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ABSTRACT: Sodium antiperovskite materials (APs) are a promising class of
solid-state electrolytes owing to their high structural tolerance and good
formability. However, few APs have been synthesized experimentally,
indicating the necessity of exploring potential chemical spaces with higher . 7S
ionic conductivities. Herein, through a combined particle swarm optimization Na,BA
algorithm, high-throughput first-principles calculations, ab initio molecular Na(+1)
dynamics, and long time-scale machine-learning molecular dynamics 52) 0 L//
simulations, strategies based on site-exchanging and anion clusters are (8

shown to simultaneously enhance the thermal stability and sodium diffusivity * ® d

in the designed APs. Among these APs, the highest theoretical ionic
conductivity of 39.05 mS/cm is achieved with Na;BrSO, at room temperature
due to the strong coupling of cluster rotation and sodium migration. We
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highlight that not only the rotation dynamics but also its coupling with Na

diffusion contribute to the high ionic conductivity, as confirmed by the proposed local difference frequency center to evaluate the
coupling degree. Our work designs promising site-exchanging APs and offers insights into the coupling between anion rotation and
cation migration, which can effectively guide the design of superionic conductors with cluster rotation dynamics.

KEYWORDS: sodium antiperovskite superionic conductors, site exchanging, anion clusters, rotation dynamics, coupling degree

1. INTRODUCTION

The development of sodium-ion batteries has been desired
because of the superior characteristics of sodium compared to
lithium, including their lower cost and higher earth
abundance."” Sodium metal batteries are also facing safety
issues caused by the growth of Na dendrites and the reactions
between the sodium anode and organic liquid electrolytes.’
Thus, all-solid-state sodium batteries (ASSSBs) are receiving
keen interest in offering better safety and potentially higher
energy density by matching Na metal and high-voltage
cathodes. As a critical part of ASSSBs, a significant amount
of studies*™” have been conducted to explore promising solid
sodium electrolytes. The sodium ionic conductivities were
improved from 107 to 107> S/cm® by understanding the
structure—cation mobility relationships and leveraging im-
portant features for sodium superionic conductors, such as the
concerted ion migration,” the body-centered cubic-like anion
framework'® and the concentration of vacancy defects.'
Though some electrolytes show relatively high ionic
conductivities (such as Na, ggSbyssWj 1284, Orr = 32 mS/
cm),"” most sodium oxides (e.g, NASICON-Na;Zr,Si,PO;,
with opr = 0.67 mS/cm)"? and sulfides (e.g., Na;oSnP,S,, with
oxr of 0.4 mS/cm)"* ™' show lower ionic conductivities at
room temperature (RT) than the Li-ion counterparts (such as
oxr = 7 mS/cm of Li;oSnP,S,,)."”” Thus, developing novel
sodium solid-state electrolytes (SSEs) with higher RT ionic
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conductivities is desirable and worth pursuing from both
experimental and theoretical perspectives to further optimize
the performance of ASSSBs (the possible increased active
materials loading and the reduced overall impedance)."®
Recently, an interesting phenomenon, which assists ion
migration by possible rotational dynamics of anion polyanions,
has received renewed consideration.'””>* Some sodium solid-
state electrolytes with polyanions show distinct rotational
freedom for polyanions, which explains why the oy of
Na;;Sn,PS;, and Na;;Sn,PSe;, (1.4—3.7 and 3.0 mS/cm,
respectively) is almost an order of magnitude higher than that
of Na;;Sn,SbS;, (0.5—0.6 mS/cm). Moreover, the facile
rotation of PS,>” and PSe,*” anions is directly coupled to
sodium mobility, while there is no obvious SbS,>™ rotation at
the experimental temperatures in the less conductive phase
(Na;;Sn,SbS},). Therefore, more studies have emerged on the
rotational dynamics of polyanions or anion clusters in sodium
SSEs (NayPS,, Na,BH,NH,, Na;SijP,sSe,, and
NaCB,,H,,).”>** In addition, incorporating anion clusters
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Figure 1. Flowchart of the high-throughput design procedure for identifying sodium antiperovskite SSEs.

into an argyrodite framework®> (LigPOS,(SH) and
LigsPSs,5(BH,)o-5) results in increased theoretical ionic
conductivities of 82 mS/cm and 177 mS/cm at room
temperature, respectively, approaching the criteria of the so-
called advanced superionic conductors (ASIC, whose ionic
conductivity is larger than 100 mS/cm).”

