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Solid-state batteries present potential advantages over their liquid-based electrolyte equivalents, including
enhanced safety and increased energy density. In the search for novel solid electrolytes, the anti-perovskite
family of materials are attracting growing interest. However, while there is significant work on Li-rich anti-
perovskites, their Na-based counterparts and the atomistic effects of aliovalent doping on these materials
are not fully characterised. Here, we investigate the effects on Na-ion conductivity of doping with divalent
(Mg, Ca, Sr and Ba) and trivalent cations (Al and Ga), and of possible dopant-vacancy clustering in the anti-
perovskite NasOCl by employing atomistic simulation techniques. Our results highlight the potential of
Mg?*, Ca®*, A" and Ga®* doping due to their favourable incorporation and increased Na-ion vacancy
concentration. Local defect clustering and binding energies are analysed, and such effects inhibit Na-ion
conductivity in the doped NazOCl solid electrolyte at operating temperatures. These results provide
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Introduction

Solid-state lithium- and sodium-ion batteries are attracting
growing interest due to their enhanced safety and higher energy
density compared to conventional liquid electrolyte cells." A
wide range of Li- and Na-based structures have been investi-
gated for potential use as solid electrolytes. One such family of
ionic conductors that has been attracting significant attention
is characterized by the anti-perovskite structure. Anti-perovskite
materials possess a number of promising properties for solid
electrolyte applications, such as high ionic conductivity, negli-
gible electronic conductivity, wide electrochemical windows'®*
and favourable mechanical behaviour,*™*® which allow them to
be integrated into solid-state batteries. Another important
aspect of the perovskite structure is that it is highly amenable to
chemical substitution or ion doping in order to fine-tune
mechanical or transport properties for a given application.

In addition to recent work on Li-rich anti-perovskites Li;OX (X =
Cl or Br),"* there have been structural and conductivity studies of
the sodium analogues Na;OX (X = Cl or Br),*** as well as work on
a range of other Na-rich anti-perovskites such as Na;ONO, and
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a framework to guide future work on anti-perovskites to enhance their solid electrolyte properties.

NazOBH,.***" In comparison to lithium, Na-ion batteries have the
advantages of raw material abundance and reduced cost with
possible use in large-scale grid storage applications. It is generally
accepted that ion transport in Na-rich anti-perovskites takes place
via Na-vacancy migration” as sodium vacancies seem to be the
majority sodium defect species. Therefore, one approach of
potentially increasing Na-ion conductivity is doping with aliovalent
cations at the sodium sites to increase the concentration of mobile
sodium vacancies.***

Despite the recent interest in sodium-based solid electrolytes,”®
the atomic-scale factors that control the dopant properties of Na-
rich anti-perovskites have not been fully characterized, which are
important for the optimization of their ionic conductivity. In this
study, we use large-scale atomistic simulations to study a range of
divalent (Mg, Ca, Sr and Ba) and trivalent (Al and Ga) cation
dopants and their impact on the Na-ion transport properties of
Naz;OCl. We examine the modes of dopant incorporation and the
possibility of dopant-vacancy association or clustering to gain new
insights into the fundamental factors that could influence macro-
scopic sodium-ion conduction.

Results and discussion
Defect chemistry and dopant incorporation

The starting point of the modelling study was to reproduce the
experimentally observed crystal structure using potentials-
based techniques (see Methods section for details), which
have been applied successfully to a rich variety of battery elec-
trode and solid electrolyte materials.>»***> The anti-perovskite
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Fig. 1 NazOCl anti-perovskite structure highlighting the corner-
sharing ONag octahedra available for Na-ion migration. Na ions are
shown in blue.

crystal structure of Naz;OCl (shown in Fig. 1) consists of oxide
ions at the typical B-site of an ABX; perovskite, coordinated to
six Na" ions at the X-site, and the large C1~ ion occupying the 12-
coordinate A-site. The calculated lattice parameter for the
structure is 4.406 A, which compares well with the experimental
value of 4.496 A; the same is found for the Na-O and Na-Cl
bond lengths with the mean deviations less than 0.05 and 0.06
A, respectively.?®

To probe the intrinsic defect chemistry of Na;OCl, a series of
isolated point defect (vacancy and interstitial) energies were
calculated. By combining these, the relative energies of forma-
tion of Frenkel and Schottky-type defects were determined. The
general equations (using Kroger-Vink notation) and their
formation energies are presented in Table 1 revealing two main
points. First, the most favourable type of intrinsic defect for
Na;OCl is found to be the NaCl Schottky-type comprised of Na
and Cl vacancies, in agreement with previous work;**?° the
magnitude of the formation energy suggests a very low
concentration at ambient temperatures. Second, the formation
of oxide-ion vacancies and interstitials are highly unfavourable,
and unlikely to occur in any significant concentration in the
undoped material; these results confirm the structural stability
of the perovskite framework.

