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ABSTRACT: Rechargeable batteries based on multivalent working
ions are promising candidates for next-generation high-energy-
density batteries. Development of these technologies, however, is
largely limited by the low diffusion rate of multivalent ions in solid-
state materials, thereby necessitating a better understanding of the
design principles that control multivalent-ion mobility. Here, we
report Ca1.5Ba0.5Si5O3N6 as a potential calcium solid-state
conductor and investigate its Ca migration mechanism by means
of ab initio computations and neutron diffraction. This compound
contains partially occupied Ca sites in close proximity to each other,
providing a unique mechanism for Ca migration. Nuclear density
maps obtained with the maximum entropy method from neutron
powder diffraction data provide strong evidence for low-energy
percolating one-dimensional pathways for Ca-ion migration. Ab initio molecular dynamics simulations further support a low Ca-ion
migration barrier of ∼400 meV when Ca vacancies are present and reveal a unique “vacancy-adjacent” concerted ion migration
mechanism. This work provides a new understanding of solid-state Ca-ion diffusion and insights into the future design of novel
cation configurations that utilize the interactions between mobile ions to enable fast multivalent-ion conduction in solid-state
materials.

■ INTRODUCTION

Rechargeable batteries based on multivalent ions (e.g., Mg2+,
Ca2+, Zn2+) have the potential to overcome the high cost and
energy-density limits of Li-ion batteries.1−3 Calcium is especially
attractive owing to its nontoxicity, abundance, and low standard
reduction potential (−2.78 V vs standard hydrogen electrode)
comparable to that of lithium.4,5 Although Ca2+ doubles the
carrier charge relative to Li+, it has a reasonably large size similar
to Na+, resulting in a similar charge density as Li+. The less
polarizing character of Ca2+ compared with those of other
divalent cations (e.g., Mg2+) is beneficial for the ion diffusion
kinetics in both cathodes and electrolytes.4,6,7

However, the development of Ca-battery technology is still in
a nascent stage. Identifying solid-state materials that can readily
host and transport Ca2+ and elucidating the underlying Ca2+

migration mechanism are crucial steps toward the development
of solid-state electrolytes and intercalation electrodes. In fact,
the limited mobility of Ca2+ is one of the major obstacles in
cathode design. Most proposed Ca-hosting transition-metal
(TM) compounds, e.g., α-V2O5,

8 Ca cobaltites,9 TiS2,
10

perovskite-CaMO3,
1111 and marokite-CaMn2O4,

12 have density
functional theory (DFT)-calculated Ca2+ migration barriers
larger than 650 meV and thus are not considered viable Ca
cathode materials. Recently, Park et al. reported layered
CaCo2O4 as a potential Ca cathode with a remarkably low
calculated migration barrier of 320 meV; however, Ca2+

transport in this material has not yet been demonstrated
experimentally.13 The sluggish Ca2+ transport kinetics also poses
problems when a solid electrolyte interphase (SEI) layer forms
on the Ca metal anode.14−16 Understanding the design
principles that affect Ca2+ mobility is therefore a key step for
further development of Ca batteries.
Here, we target Ca solid-state conductors with low Ca

migration barriers, which promise superior mechanical and
thermal stability compared with conventional liquid electrolytes.
In the 1980s−1990s, Seevers et al. reported a Ca-ion
conductivity of 3.6 × 10−2 S/cm at 300 °C in β″-Al2O3.

17

Nomura et al. studied NASICON-type CaZr4(PO4)6 and
reported a Ca-ion conductivity of 1.4 × 10−6 S/cm at 800 °C
with a measured migration barrier of 146 kJ/mol (i.e., 1.51
eV).18 Since then, however, no substantial progress in Ca solid-
state conductors has been made, in sharp contrast with
numerousMg solid-state conductors that have been investigated
(e.g., NASICON-type MgZr4(PO4)6,

19−21 complex hydride
Mg(BH4)(NH2),

22,23 and chalcogenide spinel MgSc2Se4
24).
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Recently, Lazoryak and co-workers investigated Ca-ion
conduction in Ca10.5−xPbx(VO4)7 whitlockites showing an
ionic conductivity of 10−4 S/cm at 800 K but with measured
migration barriers that were rather high, about 1.3−1.5 eV.25,26
Koettgen et al. predicted CaB12H12 as a potential Ca solid-state
conductor;27 however, its calculatedmigration barrier, 650meV,
is still much higher than those reported in Li and Mg superionic
solid-state conductors (typically lower than 400 meV).24,28,29

Therefore, much effort is still needed to discover new materials
with structures that enable low-barrier Ca migration.
It has been demonstrated that mobile ions occupying high-

energy sites can potentially activate a concerted migration
mechanism with a low migration barrier.30 Such configurations
that place mobile ions in energetically unfavorable crystallo-
graphic sites are typically stabilized by strong Coulomb
interactions from nearby mobile ions. With that in mind, we
ident ified and synthes ized a promis ing mater ia l
Ca1.5Ba0.5Si5O3N6 (CBSON) with a desirable Ca2+ configu-
ration to unlock the concerted migration mechanism. This
compound was first reported by Park et al. as a phosphor
material.31,32 In its structure, Ca2+ partially occupies three
crystallographically distinct sites in the same layer with
extremely short distances (1.727−2.077 Å) between the
neighboring Ca sites, suggesting the potential for concerted
Ca2+ migration. To probe the Ca diffusion in CBSON and
identify possible migration pathways, we constructed nuclear
density maps by applying the maximum entropy method
(MEM) to neutron powder diffraction. This analysis provides
clear evidence of percolating 1D chains of Ca nuclear density
maxima indicative of potential pathways for Ca-ion conduction.
We further used ab initio molecular dynamics (AIMD)
simulations to probe the Ca2+ diffusivity in CBSON, revealing
a Ca migration barrier of ∼400 meV and a unique “vacancy-
adjacent” concerted ion migration mechanism. This work
suggests that the interactions between mobile ions can be
significant for multivalent-ion systems, and designing proper
cation configurations to better utilize the ion−ion interaction is
vital to achieve high ion mobility. The large cation size of Ca2+