Herein, motivated by the urgent need for sodium electrolyte
development with higher ionic conductivity and the great
potential of anion dynamics on cation mobility, we designed
novel antiperovskites (APs) with rotational anion clusters
using the particle swarm optimization (PSO) algorithm and
high-throughput first-principles calculations. The thermody-
namic and dynamic properties of these cluster-based APs were
systematically investigated, and their synthesizability was also
examined using the Gibbs free energy. Moreover, the
trajectories and rotational dynamics from typical and restricted
molecular dynamics simulations were analyzed to gain insight
into the correlation between anion rotation and cation
migration. It is expected that our designed APs with anion
clusters will open up potential chemical spaces with
antiperovskite structures and effectively guide the improve-
ment of other superionic conductors.

2. COMPUTATIONAL METHODOLOGY

A multistep high-throughput design procedure was adopted, as
shown in Figure 1. By introducing different anion clusters into
the antiperovskite structural framework, the tolerance factor
was initially adopted to evaluate the stability. The particle
swarm optimization (PSO) algorithm combined with density
functional theory (DFT) calculations was applied to search the
ground-state structure of cluster-based APs. Then, ab initio
molecular dynamics (AIMD) simulations were conducted to
calculate the ionic conductivities (the reliability of the DFT
and AIMD methods was verified by the lattice parameters and
activation energies provided in the Supporting Information,

Figure S1), and machine-learning MD was further performed
to confirm the room-temperature ionic conductivity. Besides,
for the selection of anions, we first collected various divalent
(B) and monovalent (A) anion clusters from the literature. In
total, there were 120 Na;BA and 120 Na;AB based on different
combinations of A and B anions. Then, the tolerance factors
(t), energy above the hull, and phonon dispersion were
calculated to screen the anion clusters that can be stable in the
antiperovskite lattice framework. Finally, AIMD simulations
were conducted to confirm the anion clusters, which can
promote sodium migration and improve ionic conductivity.

2.1. Searching the Structure of Cluster-Based
Antiperovskites. To confirm the reorientation of the anion
clusters, the ground-state structures were determined using the
particle swarm optimization (PSO) algorithm implemented in
the CALYPSO package,”® which was adopted to predict the
structures of cluster-based antiperovskites. Notably, the anion
clusters are treated as an absolute “element” at the beginning of
the structural search, and the structures of the studied anion
clusters are shown in Figure S2. During the structural search,
20—30 initial structures are constructed in a population based
on the different space groups, which will be optimized until the
energy (107 €V) and force (0.03 A/eV) convergence criteria
are reached. The 60% optimized structures with the lowest
energies were selected to generate updated structures with
different symmetries in the next generation. When the
structures with the lowest energies did not change after 10—
30 generations of optimization, they were selected for the
following calculations.

2.2. Calculating the Properties of the Cluster-Based
Antiperovskites. Further high-accuracy structural optimiza-
tions for the properties of these cluster-based antiperovskites
were conducted using the VASP code based on the PAW
method.”” The exchange-correlation potential for the overall
lattice optimization is described by the Perdew—Burke—

70666 https://doi.org/10.1021/acsami.4c16856

ACS Appl. Mater. Interfaces 2024, 16, 70665—70674


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c16856/suppl_file/am4c16856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c16856/suppl_file/am4c16856_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16856?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16856?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16856?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c16856?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c16856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org Research Article

@ Tolerance factor of Naz3BA
F~- [
OH™-
H™
ClO™- 1.2

NO,~- 1.0
0.8

104 - 0.6

02~ §27 Se?~ Te?~S0425e042 "
B anions

(b) Tolerance factor of NazAB

- 1.4

ClO™ 1.2

NO; ™ - 1.0

7]
=]

.2 BHs~
=} -
<
< AlF3™-

ClOg™ -
BF4™-
104 0.6
CH3™

AlH4™-

ICly~-
BCls~ 0.4
Ally~-

S0425e042 " Te2~ Se2~ $2~ O

B anions

0.8

Figure 2. Tolerance factor of sodium antiperovskites, including (a) Na;BA and (b) Na;AB. A and B represent monovalent and divalent anions,

respectively.

