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A B S T R A C T

Fast cationic conduction is necessary for a number of solid-state technologies and is particularly critical for solid-
state batteries as solid electrolytes are typically poor conductors. This article illustrates the concept of low-
dimensional networked (low-DN) anti-perovskite via first-principles computations and shows that superionicity
(i.e. the conductivity is above 1 mS cm�1 at room temperature) can be achieved by lowering the dimensionality of
the connected octahedra of the anti-perovskite. In particular, we use the Li–O–Cl model system and study the
diffusion of Li in 3DN-Li3OCl, 2DN-Li4OCl2, 1DN-Li5OCl3, and 0DN-Li6OCl4. We find that the lower the dimen-
sionality, the lower the Li migration barriers and the higher the diffusion coefficients are. We attribute this
improved ionic conduction to the decreased size of the bottlenecks and the softening of the rotation modes of the
octahedra in the structure. To further explore the concept of low-DN anti-perovskites, we screen 256 model
materials in the I-VI-VII group chemical space by computing the phase stability and bandgap of 3DN-X3BA, 2DN-
X4BA2, 1DN-X5BA3, and 0DN-X6BA4 (X ¼ Li, Na, K, Rb; B ¼ O, S, Se, Te; and A ¼ F, Cl, Br, I). The calculations
suggest that 20% of the structures might be synthesized and a number of them possess reasonable cationic
migration barriers (<400 meV). This study puts forward a new principle for designing solid superionic conductors
by lowering the dimensionality of the primitive structural units.
1. Introduction

Perovskites have found applications in fields as diverse as solar cells
[1–6], catalysts [7–9], fuel cells [10–12], lithium batteries [13–16], and
piezoelectrics [17–20], due to their broad array of functional properties.
A prototypical cubic perovskite has an ABX3 composition. In a perfect
crystal, six X-site anions surround one B-site cation to form a connected
octahedron, and the A-site cations fill the space between the networked
octahedra. Since the BX6 units are connected, many perovskites display
fast anionic conduction if defects are present [11,13,16,21,22]. Recently,
anti-perovskites have also been discovered to be excellent ionic con-
ductors [23]. A prototypical material in this family has the composition
of Li3OA (A ¼ Cl and Br), and its structure is shown in Fig. 1 (a). Unlike
perovskites, the octahedral vertices of the defect-free crystal are occupied
by positively charged Liþ and negatively charged O2� and are positioned
at the center of the unit cell. Since the Liþ on the vertices are shared by
neighboring OLi6 units, these octahedra form a 3D Liþ network. The
connectivity of the OLi6 octahedra enables the hopping of Li ions and
thus endows the material with an ionic conductivity as high as 10�3 S
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cm�1 at room temperature (RT) [23].
Despite their good conductivity, the lithium conduction mechanism