imposes additional constraints (e.g., steric effects) on cation−
cation interactions that need to be considered and, in this work,
leads to the posited “vacancy-adjacent” concerted ion migration
mechanism.

■ METHODS
Synthesis.Ca1.5Ba0.5Si5O3N6 (CBSON) was synthesized by a solid-

state method. CaO (Sigma-Aldrich, anhydrous, ≥99.99%), Ca(OH)2
(Sigma-Aldrich, 99.995%), BaO (Alfa Aesar, 99.5%), Si3N4 (Sigma-
Aldrich, ≥99.9%), and SiO2 (Sigma-Aldrich, 99.5%) were used as
precursors. Both CaO and Ca(OH)2 were used as Ca sources with a
molar ratio of 1:1. All of the precursors were stoichiometrically mixed in
ethanol (except that 10% excess Ca(OH)2 was added to compensate for
possible loss during synthesis) in a 50 mL WC jar with five 10 mm
diameterWC balls using a Retsch PM200 planetary ball mill at 250 rpm
for 12 h. The precursors were then dried overnight in a 70 °C oven and
pressed into pellets of 13 mm in diameter under an axial pressure of 5
metric tons for 2 min. Two or three precursor pellets (∼1 g each) were
placed in a glassy carbon crucible and sintered at 1400 °C for 5 h under
a N2 flow, with the same heating and cooling rates of 1 °C/min above
800 °C and 5 °C/min below 800 °C. After calcination, the pellets were
transferred to a glovebox and manually ground into fine powders. Prior
to densifying the pellet, the as-synthesized CBSON powders were ball-
milled again at 300 rpm for 12 h to decrease the particle size. The jars
were sealed with safety closure clamps in an Ar-filled glovebox. Both the
product and precursors (i.e., SiO2 and Si3N4) have high hardness as a
result of their Si tetrahedral networks. Therefore, during mixing or ball-

milling, the use of a high-hardness material (e.g., WC) as the milling
media is necessary to avoid abrasive wear and contamination (Figure
S2). Then, the ball-milled CBSON powders were pressed into pellets of
6 mm in diameter under an axial pressure of 2 metric tons for 2 min in a
glovebox. Three pellets (∼0.2 g each) were placed in a glassy carbon
crucible and covered with the samemother powder and then sintered at
1200, 1300, or 1400 °C, respectively, for 5 h under a N2 flow. The
heating and cooling rates were the same as those used in the first
calcination step.

Compositional, Structural, and Morphological Character-
ization. Elemental analysis was performed by Galbraith Laboratories,
Inc. using inductively coupled plasma optical emission spectroscopy for
the Ca, Ba, and Si species. X-ray diffraction (XRD) patterns of the as-
synthesized compounds were obtained using a Rigaku MiniFlex 600
diffractometer equipped with a Cu source. High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) and
energy-dispersive X-ray spectroscopy (EDS) mapping were performed
on an FEI TitanX 60-300 microscope equipped with a Bruker
windowless EDS detector at an acceleration voltage of 300 kV at the
Molecular Foundry at Lawrence Berkeley National Lab (LBNL).
Scanning electron microscopy (SEM) images were obtained using a
Zeiss Gemini Ultra-55 analytical field-emission scanning electron
microscope at the Molecular Foundry at LBNL.

Neutron Powder Diffraction. Time-of-flight (TOF) neutron
powder diffraction experiments at 290 K were performed at the
Spallation Neutron Source at Oak Ridge National Laboratory on the
Nanoscale Ordered Materials Diffractometer.33,34 The data were
analyzed by Rietveld refinement35 using the TOPAS v6 software
package.36 TOF were converted to d-spacing using a second-order
polynomial TOF = ZERO + DIFC × d + DIFA × d2, where ZERO is a
constant, DIFC is the diffractometer constant, and DIFA is an empirical
term to correct for sample displacements and absorption-induced peak
shifts. For low-resolution banks, a back-to-back exponential function
convoluted with a symmetrical pseudo-Voigt function was used to
describe the peak profile. For high-resolution backscattering banks
(banks 4 and 5), the moderator-induced line profile was modeled using
a modified Ikeda−Carpenter−David function.37 Lorenz factor is
accounted by multiplying d4. Neutron powder diffraction measure-
ments at 3 and 475 K with a wavelength of 2.4395 Å were performed on
the high-resolution powder diffractometer ECHIDNA at ANSTO in
Australia.38 Data analysis using MEM was performed using RIETAN-
FP39 and Dysnomia40 codes. Structure visualization was performed
with VESTA.41

DFT Calculations. DFT using the projector-augmented wave
(PAW) method42,43 as implemented in the Vienna ab initio simulation
package (VASP)44,45 was used for all of the calculations. Calculations to
assess the thermodynamic stability, electrochemical stability, and defect
formation energies were performed using the strongly constrained and
appropriately normed (SCAN) meta-generalized gradient approxima-
tion (meta-GGA) density functional,46 which was recently shown to be
more accurate for structure and coordination prediction.47,48 A plane-
wave energy cutoff of 520 eV, at least 1000 k-points per reciprocal atom,
and convergence criteria of 10−6 eV for electronic optimizations and
10−5 eV for ionic optimizations were used. The pseudopotential
method was used with Ca 3s23p64s2, Ba 5s25p66s2, Si 3s23p2, O 2s22p4,
and N 2s22p3 electrons treated as valence.