Ernzerhof (PBE) generalized gradient approximant (GGA)*®
and the dispersion correction is considered by Grimme’s
semiempirical schemes. The energy cutoff is 520 eV for the
plane wave expansion with a 7 X 7 X 7 Monkhorst—Pack k-
point mesh, and the energy and force convergences are set to
107 eV and 0.01 eV/A, respectively. The dynamic stability
was characterized by phonon dispersion, which was calculated
by the density functional perturbation theory (DFPT)>
employed in the Phonopy code.”® The hybrid functional
(HSE06)”" was adopted for the band gap calculations.
Additionally, the details of ab initio molecular dynamics
(AIMD) are provided in the Supporting Information.

2.3. Procedure for Fitting the Moment Tensor
Potential (MTP). The machine-learning interatomic potential,
moment tensor potential (MTP),>" was trained based on the
AIMD results with the NVT ensemble at different temper-
atures (300, 500, 700, 900, and 1100 K) and three strains (0,
+0.05, and —0.05), similar to the work of Ong et al.’* The
details for the MTP are provided in Supporting Information.
First, the system was heated from 0 K to the target temperature
and equilibrated for 40 ps with a time step of 2 fs. Then,
snapshots of different temperatures or strains were extracted
from the last 20 ps at 0.1 ps intervals. Therefore, 3000 training
structures (200 X 1S5) were generated. Finally, we performed
static calculations on these structures to obtain accurate
energies and forces to prepare for MTP training. Notably, a k-
point density of at least 100/A® was adopted for the static
calculations. During the MTP training, we assigned weights of
100:1 for the energy and force data according to the work of
Ong.” All training and MD simulations in this work are based
on the Python Materials Genomics (pymatgen) library,™
MLIP,** and LAMMPS.>

3. RESULTS AND DISCUSSION

3.1. Structure and Stability of the Cluster-Based
Sodium Antiperovskites. Typical sodium antiperovskite
structures (APs) have the formula Na;BA, where B and A
usually represent divalent chalcogen anions and monovalent
halogen anions (namely, B (—2) and A (—1) in Figure 1, such
as Na;OCl), respectively. The framework is formed with
corner-sharing octahedra, where the sodium ions occupy the
corner sites of the octahedra, the divalent chalcogen anions

occupy the central sites of the octahedra, and the monovalent
halogen anions occupy the vacant space between octahedra.
To introduce anion rotation dynamics that potentially increase
the ionic conductivity, in this work, common divalent anion
clusters (SO,*~ and SeO,*”) and monovalent anion clusters
(OH-, ClO~, CN-, NO,~, NH,", BH,", AlF,, BE,", BCL,",
and AlH,~) were considered for ions B (—2) and A (—1). The
corresponding Goldschmidt factors (t) of these Na,BA (Figure
2a) indicate that there are 33 structures with suitable t values
in the range of 0.8—1.1°° (detailed values are listed in Table
S1), which is an empirical criterion for the crystallographic
stability of antiperovskite structures. For example,
Na,OBH,,””*” Na;OAIH,, and Na;OBE,”® with t values of
0.89, 1.09, and 1.0S, respectively, have been experimentally or
theoretically confirmed to be stable. Most importantly,
exchanging the positions of anions A and B (Na;AB in Figure
1) leads to 31 additional cluster-based APs with a suitable ¢
(Figure 2b), while a few studies have focused on the site-
exchanged APs. Thus, with the assistance of PSO and high-
throughput DFT calculations, the ground-state structures of
cluster-based Na;BA and Na;AB are determined to further
explore their potential as solid-state electrolytes.

The thermodynamic stabilities of these cluster-based APs are
first evaluated by the energy above the hull (Ey;), which is
defined by the decomposition energy of a structure into the
most stable compounds, and a structure with a lower E,
exhibits higher thermodynamic stability. In this work, Ep, <
0.084 eV/atom is used as the criterion of thermodynamic
stability, considering the successful synthesis of Na;OBH,
(Epar = 0.084 eV/atom) in the experiment.’” Based on this
criterion, we identified 32 thermodynamically stable and
metastable APs (Figure S3). Among them, Na;SeO,X (X =
F, Cl, and Br), Na,AIH,Y (Y = S, Se, and Te), and Na,BF,Y (Y
= Se, Te) were converted to Na;XSeO,, Na,YAIH,, and
Na,YBF, (labeled by blue lines in Figure S3) after
optimization, respectively. In addition, Na;BH,Y (Y = S, Se,
or Te) transforms into non-AP structures upon structural
relaxation (see Figure S4a). Then, the dynamic stabilities of
the remaining 21 thermodynamically stable APs were assessed.
The phonon spectra (Figure SS) indicate that the 10
thermodynamically stable APs are also dynamically stable
with no imaginary modes (such as Na;XYO,, X = Cl, Br; and Y
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=S, Se). Overall, three Na;BA and seven Na,AB are screened
with both thermodynamic and dynamical stabilities (Figure
3a), and their structures and lattice parameters are shown in
Figure S4b and Table S2. In particular, the lattice constant of
Na;OBH, is 4.56 A, which is consistent with the theoretical
value (4.57 A)* and slightly smaller than the experimental
value (4.63 A).*’