View Article Online
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Our simulation methods can probe dopant incorporation in
Na;OCl by generating relative energies of dopant substitution,
providing a valuable systematic guide to trends in dopant
solubility. In this study, we have examined a wider range of
aliovalent cationic dopants in NazOCl than experimental
reports, by considering doping with divalent (Mg, Ca, Sr and Ba)
and trivalent cations (Al and Ga). The type of charge-
compensating mechanism for such dopants is often assumed
to be Na vacancies, but this has not been clearly established and
could also involve compensation by Cl interstitials; the two
doping mechanisms for M>" and M>®" cations at the Na site are
described by the following reactions:

2Naj, + MCl,— My, + Vy, + 2NaCl 7)
Nay, + MCL,— My, + Cl; + NaCl (8)
3Nay, + MCl; > M5, + 2Vy, + 3NaCl (9)

Nay, + MCl;— M5, + 2Cl; 4+ NaCl (10)

where My, signifies an M>" dopant substitutional defect. We
therefore calculated the overall substitution energy for the two
different compensation mechanisms (with the dopant poten-
tials and lattice energies listed in the Methods).

The resulting dopant incorporation (or ‘solution’) energies
are presented in Fig. 2, which indicate two main features. First,
Mg, Ca, Al and Ga dopants on the Na site with Na-vacancy
compensation are the most energetically favourable mode of
dopant incorporation; these results confirm the creation of Na
vacancies that are crucial for Na-ion conductivity. In general,
the unfavourable dopants (Sr and Ba) were more than 1.5 eV
higher in energy. Second, doping with CI™ interstitial compen-
sation is relatively unfavourable suggesting that such
a compensation mechanism is highly unlikely in the anti-
perovskite structure; indeed, such interstitial defects have not
been observed experimentally.

Doping effects on Na-ion conductivity

Insights into Na-ion mobility and clustering effects at the
atomic level are of importance when considering key solid
electrolyte properties. However, obtaining such details for
complex mixed-anion structures is far from straightforward.
Here, molecular dynamics (MD) simulation techniques are used
to investigate the Na-ion conduction properties for Mg-, Ca-, Al-

Table 1 Defect energies for possible intrinsic defects in NasOCL (equations in Kréger—Vink notation where, for example, V5 and Na; indicate

a vacancy and an interstitial, respectively)

Defect Defect reaction E (eV)
Na;0Cl Schottky 3Na, + 0g + Cl% — 3V, + V§ + Vi + Na;0Cl @) 6.74
NaCl Schottky Nay, + CIf = Vi, + Vg + NaCl (2) 1.96
Na,O Schottky 2Nag, + 03 —2Vy, + Vi, + Na,O (3) 5.06
Na Frenkel Nay, _>V;\Ia + Na; @) 2.58
O Frenkel 05— V5 + 0l (5) 7.64
Cl Frenkel (6) 3.68

Cl, -V, +Cl,
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Fig. 2 Dopant solution energies for M** and M** doping in NazOCl
based on eqn (7)-(10). Metal chlorides were used as doping agents in
the reactions.

and Ga-doped materials, as the most energetically favourable
dopants. We note that our analysis uses large supercells
(>17 000 ions) and long timescales (10 ns), which are orders of
magnitude greater than those currently attainable by DFT
methods. The dopant concentrations were chosen in the range
of previous experimental studies on the aliovalent doping on
sodium-based anti-perovskites, between 0.3% and 1.7% used by
Wang et al. and Fan et al., respectively.”*** For the undoped
system, a low level of Na vacancies (via NaCl Schottky defects) is
introduced to facilitate Na conduction.

Fig. 3 shows an Arrhenius plot of the Na-ion conductivity
over a wide temperature range for each system. The trends and
magnitudes of the calculated ionic conductivities are consistent
with experiment. The Na;OCI material shows a conductivity of
7.9 x 107° S em ™' (extrapolated at 500 K), in good agreement
with experimental impedance spectroscopy measurements (~4
x 107> S em ').2* Both Mg- and Ca-doping leads to a slight
increase in ionic conductivity at higher dopant levels, with the
latter having an activation barrier of 0.58 eV in agreement with
experimental values (~0.6 eV).*® This concentration increase
from Mg- and Ca-doping offsets the lower vacancy concentra-
tions found in undoped NazOCl. The highest Na-ion conduc-
tivity is found for the Mg-doped (1.2%) system. However, the Na-
ion conductivities of the Al- and Ga-doped systems are lower
than the undoped material, which may be related to greater
defect clustering or binding factors, which we return to below.