CBSON was calculated with a 1 × 1 × 2 supercell with the partially
occupied Ca sites ordered in the configuration found to have the lowest
energy after sampling various orderings (alternating stripes of Ca and
VCa along the a axis, resulting in alternating Ca and VCa along the a−c
plane).

The thermodynamic and electrochemical stabilities were assessed
using the convex-hull approach49 against all unique entries in the Ca−
Ba−Si−O−N chemical space in Materials Project50 with a reported
energy above the hull of ≤25 meV/atom. Electrochemical stability was
evaluated using the grand potential phase diagram approach51 on the
same set of compounds in a system open to exchange with Ca.

Following ref 52, the defect formation energies for each defect X,
ΔEf[X], were calculated as
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∑ μΔ [ ] = Δ − Δ − − ΔE X H H n n( )
i

i i if X 0 ,X ,0

whereΔHX is the formation enthalpy of the defective structure,ΔH0 is
the formation enthalpy of the pristine structure, ni is the number of
moles of element i, andΔμi is the deviation in the chemical potential of
element i from its reference state. Ca vacancies (VCa) and Ca
interstitials (Cai) were charge-compensated by ON and NO substitu-
tional defects, respectively; therefore, all of the defects were charge-
neutral. The defect formation energies were calculated in the chemical
potential windowwhere Ca3BaSi10O6N12 was found to be a stable phase
(on the convex hull). The defect orderings were calculated in ∼10−20
configurations with low electrostatic energy evaluated using the Ewald
method implemented in pymatgen.53

AIMD Simulation. Ab initio molecular dynamics (AIMD)
calculations were performed with the generalized gradient approx-
imation (GGA), as implemented by Perdew, Burke, and Ernzerhof
(PBE).54 Each calculation was initialized with the lowest-energy
configuration for each composition of interest. For the structures
exhibiting Ca mobility (those with VCa and ON defects), O is
substituted for N in the Ba−N polyhedra and the compensating defect
is thus farthest from the Ca−O channels where Ca is observed to be
mobile. All of the AIMD calculations were performed in an NVT
ensemble using a Nose−́Hoover thermostat55 and a time step of 1 fs. A
minimal Γ-point-only k-point grid and a plane-wave energy cutoff of
400 eVwere used for these calculations with the same pseudopotentials,
as described for the thermodynamic analysis. The calculations were
performed at 600, 900, 1200, and 1500 K and terminated prematurely if

negligible Ca mobility was observed after∼5−20 ps. AIMD trajectories
were analyzed using pymatgen.53,56

■ RESULTS

Synthesis and Structural Characterization.CBSONwas
successfully synthesized via a conventional solid-state reaction at
1400 °C under a N2 flow, with CaO, Ca(OH)2, BaO, SiO2, and
Si3N4 as raw materials. The addition of Ca(OH)2, a low-melting
Ca source, promotes the diffusion of precursors, thereby
accelerating the reaction and inhibiting impurity formation
(e.g., CaSi2O2N2). However, the use of excessive Ca(OH)2 may
lead to severe Ca loss considering the high reaction temperature.
Therefore, a series of CaO:Ca(OH)2 ratios were attempted, and
the X-ray diffraction (XRD) patterns of reaction products
(Figure S1) show that a 1:1 ratio of Ca(OH)2:CaO can form
pure CBSON phase. Hence, this ratio of Ca source was used to
create all samples in this study.
The crystal structure of CBSON with the Cm space group is

shown in Figure 1a. The structure of the as-synthesized CBSON
was confirmed by Rietveld refinement of time-of-flight neutron
powder diffraction (NPD) data at 290 K, as shown in Figures 1b
and S3. The low R factors of the refinement indicate a good fit to
the structural model in Figure 1a, and no impurity peaks were
observed. The resulting lattice parameters, atomic coordinates,
site occupancies, and thermal displacement factors are

Figure 1. (a) Crystal structure of CBSON with partially occupied Ca sites. (b) Time-of-flight NPD pattern (bank 3) at 290 K and the corresponding
Rietveld refinement of CBSON. The experimental data are shown as black circles, the red line is the calculated pattern, and the difference profile is
shown in blue underneath. The calculated positions of the Bragg reflections are indicated by green vertical tick marks. (c) HAADF image of a
representative CBSON particle and corresponding EDS mapping acquired from STEM. Scale bar, 200 nm.
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summarized in Table 1. There are three distinct half-occupied

4bWyckoff sites for Ca, which constitute layers between SiX4 (X

= N, O) tetrahedral networks. Each Ca2+ in the layer is

surrounded by six O2− and one N3−. The Ba ions occupy the

large pores created by the vertex-sharing network of SiX4 (X =N,

O) tetrahedra and are coordinated by 12N3−. Figure 1c presents

a high-angle annular dark-field (HAADF) scanning transmission

electron microscopy (STEM) image of a CBSON particle. The

Table 1. Crystallographic Data of Ca1.5Ba0.5Si5O3N6 as Obtained from Rietveld Refinement of Time-of-Flight NPD Data at 290
Ka

space group a (Å) b (Å) c (Å) β (°) V (Å3)