Besides, the HSE06 hybrid functional was used to calculate
the band structures of stable Na;BA and Na;AB (Figure S6).
The band gaps obtained are in the range of 3.0—6.6 eV (Figure
3b), which are comparable with the gaps of most NASICON

70668

electrolytes and larger than the gaps of sulfides*’™** (see Table
S3 for detailed values). A sodium grand potential phase
diagram was also constructed to further confirm electro-
chemical stability. For example, Na;BrSO, is oxidized to Br,
and a Na,SO, phase with sodium extraction when the voltage
is higher than 3.24 V (Figure S7a). The sodiation voltage of
Na;BrSO, is 0.87 V, which decomposes into Na,S,0,, Na,S,
and NaBr phases. Thus, the electrochemical window of
Na;BrSO, is from 0.87 to 3.24 V, with a stable window of
2.48 V. Figure 3c shows that this window is larger than that of
sulfides,* such as Na;PS, (1.06 V), Na,,SnP,S,, (0.86 V), or
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Na,PSe, (0.3 V). Besides, other stable APs also have windows
in the range of 1—2.87 V (Figure S7b), indicating that cluster-
based electrolytes have better electrochemical stabilities and
compatibilities with electrodes than the typical sodium sulfides.

3.2. Conductivity and Synthesizability of Cluster-
Based Sodium Antiperovskites. AIMD simulations were
conducted to explore the ionic conductivities of these stable
candidates for electrolytes in solid-state batteries. According to
the MSD of structures (Figure S8), only three site-exchanged
structures (Na3BrSO,, Na;CISO,, and Na;BrSeO,) exhibit the
stable anion frameworks at simulated temperatures and the
potential RT superionic conductivities, whose activation
energies (0.15, 0.162, and 0.22 eV, respectively, as shown in
Figure 4a) are lower or comparable to those of sodium sulfides
(such as 0.22 and 0.24 eV for Na,P;S,,** and Na,;Sn,PS,,,
respectively)*> or NASICON electrolytes (such as 0.75 eV for
NaZr,(PO,),).* However, for others, such as Na;CISeO, or
Na;SAIH,, the almost horizontal MSD curves at 700 K suggest
that the sodium atoms oscillate around the lattice site with
extremely low ionic conductivities. Besides, Na;BrSO, exhibits
the highest RT ionic conductivity of 39.05 mS/cm, which is
orders of magnitude higher than that of typical antiperovskites
(Na,OX, X = Cl, Br, and 1),*” and the RT ionic conductivities
of Na,CISO, and Na;BrSeO, are 9.38 and 2.3 mS/cm,
respectively. Given the similar antiperovskite structure to
Na;0X, the increased ionic conductivities may be attributed to
the special structure of cluster-based APs. The MSD curves for
anion clusters (such as SO,*”, the right plane in Figure 3a)
demonstrate that the edged O atoms have certain displace-
ments, but no long-range migration occurs during AIMD
simulations. This phenomenon is also visualized by the
probability density distributions of O atoms (Figure 4b),
which suggests that the oxygen atoms only rotate around the
center atoms of clusters (S and Se atoms), exhibiting obvious
anion rotational dynamics similar to those of Na“SnzPSlL4
Nay55Y,5Z1075Clg,”> or LissSig2sPo 7584 """ Notably, the
limited probability density distribution of O atoms in
Na;FSeO, with low ionic conductivity (Figure S9) indicates
the reduced freedom for the rotation of anion clusters. Thus,
anion rotation greatly contributes to sodium migration.

