘what chemical, mechanical, and/or structural features promote
high ion mobility?’16–19 Here we hypothesize that distortions of
a solid's crystal structure are one such feature. These distortions
include tilting/rotations of a crystal's polyhedral building
blocks (octahedra, tetrahedra, etc.), variations in the length of
the bonds that comprise these units, and a lowering of the
crystalline (space group) symmetry, such as a distortion from
cubic to orthorhombic symmetry.

The anti-perovskite (AP) family of compounds presents an
ideal venue to explore the impact of lattice distortions on ion
This journal is © The Royal Society of Chemistry 2019
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mobility.11 The degree of lattice distortion in the APs can be
systematically tuned via atom substitution,20,21 yet the relative
simplicity of the structure allows for a comprehensive charac-
terization of ion mobility. Moreover, since the extent of lattice
distortions present in a compound can correlate with its ther-
modynamic stability, the APs also present a vehicle for probing
how changes to stability impact the rates of ion migration.

APs adopt the well-known structure of the perovskites, but
interchange the positions of the anions and cations.11 APs of
interest for SEs adopt the formula X3AB, where X represents
a mono-valent cation, and A and B are anions with respective
charges of 2� and 1�. Included in these candidates is the so-
called ‘Li-rich’ AP, Li3OCl (LOC, Fig. S1†), which exhibits
a high ionic conductivity of �10�3 S cm�1 at room
temperature.11

The degree of lattice distortion in the APs can be controlled
through isoelectronic composition variation.20 The AP crystal
structure consists of vertex-sharing octahedra, with the cations,
X, occupying the octahedron vertices, Fig. 1. Chalcogenide
anions, A, reside at the center of the octahedra, while halogen
ions, B, sit at the vertices of a cubic framework. The degree of
distortion in APs is described by the Goldschmidt tolerance

factor, t:21 t ¼ ðRX þ RBÞ=½
ffiffiffi
2

p ðRX þ RAÞ�, where RX refers to the
atomic radius of the cation (X), RB refers to the radius of the
framework halogen (B), and RA is the same quantity for the
chalcogenide ion (A) at the octahedron center. When t � 1 the
ions ll space nearly perfectly, resulting in a highly symmetric
structure with a cubic (or nearly-cubic) unit cell. To date, the
APs that have been examined as SEs generally fall into this
category.11,22

Lattice distortions in the AP structure emerge for composi-
tions comprised of ions having with mis-matched sizes. For
example, in LOC, chalcogens such as S and Se can be
substituted for oxygen, while halogens such as F, Br, and I can
Fig. 1 Classification scheme for Li- and Na-based anti-perovskite solid
Group 1 have a high tolerance factor, exhibit highly ordered octahedra
orthorhombic structures, and are characterized by successively smalle
octahedra. Three representative structures (Li3OBr, Li3SI, and Li3SeCl) illu

This journal is © The Royal Society of Chemistry 2019
replace Cl. These compounds exhibit a greater mismatch in
atomic sizes, characterized by a decrease in the tolerance factor,
t < 1, and an increase in lattice distortions. These distortions
manifest as tilting of the cation octahedra, variations in the
bond lengths of the octahedra, and deviations from cubic
symmetry, Fig. 1.20,23,24 APs with tolerance factors close to unity
crystallize with in the cubic Pm�3m space group. By analogy with
the regular perovskites, in the APs as t decreases lower-
symmetry space groups are expected to successively emerge
(orthorhombic Pnma, hexagonal P63cm, and cubic Ia�3).25,26

Moreover, t has also been correlated with thermodynamic
stability, with smaller t values typically indicating a greater
tendency for decomposition.27–29

Previous studies have described two mechanisms for Li-ion
transport in LOC.30–35 These include a vacancy mechanism
involving Li-ion hopping along the edges of the Li-octahedra,
Fig. S2(a),†30 and hopping of a Li interstitial dumbbell, Fig.-
S2(b).†31 The interstitial process has a barrier that is roughly
half that of the vacancy mechanism.31 The relative importance
of these mechanisms remains a matter of debate. Mouta et al.
suggested that Li vacancies are responsible for the high
conductivity in pristine and divalent-metal doped LOC, owing to
their higher vacancy concentration compared to Li intersti-
tials.32 On the other hand, interstitials were predicted to
dominate in samples synthesized under LiCl-decient condi-
tions,33 where an elevated concentration of oxygen substitu-
tional defects on Cl-sites ðO’

ClÞ is anticipated. Others have
argued, however, that the high binding energy between Li
interstitials and O’

Cl, will hinder interstitial hopping.
34 In addi-

tion, Stegmaier et al. have proposed that Li vacancies are
present in LOC near the cathode, whereas Li interstitials
dominate near the interface with the anode.35

Composition variation has been explored as a means to
increase the ionic conductivity of AP SEs. For example, the
electrolytes based on their degree of lattice distortion. Compounds in
, and adopt the cubic Pm3�m structure. Groups 2 and 3 have quasi-
r tolerance factors and increasingly larger distortions to the Li/Na-
strate the increasing degree of distortion from Group 1 to Group 3.