in these superionic conductors is still not fully understood and has
attracted significant attention [24]. Zhao et al. have suggested that a
large number of defects are present in the material due to the complex
thermal history encountered by these materials during their synthesis
[23]. Zhang et al. [25] and Deng et al. [26] computed, using
first-principles methods, that the hopping barrier of Li-vacancy are be-
tween 0.3 and 0.4 eV. Emly and co-workers calculated the diffusion
barrier of Li interstitials is instead 0.15 eV [27]. However, the formation
energy of Li interstitials in Frenkel pairs (Li interstitialsþ Li vacancies) is
high (>1.5 eV), suggesting a low concentration. Mouta et al. used clas-
sical force fields and discussed the possibility of O substitution on Cl as an
alternative charge compensation mechanism for the formation of
Li-interstitials, see Section 3 of supplementary information (SI) for the
defect reaction [28,29]. These researchers suggested that such in-
terstitials are easier to form compared with Li Frenkel pairs. Our group
calculated disassociation energies between a number of charged defects,
including Li interstitials and O-site substitutional defects. We found a
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Fig. 1. Unit cells of (a) 3DN-Li3OCl, (b) 2DN-Li4OCl2, (c) 1DN-Li6OCl4, and (d) 0DN-Li5OCl3 anti-perovskites. (e) Illustration of the connectivity of low-DN anti-
perovskites. The octahedral units are indicated as the building block, and the rest of the space is taken up by the A-site ions, which are signaled as purple dots. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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strong attractive interaction between these two, suggesting that the
mobility of Li interstitials is limited by the countercharge defects
generated [30]. Further molecular dynamics simulations suggest that
LiCl Schottky pairs (Li vacanciesþ Cl vacancies) have activation energies
close to those measured experimentally. Such results were later sup-
ported byWu et al. who carried out density functional theory calculations
and found Li vacancies interacts less strongly with their countercharge
defects compared with Li interstitials, leading to a faster cationic diffu-
sion [31]. Recently, Stegmaier et al. calculated the formation energy of Li
vacancies and interstitials as a function of the electrochemical potential
of Li [32]. By computing charge carrier concentration, these authors
found that, while Li vacancies contribute to the diffusivity in the bulk of
the electrolyte and near the cathode, Li interstitials are favored at anodic
potentials. Besides the bulk diffusion, the grain boundary conduction has
also been investigated [33]. Dawson and co-workers used
forcefield-based molecular dynamics simulations to simulate coherent
grain boundaries in Li3OCl. They found that such boundaries hinder the
diffusion of Li. Recently, significant interest has also been drawn on the
protonation of anti-perovskite solid electrolytes. It has been argued that
protonation may enhance the phase stability of these materials, thereby
facilitating their synthesis [34].

Apart from works aiming at elucidating the Li transport mechanism,
significant efforts have also been devoted to designing materials with
improved ionic conductivity [35,36]. Zhao et al. [23] and Deng et al.
[26] proposed a halide anion mixing scheme to improve the ionic con-
ductivity. These researchers found that by mixing Cl and Br to form a
solid solution of Li3OCl1–xBrx (0.235 � x � 0.395), the Li cations diffuse
faster than the end members, Li3OCl and Li3OBr. Sagotra et al. [37,38]
and Mouta et al. [39] suggested that tensile biaxial mechanical stresses
facilitate Li diffusion. Fang et al. predicted that introducing super
halogen anions such as BH4

� in the X site enlarge the diffusion channel
and ultimately enhances the Li diffusivity [40]. Wang et al. suggested, via
first-principles computations, that making double anti-perovskite may
increase the Li conductivity [41]. Specifically, they computed that the
double perovskite with a composition of Li6OSI2 has a conductivity of 5
mS cm�1 at RT. Despite these significant advancements, the ionic con-
ductivity of these anti-perovskites still needs improvements and novel
design principle is desired.

Inspired by recent advances in low-dimensional perovskites in solar
cells [42,43], we propose the concept of low-dimensional-networked
(low-DN) anti-perovskite and investigate computationally the influence
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of reducing the dimensionality of the connected octahedral units to in-
crease the Li connectivity. Incidentally, we must point out that, while
perovskites have been extensively investigated [44,45], anti-perovskites
have been far less studied.

Low-DN anti-perovskites are derived from 3DN anti-perovskites, see
Fig. 1. Before discussing the structure of low-DN anti-perovskites, we
must first remark that a 3DN anti-perovskite has a BX6 octahedron as its
basic structural unit, where a B2� anion is surrounded by 6 Xþ cations. In
the 3DN X3BA anti-perovskite, the BX6 octahedra form a cubic (sub)lat-
tice. The A� anions take up the remaining space in the structure and
reside at the center of each cube. A typical 3DN anti-perovskite Li3OCl is
shown in Fig. 1 (a). Low-DN anti-perovskites are obtained by lowering
the dimensionality of the interconnected BX6 octahedra. For example, in
a 2DN anti-perovskite, the BX6 octahedra are connected along the (0 0 1)
planes. The BX6 octahedra are separated perpendicularly to that direction
by A-site anions. A typical 2DN anti-perovskite Li4OCl2 is shown in Fig. 1
(b). It is worth noting that such 2DN structures are known as the
Ruddlesden-Popper (RP) phases and have been used in the fields of ox-
ygen catalysts and fuel cells [46]. Notable examples include
Lanþ1NinO3nþ1 and Sr3Fe2O6þδ [47,48]. Recently, Zhu et al. synthesized
2DN Li7O2Br3 anti-perovskite [49]. Although these authors were not able
to achieve a pure 2DN phase, the mixture of the 2DN phase and the 3DN
Li3OBr displayed a significantly enhanced ionic conductivity (5 � 10�5 S
cm�1) compared to Li3OBr alone (10�6 S cm�1). These results indicate
that lowering the dimensionality of anti-perovskites improves the
cationic conduction. The 1DN and 0DN anti-perovskites are composi-
tionally similar to their 2DN counterparts except that the dimensionality
of the octahedral networks is reduced to 1 and 0, respectively. Repre-
sentative 2DN and 1DN anti-perovskite structures in the Li–O–Cl chem-
ical space are as shown in Fig. 1 (d) (Li6OCl4) and Fig. 1 (e) (Li5OCl3),
respectively. While 1DN and 0DN anti-perovskite structures have yet to
be reported, low-DN perovskites, such as C4N2H14PbBr4 and Cs4PbBr6,
have been investigated [50,51]. Due to their unique crystal structure,
these materials exhibit desired electronic structures and showed excep-
tional photovoltaic performance.