It is sometimes assumed that the migrating ion takes the
shortest path between adjacent sites, i.e., a direct linear jump.
However, our simulations identify curved paths between adja-
cent Na sites (Fig. 3c), which have not been reported for
a sodium-based anti-perovskite. It is worth noting that analo-
gous, curved migration paths were first predicted from our
atomistic simulation studies of Li-ion migration in LiFePO,4,*
and oxide-ion migration in perovskite oxides, such as LaGaOj3,>*
which were subsequently confirmed by experimental studies
using neutron diffraction maximum entropy methods.>**

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Na-ion conduction in NasOCl. Temperature-dependent Na*
conductivities (¢7) (a) Mg- and Ca-doped (b) Al- and Ga-doped
NazOCl at two Na-vacancy concentrations compared to the undoped
system. Representative mean square displacements are in the ESI,
Fig. S1.+ 4.2% Mg-doping was also considered, but showed lower
conductivity (ESI, Fig. S21). (c) Schematic of the curved migration path
for Na-vacancy migration along the ONag octahedron edge (left) and
looking down the (1 0 0) plane (right).

Dopant-vacancy association

It is well known that charged point defects can associate to
form localised clusters, which can inhibit ion transport.

J. Mater. Chem. A, 2022, 10, 2249-2255 | 2251
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Fig. 4 Defect clustering in NazOCIl (a) undoped structure with sodium
and chloride vacancies; (b) doped structures with a sodium vacancy
and a dopant ion. (c) Binding energies for pair clusters.

However, the experimental characterisation of such defect
clusters can be difficult. Simulations were performed to
determine the binding energies of dopant-vacancy pairs in
Naz;OCl. Fig. 4 show the configurations of dopant-vacancy
clusters, as well as the Na/Cl vacancy pair (from the NaCl
Schottky-type defect). The binding energy for the defect clus-
ters can be derived from the difference in the calculated energy
of the defect pair cluster and the energy of the individual iso-
lated defects that make up the cluster; here a negative value
indicates that the cluster is stable with respect to the isolated
component defects.

(a) Undoped

(b) Mg doped

View Article Online
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The resulting binding energies are shown in Fig. 4c with
two main features identified. First, Mg>" has the smallest
binding energy, suggesting that at the dilute limit, Na vacan-
cies are weakly bound to Mg dopants, with a similar binding
energy to the undoped system. This indicates that dopant-
vacancy interactions will not significantly reduce the Na-ion
mobility of Mg-doped Na;OCl. Second, all other dopants
show high binding energies (>0.5 eV) with the largest value for
AI**, which could lead to ‘trapping’ of the migrating Na
vacancies and hinder Na-ion conductivity in these materials.
These results suggest clustering of Na vacancies and dopant
ions rather than a random point defect distribution. The
differences in Na-ion conductivity found between doped
materials (Fig. 3) can be largely rationalised by Na-vacancy
trapping effects inhibiting sodium mobility in systems with
high binding energies.

Further insights into mechanistic features of Na-ion trans-
port can be gained from visualising the ion jumps or line
trajectories from the large-scale MD simulations (shown in
Fig. 5); this illustrates the movement of Na ions in the undoped
structure and in the doped structures with the lowest (Mg>*) and
highest (AI**) binding energies. A relatively free migration of Na
ions can be found in the undoped structure with ionic motion
slightly inhibited in the doped structures, as depicted by greater
Na-ion densities close to the Mg and Al dopant ions; this effect
is due to a degree of defect clustering predicted from our
binding energy results, which would also lead to differences in
Na-ion conductivity as found in Fig. 3. The line trajectories
connecting Na sites also confirms that Na-ion migration takes
place along the ONag octahedral edges.

Conclusions

Atomic-scale insights into the transport behaviour of Na-ion
solid electrolytes are important for the development of

sodium-based solid-state batteries. In this study, we

(c) Al doped

’:}

.MIL.

N .4

O o

g

O «

@ Mg O A

Fig. 5 Trajectory lines for Na-ion migration with a 0.27% Na-vacancy concentration (a) undoped system, (b) Mg-doped system and (c) Al-doped
system. The first 2 nsand a 3 x 3 x 3 fraction of the supercell at 900 K are shown. O, Cl, Mg and Alions are brought to the foreground for clarity,
but it is important to note that not all of the ions occupy the same plane.
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investigated the cation doping mechanisms and ionic conduc-
tivity in the anti-perovskite Na;OCl by examining a wider range
of aliovalent dopants than current experimental reports.