To the best of our knowledge, anion rotation may disappear
at lower temperatures, leading to non-Arrhenius behavior for
ion diffusion in the material.” Therefore, we fitted the ML-
MTP (computational methodology) to reveal the possibility of
anion rotation at RT and confirm whether non-Arrhenius
behavior exists in our designed material. Figure S10 shows the
mean absolute errors (MAEs) in energies (1.46 meV/atom)
and forces (0.05 eV/A) for the fitted MTP of Na,CISO,. The
smaller MAEs compared to previous studies’”*" indicate a
high accuracy for reproducing the DFT results of our fitted
potential. To further confirm the accuracy of the MTP model,
the lattice parameters are calculated as shown in Table S4, and
the MTP is able to reproduce the DFT lattice parameters
within an error of 0.8%. Besides, the radial distribution
function (RDF) of Na;CISO, was calculated using AIMD and
MTP-based molecular dynamics simulations (Figure S11), and
the results showed excellent agreement between the MTP and
AIMD trajectories. Therefore, the fitted MTP model is suitable
to describe the complex ion interactions in Na;CISO,.
Adopting this MTP in long-time MD simulations (100 ns)
at different temperatures (300, 350, 400, 450, and S00 K), the
fitted activation energy (0.163 eV, Figure 4c) is close to the
AIMD results (0.162 eV, Figure 4a). In addition, long-time

MD simulations predicted that the diffusion coefficient of Na
atoms at RT is 7.07 X 107 cm?/s (Figure S12a), which
matched well with the AIMD extrapolated RT diffusion
coefficient of 6.98 X 107® cm?/s. We also observed anion
rotation at RT according to the 2D angular probability density
distribution (Figure S12b). These observations indicate that
non-Arrhenius behavior does not occur in Na;BrSO,.

We next studied the synthesizability of the designed SSE
candidates by computing the driving force (AG) associated
with each reaction, which follows a similar procedure to that
outlined in previous work,” and AG is the Gibbs free energy
difference between the products and reactants at one
temperature. The finite temperature effect was accounted for
by using a machine-learning model based on the SISSO (sure
independence screening and sparsifying operator) approach.>’
The negative AG values for Na;BrSO, (—95 meV/atom at 500
K), Na;CISO, (=51 meV/atom at 500 K), and Na;BrSeO,
(=117 meV/atom at 500 K), shown in Figure 4d, suggest the
large driving forces form these sodium electrolytes by the
corresponding precursors, and Na;BrSeO, shows the largest
reaction driving force. Hence, we suggest that these SSEs can
be promising for experimental syntheses. To further evaluate
the synthesizability, the reaction energy (AE)) is defined as the
energy change upon the reaction to form a phase of interest
from its phase equilibrium compounds (details are provided in
Supporting Information). The AE; values for Na;BrSO,,
Na;CISO,, and Na;BrSeO, are —0.81, —0.46, and —0.58 €V,
indicating that these compounds can be likely synthesized by
the spontaneous reactions of their phase equilibrium
compounds. Besides, when E,;; = 0 eV/atom (Na,CISO,, as
revealed by the phase diagram in Figure S13), the system lies
on the convex hull, which is thermodynamically stable and can
be possibly experimentally synthesized. The E, values of
Na;BrSO, and Na;BrSeO, are larger than 0 with values of
0.072 and 0.05 eV/atom, respectively; thus, both systems are
metastable based on the threshold for metastability (E,; < 0.1
eV/atom).

Further, the phonon dispersions indicate that both
metastable compounds are dynamically stable and may be
thermodynamically stable by the entropic contributions at
elevated temperatures. Therefore, the temperature-dependent
formation free energies were calculated to further confirm the
synthesizability of metastable compounds with E, > 0 eV/
atom. The formation free energy (AGf) is defined as the
difference between the free energies of the target compounds
and their phase equilibrium compounds based on the
calculations of lattice vibrational entropies. The temperature-
dependent AG of Na;BrSO, and Na;BrSeO, are shown in
Figure S14, which indicates that both the compounds are
entropically stabilized at elevated temperatures and that both
materials are likely to be experimentally synthesized due to
their negative formation free energies. For example, when the
temperature is above 360 K, the AG; of Na;BrSO, is less than
0, indicating that Na;BrSO, can be synthesized by thermody-
namic driving forces.