2. Results and discissions

To study the impact of the anti-perovskite’s dimensionality on ionic
conduction, we used the Li–Cl–O system as a model composition. This
choice is motivated by the fact that 3DN-Li3OCl is the most studied Li-
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rich anti-perovskite material [27,28,30,52,53]. The structure templates
of the low-DN anti-perovskites are derived from a recent work by Xiao
et al. [6] By comparing the compositions and the crystal structures of the
anti-perovskites shown in Fig. 1, the lattice of low-DN structures can be
understood as a modification of the 3DN ones by the addition of LiCl. We
note that the extra Cl� modifies the structure of 3DN-Li3OCl by sepa-
rating the OLi6 units. A similar idea has been proposed in the area of
glassy solid electrolytes, e.g., xLi2S(1-x)SiS2, where LiI was added to
change the coordination of Liþ and the overall structure, thereby
improving the ionic conductivity [54–56]. Since the Li conduction in
crystals materials is a defect-mediated hopping process, we use the
hopping barrier to first assess the ease of Li diffusion. The barrier is
evaluated using the nudged elastic band (NEB) method; details are given
in Section 1 of the SI. We first compute the defect formation energy to
determine which type of defect mediates the Li hopping. As shown in
Table S1, the results point to the fact that Li vacancies are the main
charge carrier, in agreement with the recent theoretical works [41,57].
Therefore, as a descriptor of the Li diffusivity, we calculate the barrier of
Li hopping as mediated only by vacancies. In low-DN Li-rich
anti-perovskites, the Li paths can be categorized into two distinct types.
The first type of path is an intrachain jump within the OLi6 octahedron
along one of its 8 edges. The other path type is the one between separate
OLi6 octahedra. The diffusion barrier in either type of path reduces as the
Fig. 2. Li diffusion barriers and corresponding diffusion paths in (a) 3DN-
Li3OCl, (b) 2DN-Li4OCl2, (c)1DN-Li6OCl4, and (e) 0DN-Li5OCl3 anti-perovskites.
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dimensionality of the anti-perovskite decreases. For the 3DN-Li3OCl,
since OLi6 octahedra are all connected, as shown in Fig. 2 (a), only
intrachain diffusion is possible with a computed migration barrier of 370
meV, a value consistent with previous publications [25,27,31]. In the
2DN (or RP) anti-perovskite phase, two distinct types of Li sites are
present. One type of Li site is in the same plane as O, and the other is in
the same plane as Cl. This leads to 2 different intrachain hopping paths.
The barrier of Li hopping within the Li–O plane is ~380 meV, a value
close to that computed for the 3DN material. In contrast, the Li hopping
barrier between the Li–O plane and Li–Cl planes is lower (310 meV).
Since a lower barrier implies that the diffusion is more probable, the
intrachain diffusion for the 2DN-perovskite is likely faster compared to
that taking place in the 3DNmaterial. In 2DN anti-perovskites, interchain
paths also need to be analyzed. Not surprisingly, the interchain diffusion
between two OLi6-containing layers is about 800 meV. This value is so
high that interchain hops are far less likely in 2DN anti-perovskites. The
Li hops in the 1DN-perovskite display similar energetics as those
encountered in the 2DN material. For the intrachain hopping, two types
of paths are possible. One involves the Li moving along the 1D chain as
indicated with the black arrow in Fig. 2 (c) (right panel). The barrier for
this path is 211 meV. The other path has a much lower battier, approx-
imately 60 meV. However, we note that this path does not contribute to
the conductivity because it is not percolative, see the inset of Fig. 2 (c)
(right panel). Nonetheless, the highest intrachain diffusion barrier (211
meV) for the 1DN anti-perovskite is 100 meV lower than that computed
for the 2DN and 3DN materials. The interchain hopping barrier (397
meV) of the 1DN anti-perovskite is also lower than the 2DN one. Since
only the chains containing Li vacancies contribute to Li diffusion, such an
interchain transport is the main contributor to the ionic conductivity. For
the 0DN case, the intrachain diffusion degenerates into the circulation of
Li cations around O. Such hopping events are expected to be frequent
because of the low barrier (47 meV). However, they do not contribute to
the overall diffusional path. Conversely, the hopping of Li between in-
dividual OLi6 octahedra is characterized by a low barrier of ~160meV as
well. Such a value is significantly lower than that computed for the
intrachain diffusion in 3DN anti-perovskites.