C1m1 7.0663(2) 23.9253(6) 4.8255(2) 109.427(2) 769.36(3)

atom site x y z Uiso (Å
2) occupancy

Ba1 2a 0.9226(11) 0 0.1122(11) 0.0167(10) 1
Ca1 4b 0.5927(16) 0.7805(4) 0.511(2) 0.0228(12) 0.5
Ca2 4b 0.4336(17) 0.2497(3) 0.188(2) 0.0228(12) 0.5
Ca3 4b 0.7854(15) 0.7371(4) 0.8917(18) 0.0228(12) 0.5
Si1 4b 0.1576(6) 0.1255(2) 0.2463(8) 0.0015(2) 1
Si2 4b 0.9246(7) 0.1376(2) 0.6371(8) 0.0015(2) 1
Si3 4b 0.6800(6) 0.1331(2) 0.0108(9) 0.0015(2) 1
Si4 4b 0.2943(6) 0.0638(2) 0.8239(10) 0.0015(2) 1
Si5 4b 0.5501(6) 0.9347(2) 0.4485(9) 0.0015(2) 1
N1 4b 0.7063(3) 0.1140(1) 0.6787(5) 0.0029(1) 1
N2 2a 0.2116(4) 0 0.8408(8) 0.0140(4) 1
N3 4b 0.1279(3) 0.1112(1) 0.8873(4) 0.0029(1) 1
N4 4b 0.5354(2) 0.0788(2) 0.0876(4) 0.0029(1) 1
N5 4b 0.9179(4) 0.1223(1) 0.2790(5) 0.0029(1) 1
N6 4b 0.3126(3) 0.0798(2) 0.4803(5) 0.0029(1) 1
N7 2a 0.6321(5) 0 0.5533(8) 0.0140(4) 1
O1 4b 0.6019(5) 0.1958(2) 0.0233(9) 0.0137(8) 1
O2 4b 0.9281(5) 0.2074(1) 0.6795(7) 0.0073(5) 1
O3 4b 0.2357(6) 0.1924(2) 0.3232(8) 0.0111(7) 1

aRwp = 2.59%, Rp = 2.65%, and GOF = 2.87.

Figure 2. (a) Nuclear density isosurface plot obtained by an MEM analysis on the NPD data at 475 K shown in the Ca layer down the [010] direction
(surface threshold, 0.03 fm/Å3). In the unit cell, Ca and O sites are shown as blue and red balls, respectively. The inset presents a slightly tilted
isosurface view of the Ca layer. (b) Nuclear density map at 475 K sliced in the (232.11, 1,−110.309) plane with a distance from the origin of 2.47616 Å.
(c) Effective one-particle potential profile along the 1D diffusion path, which is calculated from the nuclear density map at 475 K by assuming the
validity of Boltzmann statistics. (d) Nuclear density isosurface plot at 3 K in the Ca layer down the [010] direction (surface threshold, 0.03 fm/Å3). (e)
Nuclear density map at 3 K sliced in the (232.11, 1−110.309) plane with a distance from the origin of 2.47616 Å. The scale is the same as in panel (b).
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corresponding energy-dispersive X-ray spectroscopy (EDS)
elemental mapping reveals a uniform distribution of Ca, Ba, Si,
O, andNwithout visible surface segregation or phase separation,
which is consistent with the pure phase observed in the NPD.
ICP-OES elemental analysis further confirmed that the cation
ratios in the as-synthesized material are close to those of the
target compositions (Table S1). The partial Ca occupancy and
extremely short distances (1.727−2.077 Å) between neighbor-
ing Ca sites in the same layer suggest that high-energy Ca2+-site
occupation states may exist, implying the possibility of Ca-ion
conduction via a concerted migration mechanism, as argued for
several classic Li superionic conductors including Li10GeP2S12
and Li7La3Zr2O12 (LLZO).

30

Possible Ca Diffusion Pathways Identified by the
Maximum Entropy Method. To identify the potential Ca
diffusion pathways in CBSON, nuclear density maps were
constructed using themaximum entropymethod (MEM) on the
NPD. MEM derives three-dimensional densities that maximize
the information entropy, which can recover part of the structural
information lost in powder diffraction.57 Thus, MEM can
provide less noisy 3D densities than conventional Fourier
synthesis. Recently, MEM has emerged as a powerful technique
to analyze likely diffusion paths in solid-state conductors.58−60

The NPD patterns collected at 475 and 3 K are shown in Figure
S4, and the structure parameters from Rietveld refinement are
provided in Tables S2 and S3. Figure 2a presents the nuclear
density isosurface plot of the Ca slab down the [010] direction at
475 K obtained from the MEM analysis. A continuous one-
dimensional (1D) chain of nuclear density maxima that
connects the three half-occupied Ca sites can be clearly
identified at this selected isosurface threshold. The inset in
Figure 2a presents a slightly tilted view of the nuclear density
plot, from which it can be observed that the density branches
from the main 1D chain are not connected across the 1D
channels. In contrast, at the same isosurface threshold, the
nuclear density around O, Ba, Si, and N ions is localized (Figure
S5). In Figure 2b, a two-dimensional slice of the nuclear density