J. Mater. Chem. A, 2019, 7, 3216–3227 | 3217
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mixed-halogen phase, Li3OCl0.5Br0.5, exhibits a conductivity
that is approximately twice that of LOC at room temperature.11,30

Zhao et al. proposed that this is due to a wider channel for Li-ion
migration, which was made possible by an enlarged unit cell.11

Similarly, a computational study reported that Cl–Br substitu-
tional disorder results in a spectrum of activation barriers, with
some barriers being lower than those in LOC and LOB.31 Deng
et al. predicted Li3OCl0.75Br0.25 to be the optimal mixed phase,
with maximum ionic conductivity.36 The sodium analogues of
LOC – Na3OCl (NOC), Na3OBr (NOB), Na3OI (NOI), and their
respective mixed-halogen phases – have also been synthesized.22

Of these, Na3OBr0.6I0.4 was reported to have a higher conduc-
tivity than either NOC or NOB.22 Several other strategies have
also been explored to increase the ionic conductivity of the
APs.22,37–48

Here, we systematically probe the connection between ionic
mobility, thermodynamic stability, and symmetry-lowering
lattice distortions across a series of 24 model APs. The degree
of lattice distortion, quantied by the tolerance factor, t, is
varied via isovalent composition variations involving the cation
(X ¼ Li or Na) and anion sublattices (A ¼ O, S, or Se, and B ¼ F,
Cl, Br, or I). Density functional theory (DFT) calculations were
used to evaluate the energy barriers for all relevant ion migra-
tion pathways, assuming both vacancy and interstitial
mechanisms.

Our calculations reveal that ‘distortion tuning’ can provide
a pathway to higher ionic mobility. More specically, a strong
correlation is observed between the degree of lattice distortion
and the minimum energy barrier for percolating ion migration:
compounds with the largest lattice distortions exhibit the
lowest migration barriers, independent of the migration
mechanism. This trend is conrmed by a percolation theory
analysis based on the connectivity of cation sites and the
distribution of elementary energy barriers. Consistent with
earlier studies, the energetic spread between the largest and
smallest migration barriers for a given compound increases
with the extent of distortion. Thus, lattice distortions slow
migration along some pathways, while speeding up others. Fast
pathways result from a combination of channel widening and
destabilization of the potential energy surface. At the same
time, larger distortions also correlate with diminished ther-
modynamic stability. Therefore, realizing high ionic mobility in
this class of conductors requires balancing a tradeoff with
stability. The anti-perovskite with composition Na3SI is identi-
ed as one such ‘balanced’ material. In total, this work will aid
in the design of optimal solid electrolytes by revealing the
connections between local lattice structure, mobility, and
stability.

Methods

DFT calculations were performed with the Vienna ab initio
Simulation Package (VASP).49 The Perdew–Burke–Ernzerhof
(PBE)50 exchange–correlation functional was used in combina-
tion with the projector augmented wave (PAW) method.51,52 The
following valence electron congurations were adopted: 2s1 for
Li, 3s1 for Na, 2s22p4 for O, 2s22p5 for F, 3s23p4 for S, 3s23p5 for
3218 | J. Mater. Chem. A, 2019, 7, 3216–3227
Cl, 4s24p4 for Se, 4s24p5 for Br and 5s25p5 for I. The plane-wave
basis included functions with kinetic energies up to 450 eV. The
Brillouin zone was sampled with a G-centered k-point mesh,
and sampling was performed on grids ranging from 8 � 8 � 8
for the smallest computational cells (alkali-metal halides) to 2
� 2 � 2 for the largest systems (quasi-cubic systems with space
group Ia�3, containing 80 atoms per cell). These sampling
densities yielded energy convergence to within 1–2 meV per
atom. The energy criterion for convergence of the self-
consistency loop was set to 10�5 eV, and the force criterion for
the relaxation of geometric degrees of freedom (ion positions
and cell geometry) was 0.01 eV Å�1.