To support the results of the NEB calculations, we also performed ab-
initio molecular dynamics simulations for the 4 anti-perovskite materials
studied above. For each structure, we removed a single Li cation. As
shown in Fig. 3, the diffusion of Li in all four types of low-DN anti-pe-
rovskites obeys an Arrhenius-type relation within the computed tem-
perature range except for the 0DN-L5OCl3. We found that the material
Fig. 3. Li diffusion coefficients obtained from ab-initio molecular dynamics
simulations and extrapolated ionic conductivity at 300 K. To account for sta-
tistical errors, the confidence intervals reported in Table S2 of the SI are
also shown.
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melts at 800 K upon examining the trajectories. Considering that the MD
simulations usually underestimate the melting temperature due to the
absence of surfaces and the short simulation time, such a low melting
temperature suggests phase instability. Therefore, whether this partic-
ular 0DN phase can be synthesized will need to be assessed experimen-
tally. We calculated the activation energies using Arrhenius relation and
extrapolated the diffusion coefficient at 300 K. In 3DN-Li3OCl, the acti-
vation energy is 330 meV, a value very close to the one calculated using
the NEB method and in good agreement with previous reports [26]. The
Li diffusion coefficient was estimated to be ~10�10 cm2 s�1 at RT, in
agreement with the AIMD simulations of Deng et al. as well as our
classical MD simulations [26,30]. We also estimated the ionic conduc-
tivity σ using Einstein’s relation [30]: σ ¼ zjejcD=kT where z, c, D, k, T,
and jej are the nominal charge Liþ, the concentration of Liþ, the diffusion
coefficient of Liþ, the Boltzmann constant, and temperature in Kelvin,
respectively. The calculated conductivity of the Li3OCl is ~10�5 S cm�1

which is lower than the experimental one reported by Zhao et al. [23]
However, considering the simulations here only show the intrinsic Li
diffusivity without defect-defect interaction, it could be conjectured that
real diffusivity is higher since the defect concentration in the system is
greater than the one we simulated. The 2DN anti-perovskite has lower
activation energy (309 meV) compared with its 3DN counterpart, in
general agreement with the 311 meV found in the NEB calculations. The
estimated 300 K conductivity is also slightly higher than that of
3DN-Li3OCl, i.e., 0.08 mS cm�1. For the 1DN and 0DN structures, there is
a significant enhancement in Li diffusion with computed values of 5.4
mS cm�1 and 21.2 mS cm�1 at 300 K. Both materials achieve superi-
onicity. The activation energies are also less than half of those of the 3DN
Li3OCl, reaching 175 meV and 151 meV. These two values are among the
best superionic conductors [58]. In summary, the enhancement in Li
conductivity can be effectively achieved by reducing the dimensionality
of the interconnected octahedra. It is important to note that the coun-
tercharge defects may significantly influence the diffusivity of Li [30].
Fig. 4. (a) Sizes of the Li bottlenecks. Cl–O–Cl and Cl–Cl–Cl bottlenecks correspond
differences (ΔErot) between the structures with fixed OLi6 octahedra and the structure
band center. The dashed lines are shown to improve visual clarity. (c) Phonon dens
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Therefore, we also carried out AIMD simulations on the structures with
LiCl defect pairs, see Fig. S1. The ionic conductivities computed for all
structures with LiCl Schottky pair are 1/2 to 1/5 of those obtained
without the Cl� counter charge defect, respectively. However, the con-
ductivity order still hold, i.e., with the decrease in dimensionality, the
ionic conductivity of LiCl-containing anti-perovskites increases. Addi-
tional details can be found in Section 4 of the SI.