map collected at 475 K perpendicular to the Ca slab and parallel
to a possible Ca diffusion channel is shown. The nuclear density
in this view suggests that Ca2+ are considerably delocalized from
their equilibrium sites along a Ca2−Ca1−Ca3−Ca2 pathway.
The high nuclear density between Ca3−Ca2 and Ca2−Ca1 sites
indicates a considerable probability of Ca occupying inter-
mediate positions between these equilibrium sites, suggesting a
potential pathway for Ca2+ hopping. The minimum nuclear
density observed between the Ca1 and Ca3 sites suggests that
this might be the bottleneck along the 1D diffusion path.
Both static and dynamic disorder can lead to nuclear density

away from the equilibrium sites. To distinguish the scenarios, we
performed the same NPDmeasurement at 3 K, and the resulting
nuclear density distributions obtained with MEM are presented
in Figure 2d,e. The diminished nuclear density and connectivity
of Ca chains observed at this cryogenic temperature likely arise
from the freezing out of the dynamic disorder of Ca2+. However,
a small amount of delocalization of the nuclear density around
Ca sites remains at 3 K, indicating that some static disorder may
also exist in this system.
To better quantify the potential Ca migration landscape, we

used the nuclear density map as a probability density for Ca. By
assuming the normalized nuclear density map to be a probability
field and 475 K to be sufficiently high temperature to allow the
application of Boltzmann statistics, it is possible to calculate the
effective one-particle potential (OPP).61 The activation energy
of Ca-ion hopping between two adjacent sites can then be

estimated from the equation ρ ρ= −( )exp E
k Tsp 0

a

B
, where ρsp and

ρ0 are the observed probability density at the saddle point and
equilibrium site, respectively,62 as shown in Figure 2c. The
resulting activation energies, Ea, for hopping between Ca2 and
Ca1 and between Ca3 and Ca2 sites are remarkably low, ∼179
and∼172meV, respectively, whereas the Ca1−Ca3 hopping has
a higher barrier of 250 meV. Thus, in this approximation,
percolating 1D diffusion is governed by an energy barrier of
∼250 meV. This value is an estimate, as in this approach, the ion

Figure 3. (a) Lowest-energy-ordered CBSON structure in a 1 × 1 × 2 supercell from DFT calculation. (b) Formation energies of Ca vacancies (left)
and Ca (right) interstitials in CBSON. Δμi is the chemical potential of species i relative to its elemental state, and values close to 0 indicate an i-rich
atmosphere. Each gray line represents a stable competing compound in the Ca−Ba−Si−O−N chemical space. The colored region corresponds to the
range of chemical potentials where CBSON is stable. The defect concentrations are 1/12 VCa, 1/24 ON on the left side and 1/12 Cai, 1/12 NO on the
right side. The complete chemical potential triangle is shown in Figure S6.
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is treated individually within the classical limit, and the role of
Ca−Ca interactions is only incorporated in a mean field way.
This low-energy barrier along with the reported nuclear density
maps nevertheless suggests the potential for facile Ca-ion
conduction in CBSON. To investigate the possibility of Ca in a
more quantitative way, we further evaluate the Ca migration
barriers and possible point defects with ab initio calculations.
Computational Analysis of CBSON. First-principles DFT

calculations were applied to better understand the thermody-
namic and electrochemical stability, defect formation, and Ca
mobility in CBSON. To investigate the Ca arrangement in the
structure, 16 unique Ca configurations with low electrostatic
energy in a 1 × 1 × 2 supercell were calculated with DFT. The
lowest-energy-ordered CBSON structure with half Ca sites fully
occupied and half vacant features no nearest-neighbor Ca sites
being simultaneously occupied, as shown in Figure 3a. This
structure was used for subsequent calculations. The CBSON
phase was calculated to be on the convex hull of stability in the
Ca−Ba−Si−O−N chemical space, with a decomposition
enthalpy ΔHd = −26 meV/atom relative to Ca2SiO4 +
CaSi2O2N2 + BaSi7N10. To calculate the electrochemical
stability window of CBSON, a grand potential phase diagram51

open to Ca was used and indicated that CBSON is stable from
1.2 to 4.0 V vs Ca/Ca2+. The thermodynamic stability and
relatively wide electrochemical stability window of CBSON
make it potentially suitable as a solid-state electrolyte for Ca
batteries.
To better quantify the Ca mobility, we first evaluated the

possible point defects and their energy in CBSON as point
defects are often required to enable ion diffusion. The formation
energies for two types of Ca defects, vacancies (VCa) and
interstitials (Cai), were calculated with substitutional defects on
the anion sites (i.e., 2ON per VCa or 2NO per Cai) as charge

compensation. Because these defects change the composition of
the compound, their formation energy depends on the external
chemical potentials of species, Δμ. To determine a suitable
range of chemical potentials over which to evaluate defect
formation energies, we used the “chemical potential triangle”
approach.63 In this approach, we first determine the range of
chemical potentials where CBSON is thermodynamically stable.
Because it is usually possible to exhibit control of the chemical
potentials of gaseous species during synthesis, we performed this
analysis as a function of ΔμO and ΔμN. In Figure 3b, we show a
subset of the complete chemical potential triangle (shown in
Figure S6) and map the defect formation energy of Ca vacancies
and interstitials with variable O and N chemical potentials in the
region where CBSON is thermodynamically stable. Each gray
line in the figure represents a stable competing compound in the
Ca−Ba−Si−O−N chemical space. On the basis of these results,
Ca vacancies are predicted to have formation energies ranging
from ∼1.5 to 4 eV and are favored to form in nitrogen-poor
conditions, whereas Ca interstitials are predicted to have much
higher formation energies ranging from ∼3 to 5 eV and are
favored to form in nitrogen-rich conditions. Therefore, Ca
vacancies (with compensating ON defects) appear more likely to
form in CBSON than Ca interstitials (with compensating NO
defects). While in this work, we only considered charge
compensation on the anion site, replacing Ba or Si with higher
(lower) valent ions could also be a strategy to form Ca vacancies
(interstitials).
AIMD simulations were further applied to probe the Ca-ion