Three main conclusions emerge. (i) The observed structure is
simulated accurately, and the lowest energy intrinsic defect is
found to be the NaCl Schottky type, although its magnitude (~2
eV) suggests a very small vacancy population in the undoped
material. (ii) The most favourable aliovalent cation dopants are
Mg>*, Ca®*, AP*" and Ga®" with Nawvacancy charge-
compensation; an increase in Na-vacancy concentration would
promote Na-ion conductivity. The highest conductivity is found
for the Mg-doped system of the order of 107> S em ™" at 500 K,
but lower conductivities are predicted for the trivalent Al and Ga
dopants. The migration profile and ion trajectory plots confirm
3D Na-ion conduction through curved pathways at the edges of
the ONag octahedra. (iii) The defect binding energies suggest
a high level of Na-vacancy/dopant clustering especially for the
Ca, Al and Ga dopants, which would hinder Na-ion conduction.
The smallest binding energy is found for the Mg dopant, which
correlates with the higher conductivity for the Mg-doped
system. We anticipate this study to stimulate further struc-
tural investigations of defect clusters at the microscopic level.

The results presented here help to provide a framework to
guide future doping studies on these anti-perovskite materials
in order to optimize their properties for use as solid electrolytes
in sodium-based solid-state batteries.

Methods

Atomistic simulation methods have been applied to a wide
range of solid-state compounds including Li- and Na-ion battery
materials.?****">° However, there are only a few examples of
these strategies being applied to Na-rich anti-perovskites.***
The use of such atomistic simulations can provide valuable
insight into ion diffusion over longer timescales and greater
lattice sizes than ab initio methods.

In this work short- and long-range interactions are modelled
with Buckingham-type interatomic potentials and coulombic
forces, respectively.® The shell model of Dick and Overhauser®*
is implemented to account for ionic polarization. The parame-
ters used in this work are listed in Table 2. The new Na-O, Na-Cl
and Ga-Cl potentials were derived empirically using the
experimental structures of Na;OCl and GaCl;. For the defect
energy calculations, the two-region Mott-Littleton approach® is
utilised, as included in the General Utility Lattice Program
(GULP).** Molecular dynamics (MD) calculations are performed
using the LAMMPS code®* and are run for 10 ns with 1 fs
timesteps on a large supercell containing ~17 000 atoms.
Sodium vacancies are distributed randomly in the structure,
while the corresponding positively charged defects (Cl vacancy
or dopant) are arranged in a regular pattern such that the
spacing between these species is maximised. The temperature
range for the simulations is 600-900 K with 100 K intervals in an
NPT ensemble using a Nosé-Hoover thermostat.®® Mean square
displacement (MSD) data derived from the simulations (see ESI,
Fig. S17) are used to obtain the diffusion coefficients. Conduc-
tivities are then calculated from these diffusion coefficients via

This journal is © The Royal Society of Chemistry 2022
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Table 2 Parameters used in this work: (a) interatomic Buckingham
potentials; (b) shell model; (c) lattice energies

(@)

Ion pair A (eV) o (A) C(eVA™®
Na-O [this work] 588.38 0.3880 0.0
Ga-Cl [this work] 924.20 0.3428 0.0
Na-Cl [this work] 1170.41 0.3150 0.0
Na-Na (ref. 67) 1788.19 0.1590 0.0
0-0 (ref. 68) 22 764.30 0.1490 13.19
O-Cl (ref. 67) 8286.91 0.2590 62.20
Cl-Cl (ref. 69) 1227.20 0.3210 14.53
Mg-O (ref. 70) 1428.50 0.2945 0.0
Mg-Cl (ref. 71) 4914.54 0.2570 0.0
Ca-O (ref. 70) 1090.40 0.3437 0.0
Ca-Cl (ref. 71) 2302.00 0.3402 0.0
Sr-O (ref. 70) 959.10 0.3721 0.0
Sr-Cl (ref. 22) 2191.09 0.3457 0.0
Ba-O (ref. 70) 905.07 0.3976 0.0
Ba-Cl (ref. 22) 2704.55 0.3528 0.0
Al-O (ref. 72) 1725.00 0.2897 0.0
Al-CI (ref. 22) 1736.12 0.2917 0.0
Ga-O (ref. 54) 2901.12 0.2742 0.0
(b)

Spring constant
Species Shell charge (e) (eVA™?
Na* Rigid-ion —
0”" (ref. 68) —2.183 593.716
Cl~ (ref. 69) —2.485 29.380
Mg>" (ref. 70) 1.585 361.6
Ca** (ref. 70) 3.135 110.2
Sr** (ref. 70) 3.251 71.7
Ba”" (ref. 70) 9.203 495.2
AP Rigid-ion —
Ga** Rigid-ion —
(©

Lattice energy

Compound (eV)
Na,0Cl —34.68
NacCl —-8.01
Na,O —26.38
MgCl, —26.52
CaCl, —21.15
SrCl, —21.14
BaCl, —20.16
AlCl, —55.85
GaCl, —51.61

the Nernst-Einstein equation for solid-state diffusion®® with
a Haven ratio of 1, as in previous studies.”** Activation energies
are derived using the slopes of the linear fitting of Arrhenius
conductivity plots.
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