It may be argued that the decreased diffusion barrier and enhanced
conductivity of Li result from two factors: 1) the increase of bottleneck
sizes for Li diffusion; and 2) the less rigid OLi6 rotation, as the dimen-
sionality is reduced. After careful examination of the structures, we found
that the intrachain Li diffusion is restricted across the Cl–O–Cl bottle-
neck. Instead, the interchain Li diffusion is blocked by the Cl–Cl–Cl
bottleneck. We computed the bottleneck sizes for all possible Li jumps
and plotted the inter- and intra-chain diffusion bottlenecks in Fig. 4 (a).
We found for both types of Li transport paths, the size of the bottleneck
increases as the dimensionality of the anti-perovskite decreases. This
geometrical trait supports the decreased Li diffusion barrier in low-DN
structures. The actual values and analysis are outlined in Table S3 and
in Section 5 of SI. The identified specific percolative paths are shown
there as well. Also, phonon softening has been suggested to contribute to
superionicity [59,60] as softer structural framework lowers the Li bar-
riers [16,61,62]. The positive correlation between the softness octahe-
dral rotation and ionic transport has also been reported in the field of
oxygen transport by Li et al. for Ln2NiO4þδ(Ln ¼ La, Pr, Nd), 2DN pe-
rovskites [63]. By noting that low-DN anti-perovskites have fewer
geometrical constraints compared with their 3DN counterparts, one may
conclude that the rotation of OLi6 octahedra in low-DN anti-perovskites
is easier, ultimately facilitating the Li diffusion. In order to evaluate the
softness more quantitatively, we computed the phonon density of states
of anti-perovskites. As shown in Fig. 4 (b) and 4 (c), the phonon band
center, especially the Li-projected one, moves towards lower energies as
the structural dimensionality decreases. In order to identify the particular
to the intra- and inter-chain Li diffusion, respectively. (b) The rotation energy
s with the OLi6 octahedra rotated by 8� are plotted concurrently with the phonon
ity of states. The computation methods are included in Section 1 of SI.
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soft phonon modes that facilitate Li diffusion, we calculated the energy
needed to excite specific modes of OLi6 rotation in the Li–Cl–O
anti-perovskites. The results are shown in Fig. 4 (b) with the specific
rotation modes shown in Section 6 of the SI. 2DN, 1DN and 0DN
anti-perovskites all have at least one rotation mode that is significantly
softer than that of the 3DN material, indicating such rotation may be
responsible for the fast Li diffusion.