mobility in CBSON. In addition to the ordered pristine supercell
featuring the lowest-energy Ca configuration, the supercells with
either one Ca vacancy (1/12 VCa), two Ca vacancies (1/6 VCa),
or one Ca interstitial (1/12 Cai) were simulated at elevated
temperatures. The mean square displacements of Ca2+ at 600,

Figure 4.Mean square displacement (MSD) of Ca ion during AIMD simulation at 600, 900, 1200, and 1500 K. The pristine CBSON supercell and
supercells with additional 1/12 VCa, 1/6 VCa, and 1/12 Cai are shown as gray, blue, purple, and green lines, respectively. Note that configurations
exhibiting effectively zero Ca mobility were cut short to reduce computational cost.
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900, 1200, and 1500 K for each configuration are shown in
Figure 4. In the pristine supercell and the one with a Ca
interstitial, effectively zero displacement of Ca2+ is observed
even at the highest simulation temperature of 1500 K. In
contrast, Ca motion is clearly observed for supercells that
contain Ca vacancies. These results suggest that Ca vacancies are
required to activate Ca-ion diffusion in CBSON. For these
supercells with Ca vacancies, the temperature-dependent
diffusivity data exhibit Arrhenius behavior, as shown in Figure
5a. The resulting energy barriers for Ca diffusion derived from
this Arrhenius analysis in CBSON supercells with 1/12 VCa and
1/6 VCa are 416 and 400meV, respectively, which are among the
lowest migration barriers reported for Ca2+ in solid-state
materials.4 The extrapolated Ca-ion conductivities at room
temperature are 5.4 × 10−7 S/cm for 1/12 VCa and 2.64 × 10−6

S/cm for 1/6 VCa. We note that due to the small number of
carriers, the present simulations do not always reach the Fickian
diffusive regime where log(MSD) vs log(time) has a slope of
unity,64 so the derived activation barriers and conductivities
should be taken as estimates. In Figure S7, we show the
corresponding log−log plots, and in Figure S8, we show
refittings of the Arrhenius analysis excluding the 600 K
simulation that deviates most strongly from the Fickian diffusive
regime, which result in activation energies of about 250 meV for
the 2 VCa system and 320 meV for the 1 VCa system.
The Ca-ion probability density in the Ca layer extracted from

the trajectory at 1500 K for the CBSON supercell with 1/12 VCa

is shown in Figure 5b. The connected 1D Ca-ion diffusion
channel within the a−c plane can clearly be identified and is
consistent with the pathway determined from the experimental

Figure 5. (a) Arrhenius plots of AIMD-calculated diffusivities with Ca vacancies introduced in CBSON. (b)Ca-ion probability density of CBSONwith
1/12 VCa fromAIMD simulation at 1500 K down the [010] direction. The initial atomic positions are represented by the wireframe: green, Ba; blue, Si;
red, O; purple, N; Ca is not shown. The Ca vacancy sites are marked by pink boxes.

Figure 6. Schematic illustration of Ca ordering and site occupancies in CBSON down the [010] direction: (a) structure determined from NPD
refinement, (b) calculated lowest-energy pristine supercell (inactive for Ca diffusion), and (c) calculated supercell with additional 1/12 VCa (at
position 3″), where Ca diffusion is activated in 1D channels adjacent to the vacancy (1′→ 2′→ 3′). Schematic illustrations of the energy landscape for
Ca-ion migration are shown for the pristine supercell in panel (d) and the supercell with an additional 1/12 VCa in panel (e). (f) Schematic illustration
of concerted ion migration induced by the unique Ca2+ configuration and strong ion−ion interaction within the 1D channel adjacent to the channel
that contains a static vacancy. The green-shaded region indicates the structural feature of “unoccupied face-sharing sites across channels”, and the red-
shaded region indicates the structural feature of “occupied neighboring sites in channels”.
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NPD and MEM analysis (Figure 2). Conventional vacancy-
mediated cation diffusion involves the hopping of an ion into the
vacancy, thereby migrating both the vacancy and the ion that
moved. In CBSON, however, we find that the Ca vacancy
remains mostly unoccupied during the period of AIMD
simulation (sites marked by pink boxes in Figure 5b). Instead,
we find substantial Ca diffusion in the 1D channels adjacent to
the vacancy. This finding suggests that the formation of Ca
vacancies in a given 1D channel facilitates Ca hopping in the
adjacent channels. In these vacancy-adjacent channels, Ca-ion
mobility may be facilitated by concerted hopping as a result of
the very short distances between occupiable Ca sites. Therefore,
we call this unexpected phenomenon a “vacancy-adjacent”
concerted ion migration mechanism, as discussed in more detail
in subsequent sections.