3.3. Conduction Mechanism of the Cluster-Based
Sodium Antiperovskites. To further confirm the key factors
contributing to the high ionic conductivities of the three
superionic conductors, sodium migration events were analyzed
using the function h;, which identifies long-lived Na-ion
displacements of at least a distance a occurring at a time
window of t,, (t, = t, — t,):>'
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Figure S. Identified long-lived Na diffusion events in the supercell of Na;BrSO, at 700 K. For example, for the diffusion event of the fifth Na atom,
the long-lived diffusion will begin at about 12 ps with a threshold distance (a) of 3 A and a time window (%,) of 3 ps. Additionally, the diffusion
events with a larger displacement (4 A) are marked in red. (b) and (c) van Hove correlation functions at 700 and 900 K for Na atoms in Na;BrSO,
during the AIMD process.
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Figure 6. (a) Displacements of Na ions (black line) and neighboring anion clusters (SO, blue lines) in Na;BrSO, at 700 K for the events labeled in
red in Figure 4a. The corresponding trajectories are shown in (b), where the rotational direction of the anion clusters is highlighted by black arrows.
Notably, the silver white and green balls represent the trajectories of Na ions and anion clusters, respectively. (c, d) Power spectra of Na (red) and
anion clusters (blue) in Na;BrSO, and Na;FSeO,, respectively.

f/2 provided in Supporting Information. Figure 5 shows these

hi(ti t a, ta) = / H a(l’}(t +1t) - ’i(t =) - a) long-lived Na diffusion events by plotting h; vs time during the
t=t=t)/2 AIMD process at 700 K for every Na atom in the Na;BrSO,

@ supercell, which includes 17 distinctive events with obvious

where t, and t, represent the time windows of residence time time intervals when the threshold distance is 3.0 A (red events
and total time, respectively. The parameter a is the long-lived represent the diffusion with a larger threshold distance of 4 A).
displacement during the total time window; more details are More diffusion events are found with the reduced threshold
70670 https://doi.org/10.1021/acsami.4c16856
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probability density distribution of anionic ligands of anion clusters from AIMD simulations. (c) Reorientation autocorrelation function C(t) of the
anion clusters in Na;BrSO, and Na;NH,Te. (d) Activation energies and local difference frequency center (LDFC) for different systems.

distance (2.5 A); the number of diffusion events is also
significantly larger than the other two conductors (Na;CISO,
and Na;BrSeO,, Figure S15). Therefore, the identified number
of long-lived events explains the relatively high ionic
conductivity of Na;BrSO,. Besides, we summed the number
of sodium atoms with the identified diffusion events occurring
simultaneously to analyze the interaction between different Na
atoms. As displayed in Figure S16a, during the same time
window, simultaneous diffusion events mainly involve one,
two, and three sodium atoms. We visualized some dual-atom
or triatomic diffusion events, as shown in Figure S16b, where
the adjacent sodium atoms undergo migration, and the
migration of one atom among them impinges upon the
previous position of the other atoms. This behavior of sodium
indicates that the sodium diffusion events are correlated in
space, and the van Hove correlation function (Figures Sb and
S16c) confirms the concerted migration in the three
conductors at 700 K. However, the concerted migration will
be weak with increasing temperatures (900 K, Figure Sc),
which is attributed to the strengthened rotational dynamics of
the anion clusters at elevated temperatures. Additionally, the
comparable extent of the concerted migrations of Na;BrSO,
and Na;BrSeO, (Figure S16¢) cannot explain the conductivity
difference between the two structures at 700 K. Combining the

70671

above analysis, we conclude that the concerted migration is not
the main reason for the high ionic conductivities.

To demonstrate the effects of the rotational dynamics of
anion clusters on Na diffusivity, the displacements of sodium
diffusion events (Na$, Nal4, and Nal6) in Na,BrSO, were
studied, as labeled in red in Figure Sa (the displacements of the
neighboring anion rotation are also calculated), which
indicates that the migration of sodium atom is synchronized
with the rotation of neighboring anion clusters, and the large
displacements (about 3 A) of edged atoms (O in SO,>”) show
the large rotational angles of these anion clusters. This
synchronization between the Na migration and anion rotation
can also be observed in Na;CISO, and Na;BrSeO, (Figure
S17a). To provide a more detailed view of this cation—anion
coupling mechanism, Figure 6b highlights the diffusive
trajectories of Na ions (silvery, Na5, Nal4, and Nal6) and
the neighboring anion clusters (green) during the same time
windows; the same displacement directions of Na migrations
and anion rotations imply the fast Na diffusion promoted by
the anion rotation. As identified by the vibrational spectra
calculated by the Fourier transform of the velocity
autocorrelation function (Figures 6¢ and S17c), the peaks in
the low-frequency region represent the sodium vibrational and
anion rotational modes (Figure S18), which exhibit great
potential for transferring the momentum of anion rotations to
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the sodium migration (a phenomenon observed in previous
studies of Na,SiSe,”* and Lis,s[Siy,sPg75]S4).”" Furthermore,
we performed additional MD simulations by restricting the
rotational degrees of freedom of SO, tetrahedral units. As
displayed in Figure S19, the sodium diffusion is drastically
suppressed in the rigid case. This phenomenon indicates that
the rotation dynamics are the main reason for sodium
migration in the three cluster-based APs identified here.
Thus, we can conclude that in the three identified superionic
conductors, a significant correlation exists between Na
migration and anion rotation in time and space, guiding the
high ionic conductivities.