The nudged elastic band (NEB) method53,54 was used to
evaluate energy barriers for cation migration via vacancy and
interstitial ‘dumbbell’ mechanisms. NEB calculations were
performed on enlarged supercells based on a 3 � 3 � 3 repli-
cation (135 atoms) of the unit cell for cubic Pm�3m compounds,
and a 2 � 2 � 1 replication (80 atoms) for quasi-orthorhombic
compounds. K-point sampling was performed at the G-point for
cubic supercells, and with a G-centered 1 � 1 � 2 k-point mesh
for the quasi-orthorhombic systems. Three intermediate NEB
images were used, and the force convergence criterion was set to
0.03 eV Å�1. It was assumed that the interstitial dumbbells do
not rotate during migration, as the barrier for rotation has been
reported to be more than twice that for translation.31

Many-body perturbation theory (GWmethod)55,56 was used to
predict the band gaps of the various AP phases. The bandgaps
provide an upper bound for the electrochemical window of
a given SE.57 Additional details regarding the GW calculations
can be found in the ESI.†

The thermodynamic stability of the AP phases was assessed
using the convex hull concept.58 The energy relative to the
convex hull, EH, was calculated as:

EH ¼ [EAP � (Echalcogenide + Ehalide)]/N,

where EAP is the total energy per formula unit (f.u.) of the X3AB
AP phase, and Echalcogenide & Ehalide represent, respectively, the
total energies (per f.u.) of the appropriate chalcogenide or
halide end members. (For example, in the case of LOC, these
end members would be Li2O and LiCl.) N ¼ 5 is the number of
atoms per f.u. for the APs. A negative value for EH indicates that
a given AP is thermodynamically stable with respect to decom-
position into a mixture of the end members; conversely,
a positive EH indicates a metastable (50 meV > EH > 0),59 or
unstable phase (EH > 50 meV).
Results and discussion
Structure

LOC, LOB, and their Na analogues – NOC, NOB, and NOI – have
been synthesized previously.11,22 These compounds adopt
a cubic structure with space group Pm�3m. Isoelectronic
composition variation on the cation (X ¼ Li or Na) and anion
sublattices (A ¼ O, S, or Se, and B ¼ F, Cl, Br, or I) results in 19
additional (hypothetical) AP compositions. As discussed above,
ion substitution will result in a change to the tolerance factor,
This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c8ta10989c


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
5 

 2
01

9.
 D

ow
nl

oa
de

d 
on

 2
02

5/
11

/4
  0

9:
54

:2
4.

 
View Article Online
and potentially convert the cubic Pm�3m structure (generally
present for 0.9 < t < 1.0) into one of three other structure types:
orthorhombic (Pnma, for tolerance factors roughly between 0.75
and 0.9), hexagonal (P63cm, t ( 0.75), and cubic (Ia�3, for
tolerance factors beyond the hexagonal regime).25,26 Initial
structures adopting the 4 structure types were generated for
each of the 24 possible compositions. These structures were
based on the following prototypes: Li3OCl11 (Pm�3m), CaTiO3 (ref.
60) (Pnma), HoMnO3 (ref. 61) (P63cm), and ScFeO3 (ref. 62) (Ia�3).
All structures were fully relaxed, with the resulting energy-
volume data t to the Murnaghan equation of state (EOS).63

Additional details can be found in the ESI.†
In addition to deviations from cubic symmetry, additional

distortions in the perovskite can occur via perturbations to the
octahedral building blocks. These include: octahedron tilting,
displacement of the octahedron's central ion, and distortion of
the octahedron shape, resulting in deviations to the octahe-
dron's bond lengths and angles.20,23,24 These distortions can
occur independently or simultaneously.23 For example,
a previous DFT study predicted that LOC (t ¼ 0.84) (ref. 64)
should undergo a minor orthorhombic distortion at T ¼ 0 K.65

However, the tilting angle (<2�) and the energy difference (0.2
meV per atom) relative to the cubic (Pm�3m) system were
extremely small. Thus, the predicted structure is approximately
cubic, as observed experimentally at ambient conditions.11

Table S1† lists the tolerance factors and calculated energies
(relative to that of the cubic Pm�3m variant) for all 24 compounds
examined. The tolerance factors were evaluated using the re-
ported ionic radii.64 The tolerance factor approaches unity upon
substitution of larger halogen ions and smaller chalcogen ions.
Conversely, t is generally smallest for substitutions of large
chalcogens and small halogens, e.g., Li3SeCl (t ¼ 0.66). In the
case of the initially orthorhombic and cubic (Ia�3) cells, upon
relaxation the lattice vectors of these systems exhibit slight
distortions from their original orthogonal orientations (devia-
tions are less than 0.1� and 5.3�, respectively); thus, we refer to
these structures as ‘quasi-orthorhombic’ and ‘quasi-cubic.’ No
distortions to the lattice vector angles were observed in the
hexagonal structures. Surprisingly, during relaxation of the F-
containing compounds Li3SF, Li3SeF, Na3SF, and Na3SeF, the
chalcogen and halogen ions interchanged positions via rear-
rangement of the Li-ion sublattice (Fig. S3†). This rearrange-
ment positions F at the center of the Li octahedra, and increases
the tolerance factor signicantly. Additional details regarding
these ‘F-centered’ compounds can be found in the ESI.†