The remaining question is whether low-DN anti-perovskites can be
synthesized. To evaluate the phase stability, we computed the energy
above hull (decomposition energy to form stable products) of 3DN-
Li3OCl, 2DN-Li4OCl2, 1DN-Li6OCl4, and 0DN-Li5OCl3 by constructing
phase diagrams based on GGA-PBE level density functional theory (DFT)
calculations. A summary of the results is given in Table 1. All of the
computed anti-perovskite phases are thermodynamically unstable at 0 K
and decompose into LiCl and Li2O. However, the decomposition energies
for all structures except the 0DN-Li5OCl3 are relatively small (<30 meV
atom�1), indicating that entropic stabilization is possible. This result is in
agreement with previous theoretical calculations, which suggest that
Li3OCl can be stabilized at ~500 K [41,53]. Also, many superionic con-
ductors are metastable (unstable at 0 K but with little energy above the
hull and therefore likely stabilizable by entropy at finite temperature),
but they are still synthesizable. Perhaps, the best-known example of a
metastable superionic conductor is Li10GeP2S12, which has an energy
above hull of ~25 meV atom�1 [64]. The meta-stability of Li10GeP2S12
cannot directly lead to the conclusion that all metastable low-DN anti--
perovskites are synthesizable. However, we must note that in spite of
their large energy above, the synthesis of 3DN anti-perovskites has been
reported in particular [65]. In particular, the decomposition energy of the
2DN-Li4OCl2 (RP phase) is smaller than 7 meV atom�1, a value close to
the accuracy of GGA-PBE DFT calculations [66–68].

Apart from the ionic conductivity and phase stability, solid electro-
lytes also need to have a negligible electron conductivity and a wide
electrochemical window. The bandgap is a widely used proxy for these
two properties [64,69,70]. For all the 4 calculated materials, the band
gaps are greater than 4.3 eV, indicating that these materials are good
electron insulators and the intrinsic electrochemical window may be
wide. The real electrochemical performance depends on the choice of
electrode materials, and the related kinetics should thus be determined
experimentally [71].

To extend the range of possible structures in the low-DN anti-perov-
skite family, we also calculated the formation energies of 256 materials
chosen in the I-VI-VII group. The same structure templates as in the
Li–O–Cl space were used, and specifically, 3DN-X3BA, 2DN-X4BA2, 1DN-
X5BA3, and 0DN-X6BA4 (X ¼ Li, Na, K, Rb; B––O, S, Se, Te; and A ¼ F, Cl,
Br, I) were computed. The calculated energy above the hull is shown in
Fig. 5 (a) with detailed entries listed in Table S4 in SI. 51 out of the 256
phases have a decomposition energy lower than 75 meV/atom, a
threshold we set for synthesizability. We also gathered the statistics on
the phase stability with respect to different factors including the
dimensionality, the types of cations, the types of B-site anions, and the
types of the A-site anions. As shown in Fig. 5 (b), the 3DN and 2DN
Table 1
Energy above the hull and GGA band gaps of Li3OCl, Li4OCl2, Li6OCl4, and
Li5OCl3.

Phase Energy above hull/meV
atom�1

Band gap/
eV

Decomposition
product

3DN-Li3OCl 22 4.7 LiCl þ Li2O
2DN-
Li4OCl2

7 4.4

1DN-
Li6OCl4

20 4.3

0DN-
Li5OCl3

41 4.7
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structures show dispersed distributions in decomposition energy, while
the results for 1DN and 0DN materials display a narrower distribution.
This may be because in our computations the low-DN structures have
looser symmetry constraints. In fact, for the 3DN and 2DN anti-
perovskites unit cells (instead of supercells) were used. For example,
the 3DN anti-perovskites are assumed to be cubic. Such an assumption
may lead to low phase stability, especially when the sizes of cations and
anions do not match. The cation type appears to be less relevant to the
stability of the structures. As shown in Fig. 5 (c), the distribution is
similar among Li-, Na-, K-, and Rb-compounds, which all show a narrow
peak around 200 meV atom�1 and a long tail. Unlike cations, anions have
a significant impact on stability. Among the B-site anions (O, S, Se, and Te
at the center of the octahedra), the ones with lower period number tend
to result in more stable phases. We note that these results are in agree-
ment with the findings by Ong et al. where the anions in Li-Ge-P-X (X ¼
O, S, Se, and Te) [72] series of materials have a profound influence on the
phase stability of these LGPX compounds. Such a stabilization by
lower-period-number B-site anions is perhaps occurring because the
anions with lower period numbers are more electronegative and the
bonds they form with X cations (Li, Na, K, and Rb at the vertices of the
octahedron) have stronger ionic characters. Since the more ionic the
bonds the lower is its directionality, the 8-fold coordination is likely to be
energetically more favorable. For the A-site anions (F, Cl, Br, and I), the
trend is the opposite to the one just described. The lower period number
the lower the phase stability is. This is because anions with larger ionic
sizes can better fill the lattice and contribute to the structural stability. In
fact, we calculated the Goldschmidt tolerance factor which is a descriptor
for the stability of cubic perovskite [73]. For all the materials we
considered, the factors are <1, meaning the A-site ions are undersized
and the layered structure is favored. The computation details are
enclosed in Section 7 of SI. To further explore the possible use of the
low-DN anti-perovskites, we performed AIMD simulations on the most
synthesizable materials (with energy above hull< 20meV) to assess their
ionic conductivity. The ionic conductivity and the activation energies are
shown in Table 2. Among the computed materials, two lithium-based
anti-perovskites, i.e., Li6OCl4 and Li6OBr4, are predicted to be superi-
onic conductors with a Li conductivity above 10�3 S cm�1. Both of these
two materials are 1DN. Such a result is in agreement with the previous
discussions:1DN structures give rise to high ionic conductivity but do not
sacrifice the stability. Some Na conductors are also explored, such as
3DN-Na3OBr and 2DN-Na4OBr2 [74–76]. The latter materials show a Na
conductivity close to 10�4 S cm�1. Considering these materials may be
synthesized and are computed to have high ionic conductivity, they hold
considerable promise as solid electrolytes for Li and Na based solid-state
batteries.