■ DISCUSSION
“Vacancy-Adjacent” Concerted Ion Migration Mecha-

nism. The fact that the vacancy itself is less mobile but instead
induces mobility in the adjacent channels is to the best of our
knowledge a novel mechanism. In Figure 6a−c, we present 2D
sketches of the Ca sites in CBSON to better illustrate the nature
of the “vacancy-adjacent” concerted ion migration pathway. In
Figure 6a, all of the Ca sites are shown as partially occupied, in
accordance with the Rietveld refinement of the NPD data. This
provides an average picture in which each Ca site is half-
occupied. The extremely short distances (1.727−2.077 Å)
between the neighboring occupiable Ca sites along the 1D
diffusion channel make it unlikely that two neighboring sites are
simultaneously occupied. This is confirmed by our DFT
calculations of various Ca/VCa orderings, indicating that the
pristine unit cell shown in Figure 6b has the lowest energy at 0 K.
The partial occupancy with which the experimental structure is
refinedmay reflect the fact that the thermally induced disorder at
high temperature does not equilibrate in the experimental
sample when it is cooled, that very small domains of local Ca/
VCa ordering with antiphase boundaries between them exist, or
that simply too small a unit cell has been used for the refinement.
Our AIMD simulations indicate that additional Ca vacancies

(beyond the unoccupied Ca sites arising from the half-
occupancy, denoted as static vacancies) are needed to activate
ion migration in CBSON. However, Ca vacancies play a
different role than in conventional vacancy-mediated cation
diffusion. In CBSON, the static vacancy appears to unlock the
1D diffusion pathways in adjacent channels. As shown in Figure
6d, in the ordered pristine supercell without static vacancies, the
Ca ion needs to hop through an unoccupied site that is face-
sharing with an occupied Ca site in the adjacent channel. The
strong Ca−Ca repulsion results in a high-energy barrier when a
Ca ion has tomigrate through a site that face-shares with another
occupied site. A static vacancy in an adjacent channel alleviates
this high site energy by creating two unoccupied face-sharing
sites across channels, as shown by the green shading in Figure
6c,e, activating Ca-ion diffusion to fill the unoccupied sites.
Within a 1D channel, once Ca2+ starts to migrate to a nearby

unoccupied site, a unique Ca2+ configuration is created where
nearest-neighbor Ca sites are temporarily occupied, as shown by
the red shading in Figure 6f. Given the extremely short distance
between the two sites, the strong Ca−Ca interaction is likely to
induce concerted ion migration, during which the Ca ion at
high-energy sites migrates downhill in energy, canceling out a
part of the energy barrier felt by other uphill-climbing Ca ions.
This activated concerted ion migration in the 1D channel leads

to the low-energy barrier for Ca-ion conduction. Such concerted
mechanisms have been widely argued to explain the high ionic
conductivity in many superionic conductors when interactions
between mobile ions are significant.30,65,66

Furthermore, Ca hopping in this 1D channel creates newly
unoccupied Ca sites and thus a local environment featuring
unoccupied face-sharing sites across channels temporarily forms
(Figure 6f). This may act similarly to the configuration created
by the static vacancy to activate the concerted Ca-ion migration
again in its adjacent channels, promoting Ca-ion conduction in
additional diffusion channels. Indeed, as shown in Figure S9a−c,
the channels that are not adjacent to the static vacancy do exhibit
some Ca mobility, though the mobility is lower than that in the
channel adjacent to the static vacancy as a lower isosurface
threshold is required to make Ca-ion probability density fully
connected in these channels. In contrast, for the same AIMD
simulation, the layer that does not have any static vacancies
exhibits only small displacements of Ca around the equilibrium
positions for the same isosurface threshold (Figure S9d). The
Ca mobility near the static vacancy is low because this static
vacancy introduces three consecutive unoccupied Ca sites
within its channel, which limits the concerted mechanism within
this channel as the distance between occupied Ca sites is too
large to hop (shown in Figure 6c) and no strong Ca−Ca
interactions are present to assist diffusion. Nevertheless, the
observation of mobile Ca in a channel that is not adjacent to a
static vacancy does provide evidence that the creation of one
static vacancy may activate Ca-ion diffusion beyond its two
adjacent channels. Because the unoccupied face-sharing sites
across channels that activate diffusion are created dynamically in
channels that are not adjacent to a static vacancy, we can expect
that Ca mobility in a channel decreases with increasing distance
from the static vacancy.
To summarize, the important structural features that activate

Ca-ion diffusion in CBSON are (1) unoccupied face-sharing
sites across channels (green shading in Figure 6) or (2) occupied
neighboring sites in channels (red shading in Figure 6). The
“vacancy-adjacent” concerted ion migration observed in
CBSON can be understood as follows: (1) static Ca vacancies
are needed to create structural feature (1); (2) within the
activated 1D channels, the initial Ca hop into one of these
unoccupied sites leads to structural feature (2), creating a
concerted ion diffusion mechanism for further hopping. This
concerted ion motion can then travel in its channel until it meets
an existing static vacancy that annihilates it. (3) Structural
feature (1) can be temporarily created by Ca hopping in
channels exhibiting diffusion; thus, it is plausible that Ca-ion
diffusion by a similar mechanism is promoted in new adjacent
channels. As a result, one static vacancy activates Ca-ion
diffusion in more than its two adjacent channels, and the
minimum concentration of Ca vacancies required to activate
percolating Ca-ion conduction should be relatively low.
However, the probability of concerted Ca hopping (structural
feature (2)) in the vicinity of the static vacancy is low, limiting
mobility in the channel containing the static vacancy. In our
AIMD simulations, we do observe some finite occupation of the
initial static vacancy by Ca (Figure S9c), indicating that these
static vacancies do not completely stop diffusion in those
channels. Nevertheless, considering that these static vacancies
can result in diffusion bottlenecks, high Ca vacancy concen-
trations should be avoided. The percolating 1D diffusion
channel shown in the nuclear density map from neutron
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diffraction (Figure 2)may therefore arise from a small amount of
VCa point defects in the as-synthesized CBSON.
The uniquemigrationmechanism observed here suggests that