The calculations predict that the quasi-orthorhombic struc-
tures are generally the lowest in energy, Table S1.† For a few
compositions the energy of the quasi-orthorhombic structure is
nearly identical to (<5 meV per atom difference) that of the
cubic (Pm�3m) or quasi-cubic (Ia�3) variants. These cases include
LOC, LOB, NOC, NOB and NOI, which, based on experiments,
crystallize in the Pm�3m structure.11,22 Given the computational
and experimental preference for the Pm�3m and quasi-
orthorhombic structures, these two systems were adopted for
subsequent calculations of migration barriers. The structural
parameters, bulk moduli, and band gaps for all low-energy
structures are listed in Tables S2 and S3.†
This journal is © The Royal Society of Chemistry 2019
The AP examined here were further classied into three
groups based on their tolerance factor and the degree of octa-
hedral distortions. Fig. 1 illustrates this classication. ‘Group 1’
includes cubic Pm�3m compounds having well-ordered octa-
hedra and tolerance factors t $ 0.83. This behavior is similar to
that of the cubic perovskite oxides, whose tolerance factors
typically fall between 0.9 and 1.0.23 As the tolerance factor
decreases, mismatch in atomic radii leads to moderate distor-
tions via tilting of the octahedra, and a change in symmetry to
quasi-orthorhombic, Fig. 1, Group 2. Here, 0.74 # t# 0.81, and
the degree of octahedron tilting (11.6–19.5�) increases with
decreasing t. Finally, in Group 3, t # 0.7, and the system
remains quasi-orthorhombic. These systems have signicant
distortions to the octahedra, including tilting (21.0–27.1�) and
X–A–X bond angle distortions (7.3–12.9�).
Migration pathway

Under equilibrium conditions, the formation energies of charge
carriers (vacancies or interstitials) can impact mobility and
conductivity. Earlier studies have shown that these formation
energies can be high.31,32,34,35 However, experiments have shown
that the concentrations of these species in the AP ion conduc-
tors can be controlled during synthesis by employing non-
stoichiometric ratios of the precursors. For example, 6.66% Li
vacancies were achieved in Li2.8OCl0.8 by depleting the amount
of LiCl during synthesis.11 The ‘baked in’ nature of these
concentrations suggests that migration energies, and not the
activation energies, are of paramount importance in under-
standing ionic mobility in the APs. This observation motivates
our emphasis on migration barriers. (In addition, we found that
the formation energy of neutral cation vacancies is not strongly
correlated with the tolerance, and that the presence of a defect
increases the magnitude of local distortions.)

The simplicity of the AP structure allows for a comprehensive
sampling of the activation energies and minimum energy
pathways associated with ion migration. NEB calculations were
used to evaluate these pathways for both the vacancy and
interstitial dumbbell mechanisms. The elementary migration
events that comprise these two mechanisms involve ion
hopping along the 12 edges of the Li/Na octahedra. Due to the
high symmetry of the cubic AP, the 12 pathways in this system
are degenerate; it is therefore sufficient to evaluate a single path
for each of the two mechanisms. In contrast, in the lower-
symmetry quasi-orthorhombic systems the presence of lattice
distortions implies that all 12 elementary migration paths are
distinct. These quasi-orthorhombic compounds contain four
distinct octahedra per unit cell. Nevertheless, these octahedra
exhibit very similar structures – the maximum structural devi-
ations between octahedra are in all cases less than 2.4%: X–A
bond lengths (<0.2% deviation), X–A–X bond angles (<1.3%),
distances between alkali-metal ions (dX–X < 1.0%), and distances
between alkali-metal ions and framework anions (dX–B < 2.4%).
Due to the near-equivalence of the octahedra, it is sufficient to
map out migration mechanisms along the 12 pathways that
orbit a single octahedron. This assertion was tested by calcu-
lating all 48 barriers for the vacancy mechanism in Li3SI, the AP
J. Mater. Chem. A, 2019, 7, 3216–3227 | 3219
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having the largest structural deviations between octahedra. As
expected, the differences between elementary barriers on
distinct octahedra (Fig. S4†) were found to be small, less than
1.4%.

Fig. 2 shows the connectivity between octahedra in a repre-
sentative Group 3 distorted AP structure, Li3SeCl (t ¼ 0.66).
Mobile cations are located at the octahedron vertices, which are
shared by adjacent octahedra. The cations in each octahedron
are labeled 1 through 6; equivalent labels are shown at the
shared vertices for selected ions. Using this labeling scheme,
a percolating pathway (i.e., one which allows for macroscopic
ion migration) can be identied by the numerical sequence of
sites visited during the migration process. For example, the
arrows in Fig. 2 depict a pathway that starts at the bottom of the
bottom-le octahedron and terminates at the top edge of the
top-le octahedron: 1 / 6 / 4 (¼1) / 6 / 4 (¼1).