3. Conclusions

In this article, we propose the concept of low-DN anti-perovskite. We
study the cation diffusion in anti-perovskites using Li–Cl–O as a model
and find that reducing the dimensionality of the octahedral networks
effectively lowers the Li diffusion barrier and facilitates its Li transport.
Such improvement on Li diffusion is due to the enlarged bottleneck sizes
for Li hopping as well as the softening of lattice. In particular, the 2DN-
Li4OCl2, 1DN-Li5OCl3, and 0DN-Li6OCl4 are promising synthesizable
superionic conductors. Further, the reduction in dimensionality also does
not change the electron insulating nature of these materials, making
them good candidates for solid electrolytes in solid-state batteries. To
further extend the possible structures in the low-DN anti-perovskite
family, we also screened 256 structures and found many other materials
that could be potentially synthesized. These materials may offer new
opportunities in solid-state batteries as well as other applications which
are yet to be discovered. This study extends the family of anti-perovskites
and provides a novel angle to the design of superionic conductors for
solid-electrolytes as well as other applications.



Fig. 5. Phase stability of anti-perovskites. Histogram of energy above hull of (a) all 256 model structures and structure classified by (b) 3DN, 2DN, 1DN and 0DN; (c) A
site element: F, Cl, Br, I; (d) B site element: O, S, Se, Te; and (e) X site element: Li, Na, K, Rb.

Table 2
Cation diffusion activation energies and the ionic conductivity of the most synthesizable phases (energy above hull <20 meV) predicted by AIMD simulations.

Phase Energy above hull/eV atom�1 Cation Conductivity at RT/S cm�1 Activation Energy/meV

3DN-Na3OBr 0 Na 1.3 � 10�5 392
3DN-Na3OI 0 Na 2.1 � 10�7 453
2DN-Na4OBr2 0 Na 8.1 � 10�5 342
2DN-Na4OI2 0 Li 3.1 � 10�6 410
2DN-Li4OBr2 0 Li 1.1 � 10�4 325
2DN-Li4OCl2 0.006 Li 4.0 � 10�5 331
3DN-Li3OBr 0.013 Li 6.1 � 10�6 410
2DN-Rb4OI2 0.017 Rb <10�8 920a

2DN-Li4OI2 0.017 Li 5.2 � 10�5 360
2DN-Rb4OBr2 0.018 Rb <10�8 856a

3DN-Rb3OBr 0.019 Li <10�8 870a

1DN-Li6OBr4 0.019 Li 1.1 � 10�3 172
1DN-Li6OCl4 0.02 Li 7.4 � 10�3 152

a We were not able to sample enough hopping events in Rb-based materials even at elevated simulation temperatures over 1500 K due to the slow cationic diffusion.
Therefore we estimated their activation energies based on NEB calculations.
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