the interactions between mobile ions play an important role in
solid-state ion diffusion for multivalent-ion systems. Further-
more, the diffusion of large cations (e.g., Ca2+) in solid-state
materials can be more complex than that of small cations (e.g.,
Li+). The larger cation size imposes additional constraints on the
types of environments that can activate diffusion, and factors
such as steric effects must be considered in the design of large-
ion conductors. Here, these steric effects are accommodated by
the vacancy-adjacent diffusion mechanism, in contrast to the
traditional vacancy-mediated cation diffusion that is usually
observed in solid-state ion conductors.
Challenges in Pellet Densification for CBSON. Both the

nuclear density map from NPD/MEM analysis and AIMD
simulation indicate that facile Ca-ion conduction in CBSON
with a remarkably low migration barrier may be possible. To
achieve reliable ionic conductivity measurement from electro-
chemical impedance spectroscopy (EIS), dense pellets are
required to ensure interparticle contact and mitigate grain-
boundary resistance. However, pellet densification can be very
challenging, especially for hard and brittle refractory materials
(e.g., oxides and nitrides). The highest relative pellet density we
were able to achieve for the CBSON compound was very low
(∼60%), precluding the observation of ionic conductivity by
EIS. Indeed, even for Li superionic conductors such as LLZO,
such a low pellet density results in very poor measured ionic
conductivity.67,68 A cross-sectional SEM image of the as-
synthesized CBSON pellet is shown in Figure 7a, from which

it can be observed that the particle size is relatively small (several
μm) and that many particles are disconnected, consistent with
high porosity. Such a porous microstructure impedes macro-
scopic Ca-ion conduction, especially for a 1D conductor where
ion migration paths are vulnerable to being blocked.69,70

Resintering after synthesis is a conventional method to obtain
densified conductor pellets for conductivity measurement.
However, a post-synthesis sintering step at high temperatures
(above 1300 °C) always led to decomposition of the CBSON
compound. As shown in Figure 7b, after resintering, phase
segregation can be clearly observed in the EDS mapping, as the
elemental distributions are no longer homogeneous, especially
for Ca, O, andN. This is very different from the EDSmapping of
the as-synthesized CBSON sample (Figure 1c), where all of the
elements are distributed homogeneously throughout the
particle. Specifically, in the resintered samples, Ca tended to
be concentrated in a small region where O was rich and N was
almost not present. Thus, we speculate that calcium silicate may
have formed as an impurity phase. Sintering at lower
temperatures (below 1300 °C) did not improve the pellet
density at all. Therefore, achieving a sufficiently high pellet
density is quite challenging for CBSON and is the bottleneck
preventing evaluation of the predicted Ca-ion conductivity by
EIS measurements. Advanced sintering techniques need to be
explored to densify CBSON pellets at lower temperatures. For
example, spark plasma sintering or hot pressing have been
studied as effective methods for densifying oxide-based Li
superionic conductors,68,71,72 which may also be helpful for
CBSON. Other possible routes may be single crystal growth,

Figure 7. (a) Cross-sectional SEM image of the as-synthesized CBSON pellet. Scale bar: 2 μm. (b) HAADF image of CBSON particle after resintering
at 1400 °C for 5 h and corresponding EDS mapping acquired from STEM. Scale bar, 400 nm.
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e.g., in a floating zone furnace, and single-particle measurements
using microprobes.

■ CONCLUSIONS
In summary, we studied a potential Ca-ion conductor
Ca1.5Ba0.5Si5O3N6 (CBSON) by combining NPD/MEM
analysis and AIMD simulations. CBSON was shown to contain
percolating 1D Ca diffusion pathways with a remarkably low
migration barrier between ∼250 meV (estimated from MEM
analysis) and ∼400 meV (calculated by AIMD). The partially
occupied Ca sites separated by short distances (1.727−2.077 Å)
in CBSON trigger the unique “vacancy-adjacent” concerted ion
migration mechanism, responsible for the low Ca migration
barrier. CBSON is also predicted to have a relatively wide
electrochemical stability window (1.2−4.0 V vs Ca/Ca2+),
making it an interesting candidate as a solid-state electrolyte for
Ca batteries.
This work provides a new understanding of Ca-ion migration

in solid-state materials, which is important for the future design
of fast multivalent-ion conductors. Specifically, size and
electrostatic interactions between mobile ions are significant
and can greatly affect multivalent-ionmigration. The large size of
Ca imposes additional constraints on ion diffusion and leads to
the unique “vacancy-adjacent” concerted ion migration
mechanism observed here, which has not been found in the
diffusion of small cations (e.g., Li). Unlike most vacancy-
mediated ion migration mechanisms, for CBSON, the vacancy
itself is rarely transported during diffusion but instead provides
space to activate concerted migration in the 1D channels
adjacent to the vacancy.
The main challenge to realizing the intrinsic Ca-ion

conductivity in CBSON experimentally is pellet densification.
Future work should explore the use of advanced sintering
procedures (e.g., spark plasma sintering, hot pressing, flash
sintering) or characterization techniques (e.g., single-particle
measurements) to enable the observation of Ca-ion conductivity
in CBSON.
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