We aim to nd low-energy migration pathways that
contribute to long-range (percolating) ion transport. These
pathways were identied by combining multiple elementary
migration events. Here, an elementary migration event corre-
sponds to the hop of a vacancy or an interstitial dumbbell to an
adjacent octahedral site along an octahedron edge. The
following procedure was employed to nd percolating pathways
(see Fig. S5† for an example): (1) one of the six cation sites on an
octahedron is selected as the initial position for a vacancy or
interstitial. (2) The defect migrates to an adjacent site along the
path having the lowest barrier. (3) At the new site, the barriers
for the non-reversing paths are compared to those for the dis-
carded paths from the previous step(s). If all barriers out of the
current site are larger than the smallest of the previously-
Fig. 2 Connectivity between octahedra in distorted anti-perovskites.
Atomic sites of mobile ions are numbered; identical sites in different
octahedra adopt the same number. (Selected shared vertex sites are
indicated with an equals sign.) Arrows illustrate an example of
a migration pathway resulting in long-range ion transport.

3220 | J. Mater. Chem. A, 2019, 7, 3216–3227
discarded barriers, then the search reverts to the previous site
and migrates along the discarded pathway with the smallest
barrier. Alternatively, the defect continues along the path
having the lowest barrier. (4) Step 3 is repeated until a pathway
is identied that does not contain closed loops or revisit sites.
The pathway should terminate at a site that is
crystallographically-equivalent to the initial site. (5) Return to
step 1; repeat the process for all possible initial locations of the
mobile species. Stitching together multiple elementary migra-
tion events will yield a percolating pathway with multiple
maxima. The procedure described above identies the perco-
lating pathway having the smallest maximummigration barrier.
We refer to this pathway as the preferred pathway and its
associated barrier as the limiting barrier.

Fig. 3 shows the preferred pathways for all 24 AP candidates.
The limiting barriers fall within 95–426 meV for the vacancy
mechanism, and within 24–165 meV for the interstitial dumb-
bell. The relatively lower barriers observed for the interstitial
mechanism are consistent with prior reports on selected AP
SE.31 Importantly, the range of limiting barriers for all-but-one
of the compounds fall below the �400 meV threshold esti-
mated assuming a SE with 10 mm thickness and C/2 rate.66Other
reports have suggested activation energies in the range of 200–
300 meV as being desirable for a viable SE;67 all but 4 of the APs
considered here – all operating via vacancy migration – satisfy
this criterion. Moreover, a signicant fraction of the APs exhibit
migration barriers that are smaller than or comparable to those
reported in the literature for state-of-the-art solid electrolytes:
Li10GeP2S12 (250 meV), Li7La3Zr2O12 (310 meV), Li6PS5Cl (110
meV) and Li2S-P2S5 glass (390 meV).8,10,68,69 (These literature
values may, in some cases, refer to activation energies, which
can include contributions from formation energies and from
defects such as grain boundaries. Consequently, direct
comparisons with the migration energies reported in the
present study should be undertaken with care.) In total, high
ionic conductivity could be possible in these APs if they could be
synthesized in a form having high carrier concentrations.
Nevertheless, it should be emphasized that a complete assess-
ment of the viability of a solid electrolyte should include factors
beyond intrinsic (bulk) migration energies. For example, recent
studies have highlighted contributions from grain bound-
aries48,70 and electrolyte/electrode interfaces71 in the perfor-
mance of solid electrolytes.

Can the size of an AP's limiting barrier be related to
a fundamental property? Fig. 3 suggests that the more distorted
Group 2 and 3 AP have smaller limiting barriers than those for
the ordered Group 1 systems. Fig. 4 probes the connection
between barrier size and the magnitude of the lattice distortion
by plotting the limiting barrier as a function of the tolerance
factor; the barriers and t values for all compounds are
summarized in Table 1. These data show that the barrier size
exhibits a strong linear correlation with the tolerance factor,
independent of the migration mechanism (vacancy or dumb-
bell): larger tolerance factors, indicative of limited distortions,
yield higher migration barriers, while smaller values of t
(greater distortion) yield lower barriers. Thus, ionic mobility can
be maximized by ‘distortion tuning’: substitution of larger
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Minimum-energy pathways for vacancy and interstitial-dumbbell migration in Li- and Na-based anti-perovskites. The limiting barrier
along each of these pathways is listed in Table 1. (Negative energies appearing in some of the vacancy-mediated mechanisms indicate a pref-
erence for locating the vacancy on certain cation sites. The calculated energy barriers account for uphill steps from these positions, i.e., barriers
are calculated as the difference between the maximum and minimum energies along a given pathway.)