To further reveal the contributions of rotational dynamics to
sodium migration, Figure 7a quantitatively characterizes the
rotation dynamics by calculating the reorientation autocorre-
lation function C(t) (details are provided in Supporting
Information) for SO, and SeO,; the trend of C(t) decay
follows Na;BrSO, > Na;BrSeO, > Na;FSeO,, as confirmed by
the flatter Helmholtz free energy surface of anion rotation in
Na;BrSO, (Figure 7b) compared to that of anions in
Na;BrSeO, and Na;FSeO, (Figure S20). Thus, Na;BrSO,
shows the highest ionic conductivity owing to the fastest
rotational dynamics of SO,, and the limited rotational freedom
of SeO, is the main reason for the low conductivity of
Na;FSeO,.

However, the faster rotation dynamics of anion clusters do
not always guarantee a higher ionic conductivity. As shown in
Figure 7c, the C(t) between Na;BrSO, and Na;NH,Te at 700
K is directly compared, and the faster decay suggests the
stronger rotational dynamics of NH, than that of SO,, while
the ionic conductivity of Na;NH,Te (206.4 mS/cm at 700 K)
is lower than that of Na;BrSO, (464.4 mS/cm at 700 K, Figure
4a). Similar to the previously discussed vibrational spectra
(Figure 6¢), we found that overlapped low-frequency peaks of
the cation vibration and anion rotation also occurred in
Na;FSeO, with low anion rotational freedom at 700 K (Figure
6d). Thus, the synergy of the overlapped low-frequency peaks
and significant anion rotational dynamics is necessary for a
stronger coupling degree between the anion rotation and
cation migration. Therefore, the local difference frequency
center (LDFC, difference in averaged cation hopping
frequency fhopping and the averaged anion rotation frequency
frotation) Was calculated for evaluating the degree of coupled
cation migration and anion rotation. The smallest LDFC (0.48
THz) demonstrates that the strongest coupled degree (Figure
7d, showing the LDFC of structures with obvious anion
rotation and Na migration) exists in Na;BrSO,, causing the
lowest activation energy and highest Na-ion conductivity. In
particular, the LDFC of Na;NH,Te is 0.91 THz, suggesting a
weaker coupling between the anion rotation and Na migration.
Therefore, the ionic conductivity of Na;NH,Te is far lower
than that of Na;BrSO, though Na;NH,Te shows faster
rotational dynamics of the anion clusters.

4. CONCLUSIONS

In summary, new cluster-based sodium antiperovskites are
designed for solid-state electrolytes via the introduction of
anion clusters and the exchange of anion ordering. By
combining DFT calculations and the particle swarm
optimization algorithm, we systematically studied the stability,
electronic structure, and ionic conductivity. Three stable
cluster-based APs (Na;BrSO,, Na;CISO,, and Na;BrSeO,)
have been identified as promising solid-state electrolytes.

Among them, Na;BrSO, shows the highest ionic conductivity
at room temperature (39.05 mS/cm), which is orders of
magnitude higher than that of typical antiperovskites. The high
ionic conductivity originates from the coupled cation migration
and anion rotation.

This work introduces a deep understanding of anion clusters
assisting cation migration, which is broadly relevant to ion
conductors with anion rotation. Therefore, we expect that this
work will inspire new frontiers for designing novel superionic
conductors with significant anion rotation dynamics beyond
the use of static structural factors. Similar strategies can also be
applied to design multivalent (such as Mg** or Ca") ionic
conductors.
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