Fig. 4 Correlation between tolerance factor, t, and the limiting barrier
along the preferred percolating pathway for vacancy (top) and inter-
stitial dumbbell (bottom) migration. Blue squares depict the F-
centered compounds.

This journal is © The Royal Society of Chemistry 2019
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chalcogen and smaller halogen ions within the AP structure
results in lower limiting barriers. Interestingly, the F-centered
compounds do not follow this trend; these compounds have
lower barriers than other compounds with similar t.

An earlier study found that substitution of larger, more
polarizable chalcogen anions in Li10�1GeP2X12 (via the substi-
tutions X ¼ O / S / Se) lowered activation energies by
increasing the width of the cation migration channel.72 This
trend is also present in our data, and will be described in more
detail below. In yet another example, increasing the polariz-
ability (and size) of the halogen anions in the argyrodites
Li6PS5X via the substitutions X ¼ Cl / Br / I resulted in
decreasing lattice stiffness, which in turn yielded lower activa-
tion energies.73 This trend is absent in the AP systems studied
here: activation energies increase with increasing polarizability
of the framework halogen anion. This discrepancy could result
from a larger impact from distortion-related effects, which
could overshadow effects arising from differences in the size
and polarizability of the halogens.

Fig. 5 plots the distribution of the energy barriers for all
elementary migration paths as a function of the degree of lattice
distortion, as measured by the tolerance factor. The barriers are
obtained by averaging forward and backward hops. As
described above, in the cubic Pm�3m systems all elementary
paths are equivalent, and are therefore described by a single
barrier. This degeneracy is broken in the non-cubic compounds,
resulting in a widening distribution of energy barriers with
increasing distortions, or equivalently, decreasing t. Taking
vacancy migration as an example, compounds with moderate
tolerance factors, t � 0.8, exhibit a relatively narrow range (<100
meV) of barrier energies. This range increases rapidly with
J. Mater. Chem. A, 2019, 7, 3216–3227 | 3221
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Table 1 Calculated limiting barriers (meV) along preferred pathways for vacancy and dumbbell migration in anti-perovskite solid electrolytes. For
comparison, barriers predicted from percolation theory are given in parentheses. The tolerance factor (t) and Group are also given for each
compound

Li-based compounds t (Group) Vacancy
Interstitial
dumbbell Na-based compounds t (Group) Vacancy

Interstitial
dumbbell

Li3OF 0.68 (3) 129 (165) 24 (23) Na3OF 0.69 (3) 201 (120) 50 (50)
Li3OCl 0.84 (1) 325 138 Na3OCl 0.83 (1) 240 101
Li3OBr 0.89 (1) 370 167 Na3OBr 0.87 (1) 355 125
Li3OI 0.97 (1) 297 225 Na3OI 0.94 (1) 426 165
Li3SF 0.88 (2) 109 (101) 60 (65) Na3SF 0.86 (2) 166 (159) 79 (75)
Li3SCl 0.70 (3) 115 (137) 34 (39) Na3SCl 0.70 (3) 112 (127) 36 (37)
Li3SBr 0.74 (2) 191 (196) 64 (66) Na3SBr 0.74 (2) 184 (186) 52 (54)
Li3SI 0.81 (2) 270 (270) 114 (109) Na3SI 0.80 (2) 270 (256) 99 (98)
Li3SeF 0.93 (1) 138 68 Na3SeF 0.90 (1) 202 76
Li3SeCl 0.66 (3) 100 (82) 48 (39) Na3SeCl 0.67 (3) 95 (91) 68 (45)
Li3SeBr 0.70 (3) 122 (134) 42 (46) Na3SeBr 0.70 (3) 111 (130) 30 (30)
Li3SeI 0.76 (2) 201 (208) 70 (71) Na3SeI 0.76 (2) 205 (198) 72 (74)

Fig. 5 Dispersion of elementary migration barriers as a function of the
tolerance factor, t, for 24 anti-perovskite solid electrolytes.
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decreasing t, reaching a spread of �900 meV for compounds
having the smallest tolerance factors. Our results generalize the
ndings of an earlier study on Li3OCl0.5Br0.5, which found that
Cl–Br substitutional disorder results in a spectrum of activation
barriers.31 In addition, the largest and smallest barriers vary
distinctly with respect to t: the smallest barriers shrink in
3222 | J. Mater. Chem. A, 2019, 7, 3216–3227
roughly linear proportion to t, while the largest barriers grow
super-linearly. Thus, an increase in lattice distortion facilitates
migration along some elementary pathways, while slowing
others. If these lower-barrier hops can be connected in
a percolating network, as shown in Fig. 3, then ionic mobility
can increase.
Percolation theory analysis

In cases where the distribution of elementary energy barriers is
known, percolation theory (PT) can be used to estimate the
effective energy barrier, Ep, needed to establish a percolating
network for ion migration.74 Ep is dened in terms of the
probability distribution of elementary energy barriers, F(E), and
the bond percolation threshold, p: p ¼ Ð Ep

o FðEÞdE. Thus, Ep is
the smallest energy such that at least a fraction p of elementary
barriers are less than Ep. In other words, the most likely
migration paths will be those from F(E) having the lowest
barriers; p determines how ‘high’ one must climb into the
distribution of barriers F(E) to achieve percolation, with Ep
being the value of F(E) at the pth percentile. Ep is expected to be
similar to the limiting barriers evaluated here for APs; never-
theless, we are unaware of a direct comparison between PT and
the ‘brute force’ enumeration approach used in the present
study to evaluate limiting barriers. Previously, we used PT to
estimate Ep for ionic and electronic migration in amorphous
Li2O2 from a partial distribution of elementary energy barriers.75

Different from that prior study, in the APs the full distribution
of elementary barriers can be evaluated, Fig. 5. Thus, the AP
systems present an opportunity to directly compare the
predictions of PT with the limiting barriers described above.

Application of PT requires an estimate of the bond percola-
tion threshold, p. The product of p and the coordination
number, CN, of amobile ion (Na or Li) gives the average number
of escape paths from a lattice site needed to establish a perco-
lating network. Systems having lower CN will have fewer
potential migration pathways and will generally require larger
values of p to achieve percolation. Accurate p values have been
proposed for several lattices.76 The Li–Li and Na–Na CN's for the
This journal is © The Royal Society of Chemistry 2019
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majority of APs examined here is equal to 8, with a slightly
larger value of 8.67 measured for compounds with smaller t.
These CN's are similar to that of a bcc lattice; thus, the perco-
lation threshold for bcc systems, p ¼ 0.18,76 is adopted. The
effective barrier can then be obtained by linear interpolation77

to the probability distribution of barriers as:75 Ep ¼ Ekb +
d(Ek + 1

b � Ekb). Here, Ekb is the energy of the kth lowest barrier,
where k is an integer, and d is a fraction between zero and one,
dened by p(N + 1) ¼ k + d. N is the number of elementary
barriers in F(E). Additional details regarding the PT analysis can
be found in the ESI (Fig. S6†).74,75 Table 1 compares the effective
barriers from PT, Ep, with the calculated limiting barriers. In all
cases good agreement is obtained: for example, the mean
absolute deviation between these two estimates is only 10 meV.
In total, the good agreement between the enumeration and PT
predictions provides additional validation for our results.
Stability

While our emphasis thus far has been on clarifying the
connection between lattice distortions and ionic mobility, the
linkage betweenmobility and thermodynamic stability is also of
fundamental interest. Moreover, the observation that several of
the compounds examined exhibit low limiting barriers raises
the question: can these materials be made? To answer, the
thermodynamic stability of the APs was assessed using the
convex hull concept.58

More specically, the decomposition energy, Ed, of each AP
at zero Kelvin was calculated assuming decomposition into
a two-component mixture of alkali chalcogenides and halides.
Per literature convention,59 the APs were grouped into three
categories based on their decomposition energies: (i) stable, Ed
< 0, (ii) metastable, Ed within 0–50 meV per atom, and (iii)
unstable, Ed > 50 meV per atom.

Fig. 6 plots the decomposition energy for each AP as a func-
tion of its tolerance factor. As expected, the data show a rough
Fig. 6 Correlation between the tolerance factor and the energy
relative to the convex hull (equivalent to the decomposition energy, Ed)
for the anti-perovskites examined in this study.

This journal is © The Royal Society of Chemistry 2019
correlation between stability and t: compounds having larger
lattice distortions (smaller t) tend to be less stable.27–29 We recall
from the preceding discussion that larger limiting barriers
correlate with larger t; thus, a tradeoff exists between ionic
mobility and stability: increasing the degree of lattice distortion
enhances mobility, but comes at a cost to stability (Fig. S7†).
While it is unlikely a compound such as Li3SeCl with a very low
limiting barrier (48 meV) would be stable (Ed ¼ 73 meV per
atom), compounds that balance stability with the barrier height
could be promising. Na3SI represents one such ‘Goldilocks’
material: it possesses both a moderate decomposition energy of
27 meV per atom and small limiting barrier heights of 99 and
270 meV for the interstitial and vacancy mechanisms, respec-
tively, Table 1. Notably, Ed for Na3SI is similar to that of Li3OBr
(22 meV per atom, Table S4†), a compound which has been
experimentally synthesized, yet whose barriers are up to 100
meV larger. Consequently, Na3SI is proposed as a target for
experimental study. We note that the structure of Na3SI is
similar to that of the anti-perovskite mixed conductor b-Ag3SI.78

Four additional compounds –Na3SeF, Na3SeI, Li3SI and Na3SF –

might also be worth exploring experimentally, as their stabili-
ties are only slightly less than that of LOC, LOB, and Na3SI.
Additional details regarding the stability calculations can be
found in the ESI.†
Mechanisms for increasing mobility

Our calculations indicate that larger lattice distortions correlate
with increasing ion mobility in the anti-perovskites. A discus-
sion of the mechanisms underlying these correlations is now
presented. Fig. 7 illustrates the connections between distortions
and the migration barrier. The migration barrier for an ion hop,
Eb, is dened as the difference in energy between the transition
state (TS) and the equilibrium state (ES): Eb ¼ ETS � EES. Thus,
Eb can be impacted by changes to TS, to ES, or to both. The grey
dashed curve in Fig. 7 illustrates these energy levels on a model
potential energy surface (PES) from an AP having limited lattice
distortions (t � 1). Previously, it was shown (Fig. 6) that larger
Fig. 7 Cartoon depicting the effects of lattice distortions on the
energy barrier for ionmigration in anti-perovskites. Grey dashed curve:
energy profile for migration in an undistorted system. Blue dashed
curve: energy profile for a system with reduced thermodynamic
stability arising from lattice distortions. Red curve: profile accounting
for the combined effects of reduced stability and widening of the
migration pathway.
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lattice distortions correlate with reduced thermodynamic
stability. The impact of reduced stability on the PES is shown by
the blue dashed curve in Fig. 7. In this case the PES is shied
towards higher energies.

Concomitantly, these same lattice distortions can result in
path widening at the transition state, offsetting the increase in
energy to ETS arising from lowered stability (red curve in Fig. 7).
For example, earlier studies have shown that increasing the
width of the cation migration channel can lower Eb by lowering
ETS.11,72 Fig. S9 and S10† show the correlation between Eb for
elementary hops and the width of the ion migration channel for
the vacancy and interstitial mechanisms, respectively. For the
vacancy mechanism (Fig. S9†), these data show that in most
compounds a wider channel width results in smaller Eb. This
correlation is much weaker for the interstitial mechanism
(Fig. S10†), most likely because the path-widening effects are
subsumed within the formation enthalpy of the interstitial.
Thus, lattice distortions can inuence ETS (and thus Eb) for the
vacancy mechanism by introducing migration pathways with
wider channels. In total, the combined effects of lower stability
and path widening result in a smaller net migration barrier for
a subset of the available migration pathways.
Conclusion

The design of new solid electrolytes will be aided by an under-
standing of the elementary chemical and structural features
that control ionic mobility. The present study demonstrates that
lattice distortions are one such feature. The connection between
ionic mobility and lattice distortions was assessed across
a series of 24 model anti-perovskite solid electrolytes. The
degree of these distortions, quantied by the tolerance factor, t,
was systematically varied through a sequence of isovalent
composition variations. Density functional theory calculations
were used to evaluate the energy barriers for all relevant ion
migration pathways, assuming both vacancy and interstitial
mechanisms.

These calculations reveal a strong correlation between the
magnitude of lattice distortion and the limiting barrier for
percolating ion migration: compounds with larger distortions
exhibit smaller migration barriers. This trend was conrmed by
a percolation theory analysis based on the coordination of
cation sites and the distribution of elementary energy barriers.
Consistent with earlier studies, the energetic spread between
the largest and smallest migration barriers for a given
compound was found to increase with the extent distortion.
Hence, lattice distortions slow migration along some pathways,
while speeding up others. In the case of the anti-perovskites,
these lower-barrier hops can be assembled into a percolating
network. Fast pathways result from a combination of channel
widening and destabilization of the equilibrium conguration.

In addition, a higher degree of lattice distortion also corre-
lates with diminished thermodynamic stability. Therefore,
realizing those compounds having the highest ionic mobility in
this class of conductors will require balancing a tradeoff with
stability. Na3SI is identied as one such ‘balanced’ material.
3224 | J. Mater. Chem. A, 2019, 7, 3216–3227
While the anti-perovskites represent a specic model system,
we anticipate that the trends described here can be generalized
to other classes of crystalline solid electrolytes. The present
results teach us that perturbations to ion-packing, introduced
via iso-valent substitution, leads to lattice distortions and
symmetry-breaking. These effects remove the degeneracy of the
migration barriers in the non-distorted materials, and can open
up ion-migration channels with potentially lower barriers. In
principle, this concept could be applied to any crystalline
system. Of course, this strategy has some boundaries of appli-
cability, as very large ionic size mismatches could induce
transformations to other crystal structures. In total, by clari-
fying the connections between lattice distortions, mobility, and
stability, this work will aid in the design of optimal solid
electrolytes.
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